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 [EPS EDITORIAL]

And Now for Something  
Completely Different?

I
n 1997, the European Union (EU) was called the European 
Economic Community (EEC) and it had 15 Member 
Countries. Over the past 25 years the EU has grown to 27 

Member Countries, with a further 8 candidate countries hoping 
to join. The current international crises (war in Ukraine, the 
COVID19 pandemic, etc.) have not only shown the value of a 
unified Europe, but also that the EU is a robust institution that 
can adapt to rapidly evolving situations. Over the same period 
(1997-2023), the budgets for the Framework programmes 
have seen a significant increase. The budget for Framework 
Programme 4 (1994-1998) was 13.2 billion euros. The current 
Framework Programme 9 - Horizon Europe - has a budget of 
over 95 billion euros.  Creating a world class knowledge-based 
economy and investing in the research and technologies that 
will allow us to address future challenges are among the many 
reasons for supporting frontier research in Europe. Over the 
same period, the European Physical Society grew to 42 Member 
Societies and has become a recognised stakeholder, providing 
regular input into EU Science policy. The EPS has also played a 
key role in organising large international events, including the 
provision of logistical support for 1st International Conference 
on Women in Physics (Paris 2002), The International Year of 
Physics in 2005 and the International Year of Light in 2015. 
The EPS has been actively pursuing its goals of creating and 
representing the European physics community. 

Given the success of European collaborations and the growth 
in European funding programs where else can the EPS con-
tribute in the transformed landscape? 

The rise in European research programmes and their fre-
quent requirement for researcher mobility has increased the di-
versity of research groups across the continent, with researchers 
bringing new perspectives and expertise to their new groups. 
Mobility, however, can be challenging on a personal level, it 
takes time to settle into a new country and find a community 
whilst simultaneously carrying out research.  The EPS Young 
Minds Sections play a valuable role in creating communities, 
providing opportunities for engagement with the academy and 

the possibility for EPS members at the start of their careers to 
develop leadership skills. There is an opportunity here for EPS 
and the European physics community to further support its 
members from the very earliest stages of their careers. 

Another area in which the EPS can play an even greater role 
is in highlighting the role of physics beyond the academy. Our 
active Physics Education Division works to improve and inform 
the teaching of physics in schools and in informal settings. We 
should remember that for many policy makers, high school is 
their last contact with physics. It is vital that EPS demonstrates 
the value of physics beyond the laboratory, both to the econ-
omy and to informed policy making. Physicists can be found 
in both established industries and in developing technologies, 
and their influence in policy making goes beyond contributions 
to traditional areas of policy such as space or energy to encom-
pass the development of epidemiological models during the 
pandemic or inform transport policy. Our Associate Members 
provide a vital link to this community of scientists, but we can 
still do more to engage them in the broader physics community. 

What does this mean concretely for EPS? We will continue 
with our core business, supporting our members, recognising 
excellence, advocating for physics education and research, and 
representing the physics community. We are participating in 
two new European projects in physics education and informal 
scientific education.  We are developing and testing new digital 
tools for community engagement, to help our Divisions and 
Groups connect to their members and to better communicate 
within and beyond our community. Finally, as the world returns 
to in-person meetings we hope to use the tools developed dur-
ing our enforced virtual interactions to enrich our conferences 
and include as many people as possible. 

Whilst we have plans and ambitions, the last few years have 
taught us that adaptability is key  and nothing is certain except 
the inviolability of the second law of thermodynamics.  n

 l Anne Pawsey and David Lee,  
Secretaries General EPS
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The problem
During the last decade the number of 
STEM students in the universities of 
Armenia drastically decreased. For 
instance, the number of enrollments 
applications in the physics faculty 
at the Armenian State Pedagogical 
University has decreased with a factor 
200 in the period 2010 to 2021. The 
same situation occurred in other uni-
versities in Armenia and some other 
parts of the world. This endangers not 
only the education system, but also 
scientific institutions as the number 
of young researchers is also decreas-
ing. The main reason for the decrease 
seems to be the lack of information 

and communication. Many of the 
students don't know about the advan-
tages and perspectives of working in 
STEM fields. For instance, Armenia 
has diverse institutions and organ-
isations, which can provide them a 
good working experience, knowl-
edge, mentorship, and salary.

