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4 | Forewords and news

The year 2021 
at DESY
Chairman’s foreword

Figure 1

DESY tour during the Karl Heinz Beckurts Prize ceremony in October 2021 (from left): Oliver Seeck, Wim Leemans, Roland Busch (Siemens), Helmut Dosch, Ingmar Hoerr 

(formerly CureVac), Vasilis Ntziachristos (Helmholtz Zentrum München and TU München), Venetia Ntziachristos, Christian Stegmann, Arik Willner

German Nobel Laureates in physics and chemistry in 2020 
and 2021 and the rapid development of a COVID-19 vaccine 
through the outstanding research and development work in 
the BioNTech company: These are spectacular scientific 
breakthroughs that impressively show the strong German 
role in worldwide fundamental and applied research.

To open up completely new possibilities of knowledge  
generation, DESY has a highly ambitious future plan at its 
two sites to shape the research campus of the 21st century. 
Here, applied research that leverages the potential of  
cutting-edge research infrastructures and rapid transfer  
to industry and society will be promoted and shaped in a 
smart “ecosystem”.

To implement this plan in a highly competitive environment, 
we need to get important construction projects under way 
quickly in the current funding period so as not to fall behind 
internationally. This applies to the various construction 

projects in the areas of research, transfer and knowledge 
communication on the DESY sites in Hamburg and Zeuthen, 
but especially to the PETRA IV project, the world-leading 
lighthouse in research with synchrotron radiation. With the 
newly developed revolutionary storage ring technology, 
the hybrid six-bend achromat (H6BA) lattice, we are 
pushing the performance of German and European light 
sources ahead of those in the USA and China.

The lessons learned from the coronavirus pandemic and 
the acute climate crisis are forcing us to leave our comfort 
zones. For us at DESY, this means that we are questioning 
the daily life we have become used to. How will we work 
and conduct research at DESY in the future? How and how 
much will we travel in the future? How will we organise a 
sustainable research campus in the future? How do we 
coordinate climate-friendly operation for users at our large-
scale research facilities without any compromises in quality? 
Will it then still be possible to be appealing to new user 
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Helmut Dosch
Chairman of the DESY Board of Directors

Figure 2 

The newly opened 

Start-up Labs 

Bahrenfeld building 

close to the PETRA III 

experimental hall 

“Max von Laue”

groups from academia and industry? If we find the right 
answers and smart solutions, I am convinced that DESY will 
remain a future-oriented research centre, perhaps even more 
diverse and even more climate- and family-friendly, and 
continue to attract the best talents from all over the world. 

In October 2021, we were privileged to host the award  
ceremony for this year’s Karl Heinz Beckurts Prize at DESY. 
The Karl Heinz Beckurts foundation, which confers the 
prize, was established by the Helmholtz Association 
together with Siemens AG. Alongside the prize winner 
Vasilis Ntziachristos (Helmholtz Zentrum München and TU 
München), Ingmar Hoerr (formerly CureVac), Uğur Şahin 
and Özlem Türeci (BioNTech) were also honoured with a 
special prize. The guests included Roland Busch, CEO of 
Siemens, who was very impressed by the tour of the DESY 
site. Personally, I was touched by the first names of the 
award winners: Vasilis, Ingmar, Uğur, Özlem. There is no 
shorter or better way to show where our future lies – 
DESY has lived this diversity since its foundation.

This year, DESY signed the Diversity Charter (“Charta der 
Vielfalt”), thus becoming part of Germany’s largest 
diversity network. DESY is actively committed to a diverse 
and prejudice-free working environment and to the 
appreciation of all employees regardless of their gender 
and gender identity, nationality, ethnic origin, religion or 
belief, disability, age, sexual orientation and identity. Here 
at DESY, we attach great importance to an appreciative  
working atmosphere, the equality of all employees and a 
better work–life balance.

Since September 2021, the Start-up Labs Bahrenfeld, a 
project jointly managed by DESY, Universität Hamburg and 

the City of Hamburg, has been the new place for science 
entrepreneurship on DESY’s research campus. The variety 
of fields covered by our young entrepreneurs is huge, 
ranging from synchronisation systems to individualised 
tests for diagnosing cancer.

DESY and the Hamburg University of Applied Sciences 
(HAW Hamburg) agreed on a new strategic Cooperation for 
Application and Innovation (KAI) with a focus on joint 
research and development programmes, dual education as 
well as innovation and technology transfer. KAI will help 
shape Hamburg’s structural transformation into a science 
and innovation metropolis in northern Germany.

Finally, I would like to mention our public outreach format 
“Wissen vom Fass” (Science on tap), in which scientists from 
Universität Hamburg and DESY explain science topics to 
the public and answer exciting questions from the world of 
research. This year, the event was purely digital, but it was 
just as entertaining and enjoyable for everyone as before.

In these challenging times, I would like to thank our staff 
and all our national and international users and partners 
for their valuable contribution to DESY. Please remain very 
careful in this tricky winter period and beyond. I wish you 
all the best!
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Figure 2

Farewell cake for Ties Behnke

Particle physics  
at DESY
Introduction

Dear Colleagues and Friends of DESY, 

It is my great pleasure to address you all, for my first time 
introducing the 2021 DESY Particle Physics annual report. 
This highlights brochure will give you an excellent over-
view of the major achievements and ongoing efforts of the 
particle physics division at DESY. Browsing through one of 
the final drafts filled me with excitement about the many 
excellent results that were produced in 2021, under 
unusually difficult circumstances! 

And a difficult year it was indeed – the second COVID-19 
year with all the ensuing restrictions on our social and 
work life. I am impressed how well our people at DESY and 
our many international partners coped with these tough 
conditions, and I sincerely hope for more opportunities to 
interact in person in 2022.

On the structural side, DESY has entered the fourth pro-
gramme-oriented funding period (PoF IV) of the Helmholtz 
Association, which will take us through the next seven 
years. In 2020, the DESY particle physics division passed 
the evaluation of its proposal with flying colours, one 
important element being a new subtopic structure for our 
scientific activities that does not focus on the facilities at 
which we work (LHC, Belle, etc.). Instead, three guiding 
themes that touch on many of our activities were 
introduced, which will accompany us for the coming years: 
i) Higgs physics and fundamental interactions, ii) new 
particles and phenomena and iii) cosmology and the dark 
sector of the universe. I am looking forward to truly living 
this new structure in the next years.  

The year 2021 brought numerous achievements and out-
standing results – to mention a few: At the Large Hadron 
Collider (LHC) at CERN near Geneva, Switzerland, the 
experiments ATLAS and CMS were in Long Shutdown 2 for 
almost two years and continued to produce important 
publications based on the 140 fb-1 of data collected during 
LHC Run 2. Since autumn 2021, the accelerator and the 
detectors are being brought back to life, and I look forward 
to the more than doubling of the LHC data set in the next 
four years at a new record-high centre-of-mass energy. 
However, the next shutdown of the LHC is already on the 
horizon. In 2026, the upgrade to the High-Luminosity LHC 
(HL-LHC) will begin, and our ATLAS and CMS groups have 
been very busy preparing the DESY contributions: The R&D 
work and prototyping for the two silicon tracker end-caps 
were mostly concluded, and the production chains for the 
modules, the larger mechanical structures where they are 
mounted, the readout electronics and services are to a 
large extent finalised – ready for production in the new 
Detector Assembly Facility (DAF) at DESY.

At the Belle II experiment at the SuperKEKB collider at KEK 
in Japan, despite issues with machine backgrounds, several 
luminosity world records could be achieved. DESY emplo-
yees were busy with the physics exploitation of the data 
and with services to the experiment. We also prepared the 
assembly of the new pixel vertex detector, which will be 
installed in the 2022/2023 shutdown. 



Forewords and news | 7

Figure 1

Beate Heinemann

Particularly good news comes from our on-site activities, 
the axion search experiments and LUXE: The installation of 
ALPS II in the tunnel of DESY’s former HERA collider was 
successfully concluded with the first complete cooldown of 
the magnets to 4 K in December 2021. The BabyIAXO 
collaboration finished its conceptual design report, and 
preparatory work for the construction of the experiment in 
the HERA South hall has started. For MADMAX, major mile-
stones were the finalisation of the conceptual design 
report for the cryogenic platform in the HERA North hall 
and the CERN approval of prototype tests in CERN’s 
MORPURGO magnet. Finally, the collaboration proposing 
the laser-and-XFEL experiment LUXE, which aims to study 
the quantum electrodynamics (QED) vacuum in a new 
regime, published its conceptual design report. 

On the theory side, a large number of very interesting 
publications was completed, and our theorists have been 
instrumental in exploring short- and long-term opportu-
nities. I am also thrilled that the funding for the building for 
our outstanding theory group, the Wolfgang Pauli Centre, 
is – finally! – secured, and preparations for the construction 
are proceeding. 

Finally, important advances were made in the areas of 
detector development and scientific computing. Our R&D 
effort on CMOS detectors and our activities in quantum 
computing and machine learning, for example, made 
impressive progress. And, despite the pandemic, we were 
able to provide test beams to more than 300 users and 

hosted two teams of high-school students in the context 
of the Beamline for Schools competition. 

In summary, we are progressing well, and I am confident 
that, in 2022, we will be able to harvest the fruits of our 
long-term investments and hard work of the past. This 
harvest would never have been be possible without all the 
people in the DESY particle physics division, who, despite 
difficult conditions, have worked so hard and continue to 
show so much effort, ingenuity and creativity. Thank you 
very much! I would particularly like to thank Ties Behnke 
for his excellent services as interim director of the division 
in 2021. He took over from Joachim Mnich only slightly more 
than a year ago, and he steered us all through the very 
demanding year and gave a number of important impulses 
to the division, on which I am more than happy to build. 

Let me end by saying that I am very much looking forward 
to working with all of you, at DESY and in our partner 
institutions around the world, and to shaping the future of 
our research centre together with you.

Yours sincerely,

Beate Heinemann
Director in charge of Particle Physics
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January

Geneva calling 

Joachim Mnich was Director in charge of Particle Physics at 
DESY for 12 years. From January 2021, he took up a new 
job as Research Director at CERN near Geneva, Switzer-
land. He will be in charge of the broad spectrum of experi-
ments at the research centre, including the experiments at 
CERN’s flagship accelerator, the Large Hadron Collider 
(LHC), which is currently undergoing a significant upgrade.

Ties Behnke takes over as director 

Ties Behnke took over as interim Director in charge of 
Particle Physics from 1 January 2021. He held this position 
until a successor for Joachim Mnich was found. Ties Behnke 
has been a leading scientist in particle physics at DESY 
since 1998, focusing on electron–positron colliders and 
detector development. He is also the spokesperson of the 
Helmholtz programme “Matter and Technologies”.

Flattening the wave

The technology of plasma-based acceleration promises to 
deliver a new generation of powerful and compact particle 
accelerators. An international team of researchers achieved 
a major milestone at the FLASHForward experiment at 
DESY: The team created precisely tailored particle bunches 
to drive a plasma accelerator. For the first time, the  
re sear chers were able to preserve a sharp energy spectrum 
within the accelerated particle bunch while simultaneously 
acce lera ting particles with record-high energy efficiency – 
both prerequisites for a sustainable application in compact 
next-generation colliders and brilliant photon sources.

News and 
events
A busy year 2021

Joachim Mnich

A 50-mm-long plasma accelerator module in operation

Ties Behnke
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EU project for innovative particle detectors 

A new EU project called AIDAinnova (Advancement and 
Innovation for Detectors at Accelerators) will develop a 
variety of innovative particle detector technologies for 
experiments at future colliders. The 45 project partners 
from academia, research and technology institutions and 
industry were represented at a virtual AIDAinnova kick-off 
meeting, where each of the project’s work packages 
(detector facilities, silicon detectors, calorimeters and 
particle identification, gaseous and large cryogenic detec-
tors, backbone technologies and management, outreach 
and innovation activities) convened at dedicated sessions 
to present their work plan or kick off the groundwork  
for future developments. 

A total of 45 partner institutions are involved in the AIDAinnova project.

Silicon sensor for the CMS fast beam condition monitor (BCM1F) during 

characterisation at DESY

May

CMS pushes the precision frontier on luminosity 

With major contributions from DESY physicists, the CMS 
collaboration at the LHC at CERN published a new measure-
ment of a crucial value, the integrated luminosity, taking 
precision to a new level. The new luminosity measurement 
with an uncertainty of 1.2% is the most precise result 
achieved at a high-energy and high-luminosity hadron 
collider experiment so far. 
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Vibrating science  
 
In May, a special vehicle visited DESY: a Vibrotruck, which 
put the ground in motion for a study. The new WAVE colla-
boration of Universität Hamburg, DESY and the German 
Research Centre for Geosciences (GFZ) took advantage of 
this, using a new measurement method that employs 
telecommunications optical fibres to localise vibrations 
down to metre precision. Weeding out unwanted vibrations 
could be a big plus for the DESY research campus. 

The WAVE collaboration used telecommunications fibres to localise vibrations 

generated on the DESY campus by a Vibrotruck. 

Rare B meson decays: DESY scientists look for events like these in the Belle II 

detector.

Strengthening the bond

Traditionally, DESY and the High Energy Accelerator 
Research Organization KEK in Tsukuba, Japan, have enjoyed 
close and intensive cooperation based on a framework 
agreement concluded in 2000. DESY and KEK have many 
overlapping research topics, including, in particle physics, 
DESY’s contribution to the Belle II experiment at the 
SuperKEKB collider at KEK and joint work on the ATLAS 
detector at the LHC at CERN. Both centres are also opera-
ting photon sources and are very active in the develop-
ment of future accelerators. To meet the changing focus of 
research over time, the directors of KEK and DESY signed a 
new framework agreement for their cooperation in May.

KEK Director Masanori Yamauchi, DESY Director Helmut Dosch

June 

Kaon is key 

Researchers from DESY working on the Belle II experiment 
at KEK in Japan published the fourth Belle II paper since the 
beginning of data taking. They studied the decay of B mesons 
produced in collisions at Belle II into kaons and neutrinos – a 
rare but highly interesting decay. If nature does not behave 
the way theory predicts, scientists could see it in this process. 
So far, they have found no deviation from predictions.
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Fast lane to synthetic data wanted  
 
In addition to experimentally generated data, fundamental 
research in physics also works with synthetically generated 
data. Acquisition of such data with currently available 
simulation methods is extremely time-consuming and ties 
up immense computer capacity. A new project of DESY, the 
Helmholtz-Zentrum Dresden-Rossendorf (HZDR) and the 
HZDR Center for Advanced Systems Understanding 
(CASUS) in Görlitz is testing an approach with which data 
on the behaviour of physical systems can be generated 
more quickly using neural networks. The SynRap project 
was selected for funding through a competitive process. 

EPS-HEP2021 online at DESY – avatars welcome!  
 
From 26 to 30 July, DESY and Universität Hamburg hosted the 
European Physical Society Conference on High Energy Physics 
EPS-HEP2021. Due to the COVID-19 pandemic, the conference 
was organised as a purely online event with plenary talks and 
parallel sessions for 2000 registered participants. 

The conference is a forum for the latest results in particle 
physics and neighbouring fields. The recent hints at anoma-
lies in the b sector were the subject of an intense exchange 
of facts and ideas. Results from the LHC experiments were 
presented covering a wide range of science topics, from 
searches to precision measurements. DESY and Universität 
Hamburg will also host the next EPS-HEP conference in 
2023, this time as an in-person conference. 

Visualisation of an event recorded by a particle detector. The use of neural 

networks could considerably accelerate the production of synthetic data sets in 

particle physics. 

The NDFI 

connects 

existing 

research data 

services. 

At EPS-HEP2021, the traditional 

poster session was moved to a 

virtual exhibition system where 

presenters could interact with 

viewers in real time. 

July 

Making research data transparent and sustainably available 

The Joint Science Conference (GWK) of the German federal 
government and states decided to fund two DESY-led con-
sortia, DAPHNE4NFDI and PUNCH4NFDI, within the frame-
work of the German National Research Data Infra structure 
(NFDI). The consortia, which were selected for funding 
together with eight others, have set themselves the goal 
of making data from photon and neutron research as well as 
particle, astroparticle, hadron and nuclear phy sics and astro-
nomy transparent and permanently available. Both projects 
will be funded for the next five years. After an evaluation, 
five more years of funding may follow. Cooperation with 
other NFDI consortia is envisaged, as are discussions with 
the ErUM Data Initiative of the German Federal Ministry of 
Education and Research (BMBF) as well as European projects.

The publication is a milestone in the physics history of 
Belle II because it is the first based on data collected with 
the complete detector. Previous analyses used collisions 
collected by Belle II in a preliminary stage, in particular 
without the new pixel vertex detector, for whose 
construction, commissioning and data analysis DESY has 
leading responsibility. 
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August

CoVis – a new app for COVID-19 risk assessment 

From theoretical physics to entrepreneurship, propelled by 
a deadly virus: With his spin-off company, DESY physicist 
Ayan Paul launched a new app against COVID-19. The app 
CoVis combines public data with personal information and 
location, providing users with a highly individualised 
assessment of their current risk to contract COVID-19, 
including recommendations for action.

CoVis uses robust and explainable artificial intelligence to 
predict outbreaks and detect anomalies in disease spread 
using publicly available data, latest study results and other 
existing medical knowledge. Combined with personalised 
information about age, preexisting conditions and 
movement habits, CoVis helps users to make informed 
choices about which areas or places to avoid and when. 

“Summies” in the city

Almost 80 students of physics and related natural sciences 
took part in DESY’s summer student programme 2021. The 
majority of them participated remotely using online tools 
due to the COVID-19 pandemic, while seven students were 
integrated in the research groups on the DESY campus in 
Hamburg.

The DESY summer student programme has been running 
for several decades and is one of the largest of its kind in 
Europe, offering insights into particle physics, photon 
science, accelerator technology, computing and astro-
particle physics. The programme includes a lecture series 
introducing the main areas of research at DESY. Because  
of the online nature of the 2021 event, the lecture pro-
gramme was open to everyone, resulting in one of the 
largest attendances on record with several hundred 
participants from around the globe. 

This year, the “summies” were given a virtual welcome. 

The new CoVis app is available in Germany and the USA for iOS and Android.

DESY particle physicist and entrepreneur Ayan Paul
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September

“Urknall unterwegs” – Big bang on the go 

In September, a mobile scientific exhibition started touring 
through Hamburg’s districts with the aim to explain the 
complex world of particle physics in a fun and interactive 
way to interested citizens. Young and old were invited to a 
journey through time and space from today back to the big 
bang and to learn how particle physics revolutionised our 
understanding of the universe.

DESY signs Diversity Charter

By signing the Diversity Charter (“Charta der Vielfalt”), 
DESY became part of Germany’s largest diversity network. 
The Diversity Charter is an initiative that aims to promote 
diversity in companies and institutions. Since its inception 
in 2006, it has been signed by over 4500 organisations 
with a total of more than 14.6 million employees.

DESY stands for open-mindedness and tolerance. It is com-
mitted to a diverse, prejudice-free working environ ment 
and appreciates all employees regardless of their gender 
and gender identity, nationality, ethnic origin, religion or 
belief, disability, age, sexual orientation and identity.

Beam us up, DESY!

Prevailing against 289 competitors and one pandemic, the 
two winning teams of the international Beamline for 
Schools competition 2021 arrived at DESY in Hamburg in 
September to carry out their experiments at the DESY II 
Test Beam Facility. The team Teomiztli, comprising seven 
students from Mexico City’s Escuela Nacional Preparatoria 
“Plantel 2”, used the electron beam to study aspects of the 
production of Cherenkov radiation in different materials. 
The team EXTRA, which involved nine students from Liceo 
Scientifico Statale “A. Scacchi” in Bari, Italy, examined the 
transition radiation effect, where X-ray photons are gene r-
ated when high-energy electrons pass through materials 
of certain optical properties. 

The Beamline for Schools competition, usually organised 
by CERN but hosted at DESY in Hamburg for the third time 
in a row, encourages teams of high-school students from 
around the world to submit proposals for experiments that 
can be performed at a particle beamline.

Exhibition “Big bang on the go” in Hamburg

The Mexican and Italian winning teams of the Beamline for Schools competition 

pose with DESY firefighters after their fire safety training. 
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October

Freya Blekman joins DESY 

Starting enterprises 

Start-ups and established companies in the fields of 
physics and biophysics found a new home in Western 
Hamburg in September. The Start-up Labs Bahrenfeld, a 
project jointly managed by DESY, Universität Hamburg 
and the City of Hamburg, is the new place for science 
entrepreneurship on the DESY campus. The innovation 
centre for deep-tech start-ups will also enhance the 
profile of the planned Science City Hamburg Bahrenfeld. 
The Start-up Labs Bahrenfeld were officially opened on 
20 September with laboratories, workshops, offices and 
meeting rooms, covering an area of 2700 m2. Start-ups 
from DESY photon science were among the first tenants.

When brains merge... 

The new strategic Cooperation for Application and Inno   va-
tion (KAI) of DESY and the Hamburg University of Applied 
Sciences (HAW Hamburg) will focus on cooperative degree 
programmes and teaching, research and development as 
well as innovation, technology and knowledge transfer. 
KAI is to strengthen the joint training of urgently needed 
highly qualified engineers and scientists. It will help shape 
Hamburg’s structural transformation into a science and 
innovation metropolis in northern Germany, through 
applied research and by developing sustainable and 
digital technologies. The City of Hamburg supports the 
cooperation with start-up funding of 120 000 euros.

Science on (digital) tap

At the “Science on tap” event, scientists from DESY and 
Universität Hamburg talk about their everyday work, 
usually in bars and pubs. In 2021, the popular talks took 
place online because of the pandemic – a superspreading 
event of a different kind. Five videos are available online, 
offering fascinating insights into various research areas, 
from particle physics through communication science to 
virology, and answering all kinds of questions. Whether 
online or offline – such entertaining knowledge transfer 
from scientific experts to the interested public is more 
important than ever.

On 1 October, experimental particle physicist Freya Blek man 
took up her new position as lead scientist in the DESY CMS 
group. Born in the Netherlands, she came to DESY from the 

The Start-up Labs Bahrenfeld 

From left: DESY Director Helmut Dosch, Hamburg’s Science Senator Katharina 

Fegebank and HAW Hamburg President Micha Teuscher at the launch of the 

cooperation KAI 

Freya Blekman in front 

of the CMS detector
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November

First-class DESY trainee 

Raphaela Renner, freshly qualified electronics technician 
for devices and systems, was one of three DESY appren-
tices officially honoured as best trainees in their fields, in 
this case by the Hamburg Chamber of Commerce. DESY 
itself was honoured once again for outstanding achieve-
ments in dual training. 

Distinction for Albrecht Wagner and Jochen Schneider 

At the 2021 DESY Science Day, Albrecht Wagner and 
Jochen Schneider – two outstanding personalities who 
have had a significant impact on the development of 
DESY – were awarded the DESY Golden Pin of Honour. 
Wagner was DESY Research Director from 1991 to 1999 
and Chairman of the DESY Board of Directors from 1999 
to 2009. Schneider was DESY Director in charge of Photon 
Science from 2000 to 2007. Both were pioneers in a special 
time after the sudden death of DESY Director Bjørn H. Wiik 
in 1999. They managed to keep the research centre 
thriving with a sustainable future – the results of their 
efforts are still visible today.

Surfin’ electrons 

DESY physicist Jens Osterhoff received the 2021 Bjørn H. 
Wiik Prize in recognition of his outstanding contributions 
to the field of plasma acceleration. Under his leadership, a 
Helmholtz Young Investigator group in the DESY particle 
physics division started to carry out research into plasma 
accelerators, a new generation of accelerators that are 
much more compact and inexpensive than conventional 
devices, yet extremely powerful. 

Raphaela Renner is amongst Hamburg's best trainees.

Bjørn H. Wiik Prize 2021 

laureate Jens Osterhoff 

with a plasma cell 

DESY Director Helmut Dosch (centre) congratulates Albrecht Wagner (left) and 

Jochen Schneider (right) at the presentation of the DESY Golden Pins of Honour.

Free University of Brussels following a joint appointment 
with Universität Hamburg within the Helmholtz 
Distinguished Professorship programme. In addition to  
her research, Freya Blekman pursues innovative teaching 
con cepts and is known for communicating her research on 
social media. On Twitter, she is among the top ten most 
active female physicists in the world. In 2016, she received 
the Out  reach Annual Award from the Belgian Academy 
of Sciences. 
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PhD Thesis Prize 2021  

The PhD Thesis Prize 2021 of the Association of the 
Friends and Sponsors of DESY (VFFD) was awarded in 
equal parts to Svenja Lehmann and Johannes Michel. 
Lehmann, who received the prize for her thesis “Oblique-
incidence deposition of ferromagnetic thin films and their 
application in magnetoresistive sensors“, went on to 
recruite new young scientists as a physics teacher on the 
west coast of Schleswig-Holstein. Michel, now a post-
doctoral researcher at MIT in the USA, received the award 
for his thesis “Factorization and resummation for precision 
physics at the LHC”. One of the highlights of his thesis was 
the generalisation of a famous, decade-old factorisation 
theorem, which made it much more powerful and more 
widely applicable. 

Svenja Lehmann and VFFD Board member Wilfried Buchmüller 

Johannes Michel 

From left: Presenter Ralf Krauter with Eugene Demler, recipient of the Hamburg 

Prize for Theoretical Physics 2021, and Valery Rubakov, laureate 2020 

Hamburg Prize for Theoretical Physics 2020 and 2021  

For their remarkable contributions to theoretical physics, 
Russian–American researcher Eugene Demler, the 2021 
laureate, and Russian researcher Valery Rubakov, the 2020 
laureate, were honoured with the Hamburg Prize for 
Theoretical Physics by the Joachim Herz Foundation in 
cooperation with the Wolfgang Pauli Centre of DESY and 
Universität Hamburg and with the clusters of excellence 
CUI: Advanced Imaging of Matter and Quantum Universe. 
The 2020 award ceremony had been postponed due to the 
COVID-19 pandemic.

