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Figure 1

Helmut Dosch reviews the 60-year history of DESY at the anniversary celebration.

Figure 2

Current and former DESY directors together with BMBF state secretary Wolf-Dieter Lukas and the president of the Helmholtz Association, Otmar Wiestler

The year 2019 
at DESY
Chairman’s foreword

2019 was a year marked by distinct ups and downs, on the 
strategic, operational and personnel side.

Most prominently, DESY turned 60! In December 1959, 
Professor Willibald Jentschke’s vision to build a national 
accelerator in Hamburg became a reality. The event was 
commemorated and celebrated with a festive reception 
in the Hamburg city hall in the presence of Hamburg’s 
Deputy Mayor and Senator for Science, Research and 
Equality Katharina Fegebank and the newly appointed  
State Secretary at the Federal Ministry of Education and 
Research (BMBF) Wolf-Dieter Lukas. Both of them found 
very encouraging words for our work, giving us great hopes 
that both the City of Hamburg and the German federal 
government will continue their support for our core 
business: basic research. 

Helmut Dosch
Chairman of the DESY Board of Directors

science, education and training, as well as the transfer of 
knowledge and innovation to industry and society. We are 
confident that, within the framework of the Science City 
Bahrenfeld, DESY will be well equipped to face its next 
60 years!

Finally, I would like to thank the DESY staff and all our 
national and international partners, who have led the way 
to developing a vibrant research campus in Hamburg-
Bahrenfeld.

With Wim Leemans and Christian Stegmann, we welcomed 
two new directors to our laboratory: Wim has taken over the 
accelerator division from Reinhard Brinkmann, while Christian 
is heading our new astroparticle physics division. We hope 
that, with this restructuring, we can both strengthen our 
activities in astroparticle physics and give more weight to 
synergetic topics at the boundary of particle and astro-
particle physics. 

Sadly, DESY had to cope with the sudden death of Wilfried 
Wurth, who died unexpectedly in May during a business trip 
to Sweden. With him, we lost one of our pioneers in free-
electron laser (FEL) research and our charismatic leading 
scientist of the FLASH FEL facility. The reactions we 
received from colleagues and institutions from all over the 
world made it clear again what esteem Wilfried enjoyed in 

the worldwide scientific community. We owe a great deal to 
Wilfried Wurth and will never forget him. 

In particle physics, the approval by the DESY Foundation 
Council of the construction of the Wolfgang Pauli Centre 
(WPC) for theoretical physics was clearly a highlight of the 
year. The WPC building will offer significant potential for 
new synergies through state-of-the-art meeting facilities, 
discussion spaces, an open student area and offices for 
faculty of partner facilities, as well as a visitor centre with an 
innovative concept. As a common hub for the wide range of 
theoretical physics research on the campus in Hamburg-
Bahrenfeld, the WPC will be the leading institute for theoretical 
physics in Germany and one of the outstanding institutions in 
the field worldwide, with important benefits for our research, 
training, public visibility and on-site experimental programme.

The WPC is also an important building block of our vision of 
a Science City Bahrenfeld. In the course of the next 20 years, 
our campus and its surroundings will change substantially. 
Together with the City of Hamburg and Universität Hamburg, 
we are eagerly working towards this vision, which combines 
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Inauguration of the ALPS II experiment
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Participants of 

the Beamline for 

Schools competition 

2019 at DESY

With Çiğdem İşsever – formerly at the University of Oxford, 
UK – we were able to attract an internationally renowned 
specialist to DESY thanks to the Helmholtz recruitment 
initiative. Çiğdem, who also holds an ERC Advanced Grant 
from the European Union, has been a leading scientist at 
DESY and a professor at Humboldt Universität zu Berlin 
since August. She is working, among other things, on Higgs 
physics and searches for dark matter with the ATLAS 
experiment at the Large Hadron Collider (LHC) at CERN.

Also in 2019, Ingrid-Maria Gregor, the leader of the DESY 
ATLAS group, took up a position as a joint professor for 
detector physics with the University of Bonn. Furthermore, 
Katerina Lipka successfully applied for a joint professorship 
with the University of Wuppertal in the framework of the 
Helmholtz W2/W3 programme. We congratulate Çiğdem, 
Ingrid and Katerina!

Last but not least, in 2019, we achieved a lot for our 
research. While the LHC was shut down to be upgraded, 
data analysis efforts were running high, as were the prepa-
rations for the construction of tracker end-caps for the 
ATLAS and CMS experiments. The Belle II detector at the 

Particle physics  
at DESY
Introduction

Dear Colleagues and Friends of DESY, 

2019 was another exciting year for particle physics at DESY.
 
In January, the new cluster of excellence “Quantum Universe” 
of Universität Hamburg and DESY started its activities, 
supporting existing research opportunities and opening up 
new ones. 

The update process of the European Strategy for Particle 
Physics picked up speed, most evidently through the town 
hall meeting in Granada, Spain, in May and the publication 
of the briefing book that summarises the inputs to the 
strategy process and evaluates their benefits. DESY 
scientists have provided many contributions to the strategy 
update. We are eagerly awaiting the outcome of the process; 
the new strategy is to be approved by the CERN Council in 
May 2020. 

Joachim Mnich
Director in charge of Particle Physics

Within the Helmholtz Association, a lot of effort was directed 
towards the preparations for the next seven-year programme-
oriented funding period (PoF IV). In November, the Helmholtz 
research field Matter, to which DESY is contributing, handed 
in its strategic proposal for the PoF IV period. The evaluation 
of all the proposals in the research field Matter is scheduled 
for January 2020. 

Finally, in its December session, the DESY Foundation Council 
approved the DESY part of the funding for the construction 
of the building for the Wolfgang Pauli Centre (WPC) for 
theoretical physics. These resources will be complemented 
by funds from Universität Hamburg and the City of Hamburg.

2019 was also a very successful year concerning the 
recruitment of international high-level particle physicists. 

SuperKEKB collider at KEK in Japan started to take data. 
And our portfolio of on-site experiments gained momentum: 
The first two dipoles of DESY’s former HERA electron–
proton collider were installed in the HERA tunnel for the 
ALPS II experiment, with commissioning planned for 2020. 
Preparations for the BabyIAXO experiment advanced well, 
and physics operation should start in 2024. The studies 
towards LUXE, MADMAX and IAXO also progressed, and we 
are confident that we will be able to secure the additional 
funding required for these experiments in the near future. 

I wish you an enjoyable reading of this “Highlights” brochure 
and a productive and successful year 2020. 
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January

Astroparticle physics becomes new research division at DESY  

To expand its activities in the exploration of the high-energy 
universe, DESY established a new research division for 
astroparticle physics at the beginning of the year. The 
director in charge of astroparticle physics is Christian 
Stegmann, who is also the head of DESY’s Zeuthen site.  
This brings the number of research divisions at DESY up  
to four: accelerators, photon science, particle physics and 
astroparticle physics.

Astroparticle physics studies high-energy particles from  
outer space that originate in phenomena such as supernova 
explosions and active galactic nuclei. It aims to gain a 
fundamental understanding of the role of high-energy 
particles and processes involved in the evolution of the 
universe. It is now possible to measure all the different 
cosmic messengers – from cosmic rays through gamma 
radiation and cosmic neutrinos to gravitational waves –  
and to combine this information with observations made in 
classical astronomy. The emerging field of such combined 
observations of different “messengers” is called multi-
messenger astronomy.

Within astroparticle physics, DESY is currently concentrating 
on studies of cosmic gamma rays and high-energy neutrinos 
from outer space. Both gamma-ray and neutrino astronomy 
are exceedingly dynamic fields of research. DESY is one of 
the leading institutes involved in large international observa-
tories, such as the future Cherenkov Telescope Array (CTA), 
and in the upgrade of the IceCube neutrino observatory at the 
South Pole. Theoretical astroparticle physics is responsible 
for the important task of interpreting the data provided by the 
various cosmic messengers and describing how they are 
connected.

New science district to be built around DESY  

The Hamburg Senate, the Altona District, DESY and Univer-
sität Hamburg presented their plans for a science district in 
western Hamburg – the Science City Bahrenfeld, which is to 
closely link science, business and housing. The new district is 
to be built on an area of 125 ha around the DESY campus in 
Hamburg-Bahrenfeld. It will include new scientific institutes 
and facilities, such as the Centre for Data and Computing in 
Natural Sciences (CDCS), the Centre for Molecular Water 
Science (CMWS), the Wolfgang Pauli Centre (WPC) for 
theoretical physics and DESY’s planned 3D X-ray microscope 
PETRA IV, as well as around 2500 apartments. 

Acceleration record at the European XFEL  

The particle accelerator of the European XFEL X-ray laser  
– the world’s longest superconducting linear accelerator,  
which is operated by DESY – lived up to expectations by 
accelerating the record rate of 27 000 electron bunches per 
second for the first time. In 2018, it had already reached its 
design electron energy of 17.5 GeV. The high pulse rate at 
the European XFEL is unique and distinguishes the facility, 
which opened in September 2017, from the other X-ray  
lasers in the world. The pilot facility for the European XFEL, 
the FLASH free-electron laser at DESY, already achieves 
8000 pulses per second. 

New network partner of “Little Scientists’ House”   

DESY became a new local network partner of the “Haus der 
kleinen Forscher” (“Little Scientists’ House”) foundation. The 
largest national early-education initiative will now offer its 
advanced training courses for teaching staff from preschool 
facilities and primary schools in the fields of science, technol-
ogy, engineering and mathematics, as well as on education 
for sustainable development, at the research centre. The aim 
is to provide qualified support to children of preschool and 
primary school age in discovering, researching and learning, 
and thus to promote their questioning and researching 
attitude. With this partnership, DESY is expanding its youth 
education programme to younger children. In its hands-on 
school lab “physik.begreifen”, DESY has long been offering 
experiment days for schoolchildren from fourth grade to  
high-school level. 

In addition to the expansion of DESY, the plans will enable 
the university to move its physics, chemistry and biology 
departments to the science city. As a “green heart” of the 
new district, the Altonaer Volkspark will combine science and 
research with quality living, sports and health areas. First 
architectural competitions for the Science City Bahrenfeld are 
planned for 2020. 

Cosmic particle accelerators such as blazars (artist’s impression) are typical objects  

of study for multimessenger astronomy. 

Virtual view of the Science City Bahrenfeld in 2040 

View into the tunnel of the 1.7-kilometre-long superconducting linear accelerator  

of the European XFEL

Little scientists at work

News and 
events
A busy year 2019
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First collisions in the Belle II detector

Ready for collisions: After insertion of the vertex detector, the research 

programme kicked off at Belle II. 

matter and antimatter in equal amounts? What does the 
mysterious dark matter, which makes up a large part of the 
universe, consist of? The vast amounts of data will make it 
possible to measure physical phenomena so accurately that 
even tiny deviations from the theoretical foundation, the 
Standard Model of particle physics, will become visible. The 
Belle II collaboration aims to detect such deviations from the 
theoretically predicted behaviour in particles called B mesons, 
which consist of a bottom quark or antiquark combined with 
another antiquark or quark, respectively.

Over the last nine years, the facility was completely rebuilt. 
Thanks to novel magnets and many technological improve-
ments, the former KEKB electron–positron collider became 
SuperKEKB, which is able to generate a much smaller beam 
spot at increased beam intensity. This leads to a much higher 
data rate, which in turn makes physics analyses of very rare 
phenomena possible. The Belle detector also had to be 
upgraded, evolving into Belle II. At the very centre of the new 
detector, which is about 8 m in diameter and weighs 1400 t, 
the vertex detector precisely measures the point of origin of 
the particles created in the collisions. The inner part of the 
vertex detector is a new pixel detector developed in Germany. 
This highly sensitive device consists of two half-shells and is 
only about the size of a soda can. It was extensively tested at 
DESY in 2018 before being transported to Japan.B factory goes into serial production 

For the first time after completion of a massive upgrade of  
the accelerator and detector, particles collided in the Belle II 
detector at the particle physics centre KEK in Japan, marking 
the official start of the Belle II research programme. The 
experiment at the SuperKEKB accelerator is run by an 
international collaboration involving 900 scientists from 
26 countries, with key participation of DESY and 11 other 
institutes in Germany. 

Over the next years, Belle II is set to deliver 50 times more 
electron–positron collisions than its predecessor Belle, hope-
fully enabling scientists to elucidate some of the unresolved 
big questions in particle physics. Why do we only see matter 
in the universe, although the big bang must have produced 

March

Happy birthday, World Wide Web 

Everyday life without the World Wide Web? Unthinkable!  
First initiated by CERN scientist Tim Berners-Lee on 
12 March 1989, the best-known side product of particle 
physics celebrated its 30th birthday on 12 March 2019.

Back in 1989, Berners-Lee had proposed a shared information 
system to facilitate the collaboration between his colleagues 
at CERN and in the rest of the world. The idea was to provide 
easy access to data and information, no matter where you or 
the data were located. 

The first German website went online at DESY: While in a 
meeting with Tim Berners-Lee and others at CERN, DESY IT 
engineer Thomas Finnern wrote the first HTML page and  
put it online under the address http://apollo3.desy.de in 
September 1992. DESY’s home address was changed shortly 
afterwards to http://info.desy.de, today www.desy.de. 

In 1993, CERN released the WWW software free of charge, 
thereby starting the global success story of the Web: By the 
end of the same year, there were already more than 500 web 
servers – one year later, the count was at 10 000 servers and 
10 million users. The rest is history. Happy birthday, WWW!

February

Professorship for Ingrid-Maria Gregor  

Ingrid-Maria Gregor, leader of the ATLAS group at DESY, 
took up a professorship for experimental physics at the 
University of Bonn in spring. The particle physicist is an 
expert for detector development with silicon technology and 
works on the construction of new subdetectors for the ATLAS 
experiment at CERN near Geneva. She graduated with a 
doctorate from the University of Wuppertal, working on the 
ATLAS experiment, before joining DESY. Here, she first 
worked at DESY in Zeuthen as a scientist on the HERMES 
experiment at DESY’s former HERA collider, before moving 
to Hamburg to join the ZEUS experiment, also at HERA. Even 
before the Large Hadron Collider (LHC) at CERN went into 
operation, she switched back to the ATLAS experiment. She 
also coordinated the test beam activities at DESY. She has 
been heading the DESY ATLAS group since 2015.

Federal selection contest for Physics Olympiad at DESY  

For one week, 49 pupils from all over Germany participated in 
the federal selection contest for the International Physics 
Olympiad 2019 at DESY in Hamburg. The young talents had 
qualified for the contest among 900 applicants. Eventually, 
15 pupils were nominated to participate in the German finals 
in Garching in April, where the five German Physics Olympians 
were to be identified. These five physics talents then competed 
against international contestants in Tel Aviv, Israel, in July.

Tasks and experiments of the 2019 federal contest at DESY 
were created by a team of DESY scientists, the IPN 

ATLAS Thesis Award for two DESY students  

Nedaa Alexandra Asbah and Luise Poley, two former PhD 
students at DESY, were honoured for their PhD theses by the 
ATLAS collaboration at CERN. Nedaa Alexandra Asbah wrote 
her thesis on the production of Higgs particles in association 
with top quarks decaying into a pair of bottom quarks at the 
ATLAS experiment. She took up a postdoc position at 
Harvard University in the USA in May 2019, working on data 
from the LHC as well as on the upgrade of ATLAS. Luise 
Poley, who was a member of the ATLAS group in Zeuthen, is 
now Chamberlain Fellow at the Lawrence Berkeley National 
Laboratory in the USA. She continues her work on the upgrade 
of one of the innermost subdetectors of the ATLAS detector, 
the inner tracker, which was also the subject of her PhD thesis. 

Ingrid-Maria Gregor

Reconstruction of the first 

web server. A sticker on 

it said: “This machine is 

a server. Do not power 

down!!” 

49 pupils qualified nationally for the selection contest of the International Physics 

Olympiad. 

The young participants of the federal 

selection contest for the International 

Physics Olympiad 2019 at DESY had 

to fulfil practical tasks. 

Nedaa Asbah (left) and Luise Poley with ATLAS Spokesman Karl Jakobs (left) and  

ATLAS Collaboration Board Chairman Max Klein

competition committee and former participants. The junior 
physicists faced a variety of challenges: scattering off 
electron beams, sliding ladders, giant magnetoresistance, 
inflating a balloon and more. Besides the exams, the young 
talents were able to explore exciting physical phenomena and 
had many opportunities to get in touch with DESY scientists. 
As a reward for their performance, two candidates got the 
chance to deepen the knowledge gained during the week 
through a research internship at DESY.
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June

Superconductivity pioneer honoured

Happy birthday, gluon 

Forty years ago, in 1979, a “sticky” particle first entered the 
limelight: The gluon, which holds together quarks to form 
protons and neutrons, was discovered at DESY’s storage ring 
PETRA. On 18 June, at the particle physics conference 
“Neutrino 79” in Bergen, Norway, Bjørn Wiik – a member of the 
TASSO collaboration at the time who later went on to become 
director of DESY – presented the first image of tracks recorded 
by the TASSO detector showing the signature pattern of a 
gluon. The image consisted of three particle jets that had 
been produced by two quarks and the hitherto elusive gluon. 
Shortly afterwards, all four collabo rations at PETRA observed 
these characteristic three-jet images in their detectors.

The discovery was preceded by the construction of the 
PETRA collider at a remarkable pace: It took only two years 
and eight months – over a year faster than originally planned 
– to complete the entire construction, without even having  
to use all the funds earmarked for the project. After the start 
of commissioning in autumn 1978, the beam energy was 
gradually increased, and in early summer 1979, the four 
experiments JADE, MARK J, PLUTO and TASSO took their 
first data at a collision energy of 27 GeV – enough to record 
individual gluons in the detectors. 

In 1995, four scientists from the TASSO collaboration who 
had analysed the first images of the gluon were awarded  
the High Energy and Particle Physics Prize by the European 
Physical Society (EPS) for their discovery: Paul Söding,  
Bjørn Wiik, Günter Wolf and Sau Lan Wu. 

In June, DESY held a colloquium in honour of the 80th birthday 
of Peter Schmüser, who shaped research at DESY in many 
fields for more than 40 years. Schmüser started to work at 
DESY as a particle physicist on electron scattering experi-
ments in the 1960s, later participating in experiments at the 
storage rings DORIS and PETRA. For the planning and 
construction of the superconducting proton ring of DESY’s 
former electron–proton collider HERA, Schmüser switched to 
accelerator physics, where he contributed crucial ideas for 
solving several problems. Moreover, in the development of 
the superconducting TESLA accelerator cavities and the 
commissioning of the world’s first free-electron laser in the 
soft X-ray range, now called FLASH, Schmüser set global 
standards regarding the increase in accelerating gradients 
and the development of new diagnostics technologies for 
ultrashort electron bunches. 

Peter Schmüser’s lectures were legendary, particularly those 
on accelerator physics, which he gave as a professor at 
Universität Hamburg; his textbooks have become classics. 
On the occasion of his 80th birthday, DESY presented him 
with the Silver Pin of Honour for his contributions to the 
research centre and for his teaching.

Juan Fuster

“Science on tap” quenches thirst for knowledge 

On 25 April, Hamburg’s scientists left their labs and lecture 
rooms to offer entertaining insights into science at the fifth 
edition of “Science on Tap” (“Wissen vom Fass”). Researchers 
talked about their current projects in more than 50 bars and 
pubs, taking their audience on a fascinating tour of the world of 
science. Topics included the sound of the Higgs particle, the 
question of whether the deep sea can save our climate, or what 
science thinks about man flu. 

The programme has been continuously extended in the past 
years and covers natural-science issues as well as humanities 
and social-science topics. Most importantly, the researchers 
refrain from using scientific jargon or technical aids, so their 
topics are easy to understand for everyone. “Science on Tap”  
is organised by DESY and Universität Hamburg in connection 

with the clusters of excellence “Quantum Universe” and 
“CUI: Advanced Imaging of Matter” as well as PIER, the 
strategic partnership of DESY and Universität Hamburg.  
The event takes place every year in spring.

Pioneer of research on 

superconducting cavities:  

Peter Schmüser

DESY’s 

superconducting 

train on display at 

the “Summer of 

Knowledge”

“Summer of Knowledge” in Hamburg 

From 20 to 23 June, the first “Summer of Knowledge” took 
place on the Hamburg city hall square on the occasion of the 
100th anniversary of Universität Hamburg. About 50 000 
visitors seized the opportunity to learn more about local 
science in four topical tents. The tent where DESY and its 
partners presented research at large-scale light sources was 
the one with the highest visitor count. 

Detector Assembly Facility officially opened 

DESY’s Detector Assembly Facility (DAF) was officially 
opened in June. DESY and its national and international 
partners use the facility to build and test major and extremely 
complex components for the ATLAS and CMS detectors at 
the LHC at CERN. The DAF consists of two buildings, each 
equipped with ultramodern cleanrooms. One building has 
been in operation since 2018, the other was opened on the 
occasion of the meeting of the DESY Scientific Council in 
June 2019. In both cleanrooms, commissioning started and 
first prototypes were processed. 

While several thousand high-precision silicon detectors are 
developed, built and tested in one of the cleanrooms, they 
will be assembled into complete detector disks – the end-
caps of the silicon trackers – in the other. In a few years, 
these detector components will be part of the upgraded 
ATLAS and CMS experiments, helping scientists to search for 
new particles, dark matter and other unexplored phenomena. 

Three-jet event in the TASSO 

detector at the PETRA collider: 

Two quarks produced in an 

electron–positron collision emit 

a gluon; each of the particles 

turns into a jet of particles. Such 

a picture provided the first direct 

evidence of the gluon.

DESY’s Detector 

Assembly Facility  

is complete. 

April

Humboldt Research Award for Juan Fuster 

The Spanish particle physicist Juan Fuster Verdú, professor 
at the Instituto de Fisica Corpuscular (IFIC) in Valencia, 
received a Humboldt Research Award by the Alexander  
von Humboldt Foundation. He will use it to intensify his 
collaboration with researchers at DESY, Universität Hamburg, 
Humboldt-Universität zu Berlin and the University of Bonn.

Juan Fuster is an international expert on precision measure-
ments of the parameters of the Standard Model of particle 
physics and well known for his innovative methods both in 
physics analysis and in the development of new particle 
detectors. Over a period of five years, he will spend a total of 
one year in Germany, working with his German colleagues on 
the investigation of top-quark production at the LHC at CERN 
and in scenarios at future linear colliders. The top quark’s 
mass is a fundamental parameter of the Standard Model and 
plays a prominent role in ultimate tests of the model, since its 
precise value has a significant impact on the Higgs boson 
potential and, ultimately, on the stability of the universe. 

Staff members of DESY and its research partners talked 
about superconductivity, particle accelerators and the scientific 
questions that these are able to solve. Show elements such 
as a superconducting train and DESY’s new VR experience 
served to illustrate the topics. The 2019 summer science 
festival replaced the usual “Night of Knowledge”, which takes 
place every two years with the participation of almost all the 
research institutions from the metropolitan region.
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September 

Brian Foster retires  

British particle physicist Brian Foster, a professor at the 
University of Oxford, Alexander von Humboldt professor at 
Universität Hamburg and leading scientist at DESY, retired  
in autumn. In his honour, DESY and Universität Hamburg 
organised a farewell symposium at DESY, at which Noble 
Prize winner Barry Barish held a speech named „The (ILC) 
Life of Brian“.