About the project
To find a solution to the problem, 
during the summer of 2022  the EPS 
Yerevan Young Minds section in col-
laboration with the ‘Student Home’ 
project and the ‘Strong Mind’ NGO 
organised a STEM Summer Camp 
for 50 high school students from 

the different regions of Armenia. 
The goal of the camp was to break 
the stereotypes about professions in 
STEM fields and to discover the path 
of a scientist. The project helped to 
promote STEM among school kids, 
expand knowledge in natural science 
and mathematics subjects and bridge 
the gap to science. The participants 
visited the developed scientific insti-
tutions of Armenia and discovered 
the real life of scientists.

The organising team coordinated 
and scheduled visits to scientific 
centers, and organised individual 
meetings with scientists. The agenda 
was designed for the full presentation 
of strong and developed scientific 
institutions and research centers of 
Armenia. During the camp the par-
ticipants visited Engineering city, 
the Faculty of Physics of YSU, the 
A. Alikhanyan National Laboratory 
of Armenia,  the Bazoomq Space 
Research Lab, the Acopian Center 
for the Environment and College 
of Science and Engineering, AUA 
etc. The visits and meetings with 

Why choose STEM fields?
 l Hripsime Mkrtchyan1, Anna Grigoryan2, Tsovinar Karapetyan1, Stella Avetikyan3 
 l 1 Yerevan Young Minds section, 2 Artsakh Young Minds sention, 3 Strong Mind NGO

Which profession should I choose? Which specialisations are demanded? How much 
money will I earn after getting my degree?  Those are questions which school kids 
are trying to answer when they are going to take one of the most important decisions 
in their lives. At the STEM Summer Camp 2022 in Armenia, young students were 
introduced in  STEM (Science, Technology, Engineering, and Mathematics) fields.  
Are these fields popular among the young? Are they attractive and promising for them? 

. Participants 
of the STEM 
Summer 
Camp 2022

“The STEM Summer Camp 2022 
provided students a valuable 
learning environment ”
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successful scientists and researchers included as many  
branches of STEM disciplines as possible. Different sci-
entists gave presentations about their experience and 
informed them about the career opportunities and im-
portance of different branches of science. They had the 
opportunity not only to learn the importance of STEM 
directions but also had a chance to take part in  different 
activities, aimed at the support of the development of soft 
skills and personal growth. So, the STEM Summer Camp 
provided a valuable learning environment for participants 
in extraordinary ways.

The ages of participants were varied between 14 - 17, 
as most young people in these ages are  concerned about 
choosing their academic specialisation path. They have 
been selected from 48 high schools from all regions of 
Armenia, including Artsakh and abroad. In Yerevan 
they have stayed at the ‘Students Home’ which has  pro-
vided not only accommodation but also a unique plat-
form for self-development. The STEM Summer Camp 
was highlighted in Armenian leading TV media and on 
social platforms.

Ongoing steps
Currently, we, the organisers, have created a small focus 
group which is keeping contact and monitoring the ca-
reer path of the participants. Moreover, active participants 
have the opportunity to be involved in scientific projects 
organised by the institutions and laboratories that they 
have visited. In January 2023, 10 of them will be selected 
and will work for one week as a ‘shadow’ of scientists in 
their preferred institutions. The project is funded by the 
YSU Association of Physics Alumni and Friends (APAF).
The activities like the STEM Camp broke the stereotypes 
about ‘poorly’ developed laboratories in Armenia and gave 
the opportunity for school students to see and feel real sci-
ence with their own eyes. n

m Hands-on experience with lab-work.
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The idea for a Balkan Physical Union (BPU) was first proposed by Prof A. Milojević, who 
was the first director of the Institute of Physics in Belgrade. His idea was put in motion 
at the last Congress of the Union of Yugoslav Societies of Mathematicians, Physicists 
and Astronomers (UYSMPA), held in Pristina (Yugoslavia) in November 1985. 
Nowadays, the BPU is a unique regional physics organisation committed to building 
bridges of collaboration with the physics community of the whole European continent. 
A report by Goran Djordjević.

'Im (westlichen) Balkan nichts Neues ?!' 
the BPU11 Congress

P
aradoxically, the idea for 
official regional coopera-
tion was raised, and soon 
widely accepted, when po-

litical tension in the Socialist Federal 
Republic Yugloslavis increased. The 
framing of such a non-governmental,  
non-profit scientific organisation  
stemmed from positive experi-
ences of Scandinavian scientific un-
ions and some other ideas from 
the Mathematical Union. The first 
BPU Council meeting was held in 
Bucharest in 1987, when the consti-
tution of the BPU was signed by the 
Balkan National Physical Society del-
egates from Albania, Bulgaria, Greece, 
Romania, and Yugoslavia. Turkey’s 
signature was accepted later. Prof. 
Ioan Ursu, from Romania and former 
EPS president, was the first BPU pres-
ident. With the Montenegrin Society 
of Mathematicians and Physicists 
joining BPU in 2006, the number of 
BPU members has grown to ten na-
tional societies in physics: Albania, 
Bulgaria, Cyprus, Greece, Moldavia, 
Montenegro, North Macedonia, 
Romania, Serbia, and Turkey. 