Demler, a former member of Harvard University in the USA, 
now at ETH Zürich in Switzerland, received the 2021 prize 
for his research on quantum matter. Rubakov, a scientist at 
INR Moscow and professor at Lomonosov Moscow State 
University, was honoured with the 2021 prize for his 
contributions to various topics in quantum field theory, 
particle physics and cosmology. 
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December

New Emmy Noether group in DESY theory  

Theoretical physicist Till Bargheer received 1.5 million 
euros through an Emmy Noether grant from the German 
Research Foundation (DFG) to perform his research 
programme within the DESY theory group. The grant 
allows Till Bargheer to lead his own Emmy Noether 
Independent Junior Research Group “Solving Field Theory 
with Integrability”, which involves three PhD students and 
two postdoctoral researchers. Over six years, Bargheer 
and his team will probe the uncharted parts of quantum 
field theory using powerful methods from the theory of 
integrable models.

Beate Heinemann – DESY’s first female director  

In December 2021, the DESY Foundation Council appointed 
particle physicist Beate Heinemann, a lead scientist at DESY 
and professor at the University of Freiburg, as Director in 
charge of Particle Physics. She will succeed Joachim Mnich 
and interim Director Ties Behnke on 1 February 2022. 

Beate Heinemann was born in Hamburg and took her first 
career steps at DESY. She then joined the University of 
Liverpool in the UK before becoming a professor at the 
University of California, Berkeley, in the USA, working on 
the ATLAS experiment at CERN, where she served as 
deputy spokesperson. She is now the first woman on the 
DESY Directorate.

ALPS magnets cooled down  

The “light-shining-through-a-wall” experiment ALPS II at 
DESY passed the next milestone: The superconducting 
magnets used in the experiment were cooled down to their 
operating temperature of -269°C. After an interruption of 
more than 14 years, helium once again flowed through the 
tunnel of DESY’s former electron–proton collider HERA, 
which houses the experiment, marking an important step in 
the commissioning of ALPS II.

Emmy Noether 

Independent Junior 

Research Group 

leader Till Bargheer

Just over a year after the last superconducting ALPS magnets were installed in 

the tunnel, -269°C helium flowed through the magnet chain. 

Beate Heinemann, the new Director in charge of Particle Physics and the first 

woman on the DESY Board of Directors 



Experimental particle physics
Physics with protons has been at the heart of DESY’s particle physics activities since the start-up of its 
former electron–proton collider HERA in 1992. Today, the cornerstones of DESY’s proton physics 
programme are its ATLAS and CMS groups, which are involved in a large variety of developments at the 
Large Hadron Collider (LHC) at CERN, from hardware design to data analysis.

Since its discovery, the Higgs boson has been an important focus of research. Unravelling its precise 
properties constitutes one of the main activities at the LHC experiments. This includes studying its 
couplings (p. 34) and investigating complex scalar sectors with dark matter (p. 35). Another focus of the 
LHC is the heaviest particle of the Standard Model, the top quark. Here, the precision of fundamental 
constants of the strong force has been improved (p. 21), a new professorship was established (p. 29), 
and new interactions have been probed (p. 22). Other studies explored the structure of the proton and 
further properties of the electroweak sector (p. 26). 

At the same time, the DESY LHC groups are preparing for the future LHC upgrades – in particular, the 
high-luminosity upgrade (HL-LHC) foreseen for the years after LHC Run 2. Activities at DESY for these 
upgrades include the development of new detectors (p. 30 and p. 36), improved measurements of the 
luminosity (p. 24) and the development of tracker technology (p. 20 and p. 25). 

Physics with lepton beams – and the R&D work for the necessary accelerators and detectors – 
constitutes the second pillar of DESY’s particle physics activities. The focus here is on the upgraded 
SuperKEKB accelerator with the Belle II experiment at the Japanese national particle physics laboratory 
KEK. The performance of the experiment is continuously being improved (p. 40), which allows for new 
results, for example involving B-meson decays (p. 39).

DESY has also broadened its activities in the field of axion-like particles (p. 46). The construction of the 
ALPS II experiment is proceeding as foreseen, while preparations started for two new experiments, 
IAXO and MADMAX. Furthermore, the LUXE collaboration plans to scrutinise quantum electrodynamics 
in the non-linear regime (p. 50) and the ADVANCE lab develops plasma acceleration (p. 42).     

Finally, machine learning and other novel techniques are taking hold in particle physics. They help to 
identify tau leptons (p. 23), to search for late decays (p. 32), to simulate hadronic showers (p. 44) and to 
present old HERA data in a new light (p. 52). 
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Assembling modules
The DESY CMS group is committed to assembling about 
1250 PS modules and is leading the development of a 
robot-assisted (automated) assembly procedure. The 
resulting object is a stack of silicon sensors separated by 
electrically isolating spacers and glued onto a thin carbon 
fibre support. The next step is to attach the module elec-
tronics. Four printed circuit boards are placed on, glued and 
connected to the periphery of the silicon sensor stack: the 
power hybrid for module powering, two front-end hybrids 
for sensor readout and the readout hybrid for optical data 
transmission. In 2021, the DESY CMS group reached a first 
milestone by assembling 2.5 fully functional PS modules. 

Testing modules
The group also plays a leading role in the development of 
the data-processing system chosen for both the module 
prototyping and the production phase. The DESY CMS group 
is involved in the design and development of field-programm-
able gate array (FPGA) firmware needed for electrical testing 
of the individual PS module components and for optical 
readout of the full modules in the lab tests or beam tests. In 
addition, the group contributes to the development of the 
data acquisition and control software framework Ph2ACF 
used for module prototype testing and for both the 
production phase and the final detector operation. 

The group has played a decisive role in reaching another 
milestone: the firmware and software implementation of 
the optical readout of modules equipped with the CERN 
low-power gigabit transceiver (lpGBT) chip and with the 
versatile link plus transceiver (VTRx+) module. Firmware 
and software are now used to test all the individual 
components and assembled modules in the collaborating 
institutes around the world.

Finally, in 2021, the DESY CMS group successfully collected 
the first set of PS module data in a test beam campaign. 
The assembled PS module first underwent extensive lab 
tests and was then brought to the DESY II Test Beam 
Facility, where it was characterised under electron beam 
exposure (Fig. 1). Configurations such as the geometrical 
orientation, the sensor bias voltage or the readout settings 
were varied in order to study the module’s particle detection 
and momentum discrimination efficiencies. The data are 
currently being analysed with the objective of validating 
the design of the sensor and front-end electronics and 
gaining insights into the overall operation and performance 
of the module. 

In order to cope with the higher data rates during the High-Luminosity LHC (HL-LHC) era, the upgraded CMS outer tracker 
will be based on a new module concept with on-board particle momentum discrimination, which will allow it to contribute to 
the CMS trigger system. Every module will be made of two vertically stacked silicon sensors, either a macropixel sensor and 
a strip sensor (PS) or two strip sensors (2S). The modules will be equipped with dedicated front-end electronics to correlate 
the signals from both sensors, exploiting the strong magnetic field of CMS to select high-transverse-momentum particles, 
and send the corresponding information to the CMS Level-1 triggering system. The DESY CMS group is preparing for the 
production of about 1250 PS modules and working on the development of the data-processing system.

CMS tracker upgrade for the HL-LHC
When on-module pT discrimination becomes reality

Contact: 
Younes Otarid, younes.otarid@desy.de

Figure 1

First PS module in the DESY test beam
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Best precision for QCD 
In the Standard Model of particle physics, the funda men-
tal building blocks of nuclear matter, quarks and gluons, 
together called partons, are subject to the strong inter-
action, des cribed by quantum chromodynamics (QCD). 
Once kicked out of e.g. a proton, partons form collimated 
sprays of hadrons, called jets. By measur ing the jet rates 
in proton–proton colli sions, it is possible to extract the 
value of the strong coupling constant and the momentum 
distributions of the partons in the proton. 

The most recent measurement [1] of jet production at the 
LHC at a centre-of-mass energy √s = 13 TeV in the CMS 
detector is the most precise of its kind and reaches jet 
momenta up to 3 TeV. This measurement was interpreted 
in QCD at next-to-next-to-leading perturbative order. As  
a result, the precision of the gluon distribution in the 
proton was improved by more than a factor of 2 (Fig. 1). 
Simul taneously, the value of the strong coupling constant 
at the scale of the Z-boson mass was determined as  
αS (mZ) = 0.1170 ± 0.0019. This is the most precise single-
experiment measurement at a hadron collider to date.

New physics and Standard Model “in one go”
Jets are also probes for physics beyond the Standard 
Model – a fundamentally new interaction setting in at very 
high energy scale Λ. New physics would show up as a 
deviation of the observed jet rate from the QCD expec-
tation. The challenge is that the observed rate is a mixture 
of the new interaction and the QCD process, and the 
interpretation would be biased by assumptions on QCD 
parameters. The DESY CMS scientists have resolved this 
long-standing problem. The rates of jets and top quark-
antiquark pairs at CMS were interpreted using a model 
where QCD was modified by the effective couplings of new 
physics. As a result, the parton distributions in the proton, 
the top-quark mass and the strong coupling constant were 
obtained with best precision, together with the effective 
couplings of new physics, so that the unbiased constraints 
are obtained for the first time (Fig. 2).

For the first time, by analysing the rates of jet and top-quark production at the LHC, DESY CMS physicists 
extracted the fundamental parameters of the Standard Model, simultaneously imposing constraints on 
new physics. As a result, the description of the proton structure is significantly improved and the obtained 
values of the strong coupling constant and of the top-quark pole mass break the current level of precision 
achievable at a hadron collider. At the same time, the first unbiased limit on the scale of novel contact 
interactions is achieved. The work is supported by the Helmholtz W2/W3-123 programme. 

Precision as a key to new physics
Constraining the Standard Model and beyond using jets at CMS

Figure 1

Fractional uncertainty in the gluon distribution in the proton before and after 

considering the CMS measurement [1] of jet rates at 13 TeV

Figure 2

Ratio of the effective coupling to the energy scale of new physics, squared [1]

Contact: 
Katerina Lipka, katerina.lipka@desy.de 

Reference: 
[1] CMS Collaboration, JHEP 02, 142 (2022)
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Ever since its discovery in 1995, the top quark has been 
considered a probe of choice for revealing physics beyond 
the SM. For instance, because of its high mass, the top 
quark has a Yukawa coupling close to unity, impacting the 
electroweak sector significantly through loop corrections, 
and may couple preferentially to undiscovered heavy 
states. However, searches for new massive particles at the 
LHC have so far been inconclusive. Model-independent 
measurements within the EFT framework are thus be- 
coming increasingly important to make the most out of the 
wealth of precision measurements carried out at the LHC.  

The DESY CMS analysis searched for anomalies in top-quark 
interactions with the Z boson, using an EFT framework [1]. 
The cross section measurements of the rare associated 
production modes of these two particles (t Z and tZ) were 
statistically limited until recently. These interactions are 
among the least constrained by the available data in the 
top-quark sector, despite being modified in numerous 
models beyond the SM. Using the full LHC Run 2 data set, 

this study targeted favourable final states with multiple 
electrons and muons. It sets some of the tightest con-
straints to date on five generic types of EFT interactions 
that could substantially modify the characteristics of 
associated top–Z production, while having negligible or  
no effect on background processes.

The key feature of this work is the heavy use of ML 
techniques to improve the sensitivity to new couplings. 
First, to define regions enriched in the processes of 
interest, a multiclass neural network was trained to 
discriminate between different SM processes. Subse-
quently, several binary neural networks learned to 
separate events generated according to the SM from 
events that include EFT effects arising from one or more 
types of anomalous interactions. These binary classifiers 
were used to construct powerful discriminant variables  
out of high-dimensional input data. Their distributions  
were fitted to data to constrain up to five types of EFT 
couplings simultaneously (Fig. 1). The widths of the 
corresponding confidence intervals were significantly 
reduced thanks to the optimal combination of the available 
kinematic information. This result is an important step 
towards the more widespread use of ML to target EFT 
effects in order to efficiently explore the enormous volume 
of LHC data more globally and comprehensively.  

Using the full set of LHC data at 13 TeV, the DESY CMS group has successfully performed original research looking for new 
top-quark electroweak couplings within the framework of an effective field theory (EFT). Targeting Z-associated top-quark 
production, an analysis was designed based on machine learning (ML) techniques to enhance the sensitivity to the corresponding 
EFT operators. Trained to distinguish between Standard Model (SM) processes, a multiclass neural network optimally defined 
three subregions enriched in tZq, t Z and background events. Additional neural networks were trained to separate, in the  
t Z and tZq subregions, the SM scenario from cases where one or more EFT operators are activated. This was the first time that  
ML techniques accounting for the interference between EFT operators and the SM amplitude were used in an LHC analysis.

Learning to detect new  
top-quark interactions
Probing new phenomena in top-quark couplings with machine learning 

Contact: 
This article is written in memory of our dear colleague  
and friend, Nicolas Tonon (1993–2021), who developed  
and brought this analysis to success. The text is true  
to his writing for the CERN Courier [2].  
Abideh Jafari, abideh.jafari@desy.de
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To understand the properties of nature, scientists rely on 
already discovered and explored elementary particles as 
the building blocks for a search beyond what is known. The 
tau lepton is one of these fundamental particles. It decays 
to hadrons around 2/3 of the times, producing mostly 
charged and neutral pions in its decay. This makes hadroni-
cally decaying tau leptons (τh) easy to confuse with other 
objects, in particular jets and lighter leptons. Jets are 
showers of particles mostly originating from gluons and 
quarks, while electrons and muons can be misidentified due 
to their Bremsstrahlung radiation.

The main innovation of the DeepTau algorithm lies in 
appro aching τh identification by visualising the particles 
reconstructed in the detector as a 2D image. The image is 
constructed as centred around the direction of flight of the 
original particle shower. Figure 1 shows a typical τ → 3π 
decay, with three charged pions clustered together in the 
blue box. This is in contrast to quark/gluon jets, which 
generally have broader clusters. DeepTau automates such 
processes for each proton–proton collision.

This is where computer vision comes into play. DeepTau 
combines 1D and 2D convolutional layers operating on an 
image representation of the observed object in the detector. 
These layers combine low-level information into higher levels, 
which are then used as a handle to separate tau leptons from 
jets and light leptons. All with a single, fully automated model!

The DeepTau algorithm significantly improves the perfor-
mance of τh identification by 10–30% compared to the 
previously used approaches. A new reconstruction 
algorithm was introduced to complement the improved 
identification, allowing for more decay channels to be 
identified. However, good performance is not enough. The 
model might still learn features in simulation that do not 

work in reality. The DESY CMS group performed extensive 
studies to make sure that this is not the case and to 
correct for any possible discrepancy.

Together with its outstanding performance, a vision-driven 
DeepTau brings hope that the search for new physics will 
yield new, exciting discoveries.

The tau lepton plays a crucial role in particle physics as the heaviest lepton in the Standard 
Model and a key piece of the puzzle in the search for new physical phenomena. It stands 
out among other leptons in terms of its properties, being the only one that can decay 
hadronically, but is not particularly easy to catch in the detector. The DESY CMS group, in 
collaboration with other institutes, contributed to a novel identification algorithm called 
DeepTau, inspired by the computer vision domain, which goes beyond previous conventional 
approaches and outperforms them by a large margin.

Shooting taus
It’s a hadron... It’s a lepton... No! It’s a hadronically decaying tau!

Figure 1

Typical signature in the CMS detector of a τ → 3π decay. Each circle represents  

a different particle, with pT proportional to the circle size. The red (blue) line  

represents the isolation (signal) cone. Input features are taken independently 

from each grid.
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High-precision luminosity analysis
At the LHC, luminosity is determined from the analysis of 
van-der-Meer (vdM) scan data. In vdM scans, the event rate 
is measured as a function of the transverse separation of 
the two beams (Fig. 1). From the measured beam–beam 
profile and the beam currents, the luminosity calibration is 
determined. 

So far, typical uncertainties at hadron collider experiments 
were about 2%, a value already significantly better than 
originally deemed possible. In 2021, with major contributions 
from DESY, the CMS collaboration achieved a luminosity 
measurement with an uncertainty of 1.2%, taking precision 
to a new level. By applying various novel techniques, several 
permille-level corrections for residual correlations, non-
linearities and time dependencies were determined in order 
to achieve this most precise result. The measurement, based 
on data from 2016, the first year of LHC Run 2, is a proof-
of-concept for future measurements at the precision frontier.

Upgrade for LHC Run 3
In CMS, several luminosity detectors of different 
technology are used for redundancy and uncertainty 

reduction. The BCM1F detector measures the instan-
taneous LHC luminosity and beam backgrounds bunch by 
bunch every 25 ns. The result is delivered in real time to 
the CMS and LHC control rooms. 

BCM1F consists of four “C-shaped” stations, installed very 
close to the LHC beam pipe at a distance of 1.8 m from the 
collision point (Fig. 2). For LHC Run 3, starting in 2022, the 
detector was upgraded with silicon diodes using active 
cooling and AC-coupled readout. DESY contributed to the 
detector assembly, sensor testing and installation in the 
experiment. During the initial LHC test beams in October 
2021, the detector worked out of the box. We are now 
eagerly awaiting LHC beams in 2022 and throughout  
LHC Run 3.

Luminosity is a measure of the particle collision rate in a collider experiment. Its precise value is a crucial ingredient for the 
operation of the LHC and the experiments as well as for physics data analysis. In 2021, with strong involvement of the DESY 
CMS group, the CMS collaboration published a new luminosity measurement, taking the precision to a new level. In parallel, in 
preparation for LHC Run 3, a new refurbished online luminosity detector and beam condition monitor (BCM1F) was built and 
installed in the CMS experiment.

Illuminating the precision frontier
CMS luminosity measured with unprecedented precision 

Figure 1

During van-der-Meer 

scans, the beam axes 

are separated in trans-

verse direction, and 

the collision rates are 

measured. The figure 

shows the measured 

rate as a function of 

the horizontal separa-

tion. Taken from [1].

Figure 2

View along the LHC beam pipe to-

wards the centre of the CMS detector. 

The BCM1F detector is installed very 

close to the beam pipe within the  

silver/grey “C-shaped” housing [2]. 
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Alignment of the reinstalled pixel detector 
In summer 2021, the pixel detector was reinstalled in the 
CMS experimental cavern after undergoing extensive 
repairs, which included the replacement of its innermost 
layer due to radiation damage. The pixel detector, while 
about the size of a shoebox, contains the impressive 
amount of 124 million pixels. Thanks to the tiny size of 
these pixels (100 x 150 µm2!), the position of the hits left 
by traversing charged particles can be measured very 
accurately. However, this requires precise knowledge of 
the position of each of the detector modules on which sets 
of these pixels are mounted. Determining the position 
together with the orientation and curvature of the modules 
is the task of the tracker alignment. The alignment calibra-
tion becomes especially relevant after reinstallation when 
large deviations of the detector modules from their 
previous positions before the removal can be expected. 

Once the pixel detector was in place and ready for com-
missioning, cosmic-ray muons were recorded at 0 T magnetic 

field. For each of the hits left in the detector by a cosmic-ray 
track, the difference between the measured hit position and 
the one predicted from the track fit, known as track-hit 
residual, can be computed. The overall spread of the track-
hit residuals from a collection of tracks becomes wider if the 
assumed geometry differs from the real one. By performing 
a global least-squares minimisation of this quantity, it is 
possible to update the knowledge on the position of the 
modules. This precision improves with the number of tracks. 

The DESY team was strongly involved in improving the 
performance from the LHC Run 2-based alignment (Fig. 1, 
black) via a preliminary alignment step (blue) to a high-
precision calibration (red). The very narrow final distribution 
peaking around 0 indicates that, after the alignment 
calibration with cosmic-ray tracks and no magnetic field, 
the module position along the measurement direction is 
already known with a precision of about 29 μm, which is as 
narrow as a human hair! This effort paved the way for the 
final undertaking of 2021, in which the first alignment with 
collision events after the beginning of Long Shutdown 2 in 
2018 was derived, consolidating the alignment workflows 
towards the start of LHC Run 3.  

The DESY CMS group continued its long-term commitment to the alignment of the CMS tracker in 2021,  
playing a leading role in the tracker alignment effort during the final countdown to LHC Run 3. Following the 
reinstallation of the silicon pixel detector in summer 2021, the group was instrumental in deriving the very first 
tracker alignment after the reinstallation, using cosmic-ray muons collected at 0 T magnetic field, and in the  
first alignment with collision data of the commissioning period towards LHC Run 3. These early data-taking 
exercises successfully prepared the ground for a smooth startup of LHC Run 3, later in 2022.

Hair-splitting precision! 
First alignment of CMS silicon tracker in preparation for LHC Run 3 

Figure 1

Distribution of median track-hit residuals in the barrel pixel (BPIX) detector, along the local 

x’ direction. The tracks were fitted with the last tracker geometry of the previous data-taking  

period (black) and with the alignment derived in two consecutive steps in 2021 (blue and red).  

A significant improvement of the local precision is observed when tracks are fitted with the  

ultimate updated geometry, resulting in a well-centred and very narrow distribution.
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Including vector boson plus jet data in QCD fits
Production of heavy vector (W and Z) bosons in proton–
proton collisions is one of the best-understood processes 
at the LHC. The simplest way to produce the bosons is via 
the Drell–Yan process: the annihilation of a quark and anti-
quark. Slightly more complex processes can produce vector 
bosons in association with hadronic jets (“vector boson 
plus jet production”). A representative Feynman diagram 
that contributes to the production of W bosons plus jets is 
shown in Fig. 1. Measuring this process yields information 
about the quark and gluon distributions within the proton, 
which provide the incoming partons in the figure. The 
outgoing quark q’ leads to a hadronic jet in the final state.

The quark and gluon distributions cannot be directly predic-
ted by theory and are typically inferred from so-called PDF 
fits in which parameterised distributions are fitted to ex -
perimental data within the framework of QCD. One commonly 
made assumption of these fits is that the amount of strange 
quarks and antiquarks to be found within the proton is less 
than that of the up and down antiquarks. This is expected 
because the mass of the strange quark is significantly 
larger than that of the up and down quarks, making it harder 
to produce. In Fig. 1, the struck quark in the proton (q) can 
be a strange quark, and hence this process gives us indirect 
information about the strange sea. 

A team led by members of the DESY ATLAS group studied 
this while testing the effect of including ATLAS vector 
boson plus jet measurements from proton–proton collisions 
at a centre-of-mass energy of 8 TeV in these PDF fits for 
the first time [1]. The fits were performed using the open-
source xFitter program, which allows scientists to study 
the structure of the proton and other complex particles.

To assess the effect of information from data with heavy 
bosons and jets, two fits were compared. The first used 
deep-inelastic scattering data from the HERA experiments 
[2] together with ATLAS measurements of Drell–Yan W- 
and Z-boson production, the second fit included W and Z 
plus jet measurements. Comparing the two fits demon-

The proton is made up of quarks and gluons. The quark content is dominated by light (up and down) quarks, but quantum 
chromodynamics (QCD) predicts that heavier quarks, such as strange quarks, are also present. The heavier quarks are 
produced as virtual quark–antiquark pairs known as sea quarks, and the extra mass of these quarks means that fewer are 
expected compared to the light quarks. In 2021, scientists from the DESY ATLAS and CMS groups studied the structure of 
the proton using data from the production of heavy bosons, W and Z, in association with jets at the LHC. These data sets 
threw new light on the strange-quark content of the proton.  

A deep dive into the strange sea
Learning about the structure of the proton using vector boson plus jet  
processes at the LHC

Figure 1

Example Feynman 

diagram showing the 

production of a W  

boson in association 

with a quark

Figure 2

Strangeness suppression factor (RS) extracted from the ATLAS PDF fit, including 

vector boson plus jet data (blue bands) compared to without (green bands).  

The bands show the size of the total fit uncertainties and the contribution to 

these from experimental uncertainties.
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strated that the vector boson plus jet data mainly affected 
the fitted gluon, down-quark and strange-quark distributions. 

One of the most striking results is shown in Fig. 2. This 
figure compares the strangeness suppression factor (RS), 
which measures the ratio of the sum of the strange quarks 
and antiquarks to the sum of the anti-up and anti-down 
quarks as a function of x, the fraction of proton momentum 
carried by the quark. A value of 1 indicates no suppression, 
while values much less than 1 indicate that strange-quark 
generation is suppressed. Without including the vector 
boson data, the fitted ratio, shown as green bands, is com-
patible with no strangeness suppression. Including the 
vector boson plus jet data significantly reduces the uncer-
tainties on this quantity and clearly shows suppression of 
the strange quark for higher values of x. 

Measuring W plus charm production
It is also possible to measure the strange quark in the sea 
directly. The example Feynman diagram in Fig. 3 is very 
similar to Fig. 1. However, here, in the final state, a specific 
quark is identified: the charm (c) quark. In this example, this 
means that the strange quark took part in the initial phase 
of the collision. Thus, when one hadronic jet originates 
from a charm quark, it is possible to obtain direct informa-
tion about the distribution of the strange quarks.

The production of a W boson plus charm quark was 
measured by the CMS collaboration using data from 
proton–proton collisions at the LHC at a centre-of-mass 
energy of 8 TeV [2]. Jets originating from charm quarks 
were selected by exploiting very specific behaviour of  
the charm-quark decays. The two characteristics used 
were the possibility of the charm quark to decay semi-
leptoni cally, leading to well-identified muons within the  
jet, and the characteristic lifetime of the charm quark, 
which yields displaced vertices inside the jet.