Foster came to Hamburg as a postdoc from Rutherford 
Appleton Laboratory in the UK to work on the TASSO 
experiment at DESY’s PETRA collider. Since then, he has 
been closely connected to DESY. Foster was spokesman  
for the ZEUS collaboration, chairman of the European 
Committee for Future Accelerators, European director of the 
Linear Collider Collaboration and became a Humboldt 
professor in 2011. 

The Humboldt professorship included a budget for scientific 
outreach. Foster used his contacts to the classical music 
scene to set up a very popular series of concerts at locations 
such as Laeiszhalle and Elbphilharmonie in Hamburg. The 
last concert in the series was dedicated to Foster’s farewell, 
and another Noble Prize winner honoured him with a speech: 
Sir Venki Ramakrishnan, president of the UK’s renowned 
Royal Society. Foster is a fellow of the Royal Society and has 
served as its vice-president for many years.

insight into everyday life in science. In addition, the nearly 
50 female and about 60 male students learned the experi-
mental and theoretical basics of accelerator, X-ray, particle 
and astroparticle physics in an extensive lecture programme.

Universität Hamburg is excellent  

On 19 July, Universität Hamburg was awarded the title of 
Uni versity of Excellence. Apart from the boost in reputation, 
this success also brings a substantial financial boost. Over 
seven years, the university will receive a total of about 
100 million euros. These funds will be used in 24 projects – 
including general education offers for students, additional 
professorships and measures to attract guest scientists to 
Hamburg.

Çiğdem İşsever

In honour of Brian Foster, a concert was given in the small hall of the Elbphilharmonie 

in Hamburg. 

2019 Beamline for Schools competition: 

the winning team from the Netherlands 

(left) and from the USA (below) 

Celebrating the 

nomination of 

Universität Hamburg 

as University of 

Excellence

91 students attended the 2019 summer student programme at DESY in Hamburg... 

...while 16 studied at DESY in Zeuthen. 

2019 Beamline for Schools competition  

Two teams of high-school students, one from Praedinius 
Gymnasium in Groningen, the Netherlands, and one from 
West High School in Salt Lake City, USA, won the 2019 
Beamline for Schools (BL4S) competition in June. In October, 
the teams were invited to DESY to carry out their proposed 
experiments together with scientists from CERN and DESY.

Beamline for Schools is a unique international competition 
that is open to high-school students all over the world. The 
students are invited to submit a proposal for an experiment 
that uses a beamline. Beamlines, such as those operated at 
CERN or DESY, deliver streams of subatomic particles to any 
given setup, making it possible to study a broad variety of 
properties and processes in various scientific disciplines. 
Because CERN’s accelerators were shut down for maintenance 
and upgrade, there was no beam at CERN in 2019, which 
opened up opportunities to explore partnerships with other 
laboratories such as DESY.

July

DESY welcomes more than 100 summer students

Over seven weeks in the summer, more than 100 students 
gained practical experience in research at the DESY sites in 
Hamburg and Zeuthen. The 2019 summer school brought 
together participants from more than 25 countries. The DESY 
summer student programme is aimed at students of physics 
and related natural sciences who have studied for at least 
three years. As one of the largest of its kind in Europe, it is 
not only popular because of the practical experience it offers 
in real research projects, but also due to its internationality. 

The summer students were integrated into the practical work 
in the centre’s research groups, thus gaining an in-depth 

August

Çiğdem İşsever new leading scientist at DESY   

Çiğdem İşsever, an internationally renowned particle physicist 
and former professor at the University of Oxford, assumed 
new responsibilities in Berlin at the beginning of August. She 
became a leading scientist at DESY in Zeuthen and a professor 
of experimental high-energy physics at Humboldt-Universität 
zu Berlin, researching the self-coupling of the Higgs boson and 
new elementary particles interacting with the Higgs boson. 

Çiğdem İşsever, who has been conducting research at the 
ATLAS experiment at CERN since 2004, is working on 
current, central challenges in elementary particle physics. 
These include studying the Higgs mechanism – which gives 
mass to the elementary particles – with the help of Higgs pair 
production at the LHC and searching for clues to the nature 
of dark matter. İşsever holds an ERC Advanced Grant from 
the European Union, which supports established top 
researchers with up to 2.5 million euros over five years in 
realising new, groundbreaking approaches in their research.

The successful recruitment is the result of a joint initiative of the 
Helmholtz Association, Humboldt-Universität and DESY to bring 
top-class scientists to Germany. The Helmholtz recruitment 
initiative to attract top international female scientists played an 
important role in the move of İşsever from the UK to Germany. 

In autumn 2018, within the excellence strategy of the German 
federal government and states, Universität Hamburg had 
already won funding of several million euros for four clusters 
of excellence. DESY plays a major role in two of them, 
“Quantum Universe” and “CUI: Advanced Imaging of Matter”. 



16 | Forewords and news Forewords and news | 17

From left: PhD Thesis Prize winners Marcel Usner and Max Rose at the awarding 

ceremony together with VFFD Chairman Wilfried Buchmüller and DESY Director 

Helmut Dosch

The DESY delegation was invited by Armenian President Armen Sarkissian. 

Visit at A. Alikhanyan National Science Laboratory (AANL) on 11/10/2019

Artist’s impression of the ALPS II experiment 

October 

DESY strengthens cooperation with Armenia 

On a three-day trip to the Republic of Armenia, a delegation 
from DESY intensified the scientific relations between DESY 
and research institutions in Armenia. Two joint declarations 
were signed, in the fields of accelerator physics, particle and 
astroparticle physics as well as on the general promotion of 
young scientists. 

Dark-matter search enters new chapter 

The international ALPS II (Any Light Particle Search) collabo-
ration installed the first of 24 superconducting magnets in 
October, marking the start of the installation of a unique 
experiment aimed at searching for dark matter. ALPS II is set 
to start taking data in 2021 by looking for dark-matter particles 
that literally make light shine through a wall, thus providing 
clues to one of the biggest mysteries in physics today: What 
is the nature of dark matter, the invisible type of matter that is 
thought to make up 85% of all the matter in the universe?

ALPS II is designed to create and detect hypothetical, very 
lightweight particles called axions. A strong magnetic field 
could make axions switch to photons and vice versa. ALPS II 
is being set up in a straight tunnel section of DESY’s former 
HERA collider. Twenty-four superconducting accelerator 
magnets, 12 on either side of a wall, house two 120-metre-
long optical cavities. A powerful laser system produces light 
that is amplified by one of the cavities inside the magnetic 
field and that could, to a very small fraction, be converted 
into dark-matter particles. A light-blocking barrier separates 
the two cavities of ALPS II, but this wall is no hurdle for 
axions and similar particles that can easily pass through it. In 
the second cavity, dark-matter particles would convert back 
into light. The tiny signal would be picked up by dedicated 
detectors.

ALPS II is also an example of recycling in research: It reuses 
both a stretch of tunnel that once housed DESY’s flagship 
particle accelerator and the very magnets that drove protons 
around the ring until 2007. These magnets needed to be 
reengineered to fit the ALPS purposes.

Constantia AlexandrouA highlight of the trip was a meeting with Armenian President 
Armen Sarkissian. During his visit to DESY in Zeuthen in 
2018, the president had issued an invitation to DESY Director 
Helmut Dosch to visit Armenia. In addition, a reception for 
Armenian research partners and members of the DESY 
delegation was held in Yerevan at the invitation of the 
German ambassador.

DESY has maintained close scientific relations with the 
A. Alikhanyan National Laboratory for decades. What began 
in the 1960s with the former Yerevan Physics Institute was 

PhD Thesis Prizes 2019  

Max Rose (photon science) and Marcel Usner (astroparticle 
physics) were awarded the 2019 PhD Thesis Prize of the 
Association of the Friends and Supporters of DESY (VFFD). 
The prize was presented during the DESY Science Day in 
recognition of their excellent doctoral theses.

During his PhD at DESY and Universität Hamburg, Max Rose 
worked on improving coherent X-ray microscopy at free-
electron lasers and synchrotron radiation sources. Marcel 
Usner started to work at DESY in 2014 and completed his PhD 
at Humboldt-Universität zu Berlin in 2018. His thesis dealt with 
the detection of cosmic tau neutrinos using the IceCube 
detector at the South Pole. For the first-time detection of 
cosmic tau neutrinos in the IceCube data, Usner significantly 
improved the reconstruction of events, enabling him to reliably 
distinguish certain double particle showers typical of tau 
neutrinos from showers of other types of neutrinos. 

Helmholtz International Fellow Award for Constantia Alexandrou 

Constantia Alexandrou, a professor at the University of 
Cyprus, received the International Fellow Award presented by 
the Helmholtz Association. Alexandrou, who also works at the 
Cyprus Institute, is considered one of the most outstanding 
theoretical physicists of our day; her research covers a range 
of topics from the structure of hadrons through uncovering 
the nature of dark matter to quantum computing. In addition 
to receiving the prize money, she was invited to spend a 
research visit at DESY.

Constantia Alexandrou is the founder and director of the 
Computation-based Science and Technology Research 
Center and head of the Laboratory of High Performance 
Computing at the Cyprus Institute. Among other things, she 
used state-of-the-art supercomputers to help solve a puzzle 
that was one of the key focuses of research at DESY’s former 
HERA accelerator for more than 30 years: How do quarks 
and gluons, the building blocks that make up protons, 
contribute to the proton’s spin? For her analysis, widely 
considered to be a milestone in unravelling the proton spin 
puzzle, she worked closely with the particle physics group at 
DESY’s John von Neumann Institute for Computing (NIC).

sealed in 1993 with a first official cooperation agreement. In 
the meantime, the institute changed its name to A. Alikhanyan 
National Laboratory, and the collaborations were further 
intensified, especially in the fields of particle and astroparticle 
physics. DESY scientists are also collaborating closely with 
the CANDLE Synchrotron Research Institute, which is setting 
up its own accelerator-based radiation sources.
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Hertha Sponer Prize for Priscilla Pani 

DESY scientist Priscilla Pani received the Hertha Sponer Prize 
of the German Physical Society (DPG) for her contributions to 
the search for dark matter at the LHC at CERN. Pani is a 
particle physicist in the DESY ATLAS group and uses data 

Priscilla Pani

Dezember 

DESY turns 60Federal government supports expansion of DESY campus 

The Budget Committee of the German Bundestag decided 
that DESY will receive a further 15 million euros in federal 
funding for the upgrading of its non-scientific infrastructure. 
The money is to be invested until 2022 into the renovation, 
modernisation and new construction of buildings that are 
crucial for day-to-day operations and for improving 
sustainability. The funds complement federal funding of more 
than 110 million euros already provided in previous years.

The aim of the funding is to strategically expand the DESY 
campus in Hamburg in the coming years and develop it into 
an interdisciplinary science centre. The campus development, 
which is to be as sustainable as possible, represents a corner-
stone of the future vision of the Science City Bahrenfeld. 
DESY’s long-term plans will enable a holistic further devel-
opment of the campus and great scientific synergy effects.

DESY particle physics behind the scenes  

In November, the DESY particle physics division organised  
a small, internal open day. Equipped with posters and realia, 
the scientists explained their daily business to a crowd of 
interested DESY staff members, who were also eager to visit 
a total of nine labs and research areas where they normally 
do not venture. 

“I am pretty sure we had more than 500 visitors,” ATLAS 
group leader and organisation team member Ingrid-Maria 
Gregor said. “We didn’t expect that many – it is great to see 
that so many colleagues are inter ested in our labs and work.” 
The idea to demonstrate the many facets of high-energy 
physics to the DESY employees, allow them a look behind 
the scenes and create synergies between groups turned out 
to be a great success. Vision of the future DESY campus within the planned Science City Bahrenfeld 

Matthias Troyer

November 

Hamburg Prize for Theoretical Physics for Matthias Troyer 

Austrian physicist and quantum computing pioneer Matthias 
Troyer was awarded the 2019 Hamburg Prize for Theoretical 
Physics for his work on simulations of strongly correlated 
quantum systems and the development of novel algorithms. 
The prize is awarded annually by the Joachim Herz Foundation 
together with the Wolfgang Pauli Centre (WPC) of DESY and 
Universität Hamburg as well as the cluster of excellence 
“CUI: Advanced Imaging of Matter” of Universität Hamburg.

from the ATLAS detector to search for dark matter using 
collision events with top quarks. She led an analysis  
studying the signatures of dark matter in various models  
and coordinated a common interpretation of all ATLAS  
results sensitive to dark matter. She thus set new limits for 
the search for previously undiscovered particles that could 
explain dark matter.

The Hertha Sponer Prize is awarded every year to a young 
female scientist for outstanding research work in the field of 
physics. The prize is intended to encourage young women 
scientists through public awards and thus attract more 
women to physics.

In contrast: Aerial view of the DESY campus in Hamburg-Bahrenfeld in 1963

18 December 1959: Siegfried Balke (left), German Federal Minister for Nuclear Energy, 

and Max Brauer, Mayor of Hamburg, sign the State Treaty on the establishment of the 

foundation Deutsches Elektronen-Synchrotron. 

Troyer is a professor at ETH Zurich in Switzerland and also 
works in quantum research at the software giant Microsoft.  
He develops quantum Monte Carlo algorithms. Based on 
random numbers, these algorithms can be used to predict 
how particles in quantum-mechanical multiparticle systems 
– for example atoms or molecules – influence each other. 
Troyer is thus making significant contributions to basic 
research and to the further development of quantum 
computers and super conducting materials.

The story of DESY began on 18 December 1959 with the 
signing of a contract in the Hamburg city hall establishing the 
foundation Deutsches Elektronen-Synchrotron. In those 
60 years, DESY has grown from a small Hamburg accelerator 
laboratory into a world leader in accelerator technology, 
structural research, particle physics and astroparticle 
physics. For 60 years, DESY has developed pioneering 
technologies, which scientists from all over the world have 
used to achieve outstanding advances. Among other things, 
the gluon was discovered and the ribosome structure 
resolved at DESY.



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 come into sharp focus. Unravelling its precise properties is one of the main research 

activities at the LHC experiments. Studies include decays into tau leptons (p. 22), diphton and four-lepton signatures (p. 23), 

Higgs production associated with top quarks (p. 24), searches for additional Higgs bosons (p. 34) and the Higgs as a portal to 

dark matter (p. 31). Another focus of the LHC is the heaviest particle of the Standard Model, the top quark. Again, the interplay 

with the Higgs boson is an important topic (p. 24), as are measurements that help to understand the strong force (p. 27) and 

the interactions of the top quark with the electroweak gauge bosons (p. 30 and p. 39). Moreover, studies with discovery 

potential are continuously being performed, including searches for supersymmetry (p. 32).

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. This includes the development of new detectors (p. 36 and p. 29) and sensors 

(p. 38), but also new tools such as Monte Carlo simulations (p. 28). Besides, new beam telescopes have been developed at the 

DESY II Test Beam Facility (p. 40).

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 future linear colliders, particularly the International Linear Collider (ILC), 

and on the upgraded SuperKEKB accelerator with the Belle II experiment at the Japanese national particle physics laboratory 

KEK. The first Belle II data were taken in 2019 (p. 46), paving the way for new experimental discoveries in the future. The main 

focus at Belle II is to scrutinise the flavour sector of the Standard Model, but the experiment also has the potential to discover 

dark matter (p. 48). Regarding a future electron–positron linear collider, the two main activities at DESY in 2019 have been to 

explore the physics case of a Higgs factory (p. 42) and to improve shower simulations for this kind of accelerator experiment 

(p. 44).

DESY has also broadened its activities in the field of axion-like particles (p. 50). The construction of the ALPS II experiment is 

proceeding as foreseen, while preparations started for two new experiments, IAXO and MADMAX.    

Finally, a new methodology to be used in high-energy physics research is machine learning. Applications cover all areas  

above and range from analysis tools to shower simulations.

º Machine (is) learning the Higgs   22

º Precision Higgs measurements  23

º Top quarks and Higgs or Z bosons  24

º Top-quark results constrain QCD  27

º MCatLHC   28

º Next-generation tracking detectors   29

º Top couplings, directly and precisely    30

º On top of dark matter   31

º Zooming in on supersymmetry    32

º A wiggling excitement   34

º Detector upgrades for the HL-LHC    36

º (Charge) sharing is caring    38

º “Weak light sabres” to probe nature    39

º Dial T for telescope 40 

º Science at a Higgs factory   42

º Machine learning for fast shower simulation   44 

º Belle II Phase 3 has begun    46

º Searching for dark matter in Japan   48

º Any light dark matter searches   50
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Understanding the mechanism of electroweak symmetry 
breaking by measuring the Higgs boson couplings to 
fermions with high accuracy is one of the main goals of the 
LHC physics programme. Any deviation of the measured 
couplings from the predictions of the Standard Model would 
hint at new physics.

The analysis studying Higgs boson decays to tau leptons was 
performed based on a new analysis approach using a neural-
network classification algorithm. The neural network 
separates Higgs boson production via gluon–gluon fusion 

and Higgs boson production via vector boson fusion as well 
as the main background processes into dedicated signal and 
background categories with very high accuracy. While the 
background categories are used to gain confidence in the 
description of the background processes, the signal events 
accumulate at high values of the neural-net output in the 
signal categories. This approach yields a high sensitivity 
especially for the vector boson fusion production mode. 
While the training of the neural network is performed on 
simulated events, for the extraction of the signal about 90% 
of all background processes are estimated from data.

Using the described approach, the inclusive Higgs boson 
production cross section relative to the cross section 
predicted by the Standard Model was measured as  
μ = 0.75 ± 0.18, consistent with the Standard Model  
expectation (μ = 1). Additionally, the cross sections split by 
production mode and in different kinematic regions, present- 
ed following the simplified template cross section (STXS) 
scheme, were determined. The employed STXS scheme [2] 
was defined by a collaboration of ATLAS, CMS and theorists 
to permit an easier combination of results across different 
channels and experiments and to enable theorists to confront 
the physics measurements with new theoretical models. 
Figure 1 shows the result of the cross sectionmeasurements, 
which are compatible with the Standard Model expectation. 

After the discovery of the Higgs boson decay to tau leptons in 2016 [1], the CMS collaboration at the LHC applied 
a novel analysis approach based on multi-classification machine learning techniques to measure the Higgs 
boson couplings to tau leptons as precisely as possible. The analysis made use of data collected by the CMS 
experiment at a centre-of-mass energy of 13 TeV in the years 2016 and 2017, corresponding to an integrated 
luminosity of 77.4 fb-1. The DESY CMS group was strongly involved in this effort, performing the measurement in 
the decay channel of the tau lepton pair into an electron–muon pair.

2.1

Individual measurements
The decays of the Higgs boson into two photons or four 
leptons were crucial for the Higgs boson discovery. They are 
the channels of choice for many property measurements, 
thanks to their clean experimental signatures and precisely 
reconstructable final states. Especially in the four-lepton 
decay, a high signal purity can be achieved; however, the 
signal rates are very small. The diphoton decay channel has 
larger event rates but a larger background, so that the 
sensitivity of the two channels is similar. 

The properties of the Higgs boson can be probed with 
measurements of differential cross sections, which could be 
modified in the presence of physics beyond the Standard 
Model (SM). The cross sections are measured as a function 
of different kinematic observables and event properties, for 
example the Higgs boson transverse momentum.

The measurements are performed in a fiducial phase space 
that is defined to match the kinematic acceptance of the 
analysis and the detector as closely as possible. This makes 
the measurements almost model-independent. After 
correction for detector effects, the measurements can be 
compared to different theoretical predictions. 

Overall, both analyses show a good agreement to the SM 
calculations. Limits can be set on models for physics beyond 
the SM, for example to test the coupling between the charm 
quark and the Higgs boson. 
 

Combination
The differential cross section measurements in the diphoton 
and four-lepton decay channels are limited by statistical 
uncertainties even when using the full Run 2 data set. In order 
to achieve the best precision possible, the measurements of 

the Higgs boson transverse momentum in the two decay 
channels were combined. As the two fiducial regions of the 
analyses are different, the results were extrapolated to the 
total phase space, based on the SM expectation. 

In Fig. 1, the measurement of the Higgs boson transverse 
momentum is shown for the combination (black dots) and the 
individual analyses (diphoton in red, four-lepton in green). The 
combination reduces the uncertainties of the measurement 
and is in good agreement with the SM prediction.
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The full LHC Run 2 data set allows the properties of the Higgs boson to be measured with 
unprecedented precision. Using the data recorded by the ATLAS detector, the DESY ATLAS 
group played a leading role in cross section measurements in the diphoton and four-lepton 
Higgs decay channels as well as their combination.
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Figure 1

Results of the cross section measurement split by production mode and in different  

kinematic regions. The measured values are presented with respect to the Standard 

Model expectation.

Machine (is) learning the Higgs
Scrutinising the Standard Model through Higgs physics with tau leptons

Precision Higgs measurements
Measuring the Higgs boson cross sections in two ways
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Introduction
Since the discovery of the Higgs boson at the LHC in 2012, 
the study of its properties has been a primary goal of particle 
physics. In the Standard Model (SM), elementary particles are 
expected to acquire their mass through their interaction with 
the Higgs field. Deviations from expectation would indicate 
the presence of phenomena beyond the SM. The top quark, 
the heaviest known particle, is expected to couple strongly 
with the Higgs boson and to play a dominant role in electro-
weak loop corrections. So far, measurements of Higgs boson 
production involving top-quark loops are consistent with 
these predictions. 

With the LHC Run 2 data, cross section measurements of 
top-quark-associated Higgs production (t H ) have become 
possible. Figure 1 shows an example diagram of a t H  event. 
The t H  process is special because top quarks appear in the 
final state. Measurements of t H  production are thus direct 
probes of the coupling strength between the top quark and 
the Higgs boson. 

Similarly, measurements of the production of Z bosons in 
association with top-quark pairs (t Z ) provide a first 
opportunity to directly measure the coupling of the top quark 
with the Z boson and to test the quark flavour universality. 

Both processes, t H  and t Z, have very low cross sections.  
The t H  production process occurs in less than 1% of all 
Higgs boson events, and only about 1 out of 1000 top-quark 
events also contains a Z boson. 

In the channel with three leptons (electrons or muons) in the 
final state, t Z and t H  events are mutual backgrounds to 

one another. The example diagrams in Fig. 1 illustrate that 
both processes produce the same detectable particles in the 
final state, namely three charged leptons and four jets. The 
neutrinos cannot be detected in the experiment. In the 
depicted case in which the Higgs boson decays into two  
W bosons, the presence of several neutrinos complicates  
the identification of the t H  events further.

In contrast, the Z boson can be identified in a relatively 
simple way by reconstructing the invariant mass of the two 
leptons of same flavour and opposite charge. A schematic 
view of a t Z candidate event, recorded during Run 2 at the 
CMS experiment, is depicted in Fig. 2.

In 2019, the ATLAS experiment released the latest results 
from the t H  production analysis [1], and the CMS 
experiment published a measurement of the t Z process in 
multilepton final states [2]. The DESY ATLAS and CMS 
groups made significant contributions to these results.

Top-quark-associated Higgs boson production
The DESY ATLAS group searched for events with several 
muons or electrons in the final state. Such events arise when 
the Higgs boson decays into a pair of massive W bosons – 
such as in the example shown in Fig. 1 – or Z bosons, or a 
pair of τ leptons, which further decay into muons or electrons 
(and additional neutrinos).