The BPU11 Congress
The BPU Congress was initiated in 
1991 with BPU1 and is an important 
part of the BPU program of activities. 
It is an international general physics 
conference, open for participants from 
all over the world. The agenda of the 
BPU11 Congress1 covered experi-
mental and theoretical research in all 

major physics research fields and also 
included contributions about physics 
education, meteorology, environ-
mental physics, alternative sources of 
energy, physics of socioeconomic sys-
tems and metrology. As a novelty, the 
program contained a special scientific 
section ‘Frontiers’ and several round 
tables on broader issues like studying 
physics, physics education, employ-
ment of young physicists, quantum 
and new technologies, and research 
funding issues in the physics commu-
nity in Eastern and Southern Europe2. 
An exhibition of scientific-artis-
tic posters was organised under the 
CERN art@CMS/Origin and Cultural 
collisions programs.

As a hybrid event, the BPU11 at-
tracted about 476 participants from 
31 countries with around 325 onsite. 
Loosely speaking, every 3rd partici-
pant and every 4th lecturer/poster-pre-
senter was a student. In this respect the  
BPU1 Congress was “young”!

During the opening ceremony 
representatives of EPS (President  
Prof. L. Bergé, and Secretary General 

David Lee), CERN (Prof. J. Mnich, 
Director for Research and Computing) 
and numerous academies and uni-
versities from the Balkans were pres-
ent. Representatives of the Serbian 
Academy of Sciences and Arts (SASA) 
and practically all universities, facul-
ties, departments of physics, and sev-
eral of mathematics in Serbia took an 
active part in the program3. Twenty-
one posters were awarded thanks to 
the support of the European Physical 
Journal (EPJ) and the SEENET-MTP 
Network4. The BPU and the SEENET-
MTP Councils awarded David Lee 
with the Charter and honorary mem-
bership for his great contribution to 
BPU and the SEENET-MTP program 
and for strengthening their coopera-
tion with EPS for decades. 

The proceedings of the conference 
will be published in a special issue of 
Proceedings of Science; several invited 
lectures will be published in a Focus 
Point Issue of EPJ Plus “On Physics 
in the Balkans: Perspectives and 
Challenges”, while topical articles in 
Theoretical High Energy Physics and 
related fields, from both the Congress 
and its satellite events, will be pub-
lished with IJMPA.

1 https://bpu11.info
2  More details and some reports are available at  

https://bpu11.info/about-bpu11/round-tables
3 https://bpu11.info/about-bpu11/program
4  Southeastern European Network in Mathematical and 

Theoretical Physics. See https://www.seenet-mtp.info

m Young 
participant 
of BPU11.
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Satellite events
The BPU11 Congress had four high-
level scientific satellite events: the 
COST CA18108 Workshop on the-
oretical aspects of quantum grav-
ity; the SEENET-MTP Assessment 
Meeting and Workshop BWAM22; 
the COST School on Quantum grav-
ity phenomenology in the multi- 
messenger approach; and the CERN 
– SEENET-MTP – ICTP Ph.D. 
School Gravitation, Cosmology, and 
Astroparticle Physics - BS2022, with 
additional 140 on-site participants.

The BS2022 school was the closing 
event in the 2nd cycle of the CERN – 
SEENET-MTP – ICTP Ph.D. pro-
gram. This program was initiated 
by SEENET-MTP and CERN in 
2015 and formalised by the CERN-
SEENET framework agreement in 
2017. In 2018, the agreement was 
joined by ICTP, while EPS supported 
the program through its Committee 
of European Integration (CEI). It 
might be a unique regional program 
in HEP in Europe that contributed to 
the training of more than 200 students 
in 12 SEENET countries, so far. 