Figure 5 shows the shape of RS together with the same 
variable predicted by different groups working on mea suring 
the proton structure. Again RS is smaller than unity and hints 
at the suppression of the strange quark compared to the 
other quarks in the proton sea. The bands in Fig. 2 and Fig. 5 
show the uncertainties on the measurement of RS; including 
more direct and indirect measurements of the strange sea 
would give us more precise information about RS.

These studies of vector boson production in association 
with hadronic jets have shown the potential of such 
measurements to open a window onto the strange-quark 
content of the proton. The next step will be to see these 
data included in future global PDF fits that comprise other 
LHC physics processes in order to further enhance our 
understanding of the proton structure.
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Figure 5

RS distribution as  

a function of x  

extracted in the 

CMS study of  

W plus charm data

Figure 4

Effect of including 

the W plus charm 

data in a PDF fit on 

the uncertainty of 

the extracted RS. 

The dark blue band 

shows a fit includ-

ing the data, while 

the hashed blue 

band shows a fit 

without the data.

Figure 3

Example Feynman 

diagram showing the 

production of a  

W boson in association 

with a charm quark

Members of the DESY CMS group used xFitter to study 
how precisely we can measure the strange sea in two 
situations: with and without this W plus charm measurement. 
This is illustrated in Fig. 4, where the relative uncertainties 
of RS with and without the W plus charm data are shown. 
As expected, it can clearly be seen that the measurement 
of the strange quark is more precise when the data in -
cluding the direct information on the strange sea is used. 
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Data in the PUNCH communities are very diverse – in terms 
of rate, format, size, level of abstraction and location. Over 
and over again, the PUNCH communities have been pioneers 
in providing data management solutions. Key examples are 
the Worldwide LHC Computing Grid (WLCG), which connects 
170 computing centres distributed over the entire globe, 
facilitating access to the LHC data for a community of roughly 
10 000 users, or the Virtual Observatory in astronomy, a 
forerunner in open scientific data. 

With PUNCH4NFDI, we are addressing the next challenges 
in data management in our communities and beyond, such 
as the ever-increasing size of data volumes – reaching into 
the exabyte or even zettabyte regime with the HL-LHC or 
the upcoming Square Kilometre Array (SKA) observatory 
– or the increasing political and societal demands towards 
FAIR, open and sustainable research data. The work in the 
seven PUNCH4NFDI task areas focuses on the implemen-
tation of a science data platform that serves as a biotope 
for the entire life cycle of digital research products (DRPs). 

DRPs are research artefacts that encapsulate scientific 
data (or their location) at a usable abstraction level together 
with the relevant metadata descriptions and publications, 
the software required to act on the data and the interfaces 
to the relevant libraries, as well as storage and compute 
resources to execute workflows with the data. 

Today, this science data platform and the DRPs are still a 
vision. But many necessary ingredients and concepts are 
already around. The main goal of PUNCH4NFDI is to make 
them a reality and provide their services to the around 
9000 scientists in the research field in Germany – and beyond. 

In October 2021, the PUNCH4NFDI consortium [1] formally started its work in the framework of the German National Research 
Data Infrastructure (NFDI [2]), together with currently 18 other consortia from all fields of science. PUNCH4NFDI – with PUNCH 
standing for particles, universe, nuclei and hadrons – represents the efforts of the particle, astroparticle as well as hadron and 
nuclear physics communities plus the astrophysics and astronomy communities in Germany towards a sustainable data manage-
ment according to the FAIR data principles (findability, accessibility, interoperability and reusability) [3]. From the funds that the 
Joint Science Conference (GWK) of the German federal government and states is allocating to the NFDI for the next decade, the 
consortium will receive more than 15 million euros in the next five years. DESY is acting as coordinator for the consortium.

The PUNCH4NFDI consortium
FAIR and sustainable data management for fundamental  
research in the German science system

Figure 1

Visualisation of the PUNCH science 

data platform for digital research 

products (DRPs)
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Yesterday’s discovery is today’s background and 
tool, and everyone’s outreach 
During her career, Freya Blekman has worked at the Dutch 
particle physics research centre NIKHEF, where she studied 
the then recently discovered top quark for her doctorate, 
using data from the D0 experiment at Fermilab. Since 
completing her PhD in 2005, she has been active in the 
CMS collaboration at the LHC at CERN, where she has held 
several leadership positions. 

Blekman brings innovative science communication concepts 
to DESY. On Twitter, she is among the top ten most actively 
followed female physicists worldwide, and she is currently 
the first CMS physics communication officer, responsible 
for communication and outreach on the about 100 scientific 
papers per year produced by the more than 3000 members 
of the international CMS collaboration. In this position, 
Blekman has created a very successful effort of short 
articles aimed at the general public [1], and she has been 
involved in increasing the science communi cation efforts 
by the members of the CMS collaboration.

On the physics side, Blekman has been instrumental in 
organising the use of top quarks to search for new physics 
at the CMS experiment. The focus of Blekman’s research in 
the CMS group at DESY will be on signatures that are only 
becoming available now, as the LHC data has become so 
large that the associated production of new undiscovered 
particles together with top quarks (not just decaying into 
top quarks) allows detailed and kinematic investigation. 
These kinds of signatures are partially still unexplored at 
the LHC, and they have links to models reaching from dark 
matter and new Higgs-like bosons to leptoquarks, the 
mysterious particles that are used as an explanation for 
recent deviations from the Standard Model prediction in 
the flavour sector. 

At DESY, Blekman will continue her important research on 
the production of four top quarks at the CMS experiment 
[2], which is expected to be one of the potential disco-
veries of the next LHC run. The isolation of LHC collisions 
containing four top quarks requires a very strong back-
ground rejection, for which the modern machine learning 
expertise already present at DESY will be instrumental. 
Blekman’s interests are also linked to other DESY science, 
such as studies for potential future colliders, and have 
connections with the axion research programme.

 

In October 2021, particle physicist Freya Blekman joined DESY as a lead scientist. Blekman has earned an 
internationally renowned reputation in using top quarks to search for physics beyond the Standard Model. In 
addition, she is a well-known science communicator. Originally from the Netherlands, she comes to DESY via a 
joint appointment with Universität Hamburg within the Helmholtz Distinguished Professorship programme.

Communicating science and  
searching for new particles
Freya Blekman joins DESY through the Helmholtz Recruitment Initiative

Figure 1

The production of four top quarks creates extremely busy collisions.
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The new ATLAS tracker for the HL-LHC 
With the high-luminosity upgrade of the LHC on the horizon 
at CERN, the ATLAS group at DESY has been developing a 
major part of the new tracking detectors for the ATLAS 
experiment. The ATLAS ITk will replace the current inner 
detector to cope with the challenging HL-LHC conditions. 
The DESY ATLAS group has been one of the leading forces 
of this project. Key contributions have been made to the 
design, production and construction of the strip end-cap 
detector, with its design shown in Fig. 1. The main building 
blocks of the end-cap are the petals (Fig. 1, right). A petal 
comprises a core structure with six different types of silicon 
strip modules glued on both sides and a data concentrator 
board at the end, called the end-of-substructure.

In 2021, despite the challenges brought on by the COVID-19 
pandemic, the ongoing CERN review process (with several 
critical milestones) was successfully passed, and the project 
entered the phase of preproduction in most areas. Now, 
the lights are turning green towards the production of the 
ITk detector, both worldwide and locally at DESY.

Towards the production of ITk modules
An ITk strip module is composed of a ~10 x 10 cm2 n-in-p 
silicon sensor with ~5000 strip implants. Thin flex boards 
loaded with readout chips and power/control board circuitry 
are glued onto it using an automatic glue-dispensing robot, 
and precision tool sets are used for the assembly. Novel 
tools for the assembly of one module type were designed
and produced at DESY for the whole collaboration. Then, 
electrical connections are established between the compo-
nents and the individual strips with about 6000 wire bonds.

After assembly, stringent quality control tests are applied 
to the modules, comprising measurements of geometric 
tolerances down to micrometres and electrical tests for 
functionality and performance. For the purpose of thermal 
cycling, where the electrical performance is tested at the 
highest and lowest expected operation temperatures, the 
DESY group designed, prototyped and tested an auto-
mated test setup, the module cold box, shown in Fig. 2. 
In total, 15 copies of this setup are being manufactured in 
the DESY workshops for distribution to the ITk strip 
community.

The preparations for the construction and testing of ITk 
strip modules are being finalised in the cleanrooms at  
DESY in Zeuthen and Hamburg, laying the groundwork  
for the production phase. This includes a collaboration-
wide site qualification process and involves the successful 

The ATLAS collaboration is preparing for the necessary upgrades of the ATLAS detector to address the challenging 
conditions of the High-Luminosity LHC (HL-LHC) phase. The ATLAS group at DESY is heavily involved in the 
development, design, construction and installation of the new silicon tracking detector, called the ATLAS inner 
tracker (ITk). In 2021, the ITk project entered the phase of preproduction for various detector components. The 
DESY group, spanning both campuses in Hamburg and Zeuthen, played a leading role in the development of the 
manufacturing, tooling and quality control setups gearing towards the production phase of the experiment.

Development of the new ATLAS ITk  
strip detector
Busy times in the preproduction phase

Figure 1

Conceptional  

design of one of 

the ATLAS ITk 

strip end-caps 

populated with 

petals

Figure 2

Module cold box for thermal cycling of assembled end-cap silicon modules
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completion and documentation of the different module-
building steps within the quality criteria.

Readiness of quality control tests for cores 
The DESY ATLAS group also plays a leading role in the 
construction of the petal cores for the strip end-cap detector. 
Each core is made out of a lightweight “sandwich” composite 
structure using carbon fibre reinforced polymers (CFRP) 
with an embedded titanium cooling pipe. The structure gives 
mechanical support to the modules glued on both sides 
and provides cooling down to -35°C using dual-phase CO2. 

After the successful completion of the prototyping phase 
at DESY, the knowledge for series production is now being 
transferred to an industry partner in Spain. However, several 
components are still being manufactured, produced and 
quality-tested in the DESY mechanical and carbon fibre 
laboratories. Among these components are the face sheets 
at the core’s top and bottom sides. They consist of three 
layers of CFRP pre-impregnated fibres (“prepreg”), co-cured 
in an autoclave along with the bus tape, a multilayer copper– 
polyamide structure with electrical power and data lines. 

For the electrical performance tests of the bus tapes, an 
automatic testing robot, shown in Fig. 3, was developed 
and commissioned in the Detector Assembly Facility (DAF) 
at DESY. The electrical connectivity and the impedance of 
the copper lines of the bus tape are measured using two 
robotic arms equipped with needle probes. These tests are 
repeated at three different stages of the bus tape: in the 
bare state coming from industry, after co-curing to the 
face sheet at DESY and finally after assembly in the core. In 
this way, it is possible to monitor quality and detect possible 
defects at all stages. Various other quality control setups 
were developed and commissioned in the DESY labora-
tories to prepare for entering the preproduction phase for 
cores in 2022.

Cold testing of the first electrical petal 
At the beginning of 2021, the first electrical petal 
populated on one side with fully functional silicon modules 
became available. It was built in a collaboration-wide effort 
with a large DESY contribution. The DESY ATLAS group 
performed the first successful measurement of the petal’s 
electrical noise behaviour under realistic operational 

Contact: 
Jan-Hendrik Arling, jan-hendrik.arling@desy.de 
Martina Ojeda, martina.ojeda@desy.de

Figure 4

Thermal image of the powered-on electrical petal cooled with dual-phase CO2

Figure 3

Robot for automatic electrical performance testing of petal bus tapes in the DAF 

Figure 5

Carbon fibre service trays produced in the autoclave at the DESY carbon fibre lab

conditions, cooled down to -35°C with dual-phase CO2, as 
illustrated in Fig. 4.
 

First deliverables for the ITk strip end-caps
The development of the procedure and tooling for the petal 
installation in the global end-cap structures as well as the 
design of tooling for the transport and integration of the 
end-cap at CERN are additional tasks of the ITk team at 
DESY. After successfully demonstrating the integration 
procedures and passing the corresponding ATLAS review 
in 2021, the team is now gearing up for the preparation of 
the final tool sets.
  
The first deliverables for the final detector were also 
produced at DESY in 2021. The service trays are 1.4 m long 
carbon fibre parts that belong to the mechanical structure 
of the end-cap. They hold the cooling pipes and guide the 
electrical power cables and optical fibres for data trans-
mission off the detector. A total of 16 service trays, 
covering the full demands of the end-cap detector, were 
co-cured in 2021 in the autoclave of the DESY carbon fibre 
laboratory, as depicted in Fig. 5.

Thanks to a worldwide effort, in which DESY played a key 
role, the last few areas of the ITk project are entering the 
phase of preproduction, and the collaboration is steadily 
getting ready to tackle the challenges of production. 
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Introduction
Despite decades of predictive success, the Standard  
Model of particle physics can’t answer several fundamental 
questions. What are the origin and nature of dark matter? 
What happened to antimatter in the visible universe? 
These are just examples of such open dilemmas. New 
theories must exist that can fully describe our universe  
and answer these questions, even though a definitive 
proof of their validity has yet to turn up.

The DESY ATLAS researchers are broadening their exten-
sive search programme to look for new phenomena with 
unconventional signatures, such as long-lived particles. 

These new particles could have lifetimes of 0.01 to 10 ns. 
For comparison, the Higgs boson has a lifetime of 10-13 ns. 
A theory that naturally motivates long-lived particles is 
supersymmetry (SUSY). SUSY predicts that there are 
“superpartner” particles corresponding to the particles of 
the Standard Model with different spin properties.

Searches for “disappearing” tracks
One particularly compelling scenario predicts new charged 
particles, called charginos, that are only a few hundred 
MeV heavier than a new neutral state, the neutralino, 
which acts as a dark-matter candidate. Because of the 
small phase space available for the decay, the heavier 
chargino acquires a non-negligible lifetime. This, in turn, 
means that the chargino flies partway through the ATLAS 
inner tracking detectors before decaying, and its short 
trajectory can be measured.

A search targeting these anomalous “disappearing” tracks 
was performed using the data collected with the ATLAS 
detector from 2015 to 2018 [1]. This search exploits new 
requirements on the quality of the reconstructed short 
tracks, referred to as tracklets, their reconstructed 
transverse momentum (shown in Fig. 1) and the presence 
of significant momentum imbalance to look for signs of 
new phenomena. 
 

Figure 1

Tracklet pT spectrum in signal-enriched regions. The backgrounds shown by the 

various lines are fit to observed data events in dedicated regions. An example  

of the expected signal prediction is overlaid in red. Taken from [1].

The search for new phenomena in the proton–proton collisions delivered by the LHC is a key research 
topic of the ATLAS experiment. Scenarios predicting new particles with detectable lifetimes can provide 
answers to many fundamental open questions, but lead to significant experimental challenges. The 
ATLAS group at DESY has met these challenges head-on by developing dedicated techniques used in the 
analysis of the data collected between 2015 and 2018, thereby strongly extending the previous ATLAS 
reach across an extremely wide range of lifetimes for these hypothesised particles. 

Exploring the lifetime frontier
From 10 picoseconds to 10 years
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The number of observed events with short tracks was 
found to be compatible with the predictions from back-
ground processes alone. These findings were used to rule 
out combinations of theory parameters incompatible with 
the observed data. In particular, the mass of the super-
symmetric higgsino dark matter, which predicts a lifetime 
of a fraction of a nanosecond, was ruled out up to 210 GeV.

Searches for late decays
The exploration of unconventional experimental signa-
tures led the DESY ATLAS group to perform a very special 
search [2]: Typically, physicists look for new particles 
produced in LHC collisions that immediately decay to 
known or invisible particles. This analysis, in contrast, looks 
for new long-lived particles that live long enough to travel 
large distances, well into the ATLAS detector itself.

If these new particles interact with matter, some fraction 
of them may lose their momentum and come to rest inside 
the densely instrumented regions of the detector. These 
particles may then decay at some later time. In order to 
reduce possible background effects, this search avoided 
collision data altogether: The analysis looked for energetic 
sprays of hadrons entering the calorimeter systems during 
time intervals in which no proton collisions are expected 
from the LHC.

The signal models inspiring this search come from “mini-
split” supersymmetry models, where a large mass difference 
between supersymmetric particles induces a large lifetime 
for the gluino (the gluon’s supersymmetric partner), which 
would be abundantly produced in the LHC collisions. 

Searching for new phenomena outside of the LHC collisions 
means that the expected background contributions for this 
search originate from far outside the detector. These could 
come from energetic cosmic rays or from upstream inter-
actions of the LHC beams that enter the signal selection, 
shown in Fig. 2. Reducing such backgrounds required 
dedicated mitigation techniques.

The observations were found to be in agreement with the 
expected backgrounds and showed no evidence of new 
phenomena. This allowed limits to be cast in terms of the 
gluino mass and lifetime, shown in Fig. 3. The results span 
an enormous range of particle lifetimes: from 100 ns to 
more than three years. 

What comes next? 
No evidence for the hypothesised long-lived particles was 
found, and so the DESY ATLAS group continues its hunt for 
new physics that may still be hiding in the data. There 
remain challenging “gaps” in the limits set on the masses 
and lifetimes of these new particles, and the search will be 
extended to new signatures and new areas of parameter 
space, employing new techniques to turn over every 
possible stone, until a hint of new physics is revealed. 

Figure 2

Observed and expected leading-jet pT distribution in the 2018 data. Two example 

signal models are overlaid for reference. Taken from [2]. 

Figure 3

Expected (dashed lines) and observed (solid lines) exclusion limits at 95%  

confidence level as a function of gluino mass and lifetime τ. The different sets 

of colours represent the limits for different assumptions about the new particle 

masses considered in the model. Taken from [2]. 
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Higgs-boson couplings
The most direct way to probe the coupling of various 
particles to the Higgs boson is to measure the rate at 
which a Higgs boson is produced via the interaction of 
those particles and the rate at which it decays into them. 
To obtain a more complete picture and disentangle the 
production and decay contributions in total-rate measure-
ments, it is particularly interesting to perform a statistical 
combination of all available measurements. Such a combi-
nation was performed in 2021 [1], culminating in the most 
detailed and precise picture of Higgs-boson couplings so far. 
As illustrated in Fig. 1, this picture shows excellent agree-

ment with the Standard Model (SM) prediction that the 
strength of the couplings increases with the particle’s mass [1].

What other measurements can tell us
Precision measurements of the Higgs boson in the H → γγ 
and H → ZZʹ channels have also been performed. In these 
channels, it is possible to not only measure the rates of 
Higgs production and decay, but also study kinematic 
distributions. 

As illustrated in Fig. 1, Higgs-boson couplings to lighter SM 
particles are weaker, making it more difficult to measure 
them. However, the Higgs-boson kinematics can provide 
additional information. The shape of the Higgs-boson 
transverse-momentum distribution in particular is sensitive 
to how the Higgs boson interacts with other particles. This 
characteristic was exploited to set constraints on the 
strengths of the Higgs-boson couplings to charm and 
bottom quarks [2]. 

The results obtained in the H → γγ and H → ZZʹ channels as 
well as a combined result, which complement those from 
direct measure ments and provide additional constraints to 
the strength of the inter actions, also show good agree-
ment with the SM, prompting the ATLAS collaboration to 
continue looking for new ways to push the limits of our 
understanding of the world of elementary particles.

The Higgs boson is a central part of our understanding of the world of elementary particles. As such, it could be a 
window to what might exist beyond the Standard Model. Our understanding of how the Higgs boson interacts with 
other particles and whether this agrees with the predictions of the Standard Model is obtained from studies of its 
production and decay. Given that its interaction with lighter particles is weak, indirect measurements can provide 
valuable information to supplement direct measurements. This article highlights some of the results recently 
obtained with the help of the DESY ATLAS group and explains how these results help shine light on the Higgs boson.

Shining light on the Higgs boson
How does it couple to other Standard Model particles? 

Figure 1

Couplings of known particles to the Higgs boson, parameterised using κ coupling 

modifiers, as a function of the particle’s mass. The measurements are in agree-

ment with the behaviour predicted by the SM (blue dashed line).
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On top of dark matter and Higgs bosons  
Most elementary particles acquire their mass by interacting 
with the Higgs field. A particularly interesting class of theo-
retical models describes how dark-matter particles could 
be created at the LHC by postulating the existence of 
additional heavy Higgs bosons. In the 2HDM+a model [1], 
these particles interact primarily with heavy particles, resul -
ting in enhanced interactions with top quarks. Conse quently, 
the model can be tested with an unprecedented sensitivity 
by combining information from searches that probe dark 
matter with Standard Model Higgs bosons and top quarks.

The ATLAS collaboration recently published a search for 
dark-matter particles produced in association with Higgs 
bosons decaying to bottom quarks, using the full LHC 
Run-2 data set collected by ATLAS [2]. For the first time, 
signatures that correspond to the associated production of 
Higgs bosons with bottom quarks were investigated, 
thereby improving the reach towards a wider class of dark- 
matter models.

Other recently published results [3] investigate for the  
first time within ATLAS signatures involving a single top 
quark and dark matter using the 2HDM+a model. These 
results look at final states with either one single top or a 
single top and a W, focusing on final states with one or  
two charged leptons and neutrinos. 

Combining forces towards discovery
Together, the null results of these searches constrain the 
still viable parameters of the model. Figure 1 shows the 
configurations of model parameters that are ruled out at 
95% confidence level: Only the remaining white space in 
the plot corresponds to predictions that are not in conflict 
with observations. Ultimately, these findings suggest that 

there is still a lot of unexplored territory where dark 
matter could be found and that new ideas could give us  
a hint of its existence and nature.

Astrophysical observations indicate that only about 26% of the universe’s matter content consists of known types  
of matter. The rest is composed of something that has mass but doesn’t interact with photons – called dark matter – 
whose nature remains one of the major open questions in particle physics and cosmology today. Among many possible 
explanations, theories predicting the existence of a new particle in the TeV range are particularly interesting and can  
be probed by the ATLAS and CMS experiments at the LHC. In collaboration with institutes all over the globe, DESY is 
strongly involved in investigating the particle nature of dark matter.

Searches for dark matter with ATLAS
Looking for invisible particles with the LHC

Figure 1

Exclusion limits [4] at 95% confidence level in the (mA - ma) plane defined assum-

ing a 2HDM+a model [1] of dark-matter (DM) production at ATLAS. Observed 

(solid) and expected (dashed) lines are shown for each individual search,  

including Higgs+DM and tW+DM final states, as is the combined exclusion limit 

(green lines and filled area). A mass of 10 GeV is assumed for the DM particle. 
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Silicon-based tracking detectors 
For a particle to be detected, it has to generate a signal in 
a detector – the larger the signal, the better the detection. 
On the other hand, signal-generating interactions change 
the properties of the particle, such as kinetic energy or 
direction of movement. Therefore, sensors must always be 
developed in such a way that they need only minimal inter-
action to ensure reliable particle detection. 

In the past decades, hybrid silicon pixel sensors have been 
the workhorses for most large tracking detectors in particle 
physics. However, they are reaching their limits in terms of 
complexity and cost, require a relatively high material 
thick ness and cannot cope with the requirements placed 
on next-generation sensors. Hence, new options are being 
investigated. One promising technology is a so-called 

monolithic active pixel sensor, where the readout elec tro-
nics and the sensitive volume are placed in a single piece 
of silicon. Thin active layers of only 10–50 µm can be 
realised, allowing for ultralow-material detectors. 

DESY explores the potential of these technologies in two 
projects: TANGERINE studies a new 65 nm CMOS imaging 
technology for future detectors. TelePix is an upgrade for 
the DESY II beam telescopes, which should be com pleted in 
2022.

TANGERINE: Towards next-generation silicon 
detectors
The TANGERINE project is a Helmholtz Innovation Pool 
initiative exploring new technologies and ideas in 
cooperation with KIT in Karlsruhe and GSI in Darmstadt, 
Germany. The DESY team is investigating a new 65 nm 
CMOS imaging sensor process, which only recently became 
available for science applications, in a shared effort of 
several groups from the DESY particle physics division 
(ATLAS, CMS, FE and FTX). This completely new CMOS 
process comes with several challenges, but also offers 
many opportunities: It provides the chance to work on a 
process where the team can help to build a solid know-
ledge base for the coming years and directly influence 
ongoing process developments. 

The FE group designed a first sensor prototype, which was 
then characterised in laboratory and test beam measure-
ments. Figure 1 shows the sensor response to an iron-55 
X-ray source, which is expected to provide a larger signal 
than a minimum-ionising particle would. The sensor res-
ponse demonstrated that the electronics implemented in 
the pixel cells are fully functional and perform as simu-

Silicon sensors play an important role in tracking detectors and are also used in the ATLAS and CMS detector upgrades 
driven by DESY. However, classical hybrid sensors cannot cope with the requirements at next-generation experiments. 
DESY has therefore formed a strong team with members from many DESY particle physics groups united in a project called 
TANGERINE, funded through the Helmholtz Innovation Pool. In cooperation with partners from other institutes throughout 
Europe, the project team wants to pioneer monolithic active pixel sensors in a new technology with small feature size. As a 
first application of the technology, the TANGERINE project aims to develop a chip suited for upgrading the beam telescopes 
at the DESY II Test Beam Facility. In parallel, DESY is working intensively on upgrading the existing telescopes.