The main backgrounds to the t H  signal arise not only from 
t Z production (as discussed above for the case of three 
leptons), but also from t W and diboson production, as well 
as from top-quark pair production with additional light 
leptons arising from heavy-flavour hadron decays, jets 

wrongly identified as leptons, photon conversions or other 
backgrounds.

The t H  analysis is performed using six different final states 
categorised by number and flavour of the charged lepton 
candidates. Some of the channels are further split into 
subcategories. The selection criteria are such that each event 
only contributes to a single channel. The separation of the  
t H  signal from the background is achieved using a machine 
learning technique based on boosted decision trees (BDT) 
and advanced statistical tools. A fit is performed in back-
ground and signal regions to extract the t H  cross section.  
In the fit, the normalisation of the background is determined, 
exploiting the shape of the discriminant output distribution.

Figure 3 shows the distribution of the BDT output discrimi-
nant for events in the three-lepton category. The distribution 
of the measured number of t H  events is shown as a filled 
red histogram on top of the backgrounds, as determined 
from the fit. The background from the t Z process is indi- 
cated in light blue.

The best-fit results for the observed production cross 
sections in the six channels of the measurement are shown in 
Fig. 4. Here, the signal strength μ, i.e. the measured cross 
section divided by the expected cross section, is shown 
separately for each channel. Within uncertainties, the results 
are consistent with the SM expectation (μ = 1). In combi- 
nation, the measurements have a t H  signal significance over 
background from other SM processes of 1.8 standard 
deviations where 3.1 standard deviations are expected.

The normalisation factors obtained for the t W background in 
the phase space selected by this analysis are in the range of 

Figure 1

Example diagrams for top-quark pair-associated Higgs boson production (left)  

and Z boson production (right), with their decays into a final state with a total of  

three charged leptons (ℓ), four jets (q or b) and undetected neutrinos (ν)

Figure 2

Schematic view of a t Z candidate event with four jets, three leptons (electrons or  

muons) and missing momentum (ET
miss) due to the undetected neutrino. In this event, 

the invariant mass of the muons is consistent with that of the Z boson.

Figure 3

Distribution of the BDT output for  

events with three leptons (electrons or  

muons). The data are shown together with 

the fitted distributions from the t H  

signal (red) and the various backgrounds.  

The background from the t Z process  

is shown in light blue.

The DESY ATLAS and CMS groups are exploring new frontiers of Standard Model measure-
ments. With the data recorded at the LHC during Run 2, in the years 2015–2018, a whole new 
realm has opened up, providing access to rare Standard Model processes with several heavy 
particles in the final state. One such class of processes are events in which top-quark pairs  
are produced in association with the Higgs or Z boson. With such events, the predicted 
couplings between the top quark and heavy neutral bosons can be probed directly for the first 
time, and the electroweak symmetry breaking mechanism can be further illuminated. 

Top quarks and Higgs or Z bosons
Directly probing the couplings between the heaviest known particles
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1.3–1.7 above theoretical predictions. An improved descrip-
tion of the t W background is needed to reach greater 
precision in the future.

First differential measurement of t Z production
For the measurement of t Z production, the DESY CMS 
group made use of events with three leptons in the final state. 
The Z boson was reconstructed in its decay into two charged 
muons or electrons of opposite charge. Their invariant mass 
is required to be consistent with that of the Z boson. A third 
lepton as well as additional jets arise from the top-quark 
decays. The analysis of t Z events is significantly simpler 
than that of t H , as the Z boson resonance can experi-
mentally be reconstructed very clearly in the decay Z → ℓℓ. 

As a result, the number of events above backgrounds is large 
enough to perform a first differential measurement. Such 
measurements are of particular interest, as deviations due to 
anomalous couplings are mostly expected towards large 
transverse momenta of the Z boson. Furthermore, in 
differential measurements, the calculations in perturbative 
quantum chromodynamics (QCD) of the production process 
can be tested with precision.

Figure 5 presents the measured differential cross section for  
t Z production as a function of the transverse momentum of 
the Z boson. The data are compared with theoretical 
predictions calculated to next-to-leading order (NLO) in QCD. 
A very recent calculation including next-to-next-to-leading-
log (NNLL) contributions is also shown. Within current 
uncertainties, good agreement is found.

Conclusions
The LHC Run 2 data have opened a new realm of 
measurements of top-quark-associated Higgs and Z boson 
production, which provide direct probes of the top-quark 
couplings. The DESY ATLAS and CMS groups are exploring 
these processes and have produced first promising results. 
The current results include data recorded before the end of 
2017. The analyses of the full Run 2 data are currently under 
way. In the future, further refined analyses and more LHC 
data are expected to lead to a precision that has the potential 
to exclude or uncover even small deviations of the SM 
predictions from the data.
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Figure 4

Observed best-fit values of the t H signal strength μ and their uncertainties, separately 

for each analysis channel and in combination

Figure 5

Measured differential t Z production cross section as a function of the 

transverse momentum pT(Z ) of the Z boson. The data are compared 

with predictions from the MadGraph5_aMC@NLO generator and with a 

prediction to NLO+NNLL accuracy.

Resolving correlations of QCD parameters 
A precise understanding of the proton structure is of key 
importance for interpreting the LHC data. The proton 
structure is expressed through universal parton distribution 
functions (PDFs), which depend on the fraction x of the 
proton momentum carried by a parton and on the energy 
scale μ of the process. The production of top quark–antiquark 
(t ) pairs at the LHC, dominated by gluon–gluon fusion, 
provides a direct probe of the gluon distribution g(x) in the 
proton at high x. However, in the predictions for t  
production, g(x) is strongly correlated with the top-quark 
mass mt and the strong coupling αS. Both mt and αS are 
fundamental parameters of QCD, and it is of key importance 
to know them with highest precision. The CMS collaboration 

has measured for the first time triple-differential cross 
sections for t  events produced in association with jets [1], 
the latter providing additional sensitivity to αS. This measure-
ment is used to simultaneously extract g(x), αS and mt, 
improving the precision of these three aspects of QCD 
through reduced correlations at high x, resulting in the most 
precise measurement of the pole mass of the top quark, 
mt=170.5±0.8 GeV.

 
Watching the top-quark mass run
In QCD, αS rapidly decreases at higher energy scales μ, an 
effect referred to as the “running of the coupling”. The same 
is also true for the quark masses, which can be understood 
as couplings, for example in connection with the interaction 
with the Higgs field. The experimental verification of the mass 
running, mt(μ), is an essential test of the validity of QCD. 
Furthermore, at energies probed by the LHC, the effects of 
physics beyond the Standard Model could lead to modifi-
cations of the running. For the first time, the running of the 
mass of the top quark was investigated [2] by CMS, by 
measuring the t  cross section at different energy scales and 
extracting mt(μ). The results (see Fig. 1) are consistent with 
the running predicted by QCD.
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Running of  the  top quark mass [2] compared to the QCD prediction

The top quark allows for stringent tests of the theory of strong interactions, quantum chromodynamics (QCD). For the 
first time, DESY CMS physicists have measured the production of top-quark pairs as a function of three experimental 
observables, thereby probing three aspects of QCD simultaneously: the gluon distribution in the proton and two funda-
mental parameters of QCD, the strong coupling constant and the top-quark mass. Furthermore, a fundamental property of 
QCD that implies the dependence of the top-quark mass on the energy scale (the so-called “running”) was tested for the 
first time. Both analyses use data of the CMS experiment collected in proton–proton collisions at the LHC at a centre-of-
mass energy of 13 TeV and study the top-quark pair production with events containing two oppositely charged leptons. 

Top-quark results constrain QCD
Most precise top-quark mass and first measurement of its running 
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The silicon tracking detectors currently under development 
for the High-Luminosity LHC (HL-LHC) require an unpre ce-
dented level of radiation tolerance while being lightweight and 
highly granular to cope with the large number of simultaneous 
tracks and the harsh radiation environment. Thinking further 
beyond to possible next-to-next particle physics experiments, 
much faster timing information (a few picoseconds) will offer 
a way to sort out tracks in an environment with extremely 
high numbers of tracks. At the same time, tracking detectors 
need to have a very low material budget while offering a 
precise pointing resolution (< 3 µm) to provide optimal 
tracking performance. In addition, silicon detectors might 
need to be even more radiation-tolerant than what is currently 
being developed. To meet these challenges, completely new 
sensor and chip technologies have to be made available for 
particle physics. State-of-the-art solutions need to be 
investigated to develop different and novel technological 
approaches. 

These topics are being addressed by the DESY detector 
development groups – since 2019 in an even closer 

cooperation with the University of Bonn, as Ingrid-Maria 
Gregor, leader of the DESY ATLAS group, took up a 
professorship for experimental physics at the university in 
spring. The group around the new joint professorship will 
exploit newly developed technologies, such as sensor 
material realised in CMOS technology, for a wider use in 
particle physics [1]. The potential of these technologies for 
use in tracking detector is enormous and will be exploited in 
the field of radiation detection. The smaller transistor size of 
novel CMOS technologies allows more logic to be provided 
within each pixel, and thus the next generation will possibly 
be made of “smart” detectors. Due to the complexity of such 
novel detectors, simulations are playing an even more 
important role and will be a strong part of the research.  

Further synergies can be realised by developing materials 
where the combination of different functionalities (electrical, 
mechanical, thermodynamical) can yield lighter and more 
compact structures serving the needs of modern detectors. 

The research towards highly granular, extremely lightweight 
tracking detectors with novel technologies is not exclusively 
geared towards high-energy physics applications. These 
technologies can be exploited in other fields, such as 
dosimetry, X-ray diffraction, synchrotron radiation, space 
science and medical applications, as well as other areas  
with demanding requirements, e.g. concerning radiation 
tolerance or material budget. 

DESY’s long-time strong connection with the University of Bonn in Germany is now reinforced by a joint professorship between 
the research centre and the university. The cooperation is geared towards detector development for future tracking detectors, 
where very thin sensors with extremely fast timing information provide a means of disentangling particle tracks in an environ-
ment with hundreds of tracks. Additionally, very high radiation tolerance of silicon detectors might be required. To achieve this, 
completely new sensor and chip technologies have to be developed and optimised. DESY and the University of Bonn are experts 
in various areas of the field, and joining efforts will allow them to develop state-of-the-art solutions to these challenges.

Figure 1

Towards the dream 

of the perfect  

tracking detector [2]

Next-generation tracking detectors
Overcoming the limits
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Parton branching approach for Drell–Yan process
The transverse-momentum spectrum of Z0 bosons receives 
contributions from the non-perturbative intrinsic transverse 
momentum of partons inside the colliding hadrons. The 
transverse momentum from multiple soft parton radiation 
(described by resummation) and from hard parton radiation 
(described by hard perturbative matrix element calculations). 
The description of multiple soft parton radiation is one of the 
main challenges, and differ ent approaches exist: resummation, 
parton shower as implemented in MC event generators,  
and/or the parton bran-ching (PB) approach, which leads to 
transverse-momentum-dependent (TMD) parton distribution 
functions (PDFs).

In a recent application of the PB-TMD PDFs, the transverse-
momentum spectrum of Z0 bosons at a centre-of-mass 
energy of √s = 13 TeV, as measured by CMS [1], could be 
described very well (Fig. 1). A challenge is the description of 
the transverse-momentum spectrum of Drell–Yan production 
at low masses mDY and at low √s. Applying a previously used 
formalism to lower mass and lower √s, a very good 

description of the measurements was observed. The  
good description is a result of the transverse-momentum- 
spectrum included in the PB-TMD PDFs and a proper 
kinematic treatment of the transverse momentum in the 
partonic calculation.

Event generators for precision measurements 
During the LHC Run 2 phase, between 10% and 15% of  
the ATLAS computing resources were devoted to MC event 
generation, corresponding to a total of about 70 billion events 
produced. Yet the limited accuracy of simulated event sam-
ples remains a source of major uncertainty in many analyses. 

Physicists from the DESY ATLAS group are leading the 
development and production of new MC event samples.  
The new samples have better theoretical accuracy, typically 
merging matrix elements at next-to-leading-order (NLO) 
accuracy in quantum chromodynamics (QCD) and including 
the approximate effect of NLO electroweak corrections. 
Different variations are produced to obtain an accurate 
estimate of the uncertainties stemming from the modelling  
of both the perturbative and non-perturbative part of the 
simulation. Efforts are also ongoing to adapt the ATLAS 
software framework so as to exploit modern high-performance 
and heterogeneous computing architectures and increase the 
efficiency of the CPU-intensive part of event generation.
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Physics event generators are an essential tool for LHC physics. All of the LHC scientific results,  
from precision measurements to searches for new physics, rely on comparisons of the experimental 
data with Monte Carlo (MC)-simulated events computed using generator software. DESY physicists 
are preparing improved simulations, which will be essential to fully exploit the ATLAS data from  
LHC Run 2 and beyond.

MCatLHC
New Monte Carlo event simulations for LHC physics
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The physics of the top quark, the heaviest known elementary 
particle, has reached the realm of high precision. However, 
the interactions of the top quark with other massive particles 
are not fully explored yet. With the huge data sample deliv-
ered by the LHC at an unprecedented centre-of-mass energy, 
it is now becoming possible to precisely measure the top-
quark properties in events with multiple heavy particles in the 
final state. These processes, considered rare until quite 
recently, provide a unique opportunity to directly probe the 
interactions within the heavy sector of the SM.

In particular, the couplings between the top quark and the  
Z boson can be accessed in Z-associated top-quark produc-
tions. At the LHC, these events consist of a Z boson with a 
single top quark (tZq) or a t  pair (t Z ), where the production 

of the top quark is governed by the electroweak and strong 
interactions, respectively. Aiming at ultimate precision in this 
area, the YIG at DESY is putting in place a set of coherent 
measurements where the t Z and tZq events are studied 
together for the first time. 

Figure 1 shows the transverse-momentum (pT) distribution  
of the Z boson in tZq-like events [1]. Using a larger data set,  
it will become possible in the future to measure differential 
distributions to assess the modelling of the processes in  
the SM. The YIG will leverage these measurements to set 
stringent limits on possible effects from physics beyond  
the SM in the context of effective field theory (EFT). In this 
framework, the top-quark couplings with the W and Z boson 
are affected by the same operators. The YIG will exploit its 
prime access to the data to constrain those operators 
simultaneously in the production and decay of top quarks 
using state-of-the-art EFT models and advanced analysis 
techniques. 

Figure 1
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momentum (pT)  

distribution of the 

Z boson in tZq-like 
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2016 and 2017 [1]

In many scenarios beyond the current Standard Model (SM) of particle physics, the heaviest known elementary 
particles – the top quark, the Higgs boson and the vector bosons W and Z – play key roles. It is therefore crucial to 
acquire a deep and thorough knowledge of the interactions of those particles, most notably the top quark, in the  
context of the SM and beyond. A Helmholtz Young Investigator Group (YIG) at DESY will exploit the huge sample 
of proton collisions collected by the CMS detector at the LHC to directly scrutinise the couplings of the top quark, 
particularly with the Z boson. The YIG will focus on a coherent set of precision measurements of rare SM processes  
and innovative searches for new phenomena.

Top couplings, directly and precisely
Probing interactions of the top quark in search for new phenomena
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Uncovering the identity of dark matter (DM) is one of the 
central and grand challenges of this century for both 
fundamental physics and astronomy. In the high-energy 
proton–proton collisions at the LHC, particles that were 
present in the early universe can be recreated and studied in 
detail. The YIG focuses on the possibility that interactions 
between ordinary matter and DM are mediated by new scalar 
particles extending the Higgs sector [1]. 

These models were studied in the context of collider search- 
es in a previous ATLAS publication led by members of the 
DESY ATLAS group and the YIG [2]. In these models, the 
Higgs boson partners act like a portal to a new dark sector, 
to which DM particles belong. Like the Higgs boson, these 
new mediators interact strongest with the heaviest particles 
and are therefore characterised by enhanced interactions to 

heavy-flavour quarks (top and bottom quarks). Among all 
signatures that these models can produce in the collisions 
detected by the ATLAS experiment, the YIG has focused so 
far on the associated production of DM particles with a single 
top quark [3]. This signature, schematically depicted in Fig. 1, 
is resonantly enhanced in extended-Higgs DM models by the 
production of a heavy charged partner of the Higgs boson, 
making it an interesting and promising search channel.

An additional important aspect of DM models is whether  
they can account correctly for the DM relic density in our 
universe measured by space observatories that study the 
cosmic microwave background [4]. In general, collider 
constraints are weak in the parameter space of DM models 
where the predicted relic density is consistent with astro-
physical observations. The new single-top-quark signature 
investigated by the YIG will allow us to extend the sensitivity 
towards parameter choices for the model that yield relic 
density values compatible with the astrophysical measure-
ments.

The existence of an unknown, invisible component of the matter in our universe, known as dark matter, is by now well 
established by cosmological measurements – yet its nature and interaction properties are still unknown. A Helmholtz 
Young Investigator Group (YIG) at DESY uses data from the ATLAS experiment at the LHC to investigate the particularly 
interesting possibility that dark-matter interactions are mediated by new scalar particles that extend the Higgs sector.

Figure 1

Schematic representation of a possible production mechanism of dark matter. In 

the associated production with a single top quark, DM is produced in the decay of 

a charged Higgs partner (H -) decaying into a W boson (W -) and a pseudoscalar DM 

mediator (a).
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Introduction
Supersymmetry (SUSY) is a popular extension of the Standard 
Model (SM), aiming to answer some of the most fundamental 
open questions in particle physics, such as: What is the nature 
of dark matter? What stabilises the Higgs boson mass at its 
measured value? Do the electroweak and strong forces unify 
at smaller distances? Supersymmetry predicts a new partner 
for each elementary particle, differing by half a unit of spin. 
The lightest supersymmetric particle (LSP) may be stable and 
weakly interacting, providing a viable dark-matter candidate. 

The ATLAS and CMS physicists have been scrutinising  
the vast proton–proton collision data set delivered by the 
LHC, exploiting the wealth of data to focus on rarer and 
experimentally more challenging processes.  

Searches for third-generation squarks
The SUSY partner of the heaviest known ordinary particle,  
the top quark, is thought to play a crucial role in the quantum 
corrections to the mass of the Higgs boson, which was 
measured to be 125 GeV. 

The hunt for the SUSY partners of the top or bottom quarks 
proceeded with a number of dedicated searches focusing on 
several scenarios. Decay chains involving other intermediate 
SUSY particles were studied by reconstructing the SM bosons 
that originate from the decays of these SUSY particles [1, 2]. 
Figure 1 shows the observations of a search aimed at Higgs 
boson decays to pairs of bottom quarks, which are predicted 
to occur 58% of the time, as a function of the momentum 
imbalance from invisible LSPs. The results of this analysis 
were the first at the LHC to be released within an open-
access statistical likelihood format on the HEPData repository 
[3]. Statistical likelihoods summarise every aspect of a 

particular analysis: from detector settings, event selection, 
expected signal and background processes to uncertainties 
and theoretical models. They are an important tool for 
theorists to test new models.  

A second search, whose results are shown in Fig. 2, exploited 
the leptonic decays of Z bosons to pairs of charged leptons 
instead. Although these decays occur at a much smaller rate 
(about 10%), they constitute a striking signature that is easily 
distinguished from the SM background.  

Other challenging scenarios, such as multibody decays [4] or 
displaced decays [5] of the SUSY partner of the top quark, 
were explored using novel dedicated experimental techniques, 

such as machine learning methods or specialised “large-
radius” track and vertex reconstruction. All these searches 
allowed new regions of the phase space to be probed and 
constrained. In most of the considered scenarios, the SUSY 
partners were found to be constrained to masses above the 
TeV range.

Searches for SUSY partners of the electroweakly 
interacting particles
While the production rate of the SUSY partners of quarks is 
higher at a proton–proton collider, it might well be that their 
masses are too high for them to be produced at the LHC. In 
that case, the SUSY partners of the electroweakly interacting 
particles (leptons, gauge bosons and the Higgs boson) could 
still be abundantly produced at the LHC.

The production of the SUSY partners of the SM bosons was 
explored with two complementary searches. The first search 
looked for the hadronic decays of the Higgs boson in the 
decay of SUSY particles, along with one charged lepton and 
momentum imbalance [6]. The second search aimed at 
signatures with two electrons or muons and large momentum 
imbalance due to the escaping LSPs [7]. Both these analyses 
exploited the shape of the distributions of several kinematic 
properties of the events to improve the SM background 
rejection. The results pushed the minimum mass for various 
SUSY particles to several hundred GeV. For example, the 
masses of the SUSY partners of electron and muon were 
constrained to lie above 700 GeV. 

Some models predict the SUSY partner of the tau lepton to 
be the lightest of the three lepton flavours. Such a scenario is 
of special interest because, if the SUSY partner of the tau 
lepton and the LSP are close in mass, they could co-annihilate, 
leading to the correct dark-matter relic density.

The main production mechanism targeted in this case is the 
pair production of two SUSY partners of the tau lepton, which 
will each decay into a tau lepton and the LSP. The production 
rate is very small compared to the production of other SUSY 
particles with the same mass. In addition, the events are very 
difficult to distinguish from SM events that look similar and 
have several orders of magnitude higher production rates. 
Therefore, to gain sensitivity, events with different decays of 
the tau hadrons were combined, and machine learning 
methods were used to distinguish signal from background 
events. With data from 2016 and 2017, first sensitivity was 
gained in the low-mass region for masses below 150 GeV,  
as shown in Fig. 3.

Conclusions
The DESY ATLAS and CMS groups will extend their search of 
new signatures and new areas of parameter space, employing 
new techniques to turn over every possible stone in the search 
for supersymmetric phenomena, until a hint of new physics is 
revealed.           
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Figure 1

Distribution of the object-based significance discriminant used in the signal selections. 

The significance of the missing momentum is computed comparing its magnitude to 

the resolutions of the other measured particles. The signal (pink) is expected to extend 

to higher values than the SM backgrounds. From [1].

Figure 3

Upper limit on the cross section as a function of the mass of the SUSY partner of the 

tau lepton. The green and yellow bands indicate the respective regions containing 68% 

and 95% of the distribution of limits expected under the background-only hypothesis. 

The solid red line indicates the NLO+NLL prediction for the signal production cross 

section, and the dashed and solid black line designate the expected and observed 

upper limit. All masses for which the solid black line is below the red theory line are 

excluded. From [8].

Figure 2

Distribution of the transverse momentum of the Z boson candidate in one of the signal 

selections. The targeted process predicts more events than the SM backgrounds. 

From [2].

The search for new physics beyond the Standard Model is a key research topic of the ATLAS 
and CMS experiments at the LHC. Supersymmetry stands out among the plethora of new-
physics models, because it provides answers to most of the fundamental open questions. 
Both the ATLAS and CMS group at DESY contributed to several searches for supersymmetry, 
tackling extremely challenging scenarios by exploiting novel analysis techniques, such as deep 
learning. Selected highlights of these results are presented here.

Zooming in on supersymmetry
Probing new frontiers
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Beyond the Standard Model Higgs boson
The Higgs boson with a mass of about 125 GeV is the latest 
elementary particle discovered at the LHC. Understanding 
whether it is the only scalar particle or not is one of the most 
interesting questions in fundamental science today. Search- 
ing for new heavy Higgs bosons is particularly exciting, as 
they could be the missing link between the Standard Model 
(SM) and dark matter. Since Higgs bosons interact more 
strongly with particles of higher masses, decay channels 
involving top quarks – the heaviest particles in the SM – are 
dominant when the scalars are sufficiently massive. This is 
particularly true in models that predict suppressed couplings 

of the scalars to the W and Z bosons, such as two-Higgs 
doublet models, within the experimentally well-supported 
constraint that one of the scalars is very similar to the SM 
Higgs boson.