EPS, BPU and  
the BPU11 Congress 
EPS and BPU jointly contributed to 
the success of the BPU11 congress.
Prof. L. Bergé and Dr. K. Grandin 
gave the plenary lectures; practically 

all round table sessions were organised 
and supported by EPS, EPS YM, and 
the EPS Office in Brussels represented 
by Dr. E. Sanchez. Prof. G. Zwicknagl 
and a high-level delegation of DPG 
highly contributed to several round 
tables and to the Program of the EPS-
CEI. EPS representatives and mem-
bers were active in various committees 
and programs. 

Besides the strong financial and 
organisational support of EPS, the 
BPU11 would not have been possi-
ble without the support from ICTP 
and CEI-Trieste, CERN, EPJ, as well 
as the Ministry of Education Science 
and Technological Development, 
Serbia, SASA, numerous Faculties, 
Departments, and Institutes active in 
Sciences, from Serbia.

Is there anything new in 
‘Balkan physics’?
Nowadays, four BPU-countries 
are member states of the EU, while 
the Western Balkan (which means 

Former Yugoslavia minus Croatia 
and Slovenia, plus Albania) has 
been stacked, at least formally, in 
the EU integration for decades 
now.  Unfortunately, despite the 
fact that most or all BPU countries 
may apply for EU funds, in practice 
and for many reasons, the Balkan 
physics community rarely wins in 
these  ‘races’.

In August 2022, during the 11th 
BPU Congress in Belgrade, Serbia, 
the BPU accepted a new constitu-
tion and became a legal entity with 
its Headquarters at the Department 
of Physics of the Aristotle University 
in Thessaloniki; a chain of four Balkan 
Physics Olympiads and a few new pro-
grams were established and ongoing 
BPU programs confirmed. 

Being aware that financing for re-
search and education comes through 
completely different channels most of 
the leading physicists in BPU states 
are less active in their national soci-
eties. As a result, independent of the 
size of the BPU state, the organisa-
tions of these national societies are 
fragile and their budgets are usu-
ally low. Because of that, but also in 
a wider framework, an active role 
and financial support from EPS for 
‘cohesive’ activities remain impor-
tant for the Balkan physics societies. 
In particular in the Western Balkan 
with specific actions for Albania and 
North Macedonia.

On the personal level, the BPU11 
Congress and 20 years of activities 
in BPU and SEENET of both my 
colleagues and myself have been 
our contribution  to preserve and 
strengthen ‘Balkan’ cooperation, 
and (re)build bridges of collabora-
tion with the physics community of 
the whole European continent. In 
this, we had the significant support 
of almost all EPS presidents, David 
Lee (as the EPS Secretary General), 
and numerous colleagues from EPS. 
Thank you all for that.  

See you at BPU12 in Romania! n 
   

 l Prof. Goran S. Djordjević, 
BPU president 2018-2022

m Participants  
of BPU11  
with invited 
speakers and 
guests on the 
first rows.

. David Lee 
(left) receives 
the award 
paraphernalia 
from the hands 
of BPU president 
Goran Djordjević 
(right) (see text).
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María Pilar López Sancho is Research Professor at the Materials Science Institute of 
Madrid-CSIC. She works on field theory in condensed matter physics. Kees van der Beek, 
Chair of the jury, spoke with her about her career, the effectiveness of advocacy of gender 
equality and the future of actions for equality.

Interview with  
María Pilar López Sancho

Congratulations with the Winter 2021 
Emmy Noether Distinction! How did 
you choose physics as a career path? 
What was it like for women to engage in 
a scientific career in the late nineteen-
sixties, early nineteen-seventies?  
“At the time, most schools in Spain were of 
religious character, and schools were sep-
arated by gender. Therefore, all my class-
mates were girls. At age 14, we had to decide 
on our future studies, whether we preferred 
humanities or the sciences. In my class, we 
were five to choose physics. I wished to 
look beyond pure mathematics and study 
other areas of the natural sciences. While 
as women we were certainly a minority in 
the scientific field, we were not few, in par-
ticular in fields such as chemistry. The first 
time I realised that we were indeed a mi-
nority was during my laboratory work at 
the university. Those years corresponded 
to the final convulsions of Franco’s regime. 
University life was punctuated by intense 
political activity, and by external policing 
of university affairs. Nevertheless, I look 
back on them dearly: they were filled with 
comradeship, intensive learning, and ac-
quiring very many formative experiences. 
After university, many of us wanted to pur-
sue theoretical physics, in which there were 
few professional opportunities and very 
few professorial chairs. I therefore came to 
experimental physics, where I was imme-
diately drawn to surface physics and the in-
teraction of gases with metallic surfaces. At 
the time, the development of new experi-
mental techniques such as Angle-Resolved 
Photo-Emission Spectroscopy (ARPES) 
was absolutely spectacular. However, the 
funding of Spanish science in the day was 
such that many experimentalists, includ-
ing myself, moved to modelling of the lat-
est results, and, from there, to theoretical 

condensed matter physics. I am surrounded 
by laboratories though, and have main-
tained proximity with experimentalists.”