The future is monolithic
Thin and fast silicon detectors for beam telescopes  
and next-generation collider experiments 

Figure 1

Prototype sensor response to an iron-55 X-ray source
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lations predict. Additionally, the team measured the sensor 
response to electrons from the DESY II test beam [1] and 
from the MAMI test beam at the University of Mainz in 
Germany as well as to pions from the SPS accelerator at 
CERN. The correlation between signal duration and ampli-
tude is shown in Fig. 2 for data taken at MAMI. 

Simulations to understand and optimise sensor 
charge collection properties
Since the design and especially the submission of sensor 
prototypes are expensive, the TANGERINE team is perfor ming 
intensive simulation studies to predict the perfor mance of 
certain changes to the sensor geometry. Finite element 
simulations [2] are used to generate detailed electro static 
potentials, which define the electric field lines along which 
charges within a sensor move. In thin monolithic sensors, 
these fields are highly non-linear. An example simu lation 
result is shown in Fig. 3. The colours in the figure indicate the 
electric field strength and the black lines the path that an 
electron in the sensor would travel along in the ideal case.

Besides the directed movement of charges along electric 
field lines, a thermally induced random walk has to be added 
to accurately describe the motion of charges in silicon, as 
well as so-called Landau fluctuations in the generation of 
charge carriers as a particle interacts with the sensor. 
Since these are random distributions, simu lations with high 
statistics are required for accurate results. The finite element 
simulations are computationally expensive, however, so a 
fast Monte Carlo simulation framework called Allpix2 [3] is 
used at this stage.  

Allpix2 can load the fields generated by the finite element 
simulations and perform high-statistics Monte Carlo studies 

of charge deposition, propagation and collection, as well as 
signal digitisation (thus also including an approxi mation of 
the readout electronics in the simulations). By running the 
simulations for a large number of different events where 
particles hit the sensor, the stochastic effects inherent in 
the physical processes can be taken into account correctly. 
Figure 4 shows the electron paths in a sensor simulated 
with Allpix2 for a single event. Comparing this to Fig. 3, it 
can be seen that the electrons follow the field lines, but 
also have a random-motion component added. 

From the high-statistics simulations, all relevant perfor mance 
parameters, such as sensor efficiency and spatial resolution, 
can be extracted as a function of the detection threshold. 
The performance of different sensor geometries and setups 
can then be compared by looking at the final performance 
observables. The combination of detailed finite element 
simulations and high-statistics Monte Carlo simulations is 
thus a powerful tool to gain insight into sensor behaviour. 

Examples of both efficiency and resolution for different 
detection thresholds for a simulated sensor geometry are 

Figure 2

Relation between pulse amplitude and pulse length, measured at MAMI

Figure 3

Simulation of the electric field strength in a silicon sensor. The colours indicate 

the electric field magnitude, the lines the path that an electron would take.

Figure 4

Electron paths in a sensor simulated using Allpix2. The electrons follow the field 

lines shown in Fig. 3, but also have a random-walk component. 
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displayed in Fig. 5. The blue curve and the left y-axis show 
the efficiency in percent, while the red curve and the right 
y-axis indicate the resolution in micrometres. The signal 
detection threshold is shown on the x-axis. Since the number 
of events in the simulations is so high, the statis tical errors 
on the results are very small. It can be seen that high effi-
ciencies and excellent resolution both require a low detection 
threshold and thus pose strict require ments on the allowed 
noise levels. This information is shared with the electronics 
engineers, who in turn develop the circuitry to optimise the 
front-end for the available signal. 

HV-CMOS upgrades to the test beam facility
To study new sensors in test beam campaigns (as close as 
possible to a real experiment), reference systems are 
needed to determine the temporal and spatial properties 
of incoming particles. A beam telescope is essentially a 
three-dimensional camera for particles. The current tele-
scopes at the DESY II Test Beam Facility have insufficient 

temporal precision, however. While TANGERINE is aiming to 
develop a sensor for a new beam telescope, the DESY II 
test beam team is upgrading the existing telescopes. 

Together with partners at KIT and Heidelberg University as 
well as with substantial funding from the cluster of excellence 
Quantum Universe, the team has realised a new high-
voltage (HV) CMOS [4] timing layer for the beam telescopes: 
the TelePix, which can be used to trigger the readout of 
the telescope and provide a precise time stamp on each 
incoming particle. A smaller prototype was studied in the 
test beam in 2021 and showed excellent performance. 

Efficiencies for three different thresholds are shown in Fig. 6, 
mapped to a single pixel. For low thresholds, the efficiency 
is 100%. Only with increasing thresholds can particles no 
longer be reliably detected, first in the corners, then at 
higher thresholds also along the edges and finally in the 
centre. 

Additionally, the time resolution of the sensor is crucial to 
time-tag the tracks that belong to each trigger issued for 
events with multiple particles. The measured time resolu-
tion of the TelePix is defined as the Gaussian sigma between 
the hit time stamp and the time reference scintillator. Only 
hits that can be assigned to a particle are taken into account. 
Figure 7 shows this for a low threshold of 108 mV, with a 
remarkable time resolution of approximately 3.5 ns. (This 
corresponds to measuring the distance from the Earth to 
the moon with a precision of 10 cm).

Figure 5

Efficiency and resolution results of a high-statistics simulation of a silicon pixel 

sensor for different detection thresholds

Figure 6

Efficiencies for three different detection thresholds (from top to bottom:  

108 mV, 249 mV and 334 mV). Note the change in the colour scale.

Figure 7

Time resolution of the TelePix at a detection threshold of 108 mV
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Novel reconstruction approach
The DESY researchers performed the search for B+ → K+ ν  
decays with the first 63 fb-1 of the Belle II data [1]. At first 
glance, searching for this decay with such a small data set 
may seem to be a step too far given that only one out of 
about 200 000 B mesons is expected to decay like this and 
that the decay produces two neutrinos, which do not leave 
any signature in the detector. But the novel recon struction 
approach, the good performance of the Belle II detector and 
the use of advanced machine learning algo rithms allowed 
the DESY scientists to set a competitive limit even though 
earlier experiments had roughly ten times more data 
available.

Significantly higher signal efficiency than that of previous 
searches was achieved by implementing a novel recon-
struction approach. In this case, the track with the highest 
transverse momentum consistent with the kaon hypothesis 
was reconstructed as a signal candidate, followed by basic 
reconstruction of other tracks and energy deposits from 
the decay of the other B meson in the event. Resulting 
variables, such as signal kinematics, event topology and 
vertexing properties, were then used as input for machine 
learning algorithms to discriminate between signal and 
backgrounds. The innermost pixel vertex detector (PXD), 
whose commissioning and operation is led by DESY, proved 
to be especially powerful in suppressing backgrounds that 
do not originate from B-meson decays.  

As no significant signal was observed in the data, a compe-
ti tive limit of 4.1 x 10-5 was set on the branching fraction of  
B+ → K+ ν . As shown in Fig. 1, the measured branching 
fraction of B+ → K+ ν  was found to be in agreement with 
the Standard Model (SM) prediction and with previous 
measure ments. Even if, at the moment, the measurement 
agrees well with the SM, the picture may change with more 
data, given that B+ → K+ ν  is a strong contender for finding 

new physics. It is, after all, a b → s transition, where several 
anomalies with hints at violation of lepton flavour univer-
sality have been reported [2]. 

Figure 1 also shows that the novel reconstruction approach 
proves to be most performant when scaled to equal 
luminosity. Hence, as Belle II accumulates more data, the  
new approach will not only allow the SM prediction for this 
particular decay to be tested on a shorter time scale than 
originally anticipated, but it can also be applied to other 
interesting decay channels at Belle II with invisible particles.

Researchers from DESY working on the Belle II experiment at the SuperKEKB collider at KEK in 
Japan have published the first Belle II paper with all subdetectors installed since the beginning of 
data taking. They studied the decay of B mesons, produced in pairs in electron–positron collisions 
at Belle II, into a kaon and a pair of neutrinos – a rare but highly interesting decay involving a 
beauty (b) to strange (s) quark transition.

Glimpse of rare B decay with  
two invisible neutrinos
First Belle II B physics paper already sets competitive limit

Figure 1

Measured branching fraction of B+ → K+ ν  with inclusive reconstruction  

(purple) compared with other measurements. SL and Had (blue)  

denote reconstruction methods that rely on the reconstruction of the  

B-meson signal and in addition on the explicit reconstruction of the other  

B meson in its semi-leptonic and/or hadronic decay chains.
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SuperKEKB operation
The development of the luminosity recorded by Belle II 
since the beginning of the Phase 3 data taking in 2019 is 
shown in Fig. 1. A total of almost 268 fb−1 of physics data 
was recorded by the end of 2021. 

Although this value falls somewhat short of earlier 
expectations, important goals were achieved in the  
data-taking period after the summer break in 2021. The 
successful operation of SuperKEKB at centre-of-mass 
energies slightly above the nominal energy of the ϒ(4S) 
meson enables the investigation of hitherto poorly under-
stood phenomena in this energy range. Furthermore, an 
important milestone on the way to higher luminosities was 
the operation with beam currents above 1 A. Thanks to a 
series of improvements implemented during the summer 
shutdown of SuperKEKB, this important goal could be 

achieved in the Low Energy Ring (LER) in the second half  
of December. Thanks to the increased beam currents, a 
new record value for the instantaneous luminosity of  
3.8 x 1034 cm−2s−1 could also be achieved.

In former run periods, uncontrolled beam losses had 
caused very high dose rates in the interaction region on 
several occasions, which resulted in massive quenches of 
the superconducting final focus magnets and in local 
damage to readout channels of the pixel vertex detector 
(PXD). Fortunately, after replacing the damaged collimators 
during the summer shutdown, no further “catastrophic” 
beam loss events occurred despite the gradual increase  
in beam currents. However, understanding the origin of 
these beam losses and finding means to avoid them in the 
future remains one of the major challenges for future  
data-taking periods.

Figure 1

Development of daily (blue) and integrated (red) luminosity 

recorded by Belle II from 2019 to 2021 

Accelerator physicists at the SuperKEKB electron–positron collider at KEK in Japan are continuously working on 
improving their understanding of this complex facility, with the goal to gradually approach the very ambitious design 
luminosity. This means constantly trying to find the optimal balance between exploring new phase space regions in 
terms of machine parameters and providing stable running conditions for efficient data taking of the Belle II experiment. 
This approach resulted in very successful data-taking periods in 2021 and enabled the Belle II collaboration to collect a 
total integrated luminosity of 268 fb-1, while the accelerator experts were able to further increase the peak luminosity  
to the new record value of 3.8 x 1034 cm−2s-1. Although the anticipated total Belle II data set of 50 ab-1 is still a long  
way off, a number of highly relevant analyses can already be carried out with the existing data. 

Striving for ever better performance
SuperKEKB and Belle II face new challenges in uncharted territory

Figure 2

Result of the first Belle II measurement of D0 and D+ lifetimes compared with previous measure-

ments. The Belle II result improves on the previous world average.
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Moreover, there are still a number of machine-physical 
limitations in SuperKEKB that must be overcome to achieve 
the final luminosity goal of 6 x 1035 cm−2s−1. For this reason, 
KEK established an international task force of accelerator 
experts in summer 2021 to help work out solutions to 
these problems. 

PXD status and PXD2 production
The automation of PXD operation has progressed further 
and gained in importance, especially in view of the ongoing 
restrictions on the availability of on-site PXD experts due 
to the coronavirus pandemic.

The measurement of the lifetime of D0 and D+ mesons is 
the subject of a recent Belle II publication [1]. As shown in 
Fig. 2, the precision of the results exceeds that of previous 
world averages and impressively demonstrates the out-
stan ding performance of the Belle II PXD in combination 
with the small beam tube diameter, which is reduced com-
pared to the former Belle experiment at the predecessor 
collider KEKB. In addition, the measurement is proof of the 
already very advanced understanding of the tracking system 
and in particular the alignment of the vertex detectors (PXD 
and SVD) and the central drift chamber (CDC), which is based 
on the Millepede II software developed in Hamburg.

Once SuperKEKB will reach even higher luminosities, the  
hit density in the PXD will increase accordingly. To avoid 
degra ding the vertex resolution due to the currently 
missing second PXD layer, replacing the detector with the 
fully instrumented PXD2, which is currently under con-
struc tion at various laboratories in Germany, is one of the 
top priorities of Belle II in the next long shutdown (LS1). 
Production of the PXD2 modules in Munich (at HLL and 
MPP) is making very good progress despite some technical 
delays. The newly manufactured modules are then distri-
buted to several institutes (Univ. Bonn, DESY, Univ. Göt-
tingen, MPP), where they are characterised and optimised 
in detail before they are combined to so-called PXD ladders 
at MPP.

Figure 3 (top) shows the first fully assembled “hot” PXD2 
half-shell, which will be fully characterised and optimised 
using a radioactive 90Sr source at the newly constructed, 
dedicated test stand at DESY (Fig. 3, bottom) in spring 
2022. After completion of the construction of the second 
half-shell at MPP in early summer 2022, it will undergo the 
same procedure at DESY over the summer. 

The schedule for the installation of the PXD2 in LS1 
recently had to be modified. The main reason for this 
change, in addition to delays in the completion of the new 
central beam pipe at KEK, is the dramatically increased 
electricity cost in Japan, which will reduce the operation 
time of the accelerator in 2022 by about a factor of 2 due 
to budget constraints. LS1 is now scheduled from July 2022 
to October 2023. 

Physics analyses
As described in more detail in a separate article in this 
annual report, the first Belle II publication in the area of  
B physics is a search for the rare decay B+ → K+v  [2]. This 
decay is particularly relevant in the context of mounting 
evidence from various experiments for a possible violation 
of lepton flavour universality. This analysis was fully 
developed by members of the DESY group. In addition,  
the group is intensively pursuing analyses involving other  
b → s and b → c transitions that are also sensitive to the 
presence of physics beyond the Standard Model.

An electron–positron collider such as SuperKEKB does not 
only produce vast amounts of B- and anti-B-meson pairs 
but is at the same time an abundant source of τ+τ- pairs. 
The use of this large-statistics τ sample, which takes 
advantage of the excellent Belle II detector performance, is 
being exploited for precision measurements of particle 
properties, such as the τ mass or lifetime, as well as for the 
search for τ decays into a lepton and an invisible particle 
and for tests of lepton flavour universality in τ decays. 
Several of these DESY analyses are aimed for publication 
in the near future.

Figure 3

First fully instrumented half-shell of the newly constructed PXD2 (top). After 

mounting the detector on a dummy beam pipe, it will be subjected to a thorough 

test procedure using a special source setup installed in the cleanroom of the 

Helmholtz detector laboratory in the HERA West hall at DESY (bottom).
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Why plasma wakefield accelerators?
Plasma wakefield accelerators could hold the key to 
revolutionising future particle accelerator facilities by 
significantly shrinking their footprint through the use of 
GV/m plasma-based accelerating stages [1–3]. Imagine if 
hundreds of metres of radio frequency accelerating 
structures could be reduced to a few metres of plasma 
devices? The concept of accelerating and focusing charged 
particles using centimetre-scale plasma devices has 
already been demonstrated at the 1 to 10 Hz level [4–6], 
but this must be catapulted into the multi-kHz continuous-
wave or MHz burst regime in order to compete with the 
integrated-luminosity demands of modern experiments.  
 

An essential component: the discharge plasma 
source
All plasma accelerator experiments at DESY require plasma 
sources with well-tuned and extensively characterised 
plasma profiles. Many of these experiments – such as 
FLASHForward, KALDERA, PLASMEDX, PIP4 and the 
cSTART plasma injector – either require or could benefit 
from plasmas that are generated by ionising a neutral gas 
with an electric discharge. 

In a typical discharge-ionised plasma source [7–9], a neutral 
gas confined within a solid structure is ionised by a high-
voltage current pulse. Control of the spatial and temporal 
plasma profile can be realised by careful design of the 
structure confining the material, tuning of the current pulse 
properties and detailed knowledge of the evolution of the 
plasma. In this mode, discharge plasma sources have 
several important applications in accelerator and photon 
science:

Figure 1

a) Schematic of an accelerating-stage plasma source. b) Spatially and temporally 

resolved plasma density profile along the beam axis.

Plasma wakefield accelerators have the potential to shrink the size of particle accelerators thanks to their ability 
to sustain ultrahigh accelerating-field gradients, orders of magnitude higher than their conventional counterparts. 
A critical component of such accelerators is the plasma source itself, in which plasmas capable of supporting 
GV/m accelerating gradients are generated. To accelerate particle bunches to high energies without loss of beam 
quality, precise tailoring of the spatial and temporal plasma profile is required. The ADVANCE (ATHENA plasma 
DeVelopment ANd Characterisation Experiment) laboratory is being commissioned to drive the development and 
characterisation of discharge-based plasma sources for multiple applications at DESY. Such sources are expected 
to have direct application to high-repetition-rate plasma-based particle physics facilities of the future.

ADVANCEs with plasma
Cutting-edge plasma source development 
at DESY’s ADVANCE lab
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• High-gradient accelerating structures for plasma   
 wakefield acceleration
• Guiding structures for lasers and other electromagnetic 
 radiation over multiple Rayleigh lengths
• Active plasma lenses (APLs) for radially uniform   
 focusing of charged-particle beams

Figure 1a) shows the geometry of a plasma source used as 
an accelerating stage at the beam-driven plasma wakefield 
accelerator experiment FLASHForward at DESY [10].  
Figure 1b) shows the measured plasma density profile along 
the longitudinal axis of the electron beam in such a cell. 
The non-uniform nature of the profile demonstrates that a 
detailed knowledge of the plasma profile is crucial in order 
to understand the nuanced acceleration of particle beams 
in such a device. This type of non-invasive measurement is 
performed by imaging the optical emission light radiated by 
the plasma – a technique that is routinely used at DESY [11].

Discharge plasma sources have routinely demonstrated 
plasma acceleration, laser guiding and focusing of charged 
particles in APLs at repetition rates of 1 to 10 Hz. However, 
in order to be successfully deployed in the next generation 
of plasma-based photon science and particle physics 
facilities, they will be required to operate at repetition 
rates of at least kHz. 

Realising the next generation of plasma sources
The ADVANCE laboratory at DESY has been designed to 
rigorously investigate concepts required to develop 
discharge plasma sources capable of kHz-to-MHz 
operation. These concepts include:

• kHz-to-MHz high-voltage current pulse modulator systems
• Cutting-edge cell geometries capable of mitigating   
 plasma and gas expulsion into vacuum
• Low-power kHz laser system to explore the guiding  
 of laser pulses at high repetition rate
• State-of-the-art diagnostics including optical-emission  
 spectroscopy, laser interferometry, cell and plasma   
 temperature diagnostics as well as high-resolution   
 current pulse monitoring
• Flexible and modular vacuum chambers capable of   
 simultaneously supporting multiple plasma sources of   
 varying type

The ADVANCE lab has recently come online and is currently 
being commissioned (Fig. 2). The roadmap of the lab aims 
to drive forward the development of plasma sources at this 
new high-repetition-rate frontier and to act as a compre-
hensive test bed for both new and existing plasma sources, 
placing it at the centre of plasma wakefield R&D at DESY. 

Thanks to the wealth of intellectual property amassed at 
DESY in plasma source technologies, investigations are 
also being carried out in the ADVANCE lab in collaboration 
with DESY’s Innovation and Technology Transfer (ITT) 
department to explore commercialisation potentials. 
Through this, DESY strives to maintain its position as the 
world leader in bringing this essential future technology to 
a wider audience in industry and research.

Figure 2

Plasma ignition by a high-voltage current pulse in the new ADVANCE lab at DESY 
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Introduction  
The accurate simulation of physics interactions within 
complex detectors by means of state-of-the-art Monte 
Carlo techniques is an essential tool in high-energy physics 
(HEP). Starting from first conceptual designs for a new 
detector through the R&D phase to the real-data-taking 
periods, these simulations are used in all HEP experiments. 
The key point often lies in the exact modelling of the 
interaction of particles with the matter inside the detector, 
which results in the electronic signals that are eventually 
measured in the detector. 

To this end, the Geant4 toolkit has been used in HEP for 
more than two decades, providing algorithms based on the 
best knowledge of the underlying physics processes. 
Although these algorithms are precise and accurate, the 
production of these simulations is increasingly costly in 
terms of computing time. This cost is already a potential 
bottleneck at the LHC, and the problem will be exacerbated 
by higher luminosity, larger amounts of pile-up and more 
complex and granular detectors at the High-Luminosity 
LHC and planned future colliders. 

The largest fraction of computing resources is consumed 
by calorimeter simulations, where the particle energy is 
measured from a huge number of secondary decay products. 
Significantly speeding up this simulation time – at no loss 
of physics precision – could dramatically improve the 
scientific yield at less or constant cost.  

Generative models  
Generative models, a subfield of artificial intelligence (AI), 
have gained enormous attention in recent years with the 
prominent tasks of creating unique content that is 

indistinguishable from human-produced artefacts. These 
models learn the structure of the complex real-world data 
from examples and generate realistic synthetic examples 
that are bound by the same structure. The most famous 
examples of such models are generative adversarial 
networks (GANs) and variational autoencoders (VAEs).  

The GAN architecture was introduced in 2014 and had 
remarkable success synthesising compelling real-world 
photo-realistic images, such as room interiors, album 
covers, fashion photos, human faces, etc. A traditional GAN 
consists of two networks: a generator and a discriminator 
separating artificial samples from real ones, which are 
trained against each other. One can imagine a GAN as a 
counterfeiter (generator) and a policeman (discriminator) 
competing against each other. In contrast to GANs, a VAE 
consists of an encoder, which maps input data to a latent 
space, and a decoder, which reconstructs the data from 
the latent space. If the probability distribution in latent 
space is known, it can be sampled from and used to 
generate new synthetic data.

Figure 1

Schematic illustration of the BIB-AE setup with all the components

Data analysis in high-energy physics depends heavily on the detailed simulation, using Monte Carlo methods, of the 
detector response to particles created in the physics interactions. These methods are based on extremely accurate 
modelling of the relevant physical effects that lead to the electronic signals seen in the detector. The modelling 
of these effects requires, in a large-scale effort, the development of surrogate simulations based on generative 
machine learning (ML) models, which produce 3D physics signals in the detector that are indistinguishable from 
the ones created with the detailed physics simulations. While the DESY FTX group has already been investigating 
the use of ML techniques to speed up the simulation of electromagnetic showers in highly granular calorimeters, 
current work extends this level of precision for the first time to the more challenging hadron-induced showers.

Machine learning technology  
for hadron shower simulation
Can artificial intelligence beat detailed physics modelling?
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The bounded information bottleneck autoencoder (BIB-AE) 
is an overarching model that unifies commonly used genera - 
tive networks [1]. In its essence, the model is an autoencoder 
that maps interaction events from data space to a lower-
dimensional latent space and then back to data space (Fig. 1).  

Fast shower simulation with generative models
The DESY FTX group, together with Universität Hamburg in 
the context of the cluster of excellence Quantum Universe 
and the Helmholtz Innovation Pool project ACCLAIM, has 
successfully applied GAN and BIB-AE models to highly 
granular electromagnetic calorimeter simulations [2], 
thereby getting one step closer to a real application at the 
LHC or future Higgs factories. Recently, the group has 
targeted the generation of hadronic showers, which, in 
contrast to their electromagnetic counterparts, reveal a 
much more complex structure and therefore pose a bigger 
challenge to the networks [3]. In parallel to the BIB-AE 
architecture, a variation of GANs called Wasserstein-GAN 
(WGAN) has been trained on a large set of hadronic showers. 
Both models are able to generate 3D images that are indis-
tin guishable to the human eye from those simulated with 
detailed physics modelling in Geant4 (Fig. 2).
 

Getting the physics fast and right
If we were attempting to generate cute cat pictures, our 
work would already be done at this point. However, these 
shower images are eventually to be used as realistic sub-
sti tutes in particle physics experiments. Therefore, it is 
essential to pay careful attention to relevant differential 
distributions and correlations so that the generated 
showers are indistinguishable for the physicists from 
showers simulated with Geant4 (or better, those actually 
measured in a real detector).

The DESY FTX group compared the differential distribu-
tions of high rele vance, such as cell energies, hit occu-
pancies, visible and reconstructed energies, for all studied 
architectures and Geant4. The BIB-AE model overlaps 
almost perfectly with the realistic simulation, while the 
WGAN model shows some slight deviations but is still 
reasonably close to Geant4 (Fig. 3). 

The ultimate objective for employing generative models in 
particle physics is to reduce the time and cost per simula-
ted event sample. To this end, the group benchmarked the 
per-shower generation time on both CPU and GPU hard-
ware architectures. Evaluating the WGAN running on a 
modern GPU vs. Geant4 running on CPU, a speed-up by up 

to almost a factor of 10 000 was observed. While the 
BIB-AE produces showers of overall better quality than the 
WGAN, it is also one order of magnitude slower.

Fast calorimeter simulation with deep generative models is 
a very active field of current research in the international 
community, and DESY will continue to investigate the 
exciting possibilities of generative ML techniques. The 
coming years will show whether AI will already be able to 
beat the detailed simulations based on extensive physics 
knowledge and lead to fast application-ready generative 
models for highly granular calorimeters.

Figure 2

3D images of hadronic showers created by a 50 GeV charged pion in a 

highly granular hadron calorimeter with 3 x 3 cm2 cell sizes.  

Upper left: Simulated with Geant4. Upper right and bottom centre:  

Synthetic showers generated with BIB-AE and WGAN generative models.

Figure 3

Comparison of various physics distributions of shower images generated with 

the generative models to those from realistic physics simulations with Geant4. 