What a wiggly ride! 
The CMS collaboration reported the results of the search for 
heavy Higgs bosons decaying into top quark pairs, using  
36 fb-1 of data, in Ref. [1]. The DESY CMS group performed 
the search in the channel where both top and antitop quark 
decay leptonically, leading to two charged leptons in the final 

state. The search considers pseudoscalar or scalar states, 
denoted A and H, respectively.

The presence of such a heavy A or H boson would lead to 
local distortions in the spectra of invariant mass of their 
decay products, the top-quark pairs. However, due to 
interference effects with SM top-quark pair production, the 
presence of an A or H boson signal would lead not just to a 
bump in the invariant t  mass distribution, but to a peak–dip 
structure in the spectrum. In other words, we were searching 
for a wiggle. Such a signature is much more challenging to 
detect than a bump, since the experimental resolution is 
limited, not only due to the accuracy of the measurement in 
the detector, but also due to the presence of undetected 
neutrinos in the final state. This leads to a smearing of the 
peak–dip structure in the reconstructed invariant-mass 
distribution, reducing the detectability of the signal.

To overcome this limitation, we investigated other properties 
of top-quark pair production. Because the top quark has a 
very short lifetime, its spin can be explored from the particles 
it decays to. The SM makes precise predictions for the 
frequency that the spin of the top quark is aligned or opposite 
to the spin of the antitop quark. If an exotic A or H boson 
exists, the t  spin correlation will differ significantly from the 
SM expectation. This difference was investigated using an 
angular helicity variable that explores the projection of the top 
and antitop quark spins onto each other. This variable 
enabled us not only to discriminate between signal and 
background, but also to explore the differences between the 
A or H signal hypotheses.
 
In the analysis, both the invariant t  mass distribution and the 
spin correlation angle were investigated. The search covered 
A or H boson masses between 400 and 750 GeV and a total 
relative width from 0.5 to 25% relative to the mass. Figure 1 
shows the t  mass distribution for five different bins of the 
angular distribution. The data is compared to the SM 
prediction (upper row). The difference between the data and 
the SM prediction is shown in the lower row. For illustration, 
we added the contribution from the presence of an A boson 
at 400 GeV and a relative width of 5% (red histogram).

Constraints were set on the coupling strength between the  
A or H bosons, respectively, and the top quark. Figure 2 
shows upper limits on the At  coupling strength as a function 
of the A boson mass for the case of 5% total relative width, 
combining dilepton and single-lepton final states. The 
observed constraint is weaker than the expected limit around 
an A boson mass of 400 GeV. This corresponds to the 
deviation observed between the data and the SM prediction 
in the t  mass distribution, particularly at high values of the 
helicity angle, that is compatible with a pseudoscalar Higgs 
boson signal with a mass of 400 GeV (Fig. 1). The local 
significance of the effect was 3.5 standard deviations. 
However, accounting for the look-elsewhere effect, the 
significance of the signal-like deviation was 1.9 standard 
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Figure 1

Invariant-mass distribution 

of the top-quark pair for five 

different intervals of the t  

spin correlation helicity an-

gle. The results for dilepton 

final states are presented, 

comparing the number of 

events as predicted by the 

SM with the CMS data.  

The upper row shows the 

actual distribution of events, 

while the lower row shows 

the difference between 

data and SM prediction. 
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Figure 2

Constraints on the coupling strength between the pseudoscalar 

boson and the top quark as a function of pseudoscalar mass,  

 assuming a total relative width of 5%. The limit expected in the 

SM (dashed curve), including uncertainties at the 68% (95%)  

confidence level indicated by the green (yellow and green) band, 

are compared to the observed limit in the data (blue shaded 

area). The unphysical region of phase space deduced from  

considerations of the total A boson width was added (grey 

hatched line).         

The discovery of a Higgs boson in 2012 at the LHC was a huge success for the LHC experiments  
and an important milestone in understanding the Standard Model of particle physics. At the same 
time, the discovery raised many questions. Is the new particle indeed the one predicted by the 
Standard Model? Is it the only elementary particle with vanishing spin? Does it have heavier 
siblings? 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.

deviations. We therefore concluded that the current data  
set shows agreement with the SM prediction.

Summary and outlook 
In a search for heavy scalar and pseudoscalar Higgs bosons 
decaying into a pair of top and antitop quarks, evidence for a 
local excess was observed for the production of a pseudo-
scalar Higgs boson at a mass of 400 GeV. However, the 
global analysis agrees with the SM prediction. To find out 
whether the deviation is a first hint of new physics beyond the 
SM or not, the full 137 fb-1 of data taken during LHC Run 2 will 
be used in a future update of this analysis, and new search 
strategies will be explored. In addition, improved theoretical 
predictions for both the background and signal processes, in 
particular within the mass region of deviation, will be neces- 
sary to clarify the origin of this excess, if it remains. The 
DESY CMS group will continue to be at the forefront to 
stress-test the compatibility between the data and the SM 
and to find out if the data indeed hint at new phenomena.

A wiggling excitement
Hunting for heavy Higgs bosons at the CMS experiment
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New particle detectors for ATLAS and CMS 
While CERN is preparing for the high-luminosity upgrade of 
the LHC, among other things with accelerator construction 
and underground tunnel boring, DESY is getting ready to build 
a significant part of the tracking detectors for both the ATLAS 
and CMS experiment. One of the end-caps for each experi- 
ment will be assembled at DESY. After a long period of specifi- 
cation iterations, procurement and finally construction, the 
cleanrooms became available on the DESY Hamburg and 
Zeuthen sites and were used to assemble first detector parts 
(see Fig. 2 for a peek ahead at the first fully loaded electrical 
detector structure at DESY for the ATLAS upgrade).

Six strip detector disks for ATLAS
The ATLAS group spans the two DESY sites, with group 
members at both sites performing detector development, 
design and construction in close cooperation. The 

cleanrooms were set up in the same spirit. They provide 
humidity- and temperature-controlled clean-air (ISO-6 and 
ISO-7) areas for the safe assembly of all electronic and 
mechanical detector components. 

The cleanrooms in Zeuthen and Hamburg are used to con- 
struct and test silicon strip detector modules for the ATLAS 
upgrade. The modules are composed of a silicon sensor 
(~5000 n-in-p channels on ~10 x 10 cm2 of p-bulk silicon), a 
readout flex board loaded with amplifier application-specific 
integrated circuits (ASICs) and a power converter board. The 
module components are precision-glued, wire-bonded (about 
6000 wire bonds per module) and then exposed to stringent 
quality control tests. These tests include micrometre-precise 
measurements of geometric tolerances as well as electrical 
functionality and performance tests. A special focus also lies 
on thermal cycling and burn-in tests as well as on long-term 
stability tests. The extremely harsh radiation environment 

expected at the HL-LHC greatly influenced the module 
design and choice of materials. 

All modules meeting the tight ATLAS specifications are then 
assembled into detector subcomponents called petals  
(32 petals will form one of the six end-cap disks). Figure 2 
shows the first petal that was fully loaded at DESY. It contains 
one fully functional electrical module with a production quality 
silicon sensor (at the narrow end) and five further modules 
with dummy silicon “sensors” and functional electrical readout 
structures including front-end ASICs. 

The modules were precision-placed on the carbon fibre 
support core using a robotic gantry – the placement accuracy 
for this first full run was better than 40 µm, which is expected 
to further improve with production quality modules. The full 
assembly will be electrically tested and used as a further 
demonstration of the system’s robustness. The central readout 
card at the “ear” of the petal plays a crucial role and is de- 
signed and built at DESY. Furthermore, DESY is developing 
and testing the carbon fibre support structures of the petals. 
To test the electrical connections on the petal support struc-
ture, an automated testing robot has been constructed and is 
currently being calibrated.

High-precision assembly of silicon detectors for the 
CMS tracker
DESY also plays a leading role in the construction of the next 
tracking detector for the CMS experiment. The CMS group at 
DESY contributes to several aspects of the outer tracker up- 
grade, from the assembly of the individual modules that make 
up the detector to the mechanics of its overall structure.
The upgraded CMS outer tracker will be composed of several 
thousand silicon detector modules, each either 10 x 5 cm2 or 
10 x 10 cm2 in size and a few millimetres thick (the exact 
dimensions depend on the type of module). 1250 of these 
modules will be assembled at DESY.

At the core of each module, two closely spaced silicon 
sensors will record the passage of charged particles 
produced in the LHC collisions. This new double-layered 
module design will allow the signals of the two sensors to be 
correlated in real time and the reconstruction of charged 
particles to be performed with unprecedented speed, ulti- 
mately improving the physics reach of the entire experiment. 
At the same time, the new functionality poses stringent require- 
ments on the precision of the module assembly; as an exam-
ple, for every module, the maximum rotational misalignment 
between the two sensors must be smaller than 45 milli- 
degrees (or even less, for certain modules). To meet this 
challenge, the DESY CMS group has developed a new 
procedure for the automated assembly of the modules  
(Fig. 3). The chosen method relies on an integrated system 
based on a programmable motion stage equipped with a 
high-resolution camera.The camera is used to take images of 
the sensors’ fiducial markers. By means of a pattern 
recognition technique, these images are converted into a 
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In preparation for the high-luminosity phase of the LHC (HL-LHC), which is due to start in 2027, the ATLAS 
and CMS collaborations are working on upgrading their detectors. The DESY ATLAS and CMS groups are 
strongly involved in the development, design, construction and installation of the new silicon tracking 
detectors. The year 2019 marked the coming-to-life of the infrastructure: More than 1000 m3 of cleanroom 
space at the two DESY sites in Hamburg and Zeuthen were commissioned and filled with nearly all the 
required infrastructure, including thin-wire bonding machines and several ultrahigh-precision robots.

measurement of the sensors’ positions. Based on these 
measurements, the motion stage can be used to arrange the 
sensors with high precision with respect to each other and to 
the other assembly parts.

A special glue application technique was developed to allow 
at the same time the use of a fast-curing glue, the quick 
handling of the module and the use of a slow-curing glue, for 
long-term stability and radiation hardness. The assembly 
procedure was developed and validated by building several 
glass-based prototypes able to meet the specifications of the 
CMS outer tracker modules in terms of both assembly time 
and mechanical precision. After this, the same procedure was 
successfully applied to assemble the first pixel sensor module 
mechanical prototype with silicon parts (Fig. 4). Next, this 
module will be equipped with dummy readout hybrids, followed 
by a bonding exercise to validate the full production process.  

Detector upgrades for the HL-LHC
Faster silicon detectors for brighter data
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Why and how to share charge 
The spatial resolution of the impact position of minimum 
ionising particles (MIP) is usually improved by miniaturising 
the pixel or strip pitch of a sensor. The pitch describes the 
distance between two readout entities, and smaller pitches 
allow for a more precise measurement of the impact position. 
Additionally, a non-perpendicular incidence of the MIP or a 
strong magnetic field can render a higher resolution possible. 
However, these methods fail for sensors with a thickness 
below about 100 μm. 

If the charge produced by a MIP in the sensor is collected by 
two readout entities, the impact position can be interpolated 
more precisely. Following this approach, the DESY CMS group 
has developed a dedicated charge-sharing mechanism that 
acts inside the sensor bulk. The enhanced lateral drift (ELAD) 
sensor concept is realised by local modifications of the 
electric field in the sensor bulk, yielding a position-dependent 
charge collection at two electrodes. This approach is also 
feasible for thin detectors down to 50 μm thickness.

The design of an ELAD sensor is shown in Fig. 1, left. The 
buried implants form a p-n-p structure creating a lateral 
electric field component that influences the path of the 
charge carriers along their drift to the readout entities. The 
buried implants are sandwiched between epitaxially grown 
layers of silicon. Using Monte Carlo simulations, the 
resolution of ELAD sensors is evaluated as the root mean 
square of the difference between the true position and the 
interpolated position. At a pitch of 55 μm, the ELAD sensor 
shows an almost three times better position resolution  
than a standard sensor (Fig. 1, right).

A dedicated production process was developed at 
Fraunhofer EMFT in Munich, Germany, showing promising 

VBS is one of several electroweak processes that produce a 
pair of W ± or Z bosons in association with two jets (narrow 
cones of hadrons and other particles originating from a 
quark). In VBS events, these jets are produced preferentially 
along the proton beams and opposite to each other.

Without the Higgs boson, the rate of occurrence of VBS 
processes would grow indefinitely with the energy of the 
collision. According to the SM, EWSB should precisely cancel 
out this uncontrolled growth. New physics beyond the SM 
could influence the rate of VBS processes at high energy, 
which is why precise measurements of these processes are 
an important objective for the LHC experiments.

The ATLAS collaboration recently observed the production  
of two jets in association with (a) a pair of W bosons with  
the same charge (W±W±jj ) [1]; (b) a W±Z pair (W±Zjj ) [2];  
and (c) a Z boson pair (ZZjj ) [3]. Moreover, ATLAS physicists 
established evidence of the production of two jets in 
association with a Z boson and a photon (Zγjj ) [4]. The 
observation of the latter would complete the observation  
of all the VBS processes involving the force carriers of the 
electromagnetic (γ) and weak (W± and Z ) interactions.  
These measurements were performed with events where  
the vector bosons decay into leptons (electron or muon). 
ATLAS physicists also probed VVjj  production (V = W± or Z ) 
in events where one of the vector bosons decays to leptons 
and the other to quarks (yielding two additional jets in the 
event) [5].

To achieve the observation of the very rare W±Zjj  and ZZjj 
processes, the analysers aggregated information from various 
sources using machine learning (boosted decision trees, 
BDT, in this instance). Figure 1 shows the BDT score in the 
signal region, where the production rate was measured.

performance. The first ELAD sensor prototypes are currently 
under production, with results expected in the second half of 
2020. Measurements at the DESY II Test Beam Facility will 
demonstrate the full potential of ELAD sensors. 

Several DESY scientists had a leading role in these 
measurements, and they intend to continue to contribute  
to the understanding of EWSB. The next steps include 
precisely measuring the VBS production rates in various 
regions of phase space and probing the longitudinal 
polarisation components of the vector bosons, which  
arise from EWSB. 
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Figure 1

Left: Design of the p-type ELAD sensor 

with buried implants forming the electric 

field lines. Right: ELAD sensors yield a nar-

rower residual distribution than standard 

sensors and hence feature an improved 

position resolution.

Figure 1

Distribution of events according to the boosted decision tree (BDT) score in the  

signal regions of the W ±Zjj (left) and ZZjj (right) analyses

Vertex detectors at future linear colliders are required to feature a position resolution of about 3 µm 
in combination with a time resolution of down to 5 ns, while their thickness is limited to about 50 µm. 
This unprecedented combination of requirements is addressed by a new sensor concept developed by 
the DESY CMS group. The sensor bulk features a non-homogeneous lateral electric field, resulting in 
a position-dependent charge sharing. Thereby, the spatial resolution of the impact position of ionising 
particles is greatly improved compared to standard planar sensors. 

In the Standard Model (SM) of particle physics, the Higgs field is responsible for the mass of elementary  
particles. The mechanism of electroweak symmetry breaking (EWSB) explains how the Higgs field gives mass to  
the W and Z vector bosons. Since the discovery of the Higgs boson in 2012, the investigation of EWSB has been  
a priority at the LHC. One major step towards this goal is the study of the scattering of two vector bosons, known  
as vector boson scattering (VBS). New milestones were recently reached with the ATLAS collaboration observing  
all VBS processes involving the W and Z bosons. DESY scientists played a major role in these observations. 

(Charge) sharing is caring
New concepts for high-precision sensors at future colliders

“Weak light sabres” to probe nature
Probing the rarest processes of the Standard Model of particle physics
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The DESY II Test Beam Facility [1] houses a special setup, 
mounted on a movable stage, for testing large detector 
prototypes in a strong magnetic field of up to 1 T. At its heart 
is a superconducting solenoid magnet with a usable inner 
diameter of about 85 cm, in which detector prototypes with a 
diameter of up to 75 cm can be assessed. Many groups, for 
example from the Belle II experiment, the ATLAS upgrade 
efforts or the LCTPC and T2K time projection chamber (TPC) 
developments, have been testing their prototypes using this 
unique infrastructure.

To complete the setup, the installation of a new beam tele-
scope as an external precision reference is in progress. For 
the prototype tests, the particle trajectories inside the magnet 
have to be known precisely. Since the trajectories are 
affected by scattering processes in the wall and coil of the 

magnet, the telescope has to be installed inside the magnet 
right next to the DUT. The challenges are that the available 
space is limited to only about 3.5 cm, that the telescope is 
allowed to contribute only little material itself and that it has 
to provide a point resolution of better than 10 μm in the 
bending direction of the trajectory in the magnetic field. Since 
the telescope is to be used as a general infrastructure, it is 
designed in such a way that it can also be used outside the 
magnet, providing large-area tracking coverage, for example 
for calorimeter tests.

To fulfil the requirements listed above, the new telescope –
named LYCORIS – is based on novel hybrid-less silicon strip 
sensors (Fig. 1). Like the two KPiX [2] application-specific 
integrated circuits (ASICs) used for their readout, the sensors 
were originally developed at SLAC for the SiD detector 

concept. They have strips with a pitch of 25 μm, with every 
second strip being read out. This results in a hit resolution of 
about 7 μm. The active area of a sensor plane measures  
9.35 x 9,35 cm2. 

The KPiX is bump-bonded directly to the integrated pitch 
adapter on the sensor, which connects the strips to the 
ASICs. The bump bonding was performed at Fraunhofer  
IZM in Berlin, while the wire bonding of the Kapton flex 
readout cable to the KPiX was done by the DESY service 
centre electronics in Hamburg (ZE). 

The sensors are mounted in Torlon frames, which are 
mounted in three layers with two sensors each in cassettes, 
one of which is installed in front and one behind the DUT.  
The cassettes are only 3.3 cm thick to fit into the narrow 
space between the DUT and the magnet wall. The material 
budget of a fully equipped cassette adds up to only about 
1% of a radiation length X0. In the mounting structure, the 
cassettes can be moved along the magnetic field axis and 
rotated around the DUT.

All components of the mounting system and readout system 
– including interface and data acquisition boards developed 
at SLAC – are available. In 2019, extensive tests were per-
formed in the laboratory and at the DESY test beam. Figure 2 
shows the two LYCORIS cassettes mounted in the solenoid 
magnet with the EUDET-type AZALEA telescope [3] installed 
as reference tracker in the centre.

Figure 3 presents a correlation plot between two of the 
sensor planes in the test beam. Compared to 2018, the 
overall noise in the data could be greatly reduced and the 
correlation is more clearly visible. The studies indicate that 
the average signal charge is 2.6 fC, while the average noise 
level is 0.2 fC, which results in a good signal-to-noise ration 
of S/N = 13. This value is expected to be further improved by 
optimising the sampling of the charge signal.

In addition to the measurements inside the solenoid magnet, 
tests were performed in another test beam area without 
magnetic field, where one LYCORIS cassette was mounted 
between the two arms of the AZALEA reference telescope. 
The reconstruction of the events was performed using the 
General Broken Lines (GBL) [4] software package and the 
alignment using the Millepede II [5] tool. Figure 4 features a 
reconstructed event from this setup, which clearly shows that 
the hits on the LYCORIS planes fit well to the tracks recon-
structed from AZALEA. Both telescopes were fully synchro-
nised, demonstrating that setups that work together with an 
EUDET-type telescope can also easily be combined with the 
LYCORIS system.

From the test measurements, the required point resolution  
of better than 7 μm for the LYCORIS sensor planes could be 
confirmed. A first look at the resulting momentum resolution 
showed that this too agreed with the requirement of about  
5 x 10-6 MeV-1. 
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Figure 1

Framed silicon strip sensor with two bump-bonded KPiX readout chips and attached 

Kapton flex readout cable

Figure 2

Measurement setup inside the 1 T solenoid, Including the two LYCORIS cassettes on the 

left and right side as well as the EUDET-type AZALEA telescope as reference tracker in 

the centre

Figure 3

Measured beam position: Correlation between two sensor planes

Figure 4

Event display: The hits in the AZALEA telescope are shown as blue cross- 

es and the corresponding triplet tracks as lines. The LYCORIS hits are 

marked as red plusses and the combined track as a green dotted line. 

Area T24/1 at the DESY II Test Beam Facility hosts a special infrastructure: a superconducting solenoid  
for examining large devices under test (DUT) with a diameter of up to 75 cm in a magnetic field of 1 T.  
To fully assess the performance of a DUT, a precise reference measurement of particle trajectories within 
this magnet is essential. In close collaboration with SLAC, DESY is developing a beam telescope with 
three layers of silicon strip sensors before and three behind the DUT. In 2019, many tests were performed 
in the laboratory and on site at the test beam. As the results demonstrate, the new telescope is nearing 
completion and its final commissioning as a user infrastructure is close.

The tests performed in 2019 clearly confirmed that the 
LYCORIS telescope meets the required specifications and 
demonstrated its usability. In 2020, the telescope studies will 
be continued in more detail. Together with the associated 
software, the system will be further developed in order to 
finally transform the setup into a user infrastructure at the 
DESY II test beam.

This project is pursued in close collaboration by the DESY 
ATLAS and FLC groups and SLAC. It is strongly supported 
by the DESY FE and ZE groups as well as by the European 
Horizon 2020 project AIDA-2020, GA no. 654168.

Dial T for telescope
New beam telescope at the DESY II Test Beam Facility
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Higgs factories around the world
Discovered only in 2012 at the LHC, the Higgs boson is the 
youngest member of the particle family, but maybe the 
longest sought for. Since its discovery, we have learned a lot 
about the new kid on the block from the LHC, but still many 
questions remain: Is the Higgs boson really an elementary 
particle, the only one without spin, or rather a composite 
object? Why does it have such a special relation to the top 
quark, making the latter as heavy as a gold atom? Does the 
Higgs boson act as a portal to a whole dark sector, 
explaining the cosmologically observed dark matter?

In order to address these and many other questions, four 
different e+e- colliders have been proposed: the circular 
colliders CEPC in China and FCCee at CERN as well as the 
linear colliders ILC in Japan and CLIC at CERN. Figure 1 
shows the instantaneous luminosity of these projects as a 
function of the collision energy. While the circular colliders 
offer unrivalled luminosities at energies below 250 GeV, 
they cannot be upgraded later on to reach higher energies. 
This energy upgradability and the ability to collide longi-
tudinally polarised beams are unique features of linear 
colliders.

Luminosity, energy and beam polarisation 
While each project has its own strengths, the key scientific 
question – which DESY scientists have addressed together 
with their colleagues around the world – is how these 
complementary properties impact the prospects for a 
precision profiling of the Higgs boson.

Figure 2 shows the expected precisions on the couplings of 
the Higgs boson to various SM particles, including itself, on 
its total width as well as the 95% confidence level sensitivity 
to Higgs decays into exotic “invisible” particles. The red and 
green bars correspond to assumptions on the luminosity, 
beam polarisation and collision energy typical for circular  
and linear colliders, respectively. For most observables, the 
higher luminosity at the circular colliders is approximately 
compensated by the polarised beams at linear colliders. The 
couplings of the Higgs boson to the top quark and to itself 
can only be accessed at energies of at least 500 GeV.  