How did you move into the field of low-
dimensional materials? 
“I had been working on the physical and 
electronic properties of metals and had 
developed techniques that I could quickly 
apply to the cuprate high temperature su-
perconductors discovered in 1986, to other 
highly correlated electronic systems, and to 
carbon nanotubes. In parallel, several col-
leagues of mine worked on the hypothesis 
of Dirac-like electron physics in two-di-
mensional carbon, or graphene, even be-
fore this was isolated. When it was, it was 
natural to shift our attention to that system.” 

Among the many areas of condensed 
matter topics that you have studied, 
which appealed the most to you as a 
particular challenge? 
“Twistronics and the currently much stud-
ied twisted bilayers and multilayers built of 
two-dimensional materials are extremely in-
teresting and very challenging. They require 

taking very large numbers of atoms into ac-
count for any computational effort. Besides 
that, I am most interested in the topological 
properties of electronic systems, and the re-
lation between topology and disorder.”

You have built a very rich “second 
career” in furthering gender equality 
and the cause of women physicists. 
How did you start?  
“For most of my career, I took no notice of 
the position of women in physics. However, 
in 1999, the Massachusetts Institute of 
Technology published an astounding report 
assessing gender segregation, bias, and ine-
quality within their faculty. The MIT study 
was quickly followed by assessments of gen-
der bias in scientific institutions in Europe, 
published by the European Commission. I 
then realised, with my colleagues, that at 
ICMM and in Spain we were in a similar 
situation: there was profound inequality in 
career progress, with not a single woman 
in the higher ranks of our institutions. I 
started to undertake action in 1999. The 
American Physical Society had founded 
their Committee on the Status of Women 
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in Physics (CSWP), so I requested that 
the Royal Spanish Physical Society RSEF 
create a similar section – this happened 
in 2001. To build the case, we had gath-
ered figures on the role and representa-
tion of women physicists in Spain. It was 
thus that I got noticed, and then invited, 
with three RSEF colleagues, to attend the 
2002 IUPAP International Conference on 
Women in Physics in Paris, where I met our 
colleagues who lead the first actions at MIT. 
With many others, from all over the world, 
we decided that physics should be done dif-
ferently, and that we should do all we could 
to attract young women to a physics career. 
Once involved, I could not go back. I real-
ized the importance of the issue, and before 
long had many responsibilities.”

How did you balance your activity with 
your research?  
“I am a theoretical physicist, and do not 
head a permanent group. Therefore, my sci-
entific production depends directly on the 
number of hours I personally put in. Once 
I got involved in the Women and Science 
Commission (Comisión Mujeres y Ciencia) 
of CSIC and in the Association of Women 
Scientist and Technologists (AMIT), I was 
solicited for a much wider range of issues 
that I initially foresaw, urgent issues that de-
manded action. For example, many young 
women encountered great difficulties rec-
onciling maternity and their scientific ca-
reer. If nothing were done, their career 
would collapse. Even if it was not my orig-
inal role, these women had nowhere else to 
turn. I believe that we did much for science 
by helping create conditions that allowed 
them to continue. The payoff was that I 
have met an incredible amount of very di-
verse and interesting people from all back-
grounds. This was extremely satisfactory to 
me and has more than made up for any sci-
entific papers not published in the process.”

As delegate president for the Women 
and Science Commission, how do 
you assess the impact that such a 
commission has, or can have?
“The creation of the Women and Science 
Commission was very important because it 
was the first Spanish public instance to offi-
cially publish figures on women in science, 
i.e., to make the “diagnosis”. The physicist 

Rolf Tarrach, president of CSIC at the time, 
played a fundamental role by approving the 
formation of the Commission, thus demon-
strating the importance of the attitude of 
men and authorities to equality.  Once the 
numbers were established, it became impos-
sible to deny the reality of gender bias. We 
next started to recommend gender-neutral 
language use in science. This encountered 
quite a lot of resistance, and only recently 
have we come to a more equilibrated use of 
our language in a scientific environment. 
Since 2007, Spain has a law on gender equal-
ity, as well as established protocols on how to 
handle sexual or gender-based harassment. 
Thanks to initiatives such as of the Women 
and Science Commission, things are better 
now. Still, it remains very difficult to progress 
on gender issues, since bias is so strongly 
engrained. It is important to recognize the 
work done in this regard by the Women and 
Science Unit of the European Commission.”