The results in the bottom right plot are passed through a standard reconstruc-

tion software, which creates the high-level input for most physics analyses. 
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What are the constituents of the dark matter in the 
universe? Why is charge conjugation parity (CP) symmetry 
conserved in quantum chromodynamics (QCD)? What is the 
next relevant energy scale beyond electroweak symmetry 
breaking? Many theories predict that this next energy  
scale cannot be reached in the foreseeable future by 
accelerator-based experiments, but requires new tools. 

DESY is at the worldwide forefront of related theoretical 
and experimental activities in international collaborations.

Three experiments are being prepared at DESY:
• In 2021, construction of ALPS II was finished and   
 commissioning started. ALPS II is a light-shining-  
 through-the-wall experiment aimed at producing and   

Figure 1

Operators from the accelerator division steering the first cooldown of ALPS II

The axion and other feebly interacting, very lightweight fundamental bosons are 
gaining increasing interest in the worldwide communities as solutions to long-standing 
and fundamental questions unanswered by the Standard Model of particle physics. In 
2021, the installation of the first dedicated experiment at DESY was nearly completed. 

Any light particle searches
Zooming in to first data
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 detecting axions or similar particles with optical   
 resonators embedded in strong magnetic dipole fields,  
 located in the tunnel of DESY’s former HERA accelerator  
 (see previous annual reports). 
• BabyIAXO, which will look for axions produced in the   
 sun’s core, was prepared for the official start of   
 construction in 2022.
• MADMAX, designed to search for axions as constituents  
 of ambient dark matter, entered a second prototype   
 stage.

The physics motivation for all these experiments has 
consta ntly grown in the last years. In 2021, it became clear 
that the phase space for the QCD axion might be much larger 
than predicted by long-standing benchmark models. For 
relatively straightforward extensions of the Standard Model, 
the QCD axion might even be within reach of ALPS II [1].

ALPS II in the HERA tunnel
In 2021, the construction of the 250 m long ALPS II 
installations in the straight section of the HERA tunnel 
around the HERA North hall was completed: All magnets 
are now installed, aligned and connected electrically and to 
the cryogenics. The experimental vacuum has been esta-
blished. The three cleanrooms for the cavity optics are 
operational and used for commissioning. All safety systems 
are operational, and the refurbishment of ALPS-related 
infrastructure in the HERA tunnel is nearly completed. 

All these efforts culminated in the first, successful cool-
down of the whole string of 24 HERA dipole magnets to their 
operating temperature of 4.2 K in mid-December (Fig. 1). This 

temperature was reached within three weeks, perfectly 
matching expectations. A test operation of the magnet 
string is planned for early 2022. 

In spring 2021, the first optics components were installed 
in the ALPS II cleanrooms (Fig. 2). The alignment laser was 
steered through the whole magnet string in April, confir-
ming the very accurate setup of all the dipoles led by 
DESY’s survey group. Studies since then have been 
focusing on a roughly 250 m long optical cavity between 
the two outermost cleanrooms without the central “wall” 
of ALPS II, mainly to understand the environmental noise 
and characterise the performance of all the control loops. 

A major achievement of the optics team was to demon-
strate a stable “lock” of this cavity in June 2021 with a 
finesse around 5000, as expected from the properties of 
the (preliminary) cavity mirrors. Just from the cavity 
characteristics, the length of the cavity was measured to 
be 246.0625 m ± 0.0002 m. It was also demonstrated that 
the cooldown of the magnet string had no effect on the 
optical cavity: The aperture set by the beam pipe in the 
magnets was not altered by the drastic temperature 
change.

The control and data acquisition system of ALPS II is 
posing special challenges: As no triggers exist, such as 
those provided by particle bunches in accelerators for 
example, a truly continuous readout of many analogue- 
to-digital converter (ADC) channels is required. After 
several years of development, this system was installed, 
completed and demonstrated to be fully functional in late 
2021. ALPS II will use DESY’s dCache system for long-term 

Figure 2

Installation of first optics components in the “North-Right” cleanroom to characterise the 250 m long cavity of ALPS II
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data storage and its National Analysis Facility (NAF) for 
interpreting the data.

After the first data run with a heterodyne detection method, 
ALPS II plans to implement a photon-counting approach 
based on a superconducting transition edge sensor (TES, 
see previous annual reports). In 2021, the intrinsic noise of 
the TES was shown to be below 12 events within 20 days 
[2], fully meeting the ALPS II requirements. In 2021, 
Universität Hamburg became a new ALPS II collaboration 
partner contributing to further TES development.

In summary, although the pandemic brought many delays 
again in 2021 and made planning difficult, major and crucial 
milestones were reached nevertheless. A first science run 
of ALPS II is within reach in late 2022.

Meanwhile, first discussions on a later usage of the ALPS II 
infrastructure have started [3]. Ideas include means to 
increase the mass range in axion searches, an upgrade of 
the ALPS II optics, a first measurement of the vacuum 
magnetic birefringence and searches for high-frequency 
gravitational waves.

(Baby)IAXO
Another method is to search for axions generated in the 
sun, which would convert into photons inside a magnetic 
field. These photons in the energy range from 1 to 10 keV 
are then focused by special optics adapted from X-ray 
satellites and detected at the focal point by a dedicated 
detector. Obviously, the whole setup has to be mounted  
on a rotating support structure similar to optical telescopes 
and oriented towards the sun. 

A search for solar axions was recently conducted by the 
CAST experiment, a so-called helioscope, at CERN. The 
International Axion Observatory (IAXO) is a proposal for a 
much larger helioscope with significantly increased sensi-
tivity. The IAXO collaboration is now progressing with a 
prototype, called BabyIAXO, located at DESY (Fig. 3).

BabyIAXO will consist of a large superconducting dipole 
magnet with a maximum magnetic field of 3 T, a length of 
10 m and a total mass of 48 t, in which the axion can 
convert into X-rays. The magnet is being designed by 
members of the ATLAS magnet group at CERN. 

The magnet will have two inner bores, allowing for two 
independent “beam lines”, including the optics and 
detectors at the focal point. The whole setup will be held 
by a large support frame made of stainless steel. The 
positioner of the medium-sized telescope (MST) prototype 
for the next-generation gamma-ray Cherenkov Telescope 
Array (CTA), which was in operation until January 2000 in 
Berlin-Adlershof, will be used as the structure and drive 
system of BabyIAXO. The experiment will be located in the 
HERA South hall, one of the experimental halls of the 
former HERA electron–proton collider at DESY. 

Although significant progress was made on the design in 
2021, there was unfortunately a serious setback. The 
original plan was to use a superconducting cable provided 
as an in-kind contribution by one of the collaborating 
institutes. Several test samples were sent to CERN and 
tested by the University of Twente in the Netherlands, 
with acceptable results. During the summer of 2021, 
however, all 27 cable spools – a total cable length of 55 km 
– were respooled and visually inspected. This inspection 
revealed many faults, which were not acceptable. A new 
cable therefore had to be selected and purchased instead 
of the originally foreseen conductor. Since aluminium-
stabilised superconductors are no longer being produced, a 
copper-based conductor will now be used, resulting in 
some design changes due to the different masses and 
thermal properties of the stabiliser. The total mass of the 
magnet has now grown from 38 t to about 48 t.

The design of the structure and drive system is well 
advanced. The collaboration is presently in contact with 
companies concerning the manufacturing. One of the two 
X-ray optics, a spare flight module for the XMM Newton 
satellite, will be supplied on loan by the European Space 
Agency (ESA). The second optics will be custom-made and 
built by some of the collaborating institutes. The design is 
in progress. Significant advances have also been made on 
the detectors.  

Studies are in progress trying to expand the physics case 
of (Baby)IAXO. In contrast to axion search experiments 
using lasers for axion generation, which are only sensitive 
to axion–photon couplings, helioscopes are sensitive to 

Figure 3

BabyIAXO ready for construction: the tower (displayed in red) with the 

mounted support frame holding the magnet cryostat (upper right), the 

X-ray optics (at the large gate valve), the vacuum tubes and the shielded 

detectors (lower left)
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axions produced by axion–electron and axion–nucleon 
interactions. The collaboration recently completed a study 
on the production and detection of axions generated in the 
sun through the decay of iron-57 isotopes [4]. Another 
physics case would be the study of relic dark-matter axions 
by installing radio frequency cavities inside the inner bores 
of the magnet. This is presently pursued in cooper ation 
with members of the RADES collaboration at CERN.

MADMAX
The third axion experiment at DESY will focus on relic  
dark-matter axions all around us. Again, such axions will 
enter a huge dipole magnet and convert to photons, here 
in the microwave regime. The conversion probability will  
be enhanced resonantly by a booster made of movable 
dielectric disks (see previous annual reports and [5]). 

In 2021, a main focus of the MADMAX collaboration was to 
further demonstrate the technical feasibility of the exper-
imental approach. CERN approved the request of the 
collaboration to perform booster measurements at the 
MORPURGO magnet located in the north area at CERN.  

The booster task force founded in 2020 forced the deci-
sion to integrate intermediate steps with closed booster 
systems for a better understanding of the booster perfor-
mance. First measurements were done with a small system 
in a 4.5 K environment. Further tests in a 1.6 T dipole 
magnet at CERN were approved in 2021 and scheduled for 
early 2022. During this test period, additional tests on a 
mechanical booster setup with three synchronised motors 
and one disk will be performed. Complementarily, a single-
motor setup (Fig. 4) will be tested inside an ALPS II magnet 

Figure 4

Preparing a piezo motor test for  

MADMAX: The motors will be used  

to move the dielectric discs of the 

booster. They were qualified at DESY 

to also work at cryogenic tempera-

tures in strong magnetic fields.   

in a 4 K and 5.3 T environment in January 2022, and the 
concept of gas cooling will be checked as well. The 
procure ment process for the booster prototype vessel is 
finished, and a kick-off meeting with the selected company 
Noell is scheduled for January 2022.

The magnet development also passed an important 
milestone: The conductor performance was checked with a 
small test coil, and the conductor fulfilled the requirements 
on quench propagation. 

The experimental infrastructure for the final MADMAX 
magnet is on a good track as well. The specification 
document for the cryoplatform – a distribution box with 
integrated subcooler – is close to being finished, and the 
start of tendering is planned for the first half of 2022. 

In parallel, the ALPS group has set up a working group for 
cryogenic application techniques (large-scale and table-top 
experiments) and established the integration of models 
with COMSOL simulations to support experiments in their 
preparation and operation phases.
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QED is the theory that explains the interaction between light 
and matter. It was recognised early on by the physics com-
munity as having a significant impact on the field of elemen-
tary particles, and Sin-Itiro Tomonaga, Julian Schwinger and 
Richard P. Feynman were awarded the 1965 Nobel Prize in 
physics for their pioneering work on it [2]. Nowadays, it is 
one of the most well-tested physics theories. 

Its predictive power mostly relies on perturbative calcula-
tions. Above a critical electromagnetic field value, known 
as the Schwinger limit, however, the perturbative expan-
sion breaks down. This regime is called non-perturbative, 
or strong-field QED (SFQED).

One of the physics processes predicted by SFQED is the 
creation of electron and positron pairs from the vacuum 
via the Breit–Wheeler process. Another typical SFQED 
process is non-linear Compton scattering, where the 
characteristic kinematic edges in the Compton spectrum 
shift as a function of the laser intensity, due to an 
increased effective mass of the electron.

LUXE aims to study SFQED by colliding the high-quality 
electron beam from the accelerator of the European X-ray 
Free-Electron Laser (European XFEL) with a state-of-the-
art multi terawatt titanium–sapphire laser pulse. The strong 
field is created by the laser pulse and enhanced by the 
Lorentz boost of the electrons. 

In such an environment, electron–positron pairs are predo-
minantly created through a two-step process. First, a high-
energy electron interacts with multiple low-energy photons 
from the laser, denoted γL, producing a high-energy 
Compton photon denoted γC and an electron (non-linear 
Compton interaction):
e– + nγL → e– + γC .
Second, the Compton photon interacts with multiple  
low-energy photons from the laser, producing the 
electron–positron pair (Breit–Wheeler process):
γC + nγL → e+ + e–.

LUXE is also planned to run in a mode where the laser will 
interact directly with high-energy photons, which will 
either be produced through Bremsstrahlung or through 
inverse Compton scattering. This γ–laser running mode is 
novel, since it probes the non-linear Breit–Wheeler process 
with pair production directly. 

Sketches summarising the two data-taking modes of LUXE 
are shown in Fig. 1.

Figure 1

Conceptual sketches of the two LUXE running modes.  

(a) Setup where the electron beam interacts directly with the laser beam. 

(b) Setup where the electron beam is converted to a high-energy photon 

beam using a Bremsstrahlung target.

Laser Und XFEL Experiment, also known as LUXE, is an innovative physics experiment proposed to be built at 
DESY in Hamburg. It will bring together scientists from accelerator, laser and particle physics to study quantum 
electrodynamics (QED) in an unexplored regime. 2021 was a defining year for LUXE: The experiment’s conceptual 
design report was released to the public in early spring and published in the summer [1], and the international 
collaboration was officially formed and elected its first spokesperson in the winter. The collaboration is now 
working on the technical design report in order to plan the installation of the experiment in the coming years.

Exploring physics at the quantum frontier
LUXE: a new experiment to study non-perturbative quantum electrodynamics



Experimental particle physics | 51

Contact: 
Jenny List, jenny.list@desy.de
Louis Helary, louis.helary@desy.de

References: 
https://luxe.desy.de
[1] LUXE Collaboration, Eur. Phys. J. Spec. Top. 230, 2445–2560 (2021)
[2] https://www.nobelprize.org/prizes/physics/1965/summary/
[3] LUXE-NPOD, arXiv:2107.13554 [hep-ph]

The two main observables for testing SFQED in the 
experi ment are therefore the measurements of the 
positron rate as a function of the laser intensity and the 
position of the Compton edges as a function of laser 
intensity.

Figure 2 shows the projective measurement of the ener-
gies at which Compton edges occur as a function of the 
laser intensity, obtained from Monte Carlo (MC) simula-
tions. This measurement is challenging, since one needs 
to determine the flux of Compton electrons in a wide 
range, between 103 and 108 electrons per laser shot, 
depending on the laser intensity. To cover this wide 
dynamic range, robust detector technologies are foreseen, 
such as Cheren kov detectors or scintillating screens.

Figure 3 shows the projective measurement of the 
number of positrons per laser shot for two phases of the 
experiment, obtained from MC simulations. In Phase 0, the 
laser will have a power of 40 TW, and it will be upgraded 
to 350 TW in Phase 1. Expected measurements are 
compared to the perturbative and full QED predictions, 
demonstrating that it will be possible to distinguish 
between these calculations in most of the measured 
range accessible by the experiment. Once again, these 
measurements prove to be quite chall en ging because of 
the large dynamic range of the signal. To achieve a good 
linearity of the measurement precision, detectors such as 
calorimeters and trackers will be used. 

The experiment will also offer the possibility to search for 
physics beyond the Standard Model in a high-intensity 
photon beam dump setup. Scenarios involving new pheno -
mena, such as axion-like particles, have been investigated 
and found to offer a sensitivity better than or comparable 
to dedicated experiments [3].

In addition to the fascinating physics aspects, the con-
struction and, later on, the full exploitation of the potential 
of this exciting experiment pose many experimental 
challenges that can only be tackled in a multidisciplinary 
environment. DESY is an ideal host platform where 
physicists, engineers and technicians from different areas 
can contribute their diverse expertise to solve technical 
puzzles and allow a smooth startup. 

Among the technical challenges of LUXE are the design and 
installation of a complete new extraction and transfer line 
from the main European XFEL linear electron accelerator. 
Another challenge is the level of precision needed to 
control the laser intensity over a large number of shots. 
Knowledge of the focus can be explored to a much higher 
accuracy than in traditional laser experiments, since the 
laser pulse is to a large extent unperturbed by the electron 
beam. New diagnostic tools are being developed to reach 
this precision. Several teams at DESY are currently working 
on solving such technical challenges.

The results expected from LUXE will have a profound 
impact on our understanding of the fundamentals of 
particle physics. The realisation of LUXE poses interesting 
and challenging tasks across the disciplines of accelerator 
physics, laser physics and experimental particle physics.

Figure 2

Measured energies at which Compton edges occur as a function of the laser 

intensity, obtained from MC simulations

Figure 3

Measured number of positrons per laser shot as a function of the laser intensity 

normalised by the laser waist, obtained from MC simulations and compared to 

the full QED prediction and the perturbative QED prediction
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Modernisation and analysis of HERA data
HERA was operated at DESY from 1990 to 2007, delivering 
unique data sets on electron–proton collisions at high 
energies to the experiments H1 and ZEUS. Such expe ri-
mental data have to be processed and analysed on large 
computer systems in order to prepare them for comparisons 
with predictions, a process that can take years. Moreover, 
new questions may arise over time, which require another 
iteration on the original data. 

The original H1 data have been preserved at DESY so  
they can be analysed there, making use of the NAF infra- 
 struc ture. During the past years, physicists from all over 
the world have joined the H1 collaboration and are re- 
exploring the potential of these 15 year old data with 
novel analysis techniques in order to address questions 
that have emerged only after the end of data taking. At 
the same time, the H1 analysis software is constantly being 

modernised to keep pace with new computer systems and 
computing environments. A recent example is the integration 
in the LHC Computing Grid (LCG) environment [1], which 
provides standard interfaces to modern software packages. 
The same software environment is also used by present 
experiments at the LHC.

Electron–jet angular decorrelation
When electrons and protons collide, the electron can hit a 
quark in the proton. The electron is then scattered at an 
angle away from the beam axis. The amount of scattering 
is often characterised by the momentum transfer squared 
Q². The quark is scattered in the opposite transverse 
direction. In the experiment, the quark cannot be observed 
directly. Instead, it fragments into a jet of particles. These 
collimate around the original direction of the struck quark. 
The remnants of the proton also fragment into a number 
of particles, which travel along the beam axis and mostly 
escape detection. The transverse momentum of the 
scattered electron and the jet are balanced. Similarly, the 
azimuthal angular difference amounts to 180° – in other 
words, the azimuthal angles are fully correlated. This effect 
can be seen in Fig. 1. 

Looking closer at this process, the theory of quantum 
chromodynamics (QCD) predicts modifications to this naive 
expectation. For example, a parton (a quark or a gluon) can 
radiate further partons, either before or after the inter-
action with the electron. These extra partons result in the 

Figure 1

Sample event recorded with the H1 detector in 2006, showing 

an electron and a jet in back-to-back configuration

The data recorded at DESY’s HERA electron–proton storage ring, which was operated from 1990 to 2007, are 
preserved at DESY. The H1 collaboration, with contributors from DESY and other institutions all over the world, 
is still active modernising the analysis software and analysing the data at DESY’s National Analysis Facility (NAF). 
In this article, the analysis of angular decorrelation between the scattered electron and jets is presented as an 
example, probing the region of small transverse-momentum imbalance. The work makes use of novel machine 
learning techniques for the data analysis and probes new predictions emerging from a field in theoretical physics 
that is under rapid development and is thus expected to profit from these new measurements.

Machine learning meets HERA data
New insights on lepton–jet decorrelation from data recorded 15 years ago
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creation of extra particles, possibly forming additional jets. 
As a consequence, the scattered electron does not balance 
against a single jet in such events. Another option is that 
the struck parton carried some extra transverse momentum 
prior to the interaction with the electron. In that case, the 
expected momentum balance between electron and jet is 
violated by a small amount. 

To test such predictions, the H1 collaboration has analysed 
the data with the help of machine learning techniques. The 
goal is to determine probabilities how frequently a certain 
transverse-momentum imbalance or angular decorrelation 
happens in electron–proton collisions. The machine 
learning algorithms, indicated in Fig. 2, are used here for 
the first time to remove detector effects from the 
observed data [2]. These “unfolded” data can be directly 
compared with new predictions without the need to model 
the details of the H1 detector again for each comparison. 

Results
The interaction probability is measured as functions of the 
momentum imbalance q T

jet/Q and the angular decorrelation 
Δφ (deviation from 180° expressed in radians) [3] and 
compared with predictions in Fig. 3. Traditional QCD 
predictions, based on collinear proton density functions 
and next-to-leading-order calculations (red lines), are able 
to describe the interaction probabilities at large q T

jet/Q, but 
fail for small momentum imbalance. In contrast, novel 
predictions taking into account transverse-momentum-
dependent distributions (dashed blue lines) are good at 
small momentum imbalance. The H1 data provide measure-
ments over the full range and will thus stimulate further 
improvements to theory. 

Figure 2

The MultiFold machine learning algorithm to mitigate detector effects, applied  

to H1 data. Each reweighting step is based on many hours of computing time, as 

it requires the training of a dedicated deep neural network. The two-step  

procedure is iterated five times.

Figure 3

Interaction probability with respect to the electron–jet transverse-momentum 

imbalance on the vertical axis and azimuthal decorrelation on the horizontal  

axis. Shown are the data measured by the H1 collaboration in comparison with 

various predictions.
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Theoretical particle physics
The DESY theory group covers a broad range of topics – from particle phenomenology and 

lattice gauge theory to cosmology and string theory. This scientific breadth is a unique asset 

of the group and of DESY, as it provides a setting for many fruitful interactions.

In particle phenomenology, results from the Large Hadron Collider (LHC) at CERN are at the 

centre of current activities. This includes a better understanding of CP violation (p. 56) 

and searches for new Higgs bosons (p. 65). At DESY in Zeuthen, the lattice and particle 

phenomenology groups merged into the Zeuthen Particle Physics Theory group, working 

among other topics on the non-perturbative and higher-order structure of quantum 

chromodynamics (QCD) (p. 62).

Moreover, theoretical efforts in cosmology yielded much progress in our understanding of dark 

and visible matter. Recent developments underline the wave aspects of dark matter (p. 60).

The third core activity of the group is string theory. The ultimate goal of these studies is to 

improve our understanding of the theories relevant for particle phenomenology, in particular 

theories at strong coupling. Promising avenues here are the bootstrap method (p. 58) and 

theories with a high degree of supersymmetries (p. 64).
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3.1

Beyond the standard structure  
of CP violation
Theoretical and phenomenological studies of CP symmetry breaking 
beyond the Standard Model 

The CP symmetry, which combines the charge conjugation and parity symmetries, is very weakly broken in the 
Standard Model of particle physics. Therefore, observing large CP violations would be a clear sign of physics beyond 
the Standard Model. In the Higgs sector, bounds on new Yukawa-like couplings can be derived from the combination of 
LHC and electric dipole moment measurements. In addition, one can achieve a systematic and analytic study of order 
parameters for CP violation beyond the Standard Model, supplementing the small order parameter of the Standard 
Model. This approach makes the collective nature of CP violation as well as its degree of suppression explicit.

New physics, symmetries and CP
Measurements at high-energy facilities agree with the de- 
s cription provided by the Standard Model (SM), up to low-
significance deviations. On the other hand, the SM does not 
describe neutrino masses, dark matter, baryogen esis and 
many more, and needs to be extended. It is there fore crucial 
to find departures from the SM predictions and gather infor -
mation about physics beyond the Standard Model (BSM).

Signals of particular interest are those that the SM requires 
to be absent or very suppressed due to symmetry. For 
instance, baryon number is conserved in the SM, hence the 
observation of proton decay would signal new physics. 
Here, we focus on CP, the combination of charge conjuga tion 
and parity, which would imply that the equations de scrib- 
ing the dynamics of particles also describe that of their 
antiparticles, provided one looks at them in a mirror. CP is 
almost a symmetry of the SM, meaning that large viola-
tions of CP would be unambiguous signs of new physics.

CP violation in the Standard Model
CP breaking in the SM has a subtle and predictive structure. 
Indeed, the most elementary interactions separately 
conserve CP: For instance, the couplings of top quarks to 
photons or to W bosons and bottom quarks preserve CP. 
Instead, the violation of CP in the SM is a collective effect, 
only arising when there are at least three generations of 
matter, when W bosons couple to all pairs of quarks of  

unit total electric charge, and when the masses of any two 
quarks of same charge always differ. This is quantitatively 
encoded in the order parameter for CP breaking of the SM, 
the Jarlskog invariant [1]:

where m’s refer to individual quark masses (normalised to 
a reference mass scale ≈ mt), VCKM,ij refer to couplings of  
W bosons to the pair of quarks indexed by (i,j), and the 
imaginary part allows W bosons to differentiate between 
particles and antiparticles. When inserting measured values, 
most factors are found to be small, thereby making J4, the 
strength of CP breaking in the SM, extremely suppressed. 
This has observable consequences: For instance, the SM 
predicts very slow rates for CP-violating decays of neutral 
kaons or a very small electron electric dipole moment 
(EDM). This is unlike most BSM models, which often break 
that pattern of CP violation and easily increase CP-breaking 
signals by orders of magnitude.

CP violation in effective approaches to BSM physics 
In order to make generic statements, it is useful to consider 
effective approaches to BSM physics. Those are agnostic 
about the nature and dynamics of extra particles, whose 
impact is parameterised via generic modifications to the 
dynamics of the known particles. For instance, for heavy 
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Figure 1

Bounds on the modified tau lepton–Higgs boson couplings [2]. 

The yellow cross indicates the SM point, and regions within 

the black and red lines are consistent with LHC and EDM 

bounds, respectively. In the green region, c̃τ can also drive 

electroweak baryogenesis (the analysis accounts for the large 

theoretical uncertainties in baryogenesis computations).