Searching for siblings of the Higgs
Higgs factories will also offer a unique potential to search for 
siblings of the Higgs bosons, for instance in decays of the 
Higgs boson itself, or when radiated off heavy quarks, or in 
direct production together with a Z boson. In the latter case, 
the search can be performed in such a way that it is agnostic 
to the – a priori unknown – decay modes of the new Higgs 
boson, or, more generally speaking, the new scalar S. In e+e- 
collisions, the full four-momentum of the initial state is known 
and thus the four-momentum recoiling against the decay 
products of the Z boson can be calculated. An extra Higgs 
boson would then show up as a peak in the recoil mass 
spectrum. 
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Figure 1

Luminosity as a function of centre-of-mass energy of future e+e- colliders. From [1].

Figure 2

Interplay of luminosity, beam polarisation and energy at future e+e- Higgs factories:  

At 250 GeV, 2 ab-1 of polarised data (green) yield very similar precisions to 5 ab-1 of 

unpolarised data (red). The couplings of the Higgs boson to the top quark and to itself 

are only accessible at centre-of-mass energies of at least 500 GeV. From [1].

A new high-energy electron–positron (e +e -) collider, operating as a Higgs boson factory with a minimum 
centre-of-mass energy of 250 GeV, could be the next big project in particle physics. In 2019, four such 
projects were discussed on the way towards the next update of the European Strategy for Particle 
Physics, which is expected to be published in 2020. DESY has been a key player in laying out the scientific 
foundations for these discussions, based on careful projections of important measurements and on their 
interpretation in the context of the Standard Model (SM) of particle physics – and beyond. Particular 
emphasis was put on evaluating the interplay of beam polarisation and luminosity.

Science at a Higgs factory
Shaping the next collider

Figure 3 compares the sensitivity of the 250 GeV ILC to the 
existing exclusion bound from the OPAL experiment at CERN’s 
former LEP collider, which still provides the most up-to-date 
constraint. Areas above the curves are excluded. The yellow 
curve is a theory extrapolation [2] of the OPAL limit to ILC 
conditions, while the red curve has been obtained in a full, 
Geant4-based detector simulation study performed at DESY 
[3]. The dashed curve indicates the potential improvement if 
more advanced reconstruction algorithms to identify addition- 
al photons from initial-state radiation would be developed.

Learning more at higher energies
If the energy of the Higgs factory could be extended to  
500 GeV and 1 TeV, two measurements of di-Higgs produc-
tion would become accessible, which provide important 
information on the coupling of the Higgs boson to itself. The 
behaviour of these two measurements in extensions of the 
SM, where the value of the self-coupling λ could deviate 
substantially from the SM prediction, are highly complemen-
tary to each other and to the measurement at the High-
Luminosity LHC (HL-LHC), as illustrated in Figure 4. 

Figure 3

Searches for additional scalar (Higgs) bosons with strongly reduced coupling to the  

Z boson. Current limit from OPAL (blue) and projections for the ILC at 250 GeV:  

generator-level extrapolation of the OPAL limit [2] and result of the ILD full detector 

simulation study [3].

Figure 4

Prospects for the measurement of the Higgs self-coupling depending on its value (nor-

malised to the SM prediction): The black error bars show a cross-section-level extrapo-

lation of the HL-LHC projection, which only exists for the SM case. The green and red 

bars show the ILC projections at 500 GeV alone and combined with 1 TeV, respectively. 
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Introduction
The detailed and accurate simulation of physics interactions 
in particle detectors using Monte Carlo techniques is an 
indispensable tool in HEP. This is the case for the whole 
lifetime of a project, starting from the first conceptual designs 
for a new detector through the engineering R&D phase to the 
period of real data taking and analysis. Of particular impor- 
tance is the exact modelling of the interaction of particles 
with matter, which results in the electronic signals that are 
eventually measured in the detector. This modelling is typically 
done with the Geant4 toolkit, which has been used in HEP for 
more than two decades and which provides algorithms based 
on the best knowledge of the underlying physics processes. 

While these algorithms are very accurate and provide the 
required precision, they also demand tremendous computing 
resources. Roughly 40% of the total CPU time that is needed 
for the ATLAS and CMS experiments at the LHC is used for 
this type of Monte Carlo simulation with Geant4. By far the 
largest fraction of this time is required for the simulation of 
particles showering in the calorimeters, where the particle 
energy is measured from the decay products. Speeding up 
this simulation time significantly – at no loss of physics 
precision – could dramatically improve the scientific yield, at 
lower or constant cost.

Machine learning and generative adversarial 
networks
The field of artificial intelligence that deals with ML has 
gained enormous attention in recent years, the prominent 
examples being autonomously driving cars or computers 

beating the world’s best Go players. A special subfield of ML 
deals with generative methods, which are trained to create 
realistically looking artificial images based on unsupervised 
learning from a set of suitable example images. This is used 
for instance to create fashion photos without a real model. 
The state-of-the-art method for this approach is provided by 
generative adversarial networks (GANs), in which a generator 
network and a critic (adversarial) network are trained at the 
same time. While the generator is trained to create realistic 
images, the critic is optimised to distinguish these from real 
images, providing a feedback loop that improves the 
generation quality (Fig. 1). 

Fast shower simulation with GANs
Some groups have already applied GANs to calorimeter 
shower simulation [1, 2], showing promising first results. In 

2019, the DESY FLC group started a project together with 
Universität Hamburg in the context of the cluster of excel-
lence “Quantum Universe” and the Helmholtz Innovation Pool 
project AMALEA to systematically investigate the suitability  
of ML methods for fast shower simulation in highly granular 
calorimeters as they are foreseen for most future Higgs 
factories. The high granularity of these calorimeters reveals 
many details of electromagnetic and hadronic showers, 
posing an additional challenge to the accuracy and quality of 
the simulation. Several network architectures, such as GAN, 
WGAN, VAE etc., are being investigated, optimised and 
compared. Generating 3D images of electromagnetic showers 
that are indistinguishable to the human eye from those simu-
lated with detailed physics modelling in Geant4 is rather 
straightforward, as shown in Fig. 2. This is possible with all 
generative network architectures under study.

  
Getting the physics right
To be applicable in real particle physics experiments, how-
ever, the generative ML methods have to be able to generate 
calorimeter showers that are indistinguishable from those 
simulated with Geant4 (or better, those actually measured in 
a real detector) to the trained physicist. For this to be the case, 
effectively all conceivable underlying distributions of physical 
and topological quantities have to be described correctly. 

Starting out with a simple example, we simulated 2D images 
of 50 GeV photons that hit the calorimeter at 90° incident 
angle, where the energies of the 30 layers in the calorimeter 
under study were integrated. After training a GAN-like network 
to generate such 2D shower images, we first compared basic 
physics distributions of high relevance, such as the radial 
shower profile, hit occupancies or visible energy. In this 
scenario, the network behaved very well and the generated 
images showed almost identical physics distributions com-
pared to those used for the training (Fig. 3). 

The next step was to generalise the networks to generate  
3D images of showers with random given particle energy. 
This turned out to be a much harder problem. On the one 
hand, the training times grew considerably, despite the use  
of the most modern GPUs available, and on the other hand,  
it was not yet possible to generate showers that sufficiently 
reproduced all relevant physics distributions with the accu-
racy we aimed for.
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Schematic view of a generative adversarial network (GAN)

Data analysis in high-energy physics (HEP) relies 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 the extremely accurate modelling of the relevant physical effects that lead to the electronic signals seen  
in the detector. The modelling of these effects poses dramatic requirements on the needed CPU resources. 
Recent advancements in the field of artificial intelligence and machine learning (ML) suggest that it might be 
possible to create 3D physics signals in the detector that are indistinguishable from the ones created with the 
detailed physics models – in orders of magnitude shorter computing times. To explore this exciting possibility, 
the DESY FLC group started a project investigating the use of ML techniques to speed up the simulation of 
electromagnetic showers in highly granular calorimeters as they are foreseen for most future Higgs factories.

Machine learning for fast  
shower simulation
Can artificial intelligence beat detailed physics modelling?

 
Artificial intelligence is a very active field of current research 
in the international HEP community, and we will continue to 
investigate the exciting possibilities of generative ML tech-
niques for fast shower simulation. The coming years will show 
whether artificial intelligence will be able to beat the tried and 
tested, detailed simulations based on extensive physics 
knowledge of the interaction of particles with matter.

Figure 2

3D images of electromagnetic  

showers created by a 50 GeV photon  

in a highly granular Si-W calorimeter  

with 5 x 5 mm2 cell sizes.  

Left: Simulated with Geant4.  

Right: Generated with a GAN-like network.

Figure 3

Comparison of various physics distributions of 2D shower images generated with a 

WGAN to those from realistic physics simulations with Geant4. The network was trained 

to generate 50 GeV photons only [3]. 
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Belle II operation in 2019 and challenges
In 2018, the Belle II detector recorded the first electron– 
positron collisions at the new SuperKEKB collider. The Belle II 
vertex detector (VXD), consisting of the four-layer silicon strip 
vertex detector (SVD) and the two-layer pixel vertex detector 
(PXD), was installed in autumn 2018. Due to yield issues 
during the last step of the production (gluing of two modules 
to form a ladder), only two of the 12 ladders of the outer PXD 
layer could be installed, while all eight ladders of the inner-
most layer were completed. In parallel to data taking at KEK, 
efforts are ongoing within the PXD community to fully replace 
the detector in the next long shutdown foreseen for 2021/22. 

Background in the Belle II subdetectors was still a major 
concern for beam operation in 2019. In particular, the high 
current in the central drift chamber and the high photomulti-
plier tube rates of the time-of-propagation detector limited 
the achievable beam currents. Another factor limiting the 
peak luminosity was the vertical emittance blow-up that was 
observed when trying to collide beams with increased bunch 
currents. To better understand these and other accelerator-
related issues, priority was given to machine studies during 
the later part of the run after the summer break.  

While the present base background level does not yet pose a 
significant problem for VXD operation, extrapolations to the 
machine design parameters show that the overall background 
has to be reduced by at least a factor of 5 to maintain high 
performance and guarantee safe and long-term operation.

During the spring run, several beam losses occurred in both 
rings of the accelerator, leading to severe quenches of the 

superconducting final focus system and causing damage to 
collimator heads and to some PXD modules located only  
14 mm away from the beamline. In total, 2% of the PXD 
channels remained inefficient after these accidents. After 
correcting for this loss, the overall PXD efficiency was well 
above 98%. 

Meanwhile, several measures have been taken to reduce the 
risk and impact of future beam losses, such as improvements 
of the beam abort and collimator system on the accelerator 
side and the implementation of a faster emergency ramp-

down of the PXD power supplies on the Belle II side. 
However, since the root cause of these losses is not yet fully 
understood, such events still represent a significant threat for 
future operation. Despite all these operational difficulties, 
Belle II was able to accumulate a total luminosity of more 
than 10 fb-1 in 2019, as shown in Fig. 1. 

Verification of nanobeam scheme and VXD 
performance
The main improvement in instantaneous luminosity of 
SuperKEKB compared to its predecessor KEKB is expected 
to come from applying the nanobeam scheme. In this 
scheme, low-emittance beams are strongly focused in the 
vertical direction and collide under a large horizontal crossing 
angle to overcome the otherwise unavoidable dilution from 
the so-called hourglass effect. The relevant quantity here is a 
large Piwinski angle Ψ >> 1 (named after the former DESY 
accelerator physicist Anton Piwinski), which is the ratio of the 
longitudinal length of the colliding bunches (σz ~ 6 mm in the 
case of SuperKEKB) and the effective length of the overlap 
region of the two beams σ eff

z (see insert in Fig. 2, top). 

In the 2019 run period, the vertical beta function at the 
interaction point β*y was reduced in steps from β*y = 8 mm 
down to 1 mm. Comparing this with the DESY measurement 
of σ eff

z  ≈ 0.35 mm shown in Fig. 2 (top) proves that the 
nanobeam condition σ eff

z < β*y was indeed satisfied.  
Under these conditions, a peak recorded luminosity of  
1.14 x 1034 cm-2s-1 could be achieved, which is slightly larger 
than the original KEKB design value. For comparison, the 
ambitious SuperKEKB design goal is 80 x 1034 cm-2s-1.

Another very important quantity is the transverse impact 
parameter resolution, which plays a decisive role for many 
key measurements that will be performed at Belle II, such as 
time-dependent CP violation analyses. One of the 
consequences of the nanobeam scheme is a very small 
aspect ratio of the beam spot ellipse in the transverse plane. 
For β*y = 1 mm, the vertical size of the beam spot is already 
more than an order of magnitude smaller than the resolution 
of the VXD, so the width of the distribution of the “distance of 
closest approach” to the beam spot d0, measured with 
horizontal tracks, provides a direct measure of the intrinsic 
VXD resolution. 

Figure 2 (bottom) shows the width of this distribution as a 
function of the emission angle φ0 of the tracks. The small 
discrepancy between the measured intrinsic VXD resolution 
of 14.2 µm (at φ0 ≈ 0 or π) and the Monte Carlo prediction of 
12.5 µm is most likely due to too optimistic assumptions on 
the single-hit resolution in the SVD simulation. By unfolding 
the measured intrinsic resolution, the horizontal beam spot 
size can also be extracted; it is in very good agreement with 
expectations based on the machine optics parameters used 
in this run. These results also indicate a rather advanced 
understanding of the detector alignment, which is based on 
Millepede II [1].
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Figure 1

Integrated Belle II luminosity in 2019. The gap in April was due to a fire in the linear  

accelerator building. 

After successful installation of the Belle II vertex detector in the fall of 2018, with major participation of DESY, the 
first data-taking period of the experiment with all detector systems in place (Phase 3) started in spring 2019 at the 
SuperKEKB collider at KEK in Japan. An important step on the way to achieving the ambitious design luminosity was 
the demonstration that the nanobeam concept of beams colliding with a large Piwinski angle worked. The telltale 
signature is the longitudinal size of the beam spot, which was measured under DESY leadership. DESY also played  
a key role in proving the great potential of the pixel vertex detector for precision physics by measuring the transverse 
size of the beam spot. The operation of the SuperKEKB accelerator remained a challenge, however, as beam back-
grounds were still very high in many Belle II subdetectors and several unexpected beam losses not only led to 
quenches of the final focus system, but also caused damage to collimators and parts of the pixel vertex detector. 
Despite these problems, Belle II collected an integrated luminosity of 10 fb-1 in the 2019 run period.

Belle II Phase 3 has begun
Successful demonstration of nanobeam concept at SuperKEKB

 
A physics-related variable that was used to demonstrate  
the very good performance of the VXD already in the early  
Phase 3 run is the lifetime of the D0 meson, which relies on 
the precise measurement of secondary vertices. Figure 3 
shows the first preliminary Belle II measurement of this quan-
tity. Within errors, the experimental result of τ = 370 ± 40 fs is 
in good agreement with the Particle Data Group (PDG) value 
τ(PDG) = 410.1 ± 1.5 fs.

Figure 2

Early Belle II Phase 3 measurements of beam spot properties using the VXD

Figure 3

Fit to the reconstructed 

proper time of the D0  

meson for the decay  

D* → D0π+, D0 → K+π
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Search for invisible Z' decays
Several open questions in particle physics, including the 
flavour anomalies in b → sμ+μ - decays and the anomalous 
magnetic moment of the muon (g - 2)μ, can potentially be 
explained by the so-called Lμ - Lτ model. It can mediate inter-
actions to dark matter (DM) if the new particles are charged 
under Lμ - Lτ. The Z ′ couples to the Standard Model (SM) 
only through the second and third generation of leptons with 
coupling constant g′, but not to electrons or electron neutrinos.

The Belle II collaboration has used its small first data set 
collected in 2018 – corresponding to only 0.001% of the final 
Belle II luminosity – to search for Z ′ production through 
radiation off a final-state muon (Fig. 1, left) with a subsequent 
decay into invisible particles.

The DESY Belle II group was involved in the analyses and 
played a leading role in the performance studies of tracking, 
particle identification and photon reconstruction in the first 
data. No significant excess in the dimuon recoil mass was 
observed (Fig. 2), which allowed Belle II to set world-leading 
limits for invisible Z ′ decays below the muon pair threshold  
g' > 5 x 10-2. The Belle II collaboration also searched for 

lepton-flavour-violating Z ′ decays into electrons and muons 
and placed limits on the cross section for this process.

With the full Belle II data set and improved detector under-
standing, the collaboration plans to improve the coupling 
limits by almost two orders of magnitude in the future.

Search for invisible dark-photon decays
A significant number of experiments have recently published 
limits for dark photon (A′) searches where the A′ decays 
visibly into charged lepton pairs.

However, if the A′ is not the lightest dark-sector particle, it 
will dominantly decay into light dark matter χ via A′ → χχ.  

At Belle II, dark photons are searched for in association with 
an energetic initial-state photon (Fig. 1, right). Since the 
interaction probability of dark matter with the detector is 
negligible, the experimental signature of such a decay will be 
a single mono-energetic photon, giving rise to the name 
„single-photon search“ for this analysis. The DESY Belle II 
group is leading the preparation for this intensity frontier 
golden-mode dark-matter search [2].

The experimentally clean environment at an electron–positron 
collider and the very hermetic calorimeter of the Belle II 
experiment promise world-leading sensitivity for GeV dark 
photons. SM backgrounds from e+e- → γγ and e+e- → e+e-γ, 
where all particles but a single photon escape the detector 
undetected, are reduced significantly by exploiting the known 
initial state in e+e- collisions and by using the outer muon 
system as additional photon veto. The irreducible SM back-
ground e+e- → ννγ is negligible at Belle II collision energies. 
First results are expected in 2020 with a data set of about 
100 fb-1.

Search for long-lived particles
While searches like the aforementioned single-photon search 
are well established in the Belle II physics programme, many 
dark-matter models generically predict invisible and displaced 
signatures at Belle II, consisting of a single photon accompa-
nied by missing energy and a displaced pair of electrons, 
muons or hadrons. Such events will be missed by the 
currently implemented search programme at Belle II because 
of inefficient trigger algorithms.

An example for such a final state is models of inelastic DM 
(iDM) (Fig. 3), in which a mass splitting Δ between two dark-
sector states χ1 and χ2 ensures that existing constraints from 
the cosmic microwave background and from direct detection 
experiments are evaded. The heavier state χ2 can have a 
decay length comparable to the typical size of particle 
physics experiments.

The DESY Belle II group and the DESY theory group have 
worked together to study the sensitivity of Belle II for this 
model in detail [3]. Within the study, the most sensitive 
detector regions and selections that suppress the relevant 
backgrounds to a negligible level have been identified. For 
small mass splittings, the large lifetime of the heavier DM 
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Figure 1

Feynman diagrams for Z' production with decay Z' → invisible (left) and for dark- 

photon A' production with decay A' → invisible (right) 

Figure 2

Recoil mass spectrum of the muon pair sample. Simulated samples (histograms) are 

rescaled for luminosity and corrected for efficiency. From [1].

Figure 4

Comparison of the expected Belle II (50 ab-1) sensitivity for inelastic dark matter with 

various other proposed experiments. Most experiments shown in the figure are still in 

early stages of development and not yet funded. From [3].

A new player in the worldwide efforts to find dark matter has entered the arena: While many experiments have 
been focusing on rather heavy dark-matter candidates, the Belle II experiment at the SuperKEKB collider in Japan is 
particularly well suited to search for light candidates in the MeV to GeV range. The DESY Belle II group contributed to 
the first Belle II physics paper, in which the international collaboration was able to set first limits on invisible decays of 
a new Z' boson. In parallel, the DESY Belle II group and the DESY theory group have been working together to design 
new searches for long-lived particles that appear in various dark-matter models.     

Searching for dark matter in Japan
First results and plans for dark-sector searches with Belle II 

particle results in decays outside of Belle II, which makes the 
single-photon search sensitive to this parameter space. 
However, for heavy DM particles or large mass splitting, only 
dedicated displaced vertex triggers allow for probing a large 
and complementary parameter space. The DESY Belle II 
group contributes to implementing such trigger algorithms for 
future Belle II runs.

This particular DM model and long-lived particles in general 
have recently gained a lot of attention in the context of the 
CERN “Physics Beyond Colliders (PBC)” study [4]. Figure 4 
shows a sensitivity comparison of various proposed PBC 
projects and Belle II for iDM. The rather small boost of the 
final-state particles, the very large expected data set and the 
powerful detector make Belle II competitive with dedicated 
lifetime frontier experiments.

Figure 3

Feynman diagram for 

dark-photon A' produc-

tion with A' decay into 

inelastic dark matter
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The light frontier of particle physics
Open questions related to particle physics beyond the Stan-
dard Model (SM) might be solved by the existence of very 
lightweight, weakly interacting slim particles (WISPs, e.g. [1]). 
Such new constituents of nature could also well explain the 
dark matter in our universe and some puzzling observations 
concerning the evolution of stars and the propagation of light 
in interstellar and intergalactic space. They might even be 
related to the phenomenon of dark energy.

The best-known archetypal of these WISPs is the quantum 
chromodynamics (QCD) axion. It was predicted more than  
40 years ago to explain the conservation of CP symmetry in 
QCD, showing up for example in the missing electric dipole 
moment of the neutron. The axion and other WISPs are 
pseudo Nambu–Goldstone bosons related to global symme-
try breakings at energies many orders of magnitude above 
the reach of any realistic future collider experiment. Thus, a 
discovery of WISPs would give insight into particle physics at 
extremely high energies.

However, it is just this relation that complicates the detection 
of WISPs a lot. In general, the interaction of WISPs with SM 
constituents is suppressed by the high energy scale at which 
the WISP-related symmetry breaking takes place. Only very 
feeble interactions are expected. Therefore, many experi-
ments worldwide focus on WISP–photon interactions: 

Technologies exist to detect extremely weak photon fluxes 
from X-rays to microwaves, and experiments can well be 
shielded from ambient “background” light. Hence, very 
lightweight dark-matter candidates can often best be 
searched for by probing their interaction with light.

Three approaches at DESY
Across the world, an increasing community is developing and 
constructing new experiments to search for WISPs. DESY 
plays a visible role in this context by focusing on larger-scale 
installations, which strongly benefit from existing infrastruc-
tures at the DESY site in Hamburg. Three experimental 
approaches are being followed: pure laboratory experiments, 
the helioscope approach and a haloscope experiment.

ALPS II
In the straight tunnel section of DESY’s former HERA collider 
around the HERA hall North, the “light shining through the 
wall” experiment ALPS II (see previous editions of this annual 
report) is under construction. In a first part of the experiment, 
axion-like particles and other WISPs might be generated by 
light shining into a strong magnetic dipole field. A light-tight 
barrier, easily crossed by any WISP, shields a second com-
partment, where WISPs might convert back to photons again 
in a strong magnetic dipole field. ALPS II will look for axion-
like particles and other WISPs in a model-independent fashion 
by (hopefully) generating and detecting these elusive particles.

To reach a sensitivity for axion-like particles as indicated by 
astrophysics phenomena, a complex optical system with 
high-finesse, mode-matched optical resonators will be built 
around the magnet strings. Here, ALPS II strongly relies on 
technologies developed for the gravitational-wave inter-
ferometers GEO600 and LIGO.