Isn’t furthering gender equality an 
issue of constant vigilance?
“Yes. I am often astonished that even when 
young colleagues organise a conference, 
they invite only male speakers, claiming that 
they cannot find any women! Fortunately, 
young women today are more vocal, they 
are more aware that we have laws, laws that 
regulate and protect gender equality. They 
do not hesitate to appeal to these.”

You have worked in the U.K. as well 
as in Spain, and were on the ‘Helsinki 
Group on Women in Science’. How do 
you situate Spain with respect to other 
European countries, with respect to 
the gender equality issue in science? 
“There is a difference between Mediterranean 
Europe and Northern Europe. For example, 
during my time at Imperial College in the late 
nineteen-seventies there were significantly 
less women physicists than in Spain.  A strik-
ing case is Turkey, where a large percentage 
of scientists – and physicists – are women. 
Among reasons, the different social status of 
scientists in protestant- with respect to catho-
lic and other cultures has been evoked. In the 
first, teachers’ and professors’ status would 
have been relatively higher with respect to 
the cleric, whereas in the latter women were 
perhaps more easily admitted to academic 
roles. More specific to Spain, Portugal, 

Greece, and Turkey would the liberating ef-
fect after the fall of national dictatorships in 
the nineteen-seventies. The liberation of soci-
ety empowered women and stimulated many 
to pursue the career they wanted, including 
academia. Still, even before that time, many 
teachers in Spain were women. A big prob-
lem is the propagation of role models. Even if 
a large proportion of primary school teachers 
in Spain are women, education experts assess 
that they tend to be more demanding towards 
boys than towards girls.” 

You have had a wonderful career in 
science as well as in furthering the 
cause of women scientists. If you 
would be solicited for a further role in 
either, would you accept? 
“I have now resigned from both the Women 
and Science Commission of the CSIC and 
from the Group of Women Physicists (the 
Grupo Especializado de Mujeres en Física) 
of RSEF. Times have changed, and there is a 
need for new people to step forward, people 
with new perspectives and new perceptions 
of society. We have been very successful in 
raising awareness and in changing the cli-
mate in our research organisations. Now, we 
should realise that science and engineering 
is to be pursued not only for the benefit of 
men, but for all of society including women. 
Beyond adapting our institutions, the very 
object of research should take into account 
the reality of diversity. A good first step is 
the implementation of the diversity issue 
in projects, such as is now requested by the 
European Union. To progress though, ex-
perts are needed. Even if I truly want to help 
on all issues, I do not hold this expertise, and 
I think younger people should take the lead.”

What recommendations or advice would 
you give young women in science?
“Young women should be aware that differ-
ences do exist. They should also be aware 
of micro-bias, and that it can have a large 
effect on scientific practice and on society 
if it is not tackled in time. For example, it 
appears that the outcome of scientific eval-
uation depends on whether a male or a fe-
male CV is under consideration. Such bias 
is surely unconscious and unintentional, 
but, nevertheless, very real. To improve 
we need objectivity and transparency and 
everyone’s effort.” n
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STAR ExPERIMENTIN THE SPOTLIGHTS

Early January 2023, the STAR collaboration published a paper in Science Advances 
about a measurement of the ‘Tomography of ultrarelativistic nuclei with polarised 
photon-gluon collisions’. They used a new form of quantum entanglement.

Entangled pions in a study  
of the interior of atomic nuclei

A
tomic nuclei consist of 
protons and neutrons. 
Inside the protons and 
neutrons, quarks are 

bound by gluons as the mediators of 
the strong interaction. To study how 
the quarks and gluons exactly form 
atomic nuclei, the STAR collabora-
tion used polarised photons, which 
were created by accelerating charged 
heavy nuclei in the Relativistic 
Heavy Ion Collider (RHIC) at the 
Brookhaven National Laboratory, 
USA. The ultrarelativistic nuclei form 
a cloud of linearly polarised photons. 
When two relativistic heavy nuclei 
pass one another at a distance of a 
few nuclear radii, a photon from one 
nucleus may interact through a vir-
tual quark-antiquark pair with gluons 
from the other nucleus and form a 
short-lived vector meson such as the 
rho-meson. The rho-meson decays in 
a pair of oppositely charged pions. By 

measuring the velocity and angles at 
which the pions strike the detector, 
information about the photons can 
be traced back and the distribution 
of the gluons within the nucleus can 
be mapped (Figure 1).