Actually, the assumption that ye, ceH are simultaneously 
diagonalised can be relaxed, since the off-diagonal entries 
of ceH cannot contribute at leading order, as shown in [3] by 
a systematic analysis of all CP-breaking order parameters 
linear in ceH. This does not hold for quarks, but in that case, 
the order parameters are suppressed by quark masses and 
quark–W boson couplings, hence their contribution is 
parametrically suppressed with respect to that of diagonal 
couplings. For instance, for down quarks, one finds the 
following off-diagonal order parameters:

 

where cdH is defined similarly to ceH. A systematic and 
analytic analysis of CP-breaking order parameters for all 
possible leading-order deviations from the SM can be 
found in [3]. It pinpoints the collective structure of BSM  
CP breaking and its implications for the strength of CP 
violation.

extra particles, the interaction of pairs of charged leptons 
with a Higgs boson changes as follows:

where eL/R,i denotes the components of the i-th lepton field, 
H the Higgs-boson field and Λ the mass scale of extra par-
ticles. ye, ceH are couplings that depend on the lepton pair 
(i,j), and the expression holds at leading order in a series 
expansion in 1 ⁄ Λ. Such generic modifications to the SM are 
constrained in many ways, e.g. by flavour observables.

An important class of probes concerns Higgs-boson physics, 
which is being probed at the LHC, and can still accommo-
date significant deviations from the SM predictions, in 
particular with respect to CP violation. Focusing on the 
aforementioned couplings of charged leptons to Higgs 
bosons and assuming that ye,ceH can be simultaneously 
diagonalised, one obtains the following Yukawa-like 
couplings:

 

where c̃i breaks CP. In the SM, ci  =1 and c̃i  =0, and ceH 
generates departures from these relations, which can be 
constrained by LHC measurements and bounds on the 
electron EDM. This has been performed in [2] for various 
(combinations of) couplings, an example being displayed  
in Fig. 1.

Contact: 
Quentin Bonnefoy, quentin.bonnefoy@desy.de

References: 
[1] C. Jarlskog, Phys. Rev. Lett. 55, 1039 (1985)
[2] H. Bahl, E. Fuchs, S. Heinemeyer, J. Katzy, M. Menen, K. Peters, M. Saimpert,  
 G. Weiglein, arXiv:2202.11753 [hep-ph]
[3] Q. Bonnefoy, E. Gendy, C. Grojean, J. Ruderman, arXiv:2112.03889 [hep-ph]



58 | Theoretical particle physics

Figure 1

The singularities of two-loop Higgs production amplitudes in the heavy-top limit 

of QCD are encoded in the six ai variables of the C2 cluster algebra. Adaptation of 

image by Carolin Leyck / MPP Munich.

Contemporary mathematics at the  
service of particle collisions
Cluster algebras and integrability promise to overcome the limitations of  
Feynman diagrams  

Efficient predictions of the outcome of elementary particle collisions are vital for confronting our current under-
standing of nature with experiment. These predictions may in principle be obtained with the help of Feynman 
diagrams, which visualise mathematical expressions known as Feynman integrals. However, their evaluation becomes 
notoriously challenging as the precision of the prediction increases, and the entire framework breaks down when the 
particles are interacting strongly. Members of the DESY theory group are developing novel mathematical tools that 
offer exciting prospects for circumventing these important practical and conceptual obstacles.

Cluster algebras in quantum chromodynamics
In our quest to find what the elementary constituents of 
matter are and how they interact, a crucial role is played by 
collider experiments, where these constituents smash 
against each other at nearly the speed of light, and we 
observe what comes out. New physics can then be 
discovered by comparing these outcomes with their 
theoretical prediction, which at its core is captured by 
physical quantities known as scattering amplitudes.

Thanks to the pioneering work of Richard Feynman and 
many other theoretical particle physicists, by now there 
exists a well-established framework for computing 
scattering amplitudes in quantum field theory when the 
particles are interacting weakly. This approach relies on 
Feynman diagrams, which represent all possible ways in 
which the incoming particles can transform into the 
products of the collision, by exchanging other unobserved, 

“virtual” particles. As the energy and momentum of these 
virtual particles may be anything that the laws of nature 
allow, one additionally has to integrate over all their 
possible values. Thus, Feynman diagrams correspond to 
mathematical expressions known as Feynman integrals. 
One of the main challenges for obtaining theoretical 
predictions, however, is that these integrals are famously 
hard to evaluate.

As described in the DESY Particle Physics 2017 report, for 
a symmetric cousin of quantum chromodynamics (QCD), i.e. 
the theory of the strong force, a significantly more efficient 
“bootstrap” method has been developed, which bypasses 
the complexity of Feynman integrals and instead constructs 
amplitudes by exploiting their analytic structure. The 
theory in question is known as maximally supersymmetric 
Yang–Mills (MSYM) theory. As reviewed in more detail in 
Chapter 5 [1] of an extensive amplitudes review by the EU 

Figure 2

Schematic depiction of how the infinity of cluster algebras associated with  

MSYM amplitudes of multiplicity n > 7 can be tamed with the help of tropical 

Grassmannians
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Figure 3

The six-gluon amplitude in the “origin” limit at finite coupling g. Its non-trivial  

coupling dependence is encoded in Γ0, Γπ/3 depicted in the plot. Points  

correspond to the numerical evaluation of their exact expression and lines  

to their analytic weak- and strong-coupling expansions. For comparison,  

the integrability-predicted cusp anomalous dimension Γπ/4 is also shown.

MSYM theory, this is still possible thanks to integrability, 
namely the property of a physical system to possess as 
many conserved quantities as degrees of freedom.  

For scattering amplitudes, this property was initially well 
understood only in a particular collinear limit. In DESY 
Particle Physics 2017, we presented our success in 
harnessing its power also in the phenomenologically 
relevant high-energy multi-Regge limit. More recently, we 
have led an international collaboration that exposed yet 
another integrable limit, corresponding to the “origin” 
where certain physically motivated kinematic variables of 
the six-particle amplitude approach zero. As may be seen 
in Fig. 3, the latter’s dependence on the coupling g enters 
through certain anomalous dimensions Γα, which have been 
determined exactly for any value of g [4]! 

The analysis of similar limits at higher multiplicity is 
currently under way. In a broader perspective, over the 
past years, members of the DESY theory group have made 
great progress towards both solving the simplest cousin of 
QCD and identifying potentially universal properties with 
broader applicability. We are thus optimistic that these 
ambitious conceptual and practical goals are within reach.

Scattering Amplitudes from Geometry to Experiment 
(SAGEX) Innovative Training Network, of which DESY is a 
member, the scattering amplitudes of this theory have 
been bootstrapped to unprecedented accuracy.

Essential input for enabling the method comes from 
beauti ful mathematical objects known as cluster algebras, 
consisting of certain variables that have been found to 
encode the singularities of the amplitude. Until recently, a 
factor deterring the wider applicability of the bootstrap 
was that the relevance of these objects was established 
only in the realm of MSYM. Excitingly, this changed with 
Ref. [2], which repor ted the discovery that cluster algebras 
also underlie the analytic structure of a host of more 
general Feynman integrals and physical processes of QCD. 
As shown in Fig. 1, this most notably includes amplitudes 
for the production of the last elementary particle to be 
discovered, the Higgs boson! The potential of this 
discovery for realistic appli ca tions was also recognised by 
the cluster of excellence Quantum Universe at Universität 
Hamburg and DESY, which conferred Ref. [2] a Best Paper 
Award in September 2021.
 

Singularities from tropical geometry
Even in the realm of MSYM theory, however, it is well 
known that cluster algebras are not the end of the story, 
as those that are associated with amplitudes of n > 7 
particles become infinite and are therefore unable to 
provide any meaningful singularity predictions. Fortu-
nately, researchers of the DESY theory group have 
proposed a natural resolution of this longstanding puzzle, 
simultaneously with other groups at the Institute of 
Advanced Study in Princeton, USA, and at the University  
of Southampton, UK, with the help of geometric spaces 
known as tropical Grassmannians.

In particular, it was realised that cluster algebras trian-
gulate tropical Grassmannians and that the nature of 
infinities of the former can be interpreted as a redundant 
dissection of the latter, analogous to a process of splitting 
triangles into smaller triangles without ever terminating. 
As depicted in Fig. 2, tropical Grassmannians could thus  
be used in the first instance as a sieve that selects a finite 
subset of cluster variables or, in other words, potential 
amplitude singularities. While initially worked out mostly 
for n = 8, the more recent extension of this natural 
resolution to in principle any multiplicity n [3] was also 
honoured with a Best Paper Award by the cluster of 
excellence Quantum Universe in March 2022.

The origin of non-perturbative scattering
Finally, another intrinsic limitation of Feynman diagrams is 
that they are unable to describe important physical pheno-
mena occurring when the interaction strength, or coupling, 
is strong. Remarkably, in the large-colour approximation of 
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Figure 1

Local density for wave dark matter with a wavelength of 1 AU.  

The brighter region is the region where there is more dark matter  

compared to the darker region. In this figure, dark matter is moving 

from the positive x-axis to the negative x-axis at speed v = 240 km/s.

Wavy dark matter around us
How does the sun deform a local map of wave dark matter? 

Light bosonic dark matter is an attractive dark-matter candidate. Being much lighter than any Standard 
Model (SM) particles that we know of, this dark-matter candidate behaves as a collection of classical waves 
rather than an individual particle. Members of the DESY theory group have investigated how the local 
distribution of wave dark matter is deformed by the sun and shown how this gravitational deformation 
could potentially change signals in terrestrial detectors of wave dark-matter detection experiments.

Dark matter is one of the most compelling hypotheses  
in cosmology and astrophysics, explaining a wide variety 
of observations, including the cosmic microwave back-
ground, large-scale structures, gravitational lensing, 
rotation curves and many others. Yet, its nature is a 
mystery. Two key questions would be: What’s its mass? 
And how does it interact with other particles, such as 
protons and electrons? 

As there are an infinite number of possible answers to 
these questions, theoretical input is useful to prioritise 
our efforts for dark-matter searches. Especially, since the 
specific design of direct-detection experiment is often 

sensitive to a limited range of dark-matter mass and a 
specific coupling of dark-matter and SM particles, having 
well-motivated dark-matter models would help us to 
narrow down the most interesting region of parameter 
space.

Wave dark matter is an interesting dark-matter candidate. 
It corresponds to light bosonic dark matter with a mass 
smaller than several electronvolts. Given the measured 
value of the local dark-matter density, there is more than 
one particle within a de Broglie wavelength of dark 
matter, and as a result, dark matter behaves more like a 
classical wave rather than a particle, hence the name 
“wave” dark matter. Wave dark-matter candidates can 
naturally arise in many scenarios beyond the SM. The 
quantum chromodynamics (QCD) axion is one example, 
which was originally proposed as a solution to the strong 
CP problem in the SM. A relaxion is another example, 
which was originally proposed as a solution to the electro-
weak scale hierarchy problem. 

Over the past decades, there have been extensive efforts 
towards direct detection of wave dark matter. Direct-
detection experiments attempt to directly measure 
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Figure 2

Dark-matter (DM) speed  

distribution, modified by the gravi-

tational potential of the sun 

patterns in the local density (Fig. 1) and in the speed 
distribution (Fig. 2). Contrary to particle-like dark matter, 
the local density is smoothened over the scale of de 
Broglie wavelength of dark matter, as one can see in  
Fig. 1, while the speed distribution in Fig. 2 exhibits a 
certain oscillating patterns, which is again due to the 
wave nature of dark matter. The wave nature of the local 
density and speed distribution is most apparent when the 
wavelength of dark matter is about an astronomical unit 
or when dark-matter substructures have small velocities.

The enhanced local density and speed distribution will 
certainly change the signal shapes in the detectors. 
Including such gravitational focusing effects is important 
for modelling local dark matter with a few-percent-level 
accuracy. Upon detection of dark matter, accounting for 
gravitational focusing effects will become even more 
important for a correct estimation of dark-matter halo 
parameters and of its coupling and mass. 

signals arising from interactions between dark matter and 
the SM particles. As these experiments rely on signals 
from local dark matter in the solar system, a correct 
modelling of local dark matter is crucial for interpreting 
the experimental data. A common way to model local dark 
matter is to assume that the velocity of dark matter is 
distributed according to the normal distribution. This is 
referred to as the standard halo model.

The standard halo model provides a simple way to model 
the bulk dark-matter halo, but it does not account for 
several aspects of the local dark-matter distribution. First, 
it does not include dark-matter substructures in the solar 
system. Such dark-matter substructures have a distinc-
tive kinematic structure compared to the bulk dark-matter 
halo, providing a different signal in terrestrial detectors. 
Second, the standard halo model does not account for the 
gravitational potential of the sun. This deflects the trajec-
tory of dark matter near the solar system, focusing dark 
matter into a narrow range of space. This gravita tional 
focusing changes not only the local density but also the 
speed distribution of dark matter. More interestingly, 
each dark-matter substructure responds differently to 
the gravitational potential, as they have different 
velocity. Given that recent observations find an increasing 
number of dark-matter substructures, it is important to 
estimate the gravitational focusing effects of the dark-
matter halo and substructures.

Researchers in the DESY theory group have investigated 
the gravitational deformation of wave dark matter in the 
solar system [1]. Wave dark matter shows characteristic 
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Figure 1

Spectrum of the anomalous dimension matrix for Ginsparg–Wilson quarks                  

Zeuthen Particle Physics Theory
Theoretical perturbative and non-perturbative particle physics
at DESY in Zeuthen 

The ZPPT group consists of the Collider Phenomenology group (CPG) and the Lattice group at DESY in Zeuthen, the 
latter also being a research group at the John von Neumann Institute for Computing (NIC). While the CPG performs 
high-loop perturbative calculations, the NIC group studies non-perturbative physics of the Standard Model. Both 
groups aim to reach high-precision results for the input and interpretation of ongoing and planned high-energy 
and nuclear physics experiments worldwide. This concerns non-perturbative matrix elements in B physics and 
hadron structure on the lattice side, as well as multiloop calculations for observables within the Standard Model on 
the perturbative side. ZPPT also has a strong focus on algorithmic and methodological developments to improve 
the calculations, leading to even higher precision. This article presents two particular results, namely Symanzik’s 
effective theory and a novel approach to mitigate negative weights in event generators. 

Asymptotic approach to the continuum of lattice QCD 
spectral observables 
Quantum chromodynamics (QCD), the fundamental theory 
of hadrons and nuclei, can be treated perturbatively at 
small distances (or large momentum transfers µ), where 
the running coupling αs(µ) is small (asymptotic freedom). 
Discretising the theory on a regular space–time lattice with 
spacing a further provides a rigorous definition of QCD. 
This lattice approach has been developed in the last decades, 
and, for many observables, a numerical computation by 

Monte Carlo “simulations” yields rather precise results. 
Since the lattice spacings are not orders of magnitude 
smaller than the typical QCD scales of order 1 fm, care has 
to be taken to understand the discretisation errors and 
remove them by extrapolation. 

The asymptotics of these effects can be obtained analy tic-
ally due to the vanishing of the strong coupling in this limit. 
To obtain this explicit form, one formulates an effec tive field 
theory, Symanzik’s effective theory, given by adding local 
dimension six operators into the continuum path integral, 
and subsequently obtains the coefficients of these opera-
tors by a matching calculation. In the end, one obtains the 
result in terms of renormalisation scale invariants and 
coefficient functions that evolve with the running coupling.  

The operators mix under renormalisation, and the results 
are best described by looking at the spectrum of the 
anomalous dimension matrix obtained by this calculation. 
Figure 1 shows this spectrum for the case of Ginsparg–
Wilson fermions only including fermionic operators. 
Nf indicates the number of quark flavours. The behaviour 
is qualitatively the same for other quark actions, but 
additional, chiral-symmetry-violating operators lead to 
a somewhat denser spectrum.

The main result [1, 2] is good news for lattice gauge 
theory: We find no significant negative eigenvalue that 
would slow down the approach to the continuum limit.
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Figure 2

Distribution of the transverse momentum of the second-hardest jet before 

and after cell resampling

Figure 3

Distribution of the rapidity of the second-hardest jet before and after 

cell resampling

contribution of the complete cell. Afterwards, much less 
events are needed to achieve the same statistical accuracy.

Predictions for observables are only unaltered if the 
events within each cell are indistinguishable in real-world 
measurements. In practice, one requires a small cell radius 
in terms of a metric that reflects experimental sensitivity. 
This ensures that any change in the predictions is small 
compared to other uncertainties.

Application
To demonstrate the performance, a sample with a large 
fraction of counter-events was obtained by predicting the 
production of a W boson together with two jets at next-to-
leading order in perturbation theory using the Sherpa 
event generator. After cell resampling, the contribution 
from counter-events was reduced by more than an order 
of magnitude. Predictions for observables were preserved 
within statistical uncertainties, as shown for two examples 
in Fig. 2 and 3.

Optimising event simulation for the LHC
DESY has a strong involvement in the ATLAS and CMS detec-
tor experiments at the LHC at CERN. These experiments 
rely on an accurate and efficient simulation of collision 
events. However, state-of-the-art event generators inflate 
the number of events that have to be considered, render-
ing event simulation computationally very costly. The 
cause is counter-events, which have to be subtracted from 
the final event number to correct for overcounting in inter-
mediate steps. A new method can be used to eliminate the 
need for a large fraction of these counter-events early on. 

Cell resampling
The simulation of collision events at the LHC proceeds in 
several steps, starting with event generation in fixed-order 
perturbation theory. Already here, calculations beyond the 
leading-order approximation generally introduce counter-
events, which are subtracted to avoid overcounting in 
predicted cross sections. This means that a larger number 
of events have to be considered in later steps, in particular 
in the computationally very expensive simulation of the 
detector response.

The idea of cell resampling [3] is to introduce an additional 
step into the event simulation chain, in which the effect of 
counter-events is absorbed in the contribution from similar 
regular events. Counter-events are grouped into small cells 
with other events. Within each such cell, the contribution from 
each event is adjusted to be positive, preserving the total 
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Figure 1

A correlation function on the Minkowski boundary equals a string amplitude in 

AdS. Detail: The string worldsheet is sourced by a boundary single-trace opera-

tor that gets mapped to an integrable spin chain.

Quantum field theory from integrability
Probing strongly coupled quantum field theory and quantum gravity 

Quantum field theory (QFT) is arguably the most successful framework of theoretical physics.  
It describes a broad range of phenomena, from condensed-matter systems to elementary particle 
physics, with spectacular precision. Yet, our current formulation of QFT is incomplete: We lack tools 
to address strongly coupled quantum systems or to describe quantum gravitational interactions. 
A new Emmy Noether Independent Junior Research Group at DESY uses powerful methods from  
the theory of integrable models to probe these elusive parts of QFT.

While QFT at weak coupling is extremely well understood, 
we have very little control over it once the coupling 
becomes large. The N = 4 super Yang–Mills (sYM) theory 
is a perfect model to advance on this severe conceptual 
challenge. Its enhanced symmetry makes it especially 
accessible, yet it is sufficiently complex to offer insights 
about more realistic theories. Its importance is further 
emphasised by the AdS/CFT correspondence, which 
provides a powerful approach to both strongly coupled 
gauge theory and a theory of quantum gravity (string 
theory).

Most notably, N = 4 sYM becomes integrable in the  
’t Hooft planar limit. Traditionally rooted in the realm of 
statistical mechanics, integrability methods have been 
developed to admit exact descriptions of the theory’s 
observables (correlation functions, Wilson loops, scatter-
ing amplitudes) all the way from weak to strong coupling. 
One state-of-the-art approach amounts to a completely 

new formulation of planar gauge theory in terms of 
hexagon form factors, planar integrable patches of string 
worldsheet that are glued together to form complete 
correlation functions. Strikingly, this approach also applies 
to non-planar terms and hence captures quantum 
gravitational interactions.

The goals of the Emmy Noether group are (i) to further 
develop these new approaches in order to probe gauge 
theory with generic coupling as well as quantum gravity 
as deeply as possible and (ii) to generalise these new 
methods to less supersymmetric and more realistic 
theories.
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Figure 1

Left: Impact of an additional Higgs on the top-quark pair mass distribution. 

Right: N2HDM and NMSSM parameter space that can explain the excess. 

New Higgs bosons in the reach of the LHC?
Investigating possible indications in two scenarios beyond the Standard Model 

In 2019, the DESY CMS group found an excess in data from Higgs-boson searches in top-quark pair ( ) final states that could 
be a hint for the presence of a CP-odd Higgs boson at a mass of about 400 GeV. In earlier analyses, excesses were observed at 
about 96 GeV at the CMS experiment in di-photon events and at CERN’s former LEP collider in bottom-quark pair production. In a 
joint effort together with members of the  analysis team of the CMS search, members of the DESY theory group investigated 
whether the excesses can be accommodated in models with an extended Higgs sector compared to the one of the Standard 
Model (SM), while being in agreement with all other experimental constraints.

The discovery of a Higgs boson in 2012 at the LHC was  
a huge success for particle physics and an important 
milestone in understanding the nature of electroweak 
symmetry breaking. At the same time, the discovery 
raised many questions. Does the new particle behave 
according to the predictions of the SM? Is it the only 
elementary particle with vanishing spin?

Exploring the data recorded in 2016 at the CMS 
experiment, the DESY CMS group tried to answer such 
questions by searching for new heavy Higgs bosons 
decaying into pairs of top quarks ( ). Studying the 
mass distribution and a helicity angle that depends on the 
spin of the heavy Higgs boson, the team found a devia-
tion with respect to the SM predictions that is compatible 
with a new CP-odd Higgs boson with a mass of about  
400 GeV (Fig. 1, left), where the local significance of the 
excess amounts to 3.5 standard deviations [1]. In addition, 
excesses were observed at a mass of about 96 GeV at 
CMS in di-photon events and at the LEP collider in 
bottom-quark pair production ( ).

Each of these excesses alone is not yet significant enough 
for regarding it as a discovery. However, if several of the 
excesses could be interpreted simultaneously in an 
ultraviolet-complete model, where the biggest challenge 
is to ensure that one is in agreement with the huge 
amount of experimental constraints from other collider 
measurements, the hypothesis of a particle origin of the 
excesses would be very compelling.

To this end, DESY theorists joined forces with DESY 
experimentalists from the CMS group to discuss two 
popular models that feature non-minimal Higgs sectors 
and thus additional neutral and charged Higgs bosons [2]: 
the Next-to-Minimal Supersymmetric Standard Model 
(NMSSM) and the Next-to Two Higgs Doublet Model 
(N2HDM). Interestingly, they found that both models can 
describe the CMS  excess with a CP-odd Higgs boson at 
400 GeV, while, at the same time, one or both excesses at 
96 GeV can be accounted for by the presence of a new 
Higgs boson with reduced couplings to the SM particles. 
The results with regard to the  excess of both scenarios 
are summarised in Fig. 1, right. The DESY scientists are 
eagerly awaiting updated results in the di-top and 
di-photon final states, including the full LHC Run 2 data 
set, to shed more light on the origin of the excesses.
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Projects and infrastructure
The experimental and theoretical research activities at DESY would not be possible without the 

contributions and support from numerous groups and people. One important service offered by 

DESY is its Test Beam Facility at the DESY II synchrotron. Scientists from all over the world are 

using the facility to subject newly developed detector components, e.g. for the International 

Linear Collider (ILC) or the LHC upgrades, to tests with electron or positron beams (p. 68). In 

2021, the group also successfully hosted the Beamline for Schools competition again (p. 70).

Just as essential are the DESY groups that design and manufacture important components for 

particle physics detectors. Important activities here are tracker development and testing (p. 72) 

and the Detector Assembly Facility (p. 74).

Computing too is a crucial ingredient. The DESY IT group is constantly striving to improve its 

services for all users and needs, for example uniting the capabilities of the Helmholtz community 

(p. 76), efficiently archiving data (p. 77), providing services in a federated system (p. 78), or 

fostering an open data management process (p. 79).

Meanwhile, the DESY library group has been working to facilitate all processes related to 

publishing and the management of publication databases (p. 80 and 81). 
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Figure 1

View of the DESY II Test Beam Facility in Hall 2 with the user huts (blue) and the 

beamlines (green). The new User Hut 23 is visible on the right 

© R. Diener

© A. Delbaert

sensors and ideas for the next generation of experiments. 
Regarding the choice of technology, monolithic active pixel 
sensors are considered by many groups as the technology 
of choice for the next generation of tracking detectors.

With the start of the AIDAinnova project, work has commen-
ced to upgrade the beam telescopes with new sensors and 
better timing capabilities. As a stepping stone, the TelePix 
project, funded by the cluster of excellence Quantum 
Universe, is developing a sensor with nanosecond hit timing 
and a very flexible region-of-interest trigger. In addition, the 
test beam facility also supported the DESY on-site particle 
physics programme with test beam campaigns studying 
sensor technologies for LUXE and testing mechanics for 
BabyIAXO in the large-bore dipole magnet in Area T21. 

Finally, the Beamline for Schools competition in collabo-
ration with CERN was hosted for the third time, with one 
student group from Italy and one from Mexico performing 
their experiments at the DESY test beam.  

Highlights
New primary target stations
The test beams are generated by inserting 7 µm thin 
carbon fibres into the DESY II primary beam. Given the high 

The DESY II Test Beam Facility
The DESY II Test Beam Facility uses the DESY II synchrotron 
for beam generation and offers three beamlines located in 
Hall 2 on the DESY campus in Hamburg. The beamlines can be 
individually controlled by the user groups and provide elec -
tron or positron beams in the energy range from 1 to 6 GeV. 
The test beam team constantly strives to keep the facility a 
world-class venue for detector R&D. 

2021 – Operating in the second year of the pandemic
During the winter shutdown 2020/21, the test beam team 
was very busy getting the facility ready for the 2021 run. 
Major upgrades went ahead despite the difficulties due to 
overall lockdown in Hamburg, which also delayed the 
planned start of user operation from early February to  
15 March.