The successful straightening of the superconducting HERA 
dipole magnets and the fruitful optics developments in 2018 
and 2019 allowed the length of the whole experiment to be 

Converting dark matter into light: This ambitious goal became more realistic in 2019. At DESY, different 
experiments in different phases aim at doing so with both galactic dark matter and dark matter generated 
in the sun and in the tunnel of the former HERA collider. 

2.21

increased from 20 to 24 magnets (Fig. 1), thereby fully using 
the HERA straight section. The installation work in the tunnel 
culminated in a “first magnet fest” in October 2019 (see cover 
page). Everything is on track to finalise the setup in late 2020. 

IAXO
The International Axion Observatory (IAXO) will search for 
WISPs emitted by the sun. In a dedicated magnet, such 
particles would convert to X-ray photons. It is the only known 
approach to look for QCD axions up to eV masses and 
motivated by a rich physics field [2]. It might also allow the 
coupling of axions to electrons to be probed in addition to the 
axion–photon interaction. IAXO will combine a large movable 
toroidal magnet tracking the sun, grazing-incident X-ray 
optics similar to the ones used in satellites and extremely 
low-background X-ray detectors. The realisation of IAXO will 
also depend on the outcome of the ongoing update process 
of the European Strategy for Particle Physics.

BabyIAXO, the prototype for IAXO, will not only allow tests of 
crucial technologies, but also reach unprecedented sensi-
tivities in WISP searches. R&D activities are essentially 
concluded, so that BabyIAXO is ready for construction  
(Fig. 2). The project was successfully reviewed by the DESY 
Physics Research Committee (PRC) in May 2019. It is hoped 
that international funding discussions on BabyIAXO will be 
concluded in early summer 2020. The experiment will be 
located in the HERA hall South. It will reuse the drive system 
of the dismantled mid-sized telescope (MST) for the CTA 
gamma-ray observatory in Berlin, thereby fully profiting from 
DESY’s unique expertise and infrastructure.

MADMAX
The Magnetized Disk and Mirror Axion eXperiment (MADMAX) 
targets galactic dark-matter axions [3]. These ambient WISPs 
would convert to very feeble microwave radiation inside a 
strong magnetic dipole field. The experiment cannot only 
demonstrate the existence of axions or other WISPs – a 
positive detection would directly shed light on the nature of 
the dark matter in our universe. Within the worldwide 
community, MADMAX is the only experiment that mainly 
focuses on cosmological scenarios in which the axion-related 
symmetry breaking occurs after an early inflation phase. 

The experiment requires the development of a unique large-
volume superconducting 9 T dipole magnet (Fig. 3), a new 
“booster” system (a high-precision microwave resonating 
structure of up to 80 dielectric disks of 1.25 m diameter) and 
new detection techniques for extremely low-flux microwave 
measurements. The first R&D phase was successfully 
concluded and evaluated in-depth by the DESY PRC in 
November 2019. The physics case for MADMAX was greatly 
acknowledged, and the R&D results were appreciated with 
strong encouragement for the next steps. MADMAX is 
planned to be installed in the iron yoke of the former H1 
experiment in the HERA hall North.

Summary
The DESY strategy to complement its experimental particle 
physics engagement at remote collider projects by local 
activities is becoming reality. Three international projects in 
different stages have made DESY very visible already today 
in the international communities and beyond. First results on 
WISP searches are expected from ALPS II in 2021. Figure 4 
shows a rough timeline for the experimental activities. 
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Figure 4

Timelines for experimental WISP searches at DESY. Note that BabyIAXO, IAXO and 

MADMAX are not fully funded yet.

Figure 3

Conceptual design of the 

200 t heavy dipole magnet 

for MADMAX, which will 

have an aperture of  

1.35 m and provide a field 

of 8.9 T 

Figure 1

Model of the roughly 280 m long ALPS II installation in the HERA tunnel. Three  

cleanrooms for the optics installations are arranged along two strings of 12 super-

conducting dipole magnets each.

Figure 2

Conceptual design of 

BabyIAXO (summer 

2019). Solar axions 

will be converted 

to X-rays inside the 

magnet.

Any light dark matter searches
Stepping closer to first data
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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. These include for example the application of machine learning tools in event 

generators (p. 56) and new results for heavy-quark form factors (p. 54). Particle phenomenology 

activities at DESY are strongly connected to efforts in both lattice gauge theory and cosmology. In 

2019, these efforts led to an improved understanding of the strong forces in lattice simulations  

(p. 62). Moreover, theoretical efforts in cosmology yielded much progress in our understanding of 

dark and visible matter. Recent developments underline the aspect that visible and dark matter 

might be tightly linked and produced by very similar mechanisms (p. 60).

The last 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. One promising avenue to better understand quantum field theory are self-similar 

quantum systems that often obey a conformal symmetry (p. 58).
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Figure 2

Result for the electric form factor in the Euclidean region for n = 20, 50, 100, 200, 500 

terms, shown in brown, red, blue, green and black, respectively

Figure 3

Result for the electric form factor in the region below threshold for n = 20, 50, 100, 

200, 500 terms, shown in brown, red, blue, green and black, respectively

Heavy-quark form factors  
by guessing
An attempt to reconstruct the full result from a finite  
number of terms in the corresponding power 

The particle physics theory group at DESY in Zeuthen has long been performing precision calculations for 
current and future colliders. Among the many interesting and important results obtained, we report here on 
a novel approach to calculate the three-loop quantum chromodynamics (QCD) corrections to the heavy-
quark form factors. Our aim was to obtain the final result, i.e. the sum of many individual pieces, without 
having to calculate all the building blocks separately. To this end, we first calculated many terms in the 
corresponding power series and, in the final step, reconstructed the full analytic solution. 

Together with our international collaborators, we looked at 
the problem of the three-loop corrections to the heavy-quark 
form factor, i.e. the decay amplitude of a virtual photon into a 
pair of massive quarks, such as a bottom- or top-quark pair. 
An example of typical Feynman diagrams contributing to this 
process is shown in Fig. 1. This process is of particular 
importance at current and future colliders to investigate the 
nature of the Higgs boson and the top quark.

The conventional approach to obtain the analytic solution for 
problems of this kind requires the calculation of complicated 
integrals resulting in special functions in intermediate steps, 
which in many cases are much more complicated than the 
final result once everything has been combined together. 

Following the spirit that the sum is in general simpler than  
its parts, we skipped the calculation of the integrals at 
immediate steps and focused solely on the final result. 

Since expansions in a kinematic variable are much less 
complex than the full expressions, we started by calculating 
many terms of a power series expansion around a suitable 
point. Using techniques related to differential equations, this 
expansion could be obtained once the initial conditions had 
been provided.

From these expansions, it is possible to deduce (guess)  
the recurrence obeyed by the corresponding expansion 
coefficients. To obtain the recurrences for all the different 
contributions, we needed up to 8000 terms in the expansion. 
This was of course only possible by making extensive use of 
advanced computer algebra. The next step, solving the 
recurrence, was only partially successful, since new mathe-
matical functions appeared that still have to be studied in 
more detail. In the cases where we were able to solve the 
recurrence, the subsequent summation of the corresponding 
power series was also successful and resulted in expressions 
containing harmonic polylogarithms and their extensions. 

The following example illustrates the procedure how to 
recover the full solution from a finite number of terms.

We start with the sequence for Ci in ∑Ci yi

where the expansion was performed around z = 0. We again 
found a singularity at z = 4, this time of the square-root type. 
Both figures show the corresponding approximations with  
20, 50, 100, 200 and 500 terms. As can be seen from the 
figures, we achieved very good convergence already using 
only a fraction of the available data.

The recurrences that remain unsolved lead to new, more 
complicated mathematical objects that need to be studied in 
more detail. We will further investigate this problem in the 
future. 

 

Next, we guess the recurrence

 

and find a solution for the recurrence

 

which in this case is valid starting from n = 1.

Finally, performing the sum over n = {1, … ,∞} and adding the 
constant term C0 yields

 

Following the approach outlined above, we were able to 
calculate a fully analytic solution for many parts of the 
problem. For the cases where we could not obtain a solution 
for the recurrence, we are left with expansions with at least 
8000 terms. However, as the recurrence itself exists, many 
more terms could be calculated in short time if necessary. In 
the worst case, we are left with a recurrence of order 55, i.e. 
we need the 55 previous coefficients to calculate the next 
term in the expansion.

Figures 2 and 3 illustrate the convergence of the series 
expansions we obtained for the three-loop contributions to 
the electric form factor with one closed massive quark loop. 
Figure 2 shows the behaviour in the Euclidean region where 
the expansion was performed around x = 1. Note that, for x 
tending to zero, we encountered a logarithmic singularity. 
Figure 3 presents our results for the region below threshold 
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Figure 1

Example of a Feynman diagram contributing to the process. The double line denotes 

the heavy quark. The internal quark can be either massive or massless.
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Figure 1

Feynman diagrams that contribute to Z boson pair production via gluon–gluon fusion 

Figure 2

Absolute value of the relative error between the approximate and exact squared matrix 

elements. The left panel shows the result for one model trained on the full phase space. 

The right panel shows the results from 10 separate models trained on contiguous, 

disjoint partitions.

Figure 3

Single-differential cross section and relative error for fixed values of the transverse  

momentum of the Z boson. Top panel: Exact (solid curves) and approximate (open  

circles) differential distributions. Bottom panel: Relative error as defined in Eq. (1)  

for the two pT values.

Learning amplitudes for  
faster event generation
Speeding up higher-order Monte Carlo event generation for  
LHC phenomenology using machine learning techniques

Measurements at the LHC are becoming more precise. This is perhaps especially so in cases involving electroweak 
particles in the final state, where uncertainties due to quantum chromodynamics (QCD) are reduced. These precise 
experimental measurements are useful for two related purposes: to better understand the Standard Model (SM) itself 
and to constrain or, hopefully, discover new physics beyond it (BSM). To do this, however, precise predictions for 
the SM contribution are required. While many SM processes are now known to next-to-next-to-leading-order (NNLO) 
accuracy, generating enough Monte Carlo events at this accuracy is very time-consuming. A new idea to solve this 
problem was proposed at DESY. It aims to tackle a time-consuming part of the computation by approximating the 
squared matrix elements using machine learning techniques and in particular gradient-boosting machines.

Thanks to big efforts in experimental and theoretical high-
energy physics, the LHC has evolved from an energy frontier 
machine to a precision frontier machine. Such an evolution is 
necessary given the planned increase in integrated luminosity 
at fixed energy, since putative new resonances can typically 
be discovered as soon as they are energetically accessible, 
with little integrated luminosity. This was the case with the 
discovery of the Higgs boson in 2012 – it was discovered 
with only 10 fb-1 of data! While the LHC is certainly still 
capable of discovering new resonances, which could be 
weakly coupled or appear in regions of the phase space 
where the backgrounds are peaked or overwhelming, the 
CERN collider is becoming quite useful in precision studies 
where the BSM signal is non-resonant and small compared 
with the SM background.

Interpreting precision measurements at the LHC, however, 
requires precision predictions of SM processes. And while 
the last decade saw an accelerated increase in theoretical 
computations at NNLO, their use in phenomenological 
studies has been lagging, presumably due, in part, to the lack 
of fast Monte Carlo event generators at this order. Event 
generation at NNLO is slow because of the need to evaluate 
numerically expensive functions and the need for quadruple 
precision arithmetic in some regions of phase space, among 
other reasons.

A possible solution to speed up event generation is to 
approximate the functions of interest – the squared matrix 
elements, say, in an attempt to reduce the numerical cost of 
evaluating the exact function. 

This solution is particularly amenable to machine learning 
techniques and especially deep neural networks (DNNs), 

since there exists a proof (the universal approximation 
theorem) that DNNs can approximate any function arbitrarily 
well. In practice, however, it turns out that another technique 
is better suited for functions with a few variables that require 
accurate and fast approximation: gradient-boosting machines 
(GBMs). This will be our tool of choice.

As a proof of concept, we studied the process gg → ZZ, 
which is loop-induced at LO (Fig. 1). This was motivated in 
part because it belongs to a class of processes of pheno-
menological interest at the LHC collectively referred to as 
di-boson processes. In particular, gg → ZZ contributes to the 
bulk of the NNLO correction to pp → ZZ. Furthermore, for 
di-boson processes, NNLO corrections are phenomeno-
logically relevant (see for example Ref. [1]). 

We found that GBMs can achieve prediction times 1000 times 
faster than the time required by traditional tools, while the 

Figure 3 shows the single-differential distribution with respect 
to the di-Z invariant mass. The top panel presents the exact 
distribution obtained with OpenLoops, while the open circles 
indicate the results obtained with our model – partitioned only 
at mZZ = 3 TeV and with no partitioning on cos(θ ). The bottom 
panel shows the relative error as defined in Eq. (1), in 100 log-
uniform bins. The relative error is less than 1% even with 
such fine binning. The approximation errors are nicely distri-
buted around zero, meaning that integrating reduces the 
relative error in a given bin.
 
In summary, the machine learning approach to approximating 
squared matrix elements that are time-consuming to calcu-
late performed extremely well – specifically, with approxi-
mation errors on the order of 10-3 and a 1000-fold increase in 
the prediction speed per phase space point with respect to 
evaluating the exact function. With this success at hand, we 
will continue on this path, with the ultimate goal of speeding 
up event generation at NNLO. In particular, a next step will be 
to approximate the two-loop term involving interference of 
virtual with Born contributions.

predicted values for single- and double-differential distri-
butions had errors below 0.1%. This was achieved with 
training times of less than 7 min on a single CPU core and 
with a disk size for the trained models of a few Mb.

For unpolarised gluons, the fully differential partonic cross 
section only depends on two phase space coordinates, the 
partonic centre-of-mass energy (or, equivalently, the di-Z 
invariant mass mZZ) and the polar angle of the Z boson 
(equivalently, the transverse momentum pT of the Z boson). 
Furthermore, the polar angle distribution is symmetric under 
cos(θ) → -cos(θ).

As mentioned earlier, our tool of choice was the GBM, and 
we used the XGBoost implementation [2]. For more details 
about the other algorithms we considered and the hyper-
parameter tuning in XGBoost, see Ref. [3]. Once the final 
hyper-parameters were chosen, we compared the perfor-
mance of one model trained on the entire phase space 
against 10 models trained on contiguous, disjoint partitions  
of it. These partitions are delineated by dashed grey lines in 
the right panel of Fig. 2. Such partitioning, which was done 
manually in this case, can be automated with VEGAS, for 
example. As can be seen from Fig. 2, the partitioning 
improved the relative error of the prediction by orders of 
magnitude. The relative error is defined as

 

 

The exact matrix elements were evaluated and timed using 
OpenLoops 2 [4].
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Figure 1

Fluctuations in the critical 

Ising model have the  

same statistical properties  

on all scales.

Figure 2

Conformal Fourier analysis is based  

on a multidimensional exactly solvable 

generalisation of the one-dimensional 

Schrödinger problem for the Pösch–

Teller potential.

Self-similar quantum systems 
Novel analytical tools from mathematics and particle physics 

Many objects in nature are self-similar: The whole object looks exactly or approximately the same as its  
parts. Such behaviour is not limited to the macroscopic world, but can also appear in microscopic systems  
that are described by the laws of quantum mechanics. So-called conformal quantum field theories provide the 
most relevant class of self-similar quantum systems. By combining the latest mathematical developments  
with methods from particle physics, theorists at DESY have advanced analytical tools for the study of conformal  
field theories. These are beginning to uncover new views on dynamics deep in the quantum regime.   

The study of self-similar quantum systems has a long history. 
There exist many 1+1-dimensional conformal quantum 
systems that have been solved exactly, thanks to an 
additional enhancement of their symmetry, and they were 
used to describe a wide range of phenomena in quantum 
wires or critical spin chains. For higher spatial dimension, 
things become significantly more difficult. In 2+1-dimens ional 
quantum systems, the critical Ising model and some of its 
close relatives are key examples that are used to measure 
theoretical progress, and indeed modern tools from quantum 
field theory have recently allowed the calculation of critical 
exponents with record precision [1]. In 3+1 (and higher) 
dimensions, most of the known examples of conformal field 
theories possess supersymmetry. String theory in fact 

predicts the existence of a very large class of such theories, 
many of which are not accessible with existing techniques 
from perturbative quantum field theory. 

The analysis of such self-similar quantum systems requires 
entirely new analytical tools. For systems with translational 
symmetry, one can employ the powerful toolbox of Fourier 
analysis, which mathematicians and physicists started to 
develop more than 200 years ago. It allows all quantities to 
be decomposed into basis plane waves ψk(x ) = exp(ikx), 
which possess very special properties under translations: 
Under a shift of x  by some constant, plane waves are just 
multiplied by a phase. For systems with conformal symmetry, 
physicists and mathematicians are striving to develop a 

by Francis Dolan and Hugh Osborn a decade ago. Over the 
last few years, researchers at DESY and Universität Ham-
burg have made leading contributions to the study of such 
differential equations and thereby to the understanding of 
conformal partial waves. 

In particular, they uncovered and derived [2] an intriguing 
relation with differential equations that have been studied  
by mathematicians throughout the last few decades in an 
attempt to extend the theory of ordinary hypergeometric 
functions, which were first studied systematically by Carl 
Friedrich Gauss more than 200 years ago. These take the 
form of multidimensional generalisations of the Schrödinger 
problem for the famous Pöschl–Teller potential, an insight 
that enabled many new results on conformal partial waves. 
Among them is the first systematic study of conformal partial 
waves for generic fields in superconformal quantum field 
theories, which is particularly relevant in the context of four-
dimensional models [3]. In addition, the scientists from DESY 
and Universität Hamburg also advanced conformal Fourier 
analysis for correlation functions involving higher-dimensional 
defects and studied applications in particular to certain line 
defects on the three-dimensional critical Ising model [4].   

similar conformal Fourier theory that would allow the 
decomposition of all physical quantities into a basis of 
so-called conformal partial waves. Progress is significant  
and related to many different branches of modern 
mathematics and particle physics. 

It has been known for almost 50 years that conformal  
partial waves possess certain integral representations  
that resemble the type of integrals particle physicists 
encounter when studying Feynman graph expansions,  
e.g. in the Standard Model. More recently, this similarity  
was inter preted in the context of the celebrated gauge/ 
gravity duality, which relates conformal quantum field 
theories in d dimensions with certain gravitational models  
in d+1 dimensions. Perturbative expansions in these d+1-
dimensional models were pioneered by Edward Witten,  
and they are based on a diagrammatic expansion that is  
quite similar to Feynman diagrams. Conformal partial waves 
turn out to be determined by so-called geodesic Witten 
diagrams, and in this sense, they are indeed close relatives  
of Feynman integrals. 

While this insight does not in itself make conformal partial 
waves any more accessible – after all, physicists are also 
struggling to compute Feynman integrals – it suggests that 
the strategies developed by particle physicists who are 
dealing with Feynman integrals may carry over to the study of 
conformal partial waves. One of these successful strategies is 
to characterise Feynman integrals through a set of differential 
equations that they satisfy and then to extract the properties 
of the integral from features of these differential equations. 
This strategy indeed carries over to (geodesic) Witten 
diagrams and hence to conformal blocks, as demonstrated 
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Figure 1

Cosmic pie chart 

depicting the  

energy content of 

the universe

Figure 2

Exemplary gravitational wave spectra from cosmological phase transitions 

as well as experimental sensitivities

Figure 3

Prospects to test a dark photon. The two axes denote the dark-photon mass 

and the mixing with the visible photon.

Matters that matter
Unravelling the origin of visible and dark matter

One of the biggest puzzles in cosmology is the origin of matter. Two kinds of matter are abundant in the 
universe: The first is visible matter, which forms planets and stars or fills the universe as a gas. The second 
is dark matter, which can so far only be traced through its gravitational pull, for example in the dynamics 
of galaxies or the expansion of the universe. Since these two kinds of matter have a similar abundance, 
it seems likely  that they arise from the same mechanism. Gravitational wave observations and collider 
experiments can potentially shed some light on this question.

Matter puzzles of the universe
While ordinary matter and radiation can be observed in the 
universe through their interactions with Standard Model 
particles such as photons and electrons, the existence of 
dark matter and dark energy can so far only be deduced 
through their gravitational effects. Dark matter changes the 
dynamics of galactic halos and also has an impact on the 
expansion rate of the universe. Likewise, the abundance of 
dark energy (or more specifically the existence of a so-called 
cosmological constant) can be deduced from its effect on the 
expansion of the universe. Hence, any phenomenon that is 
sensitive to the expansion of the universe will provide know-
ledge on the energy content of the universe. 

Prime examples are the cosmic microwave background 
(which consists of freely travelling photons produced a few 
hundred thousand years after the big bang) or big bang 
nucleosynthesis (which predicts the abundance of light 
elements like helium produced minutes after the big bang). 

Such observations ultimately lead to our current under-
standing of the energy content of the universe (Fig. 1).
 
These results immediately beg several questions: What is 
dark energy? What is dark matter made off? Dark energy can 
only be tested gravitationally through its impact on the expan- 
sion of the universe. However, dark matter could be a so-far 
undiscovered particle species that just interacts relatively 
weakly with Standard Model particles. 

One prominent scenario for dark-matter generation is the WIMP 
paradigm, where WIMP stands for weakly interacting massive 
particle. The basic observation here is that a neutral particle 
with a mass of electroweak scale, which annihilates into Stan- 
dard Model particles with a cross section of electroweak size, 
would roughly predict the right abundance of dark matter. 
Such a dark-matter candidate can be searched for in labora-
tory experiments, since the annihilation rate is related to the 
production rate of dark matter at colliders (such as the LHC) 
and to scattering cross sections in direct detection experi-
ments (such as XENON). So far, all tests of WIMP dark matter 
have been negative, but the search for WIMPs continues, and 
it is still considered a very plausible dark-matter scenario.  

Asymmetric dark matter
Another striking feature of the cosmic pie chart is that the 
abundance of dark energy, dark matter and baryonic 
(ordinary) matter are quite similar and not drastically different. 
In the WIMP paradigm, this fact is unexplained, as dark 
matter and baryonic matter have completely different origins: 
The abundance of WIMPs hinges on the annihilation rate of 
the neutral dark-matter candidate, while baryonic matter 
must have been produced by a much more elaborate 
mechanism called baryogenesis. 

the dark photon. Several experimental probes will constrain 
such a scenario in the near future (Fig. 3).

There are several proposals how baryogenesis could have 
worked in the early universe, but due to the nature of 
baryonic matter, they all share certain features. Baryons 
predict antibaryons that have the same mass but opposite 
charges, such as protons and antiprotons. So, in order to 
produce an excess of baryons, baryons and antibaryons 
must behave differently. This is not so easy to realise in a 
concrete model, since interactions that allow for changing 
baryon numbers at will typically also make the proton 
unstable (the proton is stable in the Standard Model, as there 
is no lighter baryon it can decay into and baryon number is 
conserved). In a viable baryogenesis mechanism, even more 
symmetries of this kind have to be broken, for example 
charge–parity conjugation. In turn, introducing interactions 
that break charge–parity conjugation induces electric dipole 
moments in the Standard Model particles, which are 
experimentally tightly constrained. 

One possibility to avoid this conundrum and also relate the 
dark-matter abundance to the abundance of visible matter is 
to postulate baryogenesis in the dark sector. Electric dipole 
moments are no issue for particles in the dark sector, and 
heavy neutrinos (which carry lepton number) can communi-
cate a baryon asymmetry in the dark sector to the visible 
sector. The question is then how such a proposal can be 
tested. 