During the measurements it 
turned out that the two pions were 
quantum mechanically entangled. 
Quantum entanglement is not new, 
but usually two identical particles 
become entangled. It is the first ob-
servation of entanglement between 
dissimilar particles. The quantum 
entanglement of the pions made 
the measurements at the atomic 
nucleus ten to hundred times more 
accurate. It was shown that pro-
tons in the atomic nuclei at high 
speed clump together in the center 
while neutrons form a shell on the 
outside. The nuclear radii of the 
strong-interaction were reported 
to be 6.53 ± 0.06 fm (197Au) and  
7.29 ± 0.08 fm (238U), which is larger 
than the nuclear charge radii.

Details of the measurements are 
described in a paper published in 
Science. It is not yet understood how 
the pions become entangled  with 
each other. Further investigation 
is needed. n

Reference

[1] STAR Collaboration, Sci. Adv. 9, eabq3903 
(2023) 4 January 2023

m The STAR 
detector at 
RHIC. Credit: 
Brookhaven 
National 
Laboratory

. Figure 1 - The wavefunctions of the negative pions from each rho 
decay interfere and reinforce one another, while the wavefunctions 
of the positive pions do the same. The reinforcing patterns would not 
be possible if the π+ and π- were not entangled. Credit: Brookhaven 
National Laboratory.
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HIGHLIGHT FROM EPJ IN THE SPOTLIGHTS

For Einstein and other physicists of his generation, the strongly counter-intuitive 
features of quantum mechanics were very hard to accept, given that our intuition 
is based on the classical world around us. This EPJD Topical Issue examines the 
discoveries, motivations, and continuing legacy of Alain Aspect: the physicist whose 
experiments, along with those of John Clauser and Anton Zeilinger, have made 
that quantum entanglement, an essentially non-classical feature, is now also an 
experimental reality, exploited in science and technology. 

Alain Aspect: The physicist who made 
entanglement an experimental reality

I
n 1935, a trio of physicists, Albert 
Einstein, Boris Podolsky, and 
Nathan Rosen, introduced an 
argument concluding to the “in-

completeness” of quantum mechan-
ics. Their ideas stimulated a major 
work in 1964 by John Bell, who was 
able to turn a somehow philosoph-
ical discussion into mathematical 
inequalities, and from there into pos-
sible experiments.

In January 2023, EPJ D presents 
a Topical Issue in honour of Alain 
Aspect: the physicist who put Bell’s in-
equalities under particularly stringent 
test, through a set of ground-break-
ing experiments at the beginning 
of the 1980s. This Topical Issue is 
particularly well timed, since Alain 
Aspect, along with John Clauser and 
Anton Zeilinger, have received the 
2022 Nobel Prize in Physics on 10 
December 2022, in recognition of 
their major contributions to the un-
derstanding of the world around us.

After the initial publication of 
Bell’s inequalities in 1964, it took 
some time to give them a form 

allowing a first experimental test. This 
was first achieved by John Clauser in 
1972, followed by several other ex-
periments. The next major step was 
achieved by Alain Aspect in his doc-
toral thesis, completed in 1983, and 
saw his results confirmed in more and 
more refined experiments. In par-
ticular, several results obtained by 
Anton Zeilinger and his team estab-
lished definitively that observations 
are in full agreement with quantum 
mechanics, and violate Bell’s inequal-
ities – and thus, the “local realistic” 
worldview attached to them.  

This Topical Issue was initially 
designed to honour Alain Aspect’s 
achievements on the occasion of his 
75th birthday, and it could hardly be 

more timely. It provides a set of per-
sonal and historical perspectives on 
Alain’s career. It also presents a se-
ries of scientific articles providing 
fascinating perspectives for quan-
tum technology and information sci-
ence, whose principles are founded on 
quantum entanglement, as evidenced 
in Aspect’s experiments. 