Together with the DESY health and safety experts, an 
updated strategy was developed to allow COVID-19-safe 
user operation in view of new coronavirus variants. In 
coordination with the photon science beamline teams at 
DESY, the strategy was adjusted a few times to react to 
the overall situation, thus successfully enabling operation 
throughout the year. Thanks to everyone working to - 
ge ther, much-needed test beam time could be provided  
for many groups in a safe way.

Despite the circumstances, 2021 was a very successful run 
with 316 users from 16 countries. Mainly due to travel 
restrictions, this time over two thirds of the users came 
from Germany. Again, the biggest fraction of the users had 
an LHC background, but for the first time their share fell 
below 50%. Although this decrease was partly due to 
cancelations because of travel restrictions or the non-
availability of components, it also underlines the move 
towards production for the HL-LHC upgrades. Generic 
detector R&D projects were on the rise, exploring new 

DESY operates the DESY II Test Beam Facility for R&D projects from the global particle detector community and beyond. 
In 2021, the facility started running only in March due to the COVID-19 lockdown regulations in place in Germany at 
the time. From then on, it was successfully operated in a COVID-19-safe mode until the December shutdown. Despite 
difficulties caused by travel restrictions and team size limitations, way over 300 users came in 2021. The world-class 
infrastructures at DESY, such as the EUDET-type pixel beam telescopes or the large-bore magnets, continued to be in 
strong demand. The facility also hosted the Beamline for Schools competition again in close collaboration with CERN. 

Sweet beams (are made of this) 
DESY II test beam keeps its shutters open despite the pandemic
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beam intensity, the carbon fibres have a limited lifetime. 
The target stations that were installed in 2012 required a 
quarter of the accelerator ring vacuum to be vented in 
order to replace the revolver with six mounted fibres. 
Replacing targets thus needed at least 60 hours and was 
only possible during a shutdown.

Together with experts from the accelerator division, new 
target stations were developed, which require only the 
station itself to be vented and make swapping the targets 
an operation of a few hours. Now, ten fibres are mounted 
on a “target harp”. The new stations were successfully 
installed in the winter shutdown 2020/21 and performed 
extremely well throughout 2021.

Hut 23 – New working space for test beam users 
Even before the pandemic, space for users was tight in the 
measurement huts. With the COVID-19-related limitations 
on room occupancy, this became a real issue in 2020 even 
with smaller team sizes. Therefore, a new user hut of nearly 
40 m2 was built, providing additional work space since mid-
2021, including a corner for video conferencing (Fig. 1).  

The R-Weg – Extracting the primary beam from DESY II
A long-term project came to completion in the winter 
shutdown 2020/21. The R-Weg (for “Roter Weg”, “red 
path”) was originally used as a transfer line to the DORIS 
accelerator and shut down together with DORIS in 2013. 
For several years, it was discussed to use this beamline to 
extract the primary beam from DESY II in order to provide 
a high-intensity test beam for specific user needs. The 
R-Weg allows up to 1010 electrons with an energy of up to 
6.3 GeV to be extracted at a repetition rate of 12.5 Hz. 
Besides providing – from a test beam perspective – an 
infinite number of tracks, this beam can also be used to 
study radiation damage effects.

After the former beamline and installations were com-
pletely dismantled and the tunnel was emptied, an 
experimental area was set up inside the R-Weg for first 
expert experiments. A new interlock system was installed 
and new instrumentation for beam diagnostics and radia-
tion safety completed the setup. The commissioning of the 
new beamline started after the summer shutdown 2021, 
and beam intensity and quality have been steadily 
improved since then. 

T2K 
Thanks to the PCMAG superconducting magnet, with a 
diameter of 72 cm and a magnetic field of up to 1 T, the 
DESY II Test Beam Facility has frequently been used for 
detector tests requiring a solenoidal magnetic field. In May 
2019 already, the magnet was used to test a small proto-
type chamber of the new high-angle time projection 
chambers (TPCs) for the upgrade of the near detector of 
the T2K neutrino long-baseline experiment in Japan. The 
upgraded T2K experiment is planned to start in 2023.  

A second test beam campaign with the final readout detec-
tor, called ERAM (encapsulated resistive anode micro-
megas), the front-end electronics and the data acquisition 
took place in June 2021 (Fig. 2). The main goal was to 
finalise the design of the high-angle TPC subcom ponents 
for the upcoming production. To this end, the performance 
in terms of spatial and energy resolution in a magnetic field 
of 0.2 T was studied in detail. The two-week campaign was 
very successful and generated a copious harvest of high-
quality data, which is still being analysed.

Outlook for 2022 and beyond
The winter shutdown 2021/22 will be very short, with  
DESY II back at the end of January and user operation 
resuming on 7 February. A major focus will be the future 
of the test beam facility in light of the major overhaul of 
the accele rator complex for the PETRA IV upgrade. This is 
an ongoing discussion that will certainly continue for the 
next few years.  

Summary
In retrospect, 2021 was almost as challenging for the  
DESY II Test Beam Facility as 2020, and everybody is now 
looking forward to slowly coming back to the usual mode 
of operation. Despite the difficulties during the pandemic, a 
lot of progress was made, new infrastructures were put 
into operation, and the facility kept delivering beam to 
users. The success of the test beam facility would not have 
been possible without the support from many individuals 
and groups from the DESY particle physics and accelerator 
divisions. We would like to take this opportunity to thank 
everybody involved.

Figure 2

T2K on-site test beam team, with the detector under test in the inset 

Projects and Infrastructure | 69



Figure 1

Assembling the setup of team Teomiztli at 

Beamline 21 at the DESY II Test Beam Facility

© R. Diener
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activities. Until 2018, the experiments were performed at 
the PS test beams at CERN. Due to the long shutdown of 
the CERN accelerator complex, the competition had to 
evolve: DESY premiered as host in 2019 and committed to 
receive the winning teams and experiments again in 2020 
and 2021, with great interest to continue this collaboration 
in the future.

Winning teams of BL4S 2021
In 2021, selecting the winning teams became even harder. 
With almost 300 submitted proposals from 57 countries 
and more than 2000 participating students, the selection 
committee took their time and evaluated all the proposals 
very carefully. After two challenging months, 23 teams 
were shortlisted and 10 teams received a special mention, 
all of them winning attractive prizes. Two teams of high-
school students, one from Liceo Scientifico Statale “A. 
Scacchi” in Bari, Italy, and the other from Esculea Nacional 
Preparatoria “Plantel 2” in Mexico City, Mexico, won the 
competition and got to spend two weeks at DESY in 
September 2021. 

The students’ experiments
The winners of the BL4S 2021 proposed two challenging 
but exciting experiments.

The Italian team EXTRA investigated the transition 
radiation effect, where X-ray photons are produced when 

International science competition 
In the Beamline for Schools (BL4S) competition, teams of 
high-school students are asked to phrase their own research 
questions and design fixed-target experiments to investi-
gate these questions. The constraints: The experiment has 
to be devised in such a way that it can be performed at a 
test beam facility within one week of beamtime, and it 
should make use of the detectors and equipment available 
to the project. The competition is open worldwide and has 
received contributions by teams from more than 90 coun-
tries over the past eight years. In 2021 alone, 289 experi-
ment proposals were submitted from 57 different countries. 
The first prize for two winning teams per year is a two-
week visit to CERN or, in 2019, 2020 and 2021, to DESY to 
conduct their own proposed experiments guided by 
scientists. 

The competition has been managed by CERN since 2014, 
where it started as a highlight of CERN’s 60th anniversary 

In autumn 2021, CERN’s Beamline for Schools competition took place at the DESY II Test Beam Facility for the 
third time. For the first time in the history of Beamline for Schools, one of the two winning teams came from 
Mexico. The second winning team originated from Italy. Unlike in 2020, both teams were able to travel to DESY 
to perform their experiments. Despite all the challenges that had to be overcome, the eighth edition of the 
competition once again turned out to be a very successful event. 

High-school students at  
the DESY test beam 
CERN’s Beamline for Schools competition: Successful  
third round during the pandemic
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a beam of high-energy electrons crosses the interface 
between materials with different optical properties. To 
study this phenomenon, the students had to discriminate 
the signals produced by the particles in the beam from 
those produced by the X-ray photons. 

The experiment proposed by the Mexican team Teomiztli 
focused on Cherenkov radiation: the production of electro-
magnetic radiation when high-energy particles travel 
through certain materials. The goal of the Mexican students 
was to compare the production of Cherenkov radiation in 
different materials, with a possible application in the deve l-
opment of particle detectors in mind (Fig. 1).

 
BL4S and corona – second edition
With the overall pandemic situation improving in summer 
2021, the two winning teams prepared themselves for 
their stay at DESY. In particular, they were all vaccinated 
against COVID-19 to facilitate travel and protect them-
selves and others. 

Finally, on 8 September 2021, the Italian and Mexican 
students arrived at DESY, accompanied by their teachers. 
After a few days to familiarise themselves with the research 
centre and visit the city, they started their experiments. 
During their stay, the teams alternated data-taking shifts 
at the test beam, visits of the centre and data analysis 
sessions under the supervision of a group of volunteers, 
mainly PhD students and post-docs from DESY. Despite the 
pandemic regulations, the students managed to complete 
their experiment plan and make the most of the experience. 

The VIP day in 2021 was particularly successful. The event 
was organised in a hybrid format with some people on site 

at DESY (Fig. 2), some people on site at CERN and connec t-
 ed to the DESY main auditorium, and others connected 
remotely. Overall, more than 100 people attended the 
event, and the questions and answers session at the end 
was particularly lively. 

BL4S 2022
The next edition of the competition in 2022 will be hosted 
at CERN again. Two teams will be selected and have the 
possibility to run their experiments at one of the beamlines 
of the PS accelerator. Nevertheless, the collaboration with 
DESY will not be over, and a third team might have the 
opportunity to conduct its experiment in Hamburg. With 
more and more teams taking part in the competition and 
with the experience of the past three editions, the 
collaboration between CERN and DESY will be a strong 
asset for the future of the BL4S competition. 
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Figure 2

On-site participants of the 

BL4S 2021 VIP day at DESY

Projects and Infrastructure | 71



Figure 1

Checking the ATLAS EoS with a needle probe test adapter

stances, new, dedicated electronic components and PCBs 
have to be developed and designed to meet the 
requirements of the installation site. Given the space 
constraints on these tightly packed PCBs, which prevent 
the use of test connectors, a smarter way to verify the 
performance of the electronics after production is needed.

The environmental conditions in the ATLAS experiment 
require an electronics design with radiation-resistant 
materials and limited size. Owing to the complex structure 
of the tracker, six different types of EoS boards had to be 
designed. The quantities required varied between 150 and 
up to 400 boards per type. During the development phase, 
the question how to test all the produced boards before 
they were installed in the detector was always present, as 
the boards are inaccessible once they have been installed 
inside ATLAS. Driven by these high quality assurance / 
quality control demands, one problem was to verify the 
performance of the entire digital signal paths on the EoS 
board with a complete bit error test (BERT). For this 
purpose, all the digital lines had to be concurrently driven 
with an independent pseudorandom binary sequence 
signal (PRBS) at speeds up to 640 Mbit/s.

Usually, a simple connector is used to connect the signal 
lines with the external test equipment. Unfortunately, 
these lines are terminated at the PCB edge with bond pads 
that clearly exclude the use of connectors. In this situation, 
a needle probe test adapter is a smart way to solve the 
problem.

For such a test, test points for needles have to be placed 
very close to the bond pads in order to reduce the effect 
of an open line on these fast signal traces. This gives the 
opportunity to check nearly all sections of the signal lines. 
These test points have a nominal very small distance of 

Challenging electronics design and testing
One essential tool for leading-edge research is the elec-
tronic equipment in an experiment. With a broad selection 
of analogue and digital devices, it is possible to collect and 
process the interesting data from the experiment. History 
has shown that major improvements of these electronic 
components have directly affected measurement results 
and accelerated the gain in knowledge. In combination with 
the increased performance of integrated circuits, mini atur-
isation, in particular, has had a strong influence in this 
development. 

For most applications, commercial components can be used 
in the experimental setup. For some experiments, however, 
commercial components are not suitable because of hostile 
environmental conditions, such as radiation, temperature 
or pressure at the installation site. Another simple reason 
could be space or weight constrains. Under these circum-

For the high-luminosity upgrade of the LHC, the ATLAS inner tracker (ITk) will be upgraded with a new silicon 
tracker to achieve the physics goals planned for the experiment. One of the key electronic components inside the 
detector is the end-of-substructure (EoS) board, which serves as a high-speed interface between the on-detector 
modules and the off-detector components. This printed circuit board (PCB) has been designed at DESY and will 
be produced and tested there as well. The performance of the digital signal paths on the EoS board is particularly 
challenging to verify – a needle probe test adapter is the solution of choice. 

Putting in the needles 
An elegant test tool for ATLAS EoS production 
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Figure 2

Placement of 

the needles
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700 µm on the EoS board. Around 140 needles with a 
diameter of just 510 µm are used to connect all the 
interesting signals, even the 28 fast differential lines with 
data rates of 640 Mbit/s.

The counterpart for the needles is a specially designed PCB 
inside the test adapter. Installed directly under the EoS 
board, it acts as the “a-glue” between the device under test 
and the external measurement equipment, with parallel 
access to all contactable signals on the EoS board. This 
feature is also very useful for extended error diagnostics. 
For the slow analogue and digital signals, some devices 
such as analogue-to-digital converters, digital-to-analogue 
converters and multiplexers were placed on this board for 
test purposes.  

Given the small test point distances, the exact positioning 
of all the components is a formidable mechanical challenge. 
On top of this, the positioning must be done reliably for a 
large number of contact cycles (>106). 

Designed for a temperature range down to -40°C, the 
needle probe test adapter can also be used in a tempera-
ture chamber to study the behaviour of the EoS board at 
different temperatures in order to ensure the performance 
under these conditions. Several bit error tests demonstra-
ted the reliability of the setup and showed a BERT value of 
less than 10-15, exceeding the require ments by three 
orders of magnitude, even for the fast 640 Mbit/s signals 
guided through the needles.

Beside all the benefits of such a test adapter, a few addi-
tional points warrant some attention. Every test adapter is 
uniquely designed for a single board that has to be tested. 
This is a time- and cost-intensive development. For instance, 
when the positions of the assembled components and test 

points or some mechanical dimensions of the test board 
change, it may be necessary to develop a new adapter.

All in all, however, the application of such a needle probe 
test adapter offers precise and repeatable access to all 
interesting signals on a test board in the development and 
production phase. Especially for tightly packed boards with 
concurrent signal measurement, such as the EoS board, it 
is the ideal instrument for testing. A bunch of needles thus 
enabled us to take the quality control for the ATLAS EoS to 
the next level.

Figure 3

Needle probe test adapter for the EoS board
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Figure 1

Automated module mounting on the petal structure for ATLAS

very challen ging production of the silicon modules and 
multimodule structures with high precision, while the 
others are used for assembling, testing and integrating the 
support structures into the full-scale end-caps while 
maintaining the needed precision.

Producing silicon sensor modules
The silicon modules made of silicon sensors and readout 
hybrids are very sophisticated objects that have to undergo 
several high-precision assembly steps. These production 
steps require a clean, temperature- and humidity-controlled 
environment and dedicated infrastructure.

To this end, a cleanroom with Quality Classification 6 accor d- 
ing to ISO 14644-1 standards (ISO-6), which corresponds 
to a maximum of 8320 particles larger than 1 μm per cubic 
metre of air, has been realised in Building 25c at DESY. The 
cleanroom has a total area of 250 m2, which is divided into 
20 m2 of common space and two separate lab spaces for 
ATLAS and CMS, each with about 115 m2. A personnel 
airlock and a material airlock are available for entering the 
cleanroom or bringing in larger pieces of equipment. 

Throughout the cleanroom, outlets for dry and clean pressur i-
    sed air, nitrogen and vacuum are provided to the users. In 
the common area, a wet bench with a purified-water outlet 
and drains for liquid chemicals are available for small-scale 
cleaning applications. The cleanroom is equipped with 
specialised equipment to handle specific tasks, such as 
probe stations, automatic thin-wire bonders, wire bond pull 
testers and optical inspection equipment. Dedicated robotic 
systems to automate the critical high-precision assembly 
steps for the thousands of modules to be built have been 
developed and produced [3]. Figure 1 shows the auto-
mated gantry for module placement of the ATLAS petals.

The outer tracking detectors of ATLAS and CMS for the 
HL-LHC [1, 2] are based on silicon sensor modules with an 
active area of about 10 x 10 cm2. The modules are arranged 
in three subdetectors: the barrel, a cylindrical part with 
several layers around the collision point, and the two end-
caps, also made of several layers of disk-like objects, which 
close the barrel on each side.

One end-cap is composed of roughly 3000 modules and 
will cover an area of 30 m2 (ATLAS) and 46 m2 (CMS) with 
silicon sensors. DESY has committed to building one end-
cap each for ATLAS and CMS. The project has to deal both 
with small-scale, high-precision silicon sensor structures 
requiring micrometre-scale precision and with global 
structures with an overall size of about 3 x 3 m2. For this 
purpose, the DAF was built at DESY. It consists of three 
dedicated cleanrooms adapted to the corresponding 
require ments. One of the cleanrooms is designed for the 

For the high-luminosity upgrade of the LHC (HL-LHC), the ATLAS and CMS collaborations are building improved 
tracking detectors. For both experiments, one end-cap will be constructed at DESY in cooperation with German 
institutes. The high-precision large-scale detectors made of thousands of silicon sensor modules have to be built 
in a clean environment to reach the required quality. Large cleanrooms are thus needed to enable the production 
of the modules and the assembly of the end-caps. The corresponding infrastructure, the Detector Assembly 
Facility (DAF), was realised from 2016 by reusing two existing buildings on the DESY campus. After more than 
five years of planning, construction and installation, the DAF was successfully commissioned in 2021. The 
infrastructure is now ready for the series production, which is planned to take place in the coming three years. 

Detector Assembly Facility completed
Ready to build the high-precision large-scale silicon detectors for the HL-LHC 
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Figure 2

CMS Dee in the infrared scanning system
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Assembling 70 m2 of silicon sensors 
The produced silicon detector modules are mounted onto 
mechanical structures, and finally both end-caps are 
assembled. Prior to installation, both the modules and the 
mechanical structures need to be qualified and hence 
undergo different tests.

For this, a second cleanroom system with a total area of  
750 m2 was built in an existing hall on the DESY campus. 
This cleanroom with less stringent requirements on the 
particle contamination and hence ISO-7 classification is 
divided into two individual halls connected by a clean transit 
area with an airlock to decouple the two areas. Access to 
the system is provided through a personnel airlock, and a 
material airlock is available for larger equipment. The 
environmental conditions are stabilised to 21 ± 0.5°C in 
temperature and 45 ± 5% in relative humidity. 

In both areas, cooling-water outlets are available that allow 
for an efficient operation of the CO2 and other cooling 
plants required for the cold tests. In addition, outlets for 
nitrogen and dry pressurised air are provided throughout 
the cleanroom.

The first part of the cleanroom with 290 m2 will be used for 
the integration of the modules onto their mechanical 
support structure and the subsequent testing at the final 
operation temperature down to -35°C as well as for the 
evaluation of some of the local support components.

In addition to commercial equipment, such as a climate 
chamber, a smart scope and a CO2 cooling system, several 
specific automated test and assembly systems were 
designed and installed, such as an automated infrared 
scanning system for the CMS half-disk structures (called 
Dees), a burn-in test system for silicon modules and a 
robotic production system for the ATLAS petal cores [4]. 
Figure 2 shows a CMS Dee in the infrared scanning setup 
used to test the quality of the cooling.

The second part of the cleanroom with about 330 m2 and 
a larger ceiling height of 5 m will be used for the final 
integra tion into the end-caps. It will also host the ATLAS 
end-cap system test setup.

Figure 3 shows the area of the integration hall where the 
CMS end-cap will be assembled. The first two prototypes 
of the Dees, which will eventually be equipped with the 
modules, are installed in a dedicated mounting frame. The 
integration is done on a high-precision mounting platform 
of 3.6 x 4.4 m2 size to allow the assembly of the CMS end-
cap disks with the required accuracy. A high-precision 
metrology system to monitor the mechanical accuracy and 
a CO2 system for system tests are also available.

For ATLAS, an insertion tool for fitting the wedge-shaped 
petals into the ATLAS end-cap is being installed in the same 
cleanroom, as well as an additional CO2 cooling system for 
system and disk sector tests.

The commissioning of all the cleanrooms and the installed 
equipment was successfully completed in 2021 with the 
pro duc  tion of the first fully functional module prototypes 
and the first mechanical structures. Current planning 
foresees that the two end-caps for ATLAS and CMS will be 
built and tested in the DAF infrastructure by the end of 
2025 before being delivered to CERN for final installation in 
the full detector system.

Figure 3

Integration area for the CMS end-cap, with two Dees in the mounting frames 
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system has a central place offering access to all nodes in 
the NAF and Maxwell at the respective highest possible 
speed. This approach will act as a blueprint for future 
storage system configurations to improve user experience 
and move towards a fully integrated system.

For 2021 and 2022, the groups in the Helmholtz topic 
Accelerator R&D (ARD) and the teams operating the FLASH 
and European XFEL accelerators requested considerable 
increases in their computing share. In a similar approach to 
the cluster storage, DESY IT implemented a setup that 
enables the IDAF to offer unified access to the data 
through various means.

In 2021, DESY also replaced its tape library on which all raw 
data collected by the local experiments is stored. The migra-
tion of the existing data is still ongoing; data taken in 2021 
have already been stored in the new library. This migration 
will continue well into 2022. In line with the procurement, the 
software that manages the data stored in the library was 
revised as well. The existing solution will be replaced by 
the CERN Tape Archive (CTA) software, which will see wide-
spread use in the future at sites storing LHC raw data. DESY 
is active in developing software that will allow the CTA soft-
ware to operate smoothly with the existing IDAF storage.
The operation and the organisation of new purchases were 
challenging in 2021 due to the pandemic and the sparse 
availability of components. Nevertheless, we managed to 
minimise the impact on users. All in all, the IDAF provides 
60 000 physical CPU cores and 500 GPUs on 1800 compute 
nodes and has access to 85 PB of dCache data.

Starting with PoF IV in 2021, the IDAF officially came to life. 
Its founding elements are not new, however: the Tier-2 
facility, the National Analysis Facility (NAF) and the Maxwell 
high-performance computing (HPC) system at DESY. For 
technical, operational and political reasons, these systems 
had grown separately. The NAF and Grid systems were 
already merged in the past, which brought many synergies 
enabling better service to users.

With the start of the IDAF, it is time to review the larger 
picture. First, computing for photon science and 
accelerator R&D and operation has caught up with, if not 
outpaced, computing for high-energy physics. Second, HPC 
computing and machine learning infrastructure are 
becoming essential tools in the DESY computing portfolio. 
Third, the data deluge in all of the science areas at DESY 
necessitates further investments. Last but not least, a 
uniform user experience over all parts of the facility is key 
to its acceptance and success and must be a guiding factor 
when leveraging the IDAF.

Data is the pivotal part of all DESY science, and scientific 
output increases with ease of access. In 2021, the cluster 
storage systems on the NAF and the user home directories 
on Maxwell were due to be replaced. The new storage 

A pivotal element in science today is a first-class computational platform to accompany first-class experimental
facilities. DESY operates both kinds of facilities. This article summarises the status of the Interdisciplinary 
Data and Analysis Facility (IDAF) at DESY, which came to life with the fourth Helmholtz programme-oriented 
funding period (PoF IV), extending DESY’s Tier-2 facility for (mainly) high-energy physics with the Maxwell HPC 
system, DESY’s computing facility for photon science and accelerator R&D and operation.

Computational facilities at DESY
News from the IDAF
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nation will address the data archival requirements of high-
energy physics, photon science and European XFEL at 
DESY for the next decades. We hope that other labs that 
use dCache and tape libraries or plan to install one will 
benefit from our work. For this reason, all our activities are 
documented and shared with the dCache community.

Archival storage evolution
Though, today, large hard-disk-based systems are cost-, 
space- and volume-effective, magnetic tapes are still the 
best option for long-term data archival: Tape cartridges 
don’t require electric power when not used, can store up  
to 20 TB of uncompressed data and are designed for 
15–30 years of archival storage.

When streaming, a modern tape drive provides up to  
400 MB/s. However, positioning time is on average about 
50 s. Moreover, magnetic tapes don’t support concurrency, 
meaning that only one file can be read or written at a time. 
To achieve maximum efficiency of the available tape 
resources, deep integration of all hardware and software 
components is required.

Since the early 1990s, DESY IT has been relying on the 
Open Storage Manager (OSM) software to access data on 
tapes. Although over 80% of the original code base has 
been updated, the scaling capabilities included in the 
original design are no longer sufficient today. Moreover, 
the commercial OSM software licence does not allow  
DESY IT to share its changes with the broader scientific 
community.

The CERN Tape Archive (CTA) is an open-source tape 
management software developed by CERN IT to meet the 
requirements of LHC Run 3 and the HL-LHC. For seamless 
integration with CTA, the dCache developers at DESY have 
implemented a CTA-specific driver, which provides efficient 
integration of both systems.

Current status and outlook
The dCache+CTA system has been installed at DESY and is 
being tested intensively with a production-like load. The 
DESY IT group is confident that the dCache+CTA combi-

The ever-increasing amount of data produced by modern scientific facilities, such as the European XFEL or the 
LHC, puts high pressure on the data management infrastructure at the laboratories involved. The challenges 
that have to be addressed span the full data life cycle, from ingest through efficient data analysis to long-term 
preservation. The latter typically relies on magnetic tape media, which – in combination with disk storage – covers 
the data management requirements. The DESY IT group uses dCache, a storage system developed at DESY in 
collaboration with Fermilab and the Nordic eInfrastructure Collaboration (NeIC), to manage large numbers of disk 
servers and transparent data migration to and from archival storage.