Experimental tests of the dark side
One possibility is to test properties of the baryogenesis 
mechanism that do not rely on particle interactions but on 
gravity, whose properties are universal in the dark and visible 
sectors. For example, the baryogenesis mechanism in the 
dark sector could be electroweak baryogenesis, which relies 
on a first-order cosmological phase transition. Such a phase 
transition produces gravitational waves that can be tested in 
future gravitational wave interferometers (Fig. 2). 

Another possibility is to search for the heavy neutrinos that 
are essential in communicating the asymmetry from the dark 
sector to the visible sector. Among other things, typical 
signals at colliders would include exotic decays of the Higgs 
and Z bosons. Several experiments are under way to test the 
relevant parameter space. 

Since most particles in the dark sector cannot decay into 
Standard Model particles, in many scenarios the dark sector 
predicts too much dark matter. This situation is avoided if 
there is a light particle in the dark sector (for example a dark 
light neutrino) that would act as a dark radiation component 
absorbing all the energy in the dark sector. Future probes of 
the cosmic microwave background will be very sensitive to 
such a dark radiation component.

Finally, one plausible scenario is that the dark sector mirrors 
the visible one. In this case, the dark matter would be the 
dark neutron or dark proton, depending on the details of the 
model. In such a setup, the ordinary photon would mix with 
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Figure 1

Sketch of the equivalence of lattice simulations with continuum dynamics

Lattice field theory
Understanding discretisation effects in lattice QCD

The Elementary Particles group at the John von Neumann Institute for Computing (NIC) at DESY in Zeuthen 
performs research in the area of non-perturbative quantum field theories. Here, we discuss a newly developed 
analytical description of discretisation effects in lattice quantum chromodynamics (QCD). Following the original 
idea of Kurt Symanzik of analysing discretisation effects, a perturbative calculation is performed to quantify the 
corrections to the leading-order effects in the lattice spacing. Understanding these corrections improves the 
control over the continuum limit of lattice QCD.

Introduction
A particular focus of the activities of the NIC group lies in  
the quantitative understanding of the strong interaction 
between quarks and gluons, described theoretically by  
QCD. In order to evaluate QCD, it is formulated on a four-
dimensional space–time grid, which then provides a full  
non-perturbative regularisation of the theory. In addition,  
by moving to Euclidean time and using Richard Feynman’s 
path integral formulation, numerical methods of statistical 
mechanics can be employed, such as Monte Carlo 
simulations. 

Using such lattice simulations, many physical quantities can 
be computed, which then serve as input for on-going and 
planned experiments all over the world. The group is very 
active in developing improved simulation algorithms, 
designing new conceptual ideas and applying alternative 
approaches, such as tensor networks, to achieve more and 
more precise results and perform simulations in regions of 
parameter space that are not accessible to standard 
methods. 

In collaboration with a number of international partners, the 
NIC group has worked on many topics, among them the 
review of existing and the development of new methods to 
compute the strong coupling constant; the exploration of 
lattice calculations of parton distribution functions; improved 
methods to reduce statistical errors in the Monte Carlo 

simulations used; applications of tensor network methods for 
topological effects and real-time evolutions of a quantum field 
theory; calculations of hadronic contributions to the muon 
anomalous magnetic moment; the non-perturbative investi-
gation of conformal field theories; and first attempts to 
perform quantum simulations of simple field theories. In the 
following, we will describe in more detail one activity of the 
group, carried out together with the particle theory group at 
DESY in Zeuthen, which aims to analytically describe 
discretisation effects in lattice QCD. This is important in  
order to control the continuum limit. 

 The continuum limit: scaling violations and the 
Symanzik effective field theory
Our Monte Carlo or tensor network methods are based on  
a discretisation of space–time as a first, essential step. In  
the standard Monte Carlo method, this is the discretisation  
of three-dimensional space and of time in one common 
lattice with one and the same spacing a along all four axes. 
The graph on the left side of Fig. 1 shows a two-dimensional 
plane. The force carriers of QCD, the gluons, are associated 
to the connections of the lattice points. They are represented 
by the black springs. The quarks are located at the lattice 
points (green balls). As far as we know, nature has a 
continuous space–time. We therefore have to understand 
how our results depend on the spacing a and how the limit  
a → 0 is reached.

the effects for full QCD will also soon be known. The key  
to these computations is the so-called anomalous dimension 
matrix of the interaction terms. Since we are interested in 
small spacings, perturbation theory in the coupling can be 
applied. This is analogous to scaling violations in deep-
inelastic scattering or in the QCD structure functions, which 
can be computed at high energies or equivalently small 
distances.

The outcome of the analysis is very reassuring: The 
logarithmic effects are small. They actually accelerate the 
convergence to the continuum somewhat. The result can be 
used to reduce the systematic uncertainty in the analysis of 
future Monte Carlo computations. 

The basic theory was postulated by Kurt Symanzik during  
his work in the early 1980s. Accordingly, the theory is known 
as Symanzik effective field theory or SymEFT. It starts from a 
consideration of the discretisation of a classical field theory, 
as it is for example relevant for the prediction of particle 
trajectories in accelerators. In a sufficiently symmetric 
discretisation, the corrections to the continuum are propor-
tional to the square of the spacing a. The same holds true 
for the classical field theory, chromodynamics, which 
describes classical quarks and gluons.

However, the quantum nature of the theory of strong 
interactions is absolutely essential. We thus only speak of 
QCD. The behaviour at small grid spacing is complicated 
by the non-linear nature of QCD. However, Symanzik 
suggested that it can be understood using a continuum 
quantum field theory with additional interactions multiplied 
by two powers of the lattice spacing and additional 
couplings. The couplings originating from the gluons are 
the coloured terms in the EFT part of the graph (Fig. 1, 
right). Symanzik predicted that the divergences of the 
quantum field theory lead to modifications of the power 
behaviour caused by effects varying logarith-mically in 
the spacing.
For the first time, many years after Symanzik’s original work, 
we have performed a systematic analysis of these effects, 
and we now know the power of the logarithms. We started 
with a few simplified versions of QCD, but the behaviour of 
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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. 66). The group  

also successfully hosted the 2019 Beamline for Schools competition (p. 68).

Just as essential are the DESY electronics groups, which design and manufacture important 

components for particle physics detectors. One activity here is the calorimeter of the CMS 

experiment, which will be upgraded for the high-luminosity phase of the LHC (p. 72). Meanwhile,  

the FLASHForward project (p. 78) aims at developing a complete new accelerator technology: 

plasma wakefield acceleration. 

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. 74). These efforts led to the plan to unify access for all users and combine the provided services 

in an interdisciplinary scientific computing centre (p. 75). Machine learning is also a hot topic in  

the DESY IT group (p. 76).

Meanwhile, the DESY library group is transforming the publishing landscape towards open access 

(p. 70) and collaborating with other institutes to unify publication processes (p. 71). 
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Figure 1

The TOTEM setup installed at the DESY II Test Beam Facility, with the diamond  

sensors inside the EUDET-type beam telescope on the right and the quartic bars and 

the nT2 plastic scintillators on the left

Figure 2

Two sensor–ASIC modules and a reference LGAD module installed between the two 

arms of the DURANTA beam telescope
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and test of the EUDAQ2 common data acquisition (DAQ) 
framework, which allows different detectors to run using a 
joint DAQ framework. 

Highlights from 2019
During the winter shutdown 2018/19, the test beam team was 
busy as usual with general maintenance and preparations to 
get the facility ready again for the 2019 run. The most impor-
tant aspect was the replacement of the interlock system with 
a modern state-of-the-art system, which is also used at 
PETRA III and the European XFEL. The entire dismantling and 
the installation of the new system happened in a period of 
less than five weeks and were completed on time and  
budget. Since then, the system has been operating smoothly, 
and it proved to be a clear improvement particularly in terms 
of user friendliness. As the CERN test beams entered a two-
year shutdown, a third EUDET-type beam telescope, 
AZALEA, was moved from CERN to DESY and installed in 
Beamline 24 to meet the expected demand for slots with a 
telescope available. 

In 2019, the test beam facility was operated for 40 weeks, 
resulting in 120 user weeks over all beamlines, 96% of which 
were booked. The telescopes were again in high demand, 
with 74% of the groups requesting their use. Among the user 
communities, the LHC groups dominated again with 44% of 
requests, driven in particular by the high-luminosity (HL-LHC) 
detector upgrades. There were also many first-time users 
from experiments such as T2K, SHiP, CEPC or TOTEM. In 
2019, a total of 702 users from 31 countries used the facility, 
setting an all-time record. Again, almost 40% of the users 
came to DESY for the first time. This underlines the key role 
of the facility as a training ground for the next generation of 

The DESY II Test Beam Facility 
The DESY II Test Beam Facility uses the DESY II synchrotron 
for beam generation by means of micrometre-thin carbon 
fibre targets placed in the primary electron beam. It 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 electron or positron beams in the 
energy range from 1 to 6 GeV. The ease of use and excellent 
infrastructure make it a very popular facility within the global 
user community. The test beam team constantly adds 
improvements to the beamlines and strives to keep the 
facility a world-class venue for detector R&D. 

Two major contributions from the EU-funded AIDA-2020 
project were successfully concluded in 2019: the develop-
ment of a large-area silicon strip telescope and the design 

detector experts: Around half of the users are students and 
postdocs. In addition, the educational use of the beamlines is 
now well established. Three summer students conducted 
experiments at the test beam with great success, and the 
facility hosted the 2019 edition of the Beamline for Schools 
(BL4S) competition in close collaboration with CERN.

TOTEM
Detectors for both the precision proton spectrometer (PPS) of 
the CMS experiment and the new T2 (nT2) telescope of the 
TOTEM exp applica eriment at the LHC were tested with 
electrons with energies of 4 to 6 GeV. The PPS single-crystal 
diamond timing sensors had been operated in the PPS roman 
pot stations in the LHC from 2016 to 2018. To determine the 
precise location and extent of the radiation damage on the 
diamond sensors, the sensors’ performance over the whole 
fiducial area was mapped using the AZALEA telescope. In 
addition, the prototype plastic scintillators for the nT2 tele-
scope and the quartic bars were tested (Fig. 1).

ATLAS HGTD
The expected increase of the particle flux at the HL-LHC will 
significantly degrade the ATLAS detector performance, espe-
cially in the forward detector region. The high-granularity 
timing detector (HGTD) is a new silicon-based detector expect- 
ed to provide picosecond timing information in order to 
reduce the detrimental effect of pile-up and measure the lumi- 
nosity. An extensive R&D programme is ongoing to determine 
if thin low-gain avalanche detector (LGAD) sensors provide 
the required timing resolution in harsh radiation environments. 

Four test beam periods were conducted at DESY, where the 
performance of LGADs at different irradiation levels up to  
3 x 1015 neq/cm2 was assessed (Fig. 2). Non-irradiated modules 
consisting of the sensor and a readout chip (ALTIROC) were 
studied as well. These tests were essential input for the 
technical design report (TDR) of the ATLAS HGTD. Prelimi- 
nary results already demonstrated that parameters such as 
the collected charge, the time resolution and the efficiency 
were close to the requirements. Further test beam periods at 
DESY are scheduled in 2020 to qualify the new LGAD 
productions from different vendors and assess the 
performance of the first prototypes of a full-size assembly of 
sensor and application-specific integrated circuit (ASIC).

SHIP
In CERN’s Physics Beyond Colliders initiative, the proposed 
Search for Hidden Particles (SHiP) experiment is being 
discussed as a flagship project, which will allow searches for 
feebly interacting, long-lived, neutral particles in the GeV 
mass range. SHiP would also provide promising sensitivities 
to search for light dark-matter particles below a few hundred 
MeV. SHiP is to be hosted in a new beam dump facility at the 
CERN SPS, and several German groups are playing a leading 
role in various subdetector projects. A TDR is anticipated for 
2020, and preparatory work has already started. In 2019, for 
example, performance tests of various subdetector proto-
types were carried out: the electromagnetic split calorimeter, 

which will be used to reconstruct the mass of axion-like 
particles decaying into highly energetic photons; the liquid-
scintillator-based surround background tagger, which will 
surround the 50 m long decay volume (Fig. 3); and the 
scattering and neutrino detector, which will be based on an 
emulsion scintillating-fibre tracker. 

Outlook for 2020 and beyond
The Christmas shutdown 2019/20 was again a busy time for 
the facility, in which e.g. the power distribution substations 
were replaced to meet the latest safety standards. With the 
shutdown of CERN also in 2020, the test beam time for 2020 
at DESY is already fully booked. Starting in 2020, DESY will 
host the EDIT school, one of the most renowned schools for 
detectors and instrumentation, and the test beam will be a key 
asset. The BL4S competition will be back at DESY in 2020, 
and after a year hiatus, there will again be a teacher edu-
cation programme, run jointly with the DESY school lab. 

Summary
2019 has been a record year for the DESY II Test Beam 
Facility, and we are looking forward to a busy year 2020. The 
facility is continuously being upgraded and improved, and 
2020 will see several milestones completed to make it an 
even better facility for the users. The success of the DESY II 
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.

DESY operates the DESY II Test Beam Facility for R&D projects from the global detector community. In 2019, the 
facility started running again in February 2019 and – excluding a short, one-week summer shutdown – delivered 
beam reliably to a record number of 702 users until Christmas 2019. The main reason for the extensive use of 
the facility in 2019 was the beginning of a two-year shutdown of the CERN accelerator complex. The facility also 
hosted the 2019 edition of the Beamline for Schools competition in close collaboration with CERN. The world-class 
infrastructures at DESY, such as the EUDET-type pixel beam telescopes or the large-bore magnets, also continued 
to be in strong demand. At the same time, planning for future upgrades intensified, with further significant 
upgrades and extensions to be rolled out to users in 2020.

Still got the beam for you
DESY II Test Beam Facility looks back at record year 2019
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Figure 1

Winners of the Beamline for Schools competition 2019 at DESY

Figure 2

Students working on their experimental setup
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Reference: 
https://beamlineforschools.cern

Documentary Beamline for Schools 2019: 
https://videos.cern.ch/record/2710166

The experiments
Both teams proposed experiments that examined the differ-
ence in the behaviour of electrons compared to their anti-
particles, the positrons, by looking at different aspects of 
their interaction with matter.

The Particle Peers designed an experiment to investigate 
electromagnetic particle showers: an experimental setup 
resembling a highly granular sampling calorimeter, consisting 
of the individual silicon pixel detectors of a DESY-based 
beam telescope interleaved with high-density absorber 
materials such as tungsten or copper. This compact though 
heavy setup was designed to give insight into the shape and 
development of particle showers, enabling the budding 
scientists to spot a potential difference when using electrons 
or positrons as initial particles.

The team DESY Chain proposed to correlate the light yield  
of various scintillating materials with the amount of energy a 

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 investigate 
them. The constraints: The experiment has to be devised in 
such a way that it can be performed at a test beam facility 
within a bit more than one week of beam time, 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 84 countries over the past six 
years. In 2019 alone, 178 experiment proposals were handed 
in, including first-time participations from Fiji, La Réunion and 
Sudan. The first prize for two winning teams per year is a 
two-week visit to CERN or, in 2019 and 2020, 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. 
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 
committed to host the winning teams and experiments in 
2019 and 2020, with great interest to continue this collab-
oration in the future.

Winners of BL4S 2019
Choose two out of 178? A tough decision to make! That’s 
why it took a team of more than 60 experienced scientists – 
all volunteers from high-energy physics institutes – two 
months to find the best proposals. As a result, 30 teams were 
shortlisted for exceptional written proposals and videos and 
won BL4S T-shirts and a CosmicPi detector for their school. 
From the shortlist, two teams excelled and won a trip to 
DESY: the Particle Peers team from Praedinius Gymnasium in 
Groningen, the Netherlands, and the team DESY Chain from 
West High School in Salt Lake City, Utah, USA.

particle loses when traversing these materials. To this end, 
the amount of photons created in different scintillators was 
detected using a photomultiplier tube, while the energies of 
individual particles were determined by measuring the deflec-
tion angle caused by a 1 T magnetic field.

Both experimental setups were prepared by scientists from 
DESY and CERN, so that the students could concentrate on 
their research questions and on the operation and analysis of 
their experiments. 

Everyday life at DESY
The winners were high-school students aged between 16 and 
18. For two weeks, they had to adapt their everyday lives to 
match the ones of experimental particle physicists. A typical 
day of test beam time included a morning meeting (What is 
the status of the experiments and the data analysis? What 
challenges did we encounter? Does the accelerator work 
reliably? What are the next steps?) and operation of the exper- 
iment in shifts. In parallel to data taking, data quality moni-
toring was performed, as were the first steps of data analysis. 
As befits scientists, safety briefings and the presentation of 
preliminary results were also part of the agenda.

The next steps
To make the impact of BL4S more sustainable, the support 
scientists stay in touch with the winners of the competition 
after they have left the institute to guide them through the 
analysis of the data they acquired. Both winning teams of 
BL4S 2019 continued to evaluate the acquired data.

In January 2020, the Particle Peers took their next step 
towards a scientific career by presenting their preliminary 
results at the 8th Beam Telescopes and Test Beams Work-
shop in Tbilisi, Georgia. At the workshop, the students 

mingled with 80 scientists from “their” research field, received 
advice and support for their data analysis and got to know 
new tools that would help them to gain a better under-
standing of their data. The team’s declared goal is “to start 
university with a publication in a journal for experimental 
physics”. In this, they aim to follow the example of three 
teams from previous BL4S editions, who published their 
results in international journals.

BL4S 2020
The BL4S team is expecting a large number of proposals for 
the next round of the competition in 2020, which will again be 
hosted at the DESY II Test Beam Facility. The deadline for the 
submission of proposals is 31 March 2020, with the winners 
to be announced in June.

Acknowledgements
BL4S is an education and outreach project funded by the 
CERN & Society Foundation and supported by individual 
donors, foundations and companies. In addition, BL4S at 
DESY is supported by a large number of local groups. We 
would like to take this opportunity to thank the volunteers, 
colleagues and groups involved for their invaluable support.

In October 2019, 14 high-school students from the USA and the Netherlands swapped their classrooms for a beamline  
at the DESY II Test Beam Facility. Their new day-to-day routine covered silicon pixel detectors instead of textbooks, beam 
shutters instead of school bells and data analyses instead of homework. This was made possible by CERN’s Beamline  
for Schools competition, which DESY hosted for the first time in 2019. The two winning teams had proposed their own  
particle physics experiments and herein prevailed against 176 further participating teams from all around the globe.

Scientists for two weeks
CERN’s Beamline for Schools competition premieres at DESY
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Database (PubDB) is the recommended way for DESY 
authors to exercise these rights.

Hybrid models
In 2019, the national DEAL consortium signed the first con-
tract with Wiley, which allows read access to the complete 
journal portfolio of this publisher and open-access publishing 
for submitting corresponding authors of participating institu-
tions (Fig. 2). For each article published under this agreement, 
Wiley is paid a publish and read (PAR) fee of 2750 €. For 
publications in Wiley’s original open-access journals, a 20% 
discount on APCs applies. 

Using all available options, DESY was able to achieve an 
open-access rate for journal publications of over 80% (Fig. 3).
It is remarkable that, as of January 2020, all 407 papers 
published in 2019 in the area “Fundamental Particles and 
Forces” were available in open access.

Eventually, in March 2019, a memorandum of understanding 
between JINR and DESY as the representative of JOIN² was 
signed in order to enable JINR to develop and improve the 
efficiency of the JDS system. The JOIN² project will benefit 
from the experience and expertise of JINR to adapt and 
further improve the JOIN² additions to INVENIO (Fig. 1).

Today, JOIN² repositories serve more than 20 000 staff 
members and more than 5000 local visitors annually on 
campus at the participating institutes (Fig. 2). They provide 
more than 300 000 records as well as nearly 90 000 high-
quality authority records freely on the Internet. This makes the 
JOIN² project one of the larger INVENIO users worldwide. The 
project is open for new partners who want to join the 
collaboration repository infrastructure.

In 2016, the Assembly of Members of the Helmholtz Associ-
ation adopted a policy stating that all publications from 
member institutes must be open access from 2025 on. This 
challenge is being addressed in different ways:
 
Golden Road
Papers are made open access by publishing in an original 
open-access journal. To ensure maximum possible reus- 
ability, a CC-BY licence is often granted. The international 
Sponsoring Consortium for Open Access Publishing in 
Particle Physics (SCOAP³), for which DESY is one of the 
German national contact points, transformed four leading 
high-energy physics (HEP) and astroparticle physics journals 
into such open-access journals. Together with seven other 
journals, in which only subject-related articles are made open 
access, the consortium covers about 87% of all SCOAP³ HEP 
publications. The average price paid by the consortium for 
every published article is currently around 1100 €, and the 
individual fee for all members is calculated by fractional 
author counting and averaging over previous years (Fig. 1).

Outside of SCOAP³, the article processing charge (APC) for 
publications in original open-access journals is paid centrally 
by the DESY library, when eligible.

Green Road
In many cases, the publisher allows authors to make their 
(journal) publications available to the public without charge, 
sometimes with embargo periods. In addition, the German 
law for secondary publication applies. The DESY Publication 

In 2005, Forschungszentrum Jülich (FZJ) and DESY teamed 
up to reuse and jointly improve the custom-built publication 
database developed and used by FZJ. In 2009, it became 
obvious that this system, although successfully used by both 
partners, needed substantial enhancements. After a careful 
and thorough analysis, both partners decided to go for the 
open-source system INVENIO built by CERN. 

From the very beginning, Helmholtzzentrum für Schwerionen-
forschung (GSI) showed interest in the project and joined 
right before its implementation, as did RWTH Aachen 
University Library (UB RWTH). DESY and GSI also planned to 
migrate their library systems to INVENIO and, ideally, run 
them as an integrated system similar to CDS at CERN. In 
2012, a first major milestone was reached: At FZJ, the JuSER 
system went into production. By 2013, all other partners had 
running instances as well, and Heinz Meier-Leibnitz Zentrum 
(MLZ) in Garching joined as a new partner. Their system 
iMPULSE went online in 2014. During this time, the German 
Cancer Research Centre (DFKZ) joined the project, while the 
German Centre for Neurodegenerative Diseases (DZNE) 
already showed first interest as well. 

First contact with JINR dates back to the INVENIO user group 
workshop at FZJ in 2013. JINR is an international 
intergovernmental organisation with currently 18 member 
states. The institute carries out experimental and theoretical 
research in the areas of nuclear physics and condensed-
matter physics. Already in the 1990s, DESY became the main 
partner of JINR among German national scientific centres in 
terms of the number of cooperation projects.

In 2013, JINR had already been using INVENIO on their 
document server (JDS, jds.jinr.ru) – an open-access 
institutional repository of articles, preprints and other material 
intended for information support of scientific research at the 
institute – for more than four years. There was a mutual 
interest to reuse the JOIN² system in JDS, and after some 
trials of the functionality of JOIN², JINR decided to become a 
partner of the project in 2017. 

In accordance with the 2003 Berlin Declaration on Open Access to Knowledge in the Sciences and Humanities, several 
initiatives are trying to transform the publishing landscape towards open access. In parallel, an increasing number of funding 
organisations demand open access as part of open science. Combining all efforts, DESY was able to achieve a 100% open-
access rate for journal publications from 2019 – 407 papers in total – in the area “Fundamental Particles and Forces”.

The Joint Institute for Nuclear Research (JINR) in Dubna, Russia, is a long-standing partner of DESY. In the past, JINR participated 
in many collaborative experiments including HERMES, HERA-B and H1 at DESY’s former HERA collider. In 2019, a new cooperation 
agreement between DESY and JINR with two key aspects was signed. The first aspect focuses on library and documentation 
activities in the framework of the JOIN² project, an INVENIO-based repository used as central publication system at DESY and its 
project partners. The second aspect centres on combined efforts on dCache-related computing activities. 

Open access – DEALs
Transformation of the publishing landscape

New member of JOIN²
Welcome JINR
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Figure 1

Prototype of a scintillating-tile detector module (tile board) for the CMS upgrade 

Figure 2

New facility for the automated wrapping of the scintillating tiles for the detector modules

Figure 3

New dispensing tool within  

the SMD placement automat, 

with the glue cartridge in the 

foreground

Figure 4

Evaluation of the gluing parameters and assembly technology for the new CMS 

detector modules (tile boards)
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Electronics setup of detector modules
The very front-end detector modules of the CMS outer calori-
meter end-caps [1], the tile boards, have a versatile design. In 
the CMS barrels, 36 tile boards will be placed next to each 
other (Fig. 1), following the circular structure of the end-caps 
around the beampipe. In the radial direction perpendicular to 
the beampipe, up to five tile boards will also be placed next 
to each other, resulting in at least five different board sizes 
from 15 x 21 cm² to 42 x 45 cm². Along with the tile boards, 
the size of the scintillating tiles also varies every two rows in 
radial direction, ranging from 2.3 x 2.3 cm² to 5.5 x 5.5 cm². 

A typical tile board contains 64 scintillating tiles and SiPMs 
that are read out by an application-specific, mixed analogue 
and digital readout ASIC, called HGCROC [2]. The tile boards 
combine sensitive analogue electronics for signal charges of 
around 400 fC with fast digital electronics, including the data 

Introduction
DESY has pioneered the development of highly granular 
calorimeters based on scintillating tiles with SiPM readout. 
The fine three-dimensional segmentation provides detailed 
images of particle interactions (showers) in the calorimeter, 
which are used in particle flow reconstruction algorithms to 
optimise the energy resolution for jets in collision events. 

It was soon realised that high granularity is also key for the 
efficient suppression of pile-up – i.e. particles from abundant 
but uninteresting collisions within the same beam crossing – 
which represents a major challenge for the HL-HC. The CMS 
collaboration therefore adopted the SiPM-on-tile technology 
for the end-cap calorimeter upgrade.

readout via six 1.28 GBit/s output lines to the data acquisition 
modules at the barrel end faces. In addition, conflicting 
requirements have to be fulfilled: On the one hand, the tile 
boards should be large to cover as much area as possible. 
On the other hand, very small structures of 100 µm including 
micro- and buried vias have to be realised inside the printed-
circuit board. Finally, all components have to be radiation-
hard and will be operated at -30°C.

In total, the CMS barrels will contain around 4000 tile boards. 
A first prototype was realised in 2019 and is currently being 
commissioned.

Automatic scintillating-tile wrapping
Every active detector channel of the detector modules is 
formed by a scintillating tile and a SiPM. In order to optimise 
the light yield and reduce the optical crosstalk between the 
channels, all scintillating tiles will be individually wrapped in a 
reflecting foil. 

In addition to the foreseen number of about 250 000 tiles, the 
radially growing shape of the detector requires 21 different 
tile sizes. To accomplish the wrapping in reproducible quality 
and acceptable time, a tool for automatic wrapping was 
devised (Fig. 2). The wrapping-tool automation is still in 
progress. Eventually, a wrapping rate of three to four 
scintillating tiles per minute is aimed for.

 
Detector module assembly
All electrical components on the tile boards are surface-mount 
devices (SMD) and will be assembled in a standard vapour-
phase reflow soldering process (ROHS conformal). For the 
placement of the SMD components, a new six-head place-
ment automat (Yamaha iPulse) is available at DESY. Most 
time-consuming is the two-side SMD component assembly, 
with an expected assembly rate of 20 tile boards per day. 

Special care has also been applied to the development of the 
procedure for placing and gluing the scintillating tiles onto the 
tile boards. Although an assembly procedure was already 
developed for this task within the CALICE project [3] using 
glue print screens, a new technology based on glue 
dispensing is favoured. The dispensing technique can much 
better address the variety of 21 different tile sizes in the CMS 
end-caps, and it is cheaper and more eco-friendly thanks to a 
significant reduction of the amount of glue required.  

For the dispensing process, a new dispensing tool is now 
available at DESY that can be fixed to the head of the 
placement automat (Fig. 3). This combination allows the 
exact definition of how much glue is applied to the tile boards 
and in which shape. During consecutive assembly of several 
tile boards, the glue changes its viscosity. In order to 
guarantee a constant amount of glue applied to the tile boards 
over time, an automatic glue test is regularly performed, in 

which the viscosity is analysed optically and the dispensing 
parameters are adjusted accordingly. 
 
The tile-gluing and placement process was evaluated and fina- 
lised by practical tests using gluing prototypes (Fig. 4). For a 
tile board with 64 tiles, the tile assembly took 10 min, including 
glue dispensing. The stability of the tile gluing was success-
fully tested in a temperature chamber at -40°C, without any 
tiles coming off due to thermally induced stress to the gluing. 
In total, the process proved to be efficient, fast and reliable.

The CMS calorimeter will be upgraded for the high-luminosity phase of the LHC (HL-LHC). The concept for the highly granular 
calorimeter end-caps includes detector modules based on scintillating tiles that are read out by silicon photomultipliers 
(SiPMs) – a technology developed at DESY and originally targeted at an electron–positron detector. In addition to having to 
meet the required high integration level, the new detector modules will be operated in the LHC radiation environment and 
at -30°C. In close cooperation, three DESY groups are developing an adequate detector module and production concept. For 
the assembly steps – including the automated tile wrapping, the electronics board design as well as the component and tile 
assembly – the foreseen number of 4000 detector modules for the CMS end-caps has to be taken into account.    

Tiling the way
New SiPM-based detector modules 
for the CMS calorimeter upgrade

72 | Projects and Infrastructure Projects and Infrastructure | 73



Figure 1
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Rack in the computing centre containing IDAF systems
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cluster (federated platform for proven first-class cloud 
services), a backbone services cluster (high-performance 
trusted network infrastructure with unified basic services) and 
a software services cluster (platform, training and support for 
high-quality, sustainable software development). The portfolio 
of services to be provided is determined and prioritised 
based on an extensive study involving all Helmholtz centres.

Where we are
DESY pioneers the implementation of two of the three com-
petence clusters. The very first one, the backbone services 
cluster, is responsible for supplying a stable network infras-
tructure for federated core services to the whole community 
(Fig. 1B) and prospectively to the scientific world. Depending 
on the needs of the high-level applications to be implement- 
ed, the provided backbone services must account for 
multiple demands including data protection, transfer speeds, 
availability, etc. Furthermore, the services must be easy to 
use for the end user, and the platform should be easy to join 
for additional service providers, for example introducing new 
services to the HIFIS service portfolio. Despite being still in 
the early stages, the most important backbone infrastructures 
have already been technically implemented, and first pre-
liminary HIFIS services are being established, including DESY 
services such as dCache [4]. The increasingly available 
services will be evaluated throughout the Helmholtz 
community. 

Grid and NAF are identical except for scheduling policies, 
which are currently defined differently for operational reasons. 
High-energy physics users can use the Maxwell HPC system 
for GPU work and in an opportunistic way to increase its 
utilisation.

New technologies
Users encapsulate and run their applications more and more 
in containers. This has long been possible in the Maxwell 
cluster and the Grid and was recently added to the NAF. 
Interactive access to compute resources via Jupyter was set 
up for the Maxwell cluster and integrated into the NAF batch 
scheduling systems, allowing very low-latency access.

Next steps
Since science at DESY is primarily data-centric, it is 
important to offer easy, fast, reliable and secure access to 
data. Currently, not all storage systems are available on all 
compute resources, sometimes for technical reasons, 
sometimes for performance and stability reasons. With novel 
techniques being introduced, the prime requirement is that 
access to data is offered at a level at least comparable to 
existing systems. This is a major research topic requiring 
future work.

A tighter integration of container and virtual-machine 
workloads and infrastructures is on the IDAF roadmap, with 
the prospect of providing the founding technology to 
combine the different clusters.

The goal
The newly established HIFIS platform [1] aims at building  
an outstanding federated infrastructure for the information 
technology of the Helmholtz Association. DESY has the 
central and coordinating position within the platform, which 
involves 11 of the 19 Helmholtz centres distributed over 
Germany. The goal of HIFIS is to combine the capabilities of 
all the Helmholtz centres in order to build a secure and easy-
to-use collaborative environment with services that are 
efficiently accessible from anywhere. This ultimately aims at 
the development of new research activities with a high level 
of quality, visibility and sustainability.

The HIFIS platform is in line with the Helmholtz Information & 
Data Science Incubator [2], pursuing the goal of bundling and 
strengthening the Helmholtz community’s activities in the 
vast spectrum of big-data analytics and computation. The full 
establishment of HIFIS will improve the foundation for even 
more elaborate connections to European collaboration 
communities (Fig. 1A), especially within the context of the 
European Open Science Cloud (EOSC) [3].

The way to go
To achieve this, three competence clusters have been 
installed within the HIFIS collaboration, which are distributed 
throughout different Helmholtz centres: a cloud services 

Status
Compute resources at DESY are currently available in three 
systems: The high-throughput Grid cluster is used as a Tier-2 
site, among others by the ATLAS, CMS and Belle II collabora-
tions. The NAF serves the German high-energy physics 
community as a complement to the Grid resources for inter-
active user analyses. The Maxwell HPC cluster hosts photon 
science (PETRA III, FLASH and European XFEL) and 
accelerator research and development activities, as well as 
parts of accelerator operation with their needs for high-
performance computing power.

In addition to these compute systems, DESY IT operates three 
(main) storage systems: dCache is the main data import/
export system for high-energy physics, photon science and 
accelerator data, including long-term archival on tape. IBM 
SpectrumScale (GPFS) systems are used for online and 
offline data store for PETRA III and European XFEL. Further 
IBM SpectrumScale systems serve as back-end in the NAF 
for fast and easy-access project storage.

While the clusters are still separated, first measures to enable 
cross-usage have been taken. The general configurations of 

The top position of research performed by the centres of the Helmholtz Association is increasingly based on cross-centre and 
international cooperation as well as on common access to data treasure and services. Likewise, the significance of a sustainable 
software development for the research process is increasingly recognised. As a newly established IT infrastructure platform, 
Helmholtz Federated IT Services (HIFIS) aims at uniting the capabilities of the Helmholtz community and promoting science on a 
broad spectrum, ranging from large-scale and computationally demanding projects to small-scale and focused research works. With 
its experience in providing high-end IT services to the scientific community, DESY plays the leading role in building this overarching 
platform. DESY coordinates HIFIS and strongly contributes to two of the three main competence clusters. 

The DESY IT group provides compute and storage resources to all branches of science at DESY, such as high-energy 
physics, photon science and accelerator research, development and operation. Currently, different communities 
use different systems: The high-throughput computing resources in the Grid and National Analysis Facility (NAF) are 
mostly used by high-energy physics, while the Maxwell high-performance computing (HPC) cluster primarily serves 
photon science and accelerator needs. To link these compute infrastructures together, the Interdisciplinary Data 
Analysis Facility (IDAF) is currently being designed based on cutting-edge technologies. It will go into operation in  
the next Helmholtz funding period (PoF IV, 2021–2027). 

HIFIS
Providing a seamless and powerful IT infrastructure  
with Helmholtz Federated IT Services

IDAF: Interdisciplinary Data  
Analysis Facility
From the Grid, NAF and Maxwell HPC to a combined  
computing platform
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Figure 1

Comparison of the  
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thousands of data sets and millions of images at hand, this 
tedious and time-consuming task becomes an impossible 
one. To free scientists from the routine task of visual image 
inspection, DESY IT has initiated a number of collaborations 
offering the ML expertise and resources to address this type 
of challenges.

One example is the segmentation of 3D images obtained by 
computed tomograms using synchrotron radiation. Our 
collaborators at Helmholtz-Zentrum Geesthacht (HZG), for 

Applying ML to imaging problems 
It is a common notion that data are the oil of the 21st century. 
Like oil, data need quite a bit of processing to become useful. 
In view of the ever-increasing data rates and volumes originat- 
ing from experiments at PETRA III or the European XFEL,  
a high level of automation and, in some cases, a rapid pre- 
processing become increasingly indispensable. 

In imaging experiments in particular, the visualisation and 
interpretation of 3D data still require a human expert. With 

example, are collecting data from biodegradable materials, 
namely screws inserted into rat bones. These screws de- 
grade over time. To analyse their material-dependent degra-
dation behaviour, it is crucial to identify the areas in the 3D 
images representing the screw, degraded screw and bone. 
The precise labelling of one data set by hand usually takes 
about two to three weeks. To date, a few hundred data sets 
have already been collected, and the number is still growing.

We have been investigating the applicability of deep-learning 
methods to automatise this challenging task of labelling, 
called segmentation. To this end, we have trained a convolu-
tional neural network (CNN), a so-called U-Net, using a small 
number of these data sets, which had been annotated in a 
quick and dirty approach by human experts. The application 
of the trained network yields a more precise segmentation 
than would be possible with any quick manual approach [1] 
(Fig. 1). The automatic U-Net segmentation takes about one 
hour per data set using the DESY Maxwell HPC cluster. 

Our partners at the Centre for Structural Systems Biology 
(CSSB) are using cryo-electron microscopy tomography to 
take 3D images from entire cells in order to study protein 
transmembrane complexes. The general idea of the experi-
ment is to identify all instances of the protein complex under 
investigation in the 3D tomograms and apply subtomogram 
averaging. In subtomogram averaging, all instances are 
superimposed and averaged, eventually yielding a 3D struc-
ture of the protein complex at far higher resolution than the 
images initially taken. The first step in this pipeline, however, 
is the identification of the transmembrane complexes in the 
images. Identification by hand in thousands of 3D volumes is 
a very tedious and time-consuming procedure. 

This object identification task can also be automatised by 
developing and training a deep-learning algorithm. To this 
end, we have applied a patchwise CNN classification 
algorithm, combined with a U-Net for prior identification of 
the membrane. The final optimisation of the automatic 
procedure is still under investigation, but preliminary results 
obtained using the Maxwell cluster are very promising (Fig. 2). 

The third deep-learning project currently under development 
within DESY IT concerns the utilisation of CNNs for the 
identification of European XFEL diffraction patterns, in 
particular from experiments at the SPB/SFX instrument, with 
the ultimate goal to provide a fast and robust filtering 
procedure to support data reduction.   

ML forums at DESY
The application of ML is increasingly being investigated in 
many groups across the DESY campus. Independent of the 
scientific focus, the methods and tools used for ML-related 
research are often the same. To connect and train the scien-
tists and software developers across the campus, DESY IT 
has initiated a very well-visited monthly seminar dedicated to 
teaching ML methods. DESY IT also hosts an annual round 

table event to discuss recent advances achieved with ML on 
campus. To allow easy interdisciplinary communication on 
ML and announce ML-related events, we offer a dedicated 
ML mailing list.

Infrastructures for ML and beyond
Simulations and data generated in the context of photon 
science experiments at PETRA III, FLASH or the European 
XFEL are ultimately stored on fast cluster file systems. These 
storage elements are an integral component of the Maxwell 
cluster, which serves the computational needs of the photon 
science communities using any of the instruments at DESY. 

Most ML-based data processing and analysis require very 
substantial GPU resources, in particular for training neural 
networks. With the large increase of ML applications, the 
demands for GPU compute time has strongly grown as well. 
To alleviate the greatest need, DESY IT and other groups 
have hence made major investments to increase the number 
of machines with state-of-the-art GPUs by a factor of 5 over 
the last two years.  

To ease the use of and access to the GPU resources, DESY 
IT provides a fairly complete set of ML software packages, 
which can readily and conveniently be used through the 
central Jupyter hub on Maxwell (https://max-jhub.desy.de).

The importance of the Maxwell cluster for photon science is 
reflected by the significant number of publications in which 
the cluster has reportedly played a crucial role for data 
analysis and simulations [2].

Machine learning (ML) has become a crucial tool in various areas at DESY. Applications range from the tuning 
of accelerators to the analysis of 3D biomedical data. The successful application of ML requires a substantial 
knowledge of the methodologies and the availability of powerful compute resources tailored to the task. 
The DESY IT group has established an expert forum on campus, which ensures the knowledge exchange 
across different scientific communities. In particular, collaborations with various DESY groups, supported by 
a significant extension of the Maxwell high-performance computing (HPC) cluster, have successfully tackled 
imaging problems, thereby greatly improving and accelerating the analysis of biomedical data. 

Accelerating machine learning 
applications
Applications and services at DESY IT for machine learning  
with focus on photon science
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Figure 1

Composite image of the short plasma cell (top) used in the experiment on top of the 

first section of the long capillary. The composite illustrates plasma light from the ionisa-

tion of argon (left) and helium (right), the two gas species utilised in the experiment.

Figure 2

Energy spectrum of one of the first internally injected bunches at FLASHForward

Figure 3

Energy spectra (top) and excess charge (bottom) as measured in the beamline during a 

scan in which the injection laser arm was progressively switched on and off
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intense laser pulse or a particle beam. In its most extreme, 
this driving beam expels all electrons from the central region, 
resulting in a bubble or blowout that is devoid of plasma 
electrons. To harness these gradients, a secondary or witness 
electron beam must be placed behind the driving beam in 
order to be accelerated by the resulting wakefield. The 
witness beam may either be sourced from a conventional 
accelerator and externally injected into the wake, or formed 
from within the plasma target, or internally injected. These 
methods have the potential to produce beams with the 
desired short bunch lengths and low emittances suitable for 
applications in which high brightness is desired [3, 4].

Trapping of plasma electrons
To produce high-quality beams and be able to precisely tune 
their properties for high-brightness applications, even more 
precise control over the injection mechanism is required. 
Multiple methods have been proposed in order to achieve 
this, many of which rely on a controlled release of atomic 
electrons directly into the wake [3, 4]. 

One additional method is known as density down-ramp (DDR) 
injection, which can be achieved using a so-called plasma 
speed bump – a small region of increased plasma density. 
This region has three distinct features: an up-ramp, a flat-top 
plateau and a down-ramp. The wakefield period scales in- 
versely with the square root of the plasma density: 
 

Hence, the presence of such features will have a strong influ-
ence on the wakefield. On the up-ramp, the wake period will 
decrease in size and remain that size until it reaches the 
down-ramp. As it traverses the down-ramp, its length will 
increase and the electrons, which previously formed the 
boundary of the bubble, will now have trajectories that may 
bring them into the accelerating region, where they can be 
trapped and accelerated. 

First milestones on the way to high-brightness 
beams from plasma 
High-brightness particle beams are ever in demand. For 
example, for collider applications, high-quality beams can be 
tightly focused at the interaction point, with their small foci 
resulting in a high luminosity and therefore multiple events 
per bunch crossing. In the context of FELs, lasing places a 
number of requirements on the properties of the electron 
beam, including high charge and short bunch lengths. In both 
examples, producing high-quality beams with these qualities 
typically requires precision machines, which involve signif-
icant construction costs. Thus, reducing the size and scale of 
these machines may facilitate the construction of university-
scale FELs, the likes of which have been previously limited to 
large facilities and national laboratories. Alternatively, plasma-
based devices may provide an upgrade pathway for conven-
tional accelerators with extremely compact modules that can 
boost the brightness and/or energy of the beams. 

The frequently cited GV/m-scale accelerating gradients 
produced by plasma accelerators are formed when a beam is 
incident into a plasma. The driving beam may either be an 

In more stringent terms, the down-ramp reduces the phase 
velocity of the plasma wake, which allows the electrons – 
moving at close to the speed of light – to propagate forward 
into the accelerating region, resulting in a plasma speed bump. 
The shape and gradient of these down-ramps are therefore 
critical to the injection process [3], and hence control over the 
shape is an essential aspect of the experiment. Laser ionisa-
tion by a laser pulse that propagates perpendicularly to the 
driving electron beam provides a straightforward and flexible 
path towards this goal. The shape and intensity of the focus 
will have a direct impact on the profile of the down-ramp and 
provide a measure of control over the injected bunches.

Three-beam temporal and spatial overlap
In November 2019, the FLASHForward team performed an 
experimental campaign that aimed to demonstrate the 
internal injection of plasma electrons into a beam-driven 
wake. This required the overlapping of three beams – the 
longitudinal ionisation laser, the transverse ionisation/injection 
laser and the electron bunch driver – in both space and time 
inside a capillary plasma source (Fig. 1). The beams were 
spatially overlapped using a diagnostic screen placed 
upstream of the capillary. Temporal overlap required a level 
of precision orders of magnitude finer than the exposure time 
of most cameras, thus necessitating the use of a novel 
plasma-based method [6].

An electron beam arriving after the laser would find a pre- 
ionised plasma in which it would drive a wakefield and lose 
energy. This energy deposition was observed via a CCD cam- 
era in the form of an increased light output from the plasma, 
which was absent when the electron beam was either absent 
or arrived before the laser pulse. This “plasma glow” was used 
to achieve temporal overlap on a picosecond time scale.

Active beam control 
Once overlap in both space and time was achieved, all three 
beams were aligned through the short capillary. Injected 
beams were observed for the first time, accelerated to a 
mean energy of 45 MeV over 30 mm of plasma – correspond-
ing to a mean accelerating gradient of 1.5 GV/m – with an 
average charge of 28 pC. An example of one of the first 
bunches experimentally observed can be seen in Fig. 2. The 
origin of these beams was investigated and confirmed by 
progressively blocking and unblocking the laser arm used to 
produce the down-ramp. Figure 3 shows the result of this 
simple check, with beams only present on the spectrometer 
when the injection laser was unblocked.

Significant jitter effects were seen during the experimental 
campaign; understanding and resolving their origin is critical 
to refining the injection and acceleration process. In 2020, the 
FLASHForward team will extend these results by investigating 
and ultimately mitigating the sources of jitter and instability. In 
addition, by transitioning from the “short” to the “long” 
plasma capillary, facilitating a total 175 mm of acceleration 

length, the team expects the beams to reach significantly 
higher energies in the upcoming studies. These beams will 
then be transported to recently commissioned diagnostics 
located further downstream in the FLASHForward beamline. 
For example, the new prototype X-band transverse deflection 
structure (PolariX) offers the potential to characterise these 
beams in 6D phase space. 

The future of high-brightness beams at FLASHForward looks 
bright indeed!
                    

Plasma wakefield accelerator research has seen great interest in recent years due to the prospect of achieving accelerating 
gradients that exceed the GV/m threshold [1]. The FLASHForward project [2] – an extension to the FLASH facility at DESY –  
is designed to exploit the free-electron laser (FEL)-quality electron beams provided by the FLASH front end in order to explore 
wakefield acceleration in a highly stable environment. One aim of the project is to study the trapping and acceleration of an 
additional electron bunch formed directly from the plasma background. Here, we report on the first observation of internal 
injection at FLASHForward, a critical milestone on the path to high-quality beam generation from plasma.

Plasma speed bump
FLASHForward demonstrates first electron beam formation
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