Archival storage at DESY
dCache and tape libraries for modern storage systems

Figure 1

The new tape library at DESY
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Figure 1

General overview: information flow in federated services
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offers these features. A generalised overview is depicted 
in Fig. 1.
 
As a second benefit, OAuth2 also allows so-called tokens 
to be issued that a service can use to obtain access to a 
third-party service on behalf of the end user.

This entire complex infrastructure allows researchers and 
developers to interact in their own community using 
services at any of the member institutions, while only having 
to use their home institution credentials.

Implementation at DESY
DESY IT decided to implement this functionality on the 
basis of Keycloak [2], a proxy service that takes care of 
incoming authentication requests and forwards user IDs 
and assertion information to the DESY services. At DESY, 
Keycloak has been extended to communicate with local 
identity and access management systems to instantiate 
local accounts or link existing local accounts to the 
incoming federated identities.

The system is already in operation with several services, 
e.g. HIFIS Sync&Share, dCache storage for Helmholtz 
Imaging and some colla borative tools. Work is ongoing to 
include more services and connect new communities. In 
addition, DESY IT is investigating the use of multifactor 
authentication with Keycloak to reduce the impact of 
credential theft (e.g. by phishing).

Federated identities
In today’s scientific communities, many people from many 
different institutions are working together on research and 
development. In the past, all people using applications or 
computing resources needed accounts and passwords in all 
the institutions where they were using these services.

As this often created issues with forgotten user names, 
passwords, expiries and so forth, efforts were made to 
create so-called federations, which are virtual organisa-
tions (VOs) linked by mutual trust relationships. In simpler 
terms, one organisation trusts that another organisation 
will manage their users according to common rules. Having 
this assurance, the first organisation will allow users from 
the second organisation to access its resources.

Federated services
While trialling these setups, it became clear that it would 
be helpful for service providers to not only have confir-
mation of a user’s identity, but also receive hints on the 
user’s VO group memberships and allowances to use certain 
resources (assertions) in a federation. The OAuth2 [1] 
standard, which is used by the OpenIDConnect scheme, 

In 2021, the DESY IT group extended the existing identity provider (IdP) service to meet the demand  
for OpenIDConnect (OIDC)-based authentication and authorisation – an industry standard also used  
by large technology firms, such as Google, Microsoft or PayPal. The use case for these services is found 
in areas where researchers from different institutions collaborate while using services hosted  
in different centres. With OIDC, they are able to securely access these services with the user names  
and passwords from their home institutions.

Federated services for  
federated communities
Scientific collaboration across institutional borders
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of both the Research and Innovation in Computing (RIC) 
group of DESY IT and the Scientific Computing (SC) group 
of the DESY photon science division. 

Thanks to projects like this, DESY brings its data, analysis 
software and know-how in big-data management to the 
EOSC and benefits in return from the experience of experts 
from the wider photon and neutron science community in 
FAIR data practices and standardisation.

European data lake for high-energy physics and 
astronomy
The European Science Cluster of Astronomy & Particle 
Physics (ESCAPE) European Strategy Forum on Research 
Infrastructures (ESFRI) cluster project is working on imple-
menting a particular aspect of FAIR data by demon strating 
the feasibility of the data lake concept for its diverse set of 
communities. This concept allows research institutes to 
provide federated storage capacity for colla borations in an 
easy and transparent fashion, with dynamic data placement 
policies ensuring the desired durability. Such powerful data 
management underpins the ability for these communities 
to offer FAIR data.

DESY in EOSC and NFDI
The EOSC association and the German National Research 
Data Infrastructure (NFDI) were both created recently to 
steer the initiatives co-creating an environment for open 
science across disciplines at the European and German 
level, respec tively. It was important for DESY to be 
involved, and today, the research centre is not only a 
member of both associations, but also participating in – 
even coordinating, in the case of ExPaNDS – several 
important projects for FAIR data management:

• In photon science: ExPaNDS, PaNOSC and DAPHNE4NFDI,
• In particle physics, nuclear physics and astronomy:   
 ESCAPE and PUNCH4NFDI.

FAIR data for photon science
Automatically minting DOIs for data produced at the DESY 
facilities and making it easier to record good metadata and 
to find relevant data produced by others are some of the 
main outcomes DESY aims to achieve in the EOSC Photon 
and Neutron Data Service (ExPaNDS). FAIR and open 
science is a topic that concerns data management and 
computing experts, librarians and instrument scientists. 
This is why the project was established with involvement 

Open science in European research crystallises around the European Open Science Cloud (EOSC), which has been 
supported by the European Commission for more than 12 years. DESY, as a valued expert in data management and 
analysis, fosters the implementation of the FAIR (findable, accessible, interoperable and reusable) data principles, a 
prerequisite for open science, both in photon science and in high-energy physics. The DESY IT group is building on its 
long experience in big-data management, gained in particular through its involvement in the Worldwide LHC Computing 
Grid (WLCG), and extending this through its continued participation in the co-creation of the EOSC. In this way, the 
group is developing its competences in applying the FAIR principles to all the data produced or handled at DESY.

FAIR data management in  
European projects
A win–win adventure

Figure 1

FAIR data life cycle model
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Figure 1

Approval form for the new electronic publication approval workflow

Figure 2

User dashboard

Contact: 
library@desy.de

References: 
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 https://www.desy.de/ueber_desy/satzung/index_ger.html
[2] Good scientific practice at DESY,  
 https://www.desy.de/administration/rules_and_standards/index_eng.html

The workflow furthermore ensures that DESY has full-texts 
for all of its publications centrally archived, and the library 
can amend the documentation needed for the publication 
funding provided by the German Research Foundation 
(DFG, see next page). In addition, the workflow is flexible 
enough to fit all the different DESY research areas. 

Approval process
For several decades, the DESY library has been an integral 
part of the publication process. It collects and indexes all 
DESY and user publications in the DESY Publication Data-
base (PubDB). The approval process is laid out in the DESY 
publication rules [2]. According to these rules, all external 
publications (e.g. journal publications, DESY reports, etc.) 
need approval, and only after the approval request has 
been granted is the submission of a manuscript allowed. 

The electronic workflow that was implemented by the 
library starts with a preliminary entry in the DESY PubDB.

In the approval form (Fig. 1), the users document with their 
electronic signature that: 

• An internal review was done,
• The authors’ affiliations are correctly stated,
• All authors agree to open-access publishing if permitted  
 by copyright,
• The primary scientific data on which the publication is   
 based is treated according to the rules of good scientific  
 practice [3].

The approvers give their consent by signing electronically 
as well. The users can see the status of the approval 
process at all stages on their dashboard (Fig. 2).

After publication, the users complete the entry, and the 
record is further processed with the well-established 
standard repository workflow.

The implementation of the approval process within the 
repository avoids redundant data acquisition and allows an 
affiliation check by the library, which ensures better 
visibility and accountability of publications for DESY. The 
electronic approval process is much more transparent for 
users and approvers than the paper version. The library is 
involved at an early stage and can support authors better, 
for example on copyright and publishing questions. 

Publications are the currency of scientific research and, according to the DESY Statutes [1], all scientific results of work 
carried out at DESY must be published or otherwise made available to the general public. Publications by DESY scientists 
are of outstanding quality and highly visible. The approval process for scientific publications is part of the quality 
assurance process. This used to be paper-based, but has been transformed in 2021 into a full electronic workflow.

Digital DESY
Approval of publications 
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the Universities of Bielefeld and Regensburg, Germany, and 
the partners from JOIN², a technical system is to be elabo-
rated to extensively capture the total costs of publishing 
and make them openly accessible in a standardised manner. 

This aim is to be achieved by implementing interfaces and 
developing a metadata schema that depicts not only the 
so-called article processing charges (APCs), but also costs 
that have so far often not been negotiated transparently 
or appear as non-justifiable adoptions of conventions 
exclusively for the print publication sector. Comparability 
of costs within and between different institutions in the 
field of scientific publishing needs to be ensured.

PUNCH4NFDI
Transparency and fairness should be natural concepts of 
scientific practice. As envisioned for publishing costs and 
processes, the DESY library and documentation group 
intends to extend its ambitions to scientific data and meta-
data. Within the scope of the DFG-funded project 
PUNCH4NFDI [3], the DESY library contributes expertise  
regarding the elaboration of FAIR metadata for the particle, 
astroparticle, nuclei and hadron physics communities in 
order to make highly heterogeneous data sustainable, 
relying on a common strategy. Science should not depend 
on a question of fair conditions.

Open-access publication costs
In the future, open-access publishing will be further empha-
sised, rewarded and financially supported. For the period 
from 2022 to 2024, the DFG will provide DESY researchers 
with partial funding for publications appearing in original 
open-access journals (“Gold Open Access”) as well as for 
articles in hybrid journals that are part of transformation 
contracts. The DESY library acquired the proportional 
funding within the framework of the DFG programme Open 
Access Publication Funding [1]. 

This subsidy is the result of many years of efforts by the 
DESY library team to implement a detailed and well-organi sed 
infrastructure for capturing publication fees and processes, 
developed within the JOIN² collaboration and used by several 
partners. Since 2015 already, methods have been established 
in this context to support the scientists, fostering the open- 
access transformation of the publishing system. The signi-
fi cance of the now-digital approval workflow (see previous 
page) as an important part of this structure also becomes 
evident here. 

openCost
As a coherent consequence, the DFG project openCost [2] 
sketches a next, necessary and sensible step towards 
reforming the publishing system. OpenCost highlights the 
necessity to make publication costs FAIR (findable, accessible,  
interoperable and reusable). Together with the libraries of 

In 2022, the DESY library and documentation group will introduce three novelties 
supported by the German Research Foundation (DFG): open-access advancement, 
open publication costs and open research data infrastructure, all under the premise 
of fairness as a fundamental scientific principle.

Fair publishing – FAIR data
DFG-supported punch lines in the DESY library 

Figure 1

Participants in the FAIR transformation
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Committees

DESY Foundation Council 

Representatives of the Federal Republic of Germany 

MinR Dr. V. Dietz (Chair)
(Federal Ministry of Education and Research) 

RD'in Dr. A. Fischer
(Federal Ministry of Education and Research) 

T. Stolzenberg
(Federal Foreign Office)

Representatives of the Free and Hanseatic City of 
Hamburg 

N. Abend
(Ministry of Education and Research)

LRD Dr. R. Greve (Deputy Chair)
(Ministry of Education and Research)

Representatives of the Federal State of Brandenburg

MR S. Weber 
(Ministry of Science, Research and Culture)

H. Roth
(Ministry of Finance)

Representatives from science and industry

Prof. Dr. A. Brückner
(Leibniz-Institut für Katalyse e.V.)

Prof. Dr. D. Lenzen
(President of Universität Hamburg)

Dr. M. Kraas
(Olympus Surgical Technologies)

Dr. G. Mecke
(AIRBUS)

Guests

Dr. R. Abela  
(Chair of the DESY Scientific Council)

Prof. Dr. I. M. Gregor  
(Chair of the DESY Scientific Committee) 

Prof. Dr. O. Wiestler 
(President of the Hermann von Helmholtz Association)

A.-C. Jauch
(DESY Equal Opportunities Officer)

C. Joithe
(Chair of the DESY Works Council) 

DESY Board of Directors

Dr. T. Behnke 
(Particle Physics Division – Interim)
 
Prof. Dr. H. Dosch
(Chairman of the DESY Board of Directors)

C. Harringa
(Administrative Division)

Prof. Dr. W. Leemans 
(Accelerator Division)

Prof. Dr. C. Stegmann
(Astroparticle Physics Division)

Prof. Dr. E. Weckert
(Photon Science Division)

Dr. A. Willner
(Chief Technology Officer)
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DESY Scientific Council

Dr. R. Abela (Chair)
PSI (CH) 

Prof. Dr. W. Barletta
MIT (USA)

Prof. Dr. J. Hill
BNL (USA)

Prof. Dr. Y.-K. Kim
University of Chicago (USA)

Prof. Dr. T. Lohse
Humboldt University Berlin (DE)

Prof. Dr. J. McEnery
NASA (USA)

Dr. B. Murphy
Christian-Albrechts-University Kiel (DE)

Prof. A. Olinto
University of Chicago (USA)

Prof. Dr. L. Rivkin
PSI (CH)

Prof. B. Roldán Cuenya
Fritz Haber Institute (DE)

Prof. Dr. T. Salditt
University of Göttingen (DE)

Prof. Dr. J. Ullrich
Physikalisch-Technische Bundesanstalt (DE)

Prof. C. Wahlström
Lund University (SE)

Prof. Dr. N. Wermes
University of Bonn (DE)

and the chairpersons of 

DESY MAC:  
Dr. O. Bruening, CERN (CH) 

DESY PSC:  
Dr. C. David, PSI (CH)

DESY PRC:  
Prof. P. Burrows, University of Oxford (UK)

DESY Scientific Committee: 
Prof. Dr. I. M. Gregor, DESY 

European XFEL:  
Prof. Dr. R. Feidenhans’l, European XFEL (DE)
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DESY Scientific Committee

Elected members from 1 May 2021:

FH Hamburg:
C. Apfel (DESY/IT)
J.-H. Arling (DESY/ATLAS)
I. Bloch (DESY/Z_ATUP)
M. Diehl (DESY/IT)
D. Eckstein (DESY/CMS)
I. M. Gregor (DESY/ATLAS)
S. Heim (DESY/ATLAS)
A. Lindner (DESY/ALPS)
J. List (DESY/FTX)
I. Melzer-Pellmann (DESY/CMS)
F. Poblotzki (DESY/ATLAS)
A. Ringwald (DESY/ALPS)
T. Schörner-Sadenius (DESY/CMS)
S. Spannagel (DESY/ATLAS)

FS Division:
S. Bari (DESY/FS-SCS)
M. Beye (DESY/FS-FLASH)
J. Garrevoet (DESY/FS-PETRA-S)
H. Graafsma (DESY/FS-DS)
J. Hakanpää (DESY/FS-PETRA-D)
T. Laarmann (DESY/FS-PS)
E. Plönjes-Palm (DESY/FS-FLASH-B)
N. Schirmel (DESY/FS-LA)
H. Schulte-Schrepping (DESY/FS-BT)
O. Seeck (DESY/FS-PETRA-D)
K. Tiedke (DESY/FS-FLASH-D)
M. Tischer (DESY/FS-US)
S. Toleikis (DESY/FS-FLASH-O)
R. Treusch (DESY/FS-FLASH-O)
H.-C. Wille (DESY/FS-FLASH-O)

M Division:
M. Bieler (DESY/MBB)
F. Burkart (DESY/MPY1)
M. Czwalinna (DESY/MSK)
A. Eichler (DESY/MSK)
K. Flöttmann (DESY/MPY)
K. Honkavaara (DESY/MPY)
C. Kluth (DESY/MPY)
G. Kube (DESY/MDI)
L. Lilje (DESY/MVS)
S. Pfeiffer (DESY/MSK)
H. Schlarb (DESY/MSK)
S. Schreiber (DESY/MFL)
M. Vogt (DESY/MFL)

V Division: 
I. Mahns (DESY/ITT)
C. Porthun (DESY/D4)
D. Völker (DESY/D6)
T. Zoufal (DESY/PR) 

Zeuthen Campus:  
S. Blot (DESY/Z_AP-ICE)
A. Haupt (DESY/Z_AP-DV)
J. van Santen (DESY/Z_AP-ICE)
S. Zhu (DESY/Z_AP-HESS) 

Delegates from partner institutes  
and committees: 
B. Atlay (HU Berlin)
F. Ellinghaus (KET)
S. Fiedler (EMBL)
C. Gutt (KfS) 
J. Haller (U Hamburg) 
D. Lott (HZG)
S. Molodtsov (European XFEL)
N.N. (KfB)
K. Sengstock (U Hamburg) 
K. Valerius (KAT) 

Leading Scientists:
R. Aßmann (DESY/MPY)
R. Bartolini (DESY/MPY)
D. Berge (DESY/AP-GA)
K. Borras (DESY/CMS)
R. Brinkmann (DESY/MPY)
F. Calegari (DESY/FS-CFEL)
H. Chapman (DESY/FS-CFEL)
E. Gallo (DESY/CMS)
C. Grojean (DESY/T)
G. Grübel (DESY/FS-CSX)
B. Heinemann (DESY/ATLAS)
Ç. İşsever (DESY/ATLAS)
F. Kärtner (DESY/FS-CFEL)
M. Kasemann (D ESY/CMS)
M. Kowalski (DESY/Z_ICE)
J. Küpper (DESY/FS-CFEL)
K. Mönig (DESY/ATLAS)
K. Peters (DESY/ATLAS)
M. Pohl (DESY/Z_THAT)
R. Porto (DESY/Z-THAT)
N. Rohringer (DESY/FS-TUX)
K. Rossnagel (DESY/FS-SXQM)
R. Santra (DESY/FS-CFEL)
M. Schnell-Küpper (DESY/FS-SMP)
V. Schomerus (DESY/T)
C. Schroer (DESY/FS-PETRA)
C. Schwanenberger (DESY/CMS)
G. Servant (DESY/T)
H. Sondermann (DESY/FS-CS)
A. Stierle (DESY/FS-NL)
K. Tackmann (DESY/ATLAS)
S. Techert (DESY/FS-SCS)
G. Weiglein (DESY/T)
H. Weise (DESY/MPY)
H. Yan (DESY/Z_THAT)
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German Committee for Particle Physics (KET)

Until November 2021:
M. Beneke (TU München)
S. Bethke (MPP München)
V. Büscher (U Mainz)
A. Caldwell (MPP München)
K. Desch (U Bonn)
F. Ellinghaus (U Wuppertal)
M. Elsing (CERN)
E. Garutti (U Hamburg)
T. Hebbeker (RWTH Aachen)
M. Kobel (TU Dresden)
J. List (DESY)
T. Behnke (DESY, Interim)
P. Schleper (U Hamburg)
U. Uwer (U Heidelberg, Chair)
G. Weiglein (DESY)

From November 2021:
T. Behnke (DESY, Interim)
K. Borras (DESY, RWTH Aachen)
A. Caldwell (MPP München)
K. Desch (U Bonn)
M. Dührssen-Debling (CERN)
F. Ellinghaus (U Wuppertal) 
L. Feld (RWTH Aachen, Chair)
E. Garutti (U Hamburg)
U. Husemann (KIT)
M. Krämer (RWTH Aachen)
H. Lacker (HU Berlin)
J. List (DESY)
T. Plehn (U Heidelberg)
M. Schumacher (U Freiburg)
F. Simon (MPP München)

Physics Research Committee (PRC)

P. Burrows (U Oxford, UK, Chair)
L. Covi (U Göttingen, DE)
L. Feld (RWTH Aachen, DE)
J. Fuster Verdú (IFIC Valencia, SP)
N. Glover (IPPP Durham, UK)
A. Hebecker (U Heidelberg, DE)
U. Husemann (KIT, DE)
Y. Semertzidis (KAIST Seoul, KR)
S. Stapnes (CERN, CH)
J. Templon (NIKHEF, NL)

Ex-officio members PRC:
T. Behnke (DESY, Interim)
H. Dosch (DESY)
W. Leemans (DESY)
C. Stegmann (DESY)
E. Weckert (DESY)
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ACHIP Consortium Advisory Board, Moore Foundation 
Reinhard Brinkmann

ACOT Advisory Committee on TRIUMF 
Volker Gülzow, Hans Weise 

AIDAinnova Coordination 
Katja Krüger, Felix Sefkow

Akademie der Wissenschaften Hamburg 
Wilfried Buchmüller

Allianz der deutschen Wissenschaftsorganisationen / Digitale 
Information 
Alexander Wagner

arXiv Scientific Advisory Board 
Martin Köhler

ATLAS Collaboration Board 
Klaus Mönig

ATLAS Tracker Upgrade Management Board 
Ingrid Gregor

Belle Collaboration Board 
Carsten Niebuhr

Belle II Funding Oversight Panel / Scrutiny Committee 
Manfred Fleischer, Karsten Büßer

BMBF ErUM-Data Digitale Agenda – Universum und Materie 
Volker Gülzow

Brout-Englert-Lemaître Center, Scientific Committee 
Christophe Grojean

CALICE Steering/Technical Board 
Felix Sefkow, Katja Krüger

CDCS Executive Team 
Frank Gaede

CERN Computing Resources Review Board  
Volker Gülzow

CERN Science Policy Committee 
Reinhard Brinkmann, Beate Heinemann

CERN SPS and PS Experiments Committee (SPSC) 
Jens Osterhoff

Chinese Electron–Positron Collider, International Advisory Board 
Brian Foster

CLIC Advisory Board 
Simon Spannagel

CMS Collaboration Board 
Kerstin Borras, Elisabetta Gallo

CMS Executive Board 
Andreas B. Meyer

CNAF Technical and Scientific Committee 
Volker Gülzow

Department of Energy, USA: Energy Frontier Comparative Review 
Isabell Melzer-Pellmann

Deutsches Forschungsnetz (DFN),  
Betriebsausschuss / Mitgliederversammlung 
Volker Gülzow

DPG Bi-National Prizes Committee 
Georg Weiglein

ECFA Detector Roadmap Panel 
Felix Sefkow

EIC Detector Collaboration Proposals Advisory Panel 
Markus Diehl

EGI Council / Executive Board 
Volker Gülzow, Patrick Fuhrmann

ERC Panel 
Beate Heinemann, Georg Weiglein

EuPRAXIA Collaboration Board 
Jens Osterhoff

European Committee for Future Accelerators (ECFA) 
Ties Behnke

European Particle Physics Communication Network 
Thomas Zoufal

European Physical Society (EPS), Council 
Beate Heinemann

European Physical Society Accelerator Group (EPS AG) 
Géraldine Servant

European Physics Journal C  
Georg Weiglein

ExPaNDS Project Executive Board 
Patrick Fuhrmann

FAIR Experiment Cost Scrutiny Group (ECSG)  
Kerstin Borras

Fermilab Accelerator Advisory Committee (AAC)  
Beate Heinemann, Hans Weise

Fermilab LBNC Committee  
Ties Behnke 

Fermilab Physics Advisory Committee 
Isabell Melzer-Pellmann

Frascati Laboratory, Review committee 
Beate Heinemann

Fundaçao para a Ciencia e a Tecnologia, Portugal 
Christophe Grojean

Memberships

88 | References



Future Circular Collider (FCC), International Advisory Committee  
Ralph Aßmann

Galileo Galilei Institute (INFN), Scientific Committee 
Christophe Grojean

Gauß-Allianz 
Volker Gülzow

GridKA Overview Board  
Volker Gülzow 

Hamburg Prize for Theoretical Physics, Jury  
Christophe Grojean

Helmholtz Alliance Boards 
Ties Behnke (Coordinator), Karsten Büßer, Judith Katzy,  
Felix Sefkow 

Helmholtz Data Federation, Executive Board 
Volker Gülzow

Helmholtz Gremien, AK Bibliothek, Koda, HIFIS 
Martin Köhler, Volker Gülzow

Helmholtz Lenkungsausschuss Materie 
Ties Behnke

Helmholtz Programme Matter and Technologies 
Ties Behnke (Spokesperson)

Helmholtz Programme Matter and the Universe 
Beate Heinemann, Georg Weiglein

Helmholtz Think Tank 
Beate Heinemann, Hans Weise

Helsinki Physics Institute, Scientific Advisory Board 
Kerstin Borras

HEPHY Institute Vienna, Advisory Board 
Beate Heinemann

IBS – CAPP International Science Advisory Committee 
Axel Lindner

ICFA Instrumentation Innovation and Development Panel 
Felix Sefkow

ILD Executive Board 
Ties Behnke, Karsten Büßer, Frank Gaede, Jenny List

IN2P3 Scientific Council 
Ralph Aßmann

INFN/LNF Scientific Committee 
Beate Heinemann 

INSPIRE Directorate / Advisory Board 
Kirsten Sachs, Jürgen Reuter

International Committee for Future Accelerators (ICFA) 
Ties Behnke

Jefferson Lab, Program Advisory Committee  
Markus Diehl

John Adams Institute, Advisory Board 
Reinhard Brinkmann

John von Neumann Institute for Computing (NIC), Directorate 
Ties Behnke

John von Neumann Institute for Computing (NIC),  
Wissenschaftlicher Rat 
Stefan Schäfer

Komitee für Elementarteilchenphysik (KET) 
Ties Behnke, Jenny List, Georg Weiglein

Laboratory Directors Group (LDG) 
Ties Behnke

LHC Experiments Committee  
Katja Krüger, Simon Spannagel

LHC Resources Review Board 
Manfred Fleischer

LHC Resources Scrutiny Group 
Frank Gaede

Mainz Institute for Theoretical Physics (MITP), Advisory Board 
Géraldine Servant

MIT Review Committee on Nuclear and Particle physics 
Beate Heinemann

MPP Munich, Scientific Advisory Board  
Géraldine Servant

National Science Council Poland, Review Committee  
Jürgen Reuter

PAC Center for Frontiers in Nuclear Science 
Markus Diehl

Particle Data Group 
Christophe Grojean, Andreas Ringwald, Felix Sefkow, 
Christian Spiering

Physics Letters B, Editorial Board  
Andreas Ringwald

PIER Executive Board and Research Committee 
Georg Weiglein

Quantum Universe Cluster of Excellence 
Katharina Behr, Géraldine Servant, Jörg Teschner, Georg 
Weiglein

SCOAP3 Executive Committee / Governing Council 
Florian Schwennsen

TTC Technical Board 
Hans Weise, Detlef Reschke
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