Together, the papers in this EPJ D 
Topical Issue highlight the story and 
continuing legacy of a bold, friendly, 
and enthusiastic physicist, who was 
never deterred from questioning the 
deepest issues posed by nature to the 
wider physics community. n

Reference

[1] D. Clément, P. Grangier, J. H. Thywissen 
(Eds.), Quantum Optics of Light and 
Matter: Honouring Alain Aspect, 
Topical Issue Eur. Phys. J. D (2023)
https://epjd.epj.org/component/
toc/?task=topic&id=1662

. Aspect’s 
1983 thesis 
revolutionised 
quantum 
mechanics.  
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HIGHLIGHT FROM EPLIN THE SPOTLIGHTS

Quantum communication and computation technologies promise unprecedented 
applications, such as unconditionally secure communications, ultra-precise sensors, 
and quantum computers capable of solving specific problems with a level of efficiency 
impossible to reach by classical computers. 

Universal algorithms  
for quantum data learning

T
hese revolutionary technologies 
were first envisioned as tools to 
better and faster process classi-
cal data, that is, information that 

can be written on a piece of paper, or more 
commonly as bit strings stored in conven-
tional computers. The quantum then came 
in how we process this information, for 
example by feeding the classical data into 
quantum processors that exploit phenom-
ena like quantum entanglement and super-
position to speed things up.

As the revolution progresses, new sce-
narios appear where not only the process-
ing of information is done by exploiting 
quantum resources, but also data presents 
itself in a quantum form. Imagine that two 
quantum devices are exchanging informa-
tion, and they do so by sending each other 
electrons whose spins point in particular 
directions. These directions encode the rel-
evant information, but the device receiving 
the electrons cannot fully access it, for it 
has first to measure the electrons and then 
infer their spins’ directions from the meas-
urement results, and quantum mechanics 
tells us that this is a probabilistic process 
with inherent errors. Hence, the informa-
tion being transmitted here has a different 
nature; it is quantum data, and cannot be 
simply written on a piece of paper.

The notion of quantum data appears nat-
urally when we have quantum devices acting 
as nodes of a network where connections are 
established via quantum channels, as in the 
example above, but also when we want to 
certify that a certain quantum process, say 
the preparation of a collection of quantum 
particles in finely tuned states, has occurred 
as intended. In general terms, the key prob-
lem becomes how to determine that a quan-
tum dataset, that is, a set of quantum states of 
which we lack a classical description, holds 

a certain property of interest. Such property 
can be as simple as determining whether all 
quantum states in the dataset are identical to 
each other, or estimating the degree of simi-
larity between the states.

In this Perspective article, we review sev-
eral relevant algorithms designed to learn 
properties of quantum datasets. Examples 
we address are programmable processors 
for discriminating types of quantum states, 
supervised quantum learning algorithms, 
unsupervised classification of quantum 
data, quantum change point detection, 
and learning of distance measures between 
states in a quantum dataset. All these algo-
rithms share two key features. First, much 
like machine learning algorithms, they are 
universal: they are designed to work on 
any input dataset that fulfills some struc-
tural assumptions. And second, they ex-
ploit symmetries present in the data to their 

advantage. We show that requiring these 
features gives rise to an elegant mathemat-
ical description that facilitates the design 
of optimal learning algorithms, and thus 
we identify a powerful tool to tackle new 
learning problems of increasingly complex 
quantum datasets.

Quantum data learning will be an indis-
pensable part of upcoming quantum-tech-
nological applications, be it as part of their 
normal operation or as a tool to certify that 
they work as intended. It is easy to imagine 
that this type of tasks will become more and 
more relevant in the context of future quan-
tum networks, where quantum data are the 
natural carriers of information. n

Reference

[1] Marco Fanizza et al 2022 EPL 140 28001.  
doi: 10.1209/0295-5075/ac9c29

m A collection of spin states is processed and measured to extract information.
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The Road to and from  
Quantum Entanglement Experiments 

DOI: https://doi.org/10.1051/epn/2023101

F our articles by Nicolas Gisin, Jian-
Wei Pan, Emanuele Polino & Fabio 
Sciarrino and Marek Zukowski 

provide an overview of the history of quantum 
foundations, from the early pioneer to today's 
quantum information research - the significance 
of which was recognized by the 2022 Nobel 
Prize awarded to Alain Aspect, John F. Clauser 
and Anton Zeilinger. They also write about the 
future development of quantum information 
science and shared their thoughts on how this 
new technology could in turn enable addressing 
new questions in fundamental physics.

 
In their independent historical tour de 

forces, Gisin and Zukowski recall that the initial 
discussion on the foundations of quantum 
mechanics triggered by the Bohr-Einstein 
dialogue was soon replaced by the culture of 
"shut-up-and-calculate", in which working on 
quantum foundations was "a kind of scientific 
suicide". What has changed the physics 
community's perception of the research field 
so dramatically since then? The two authors 
give three reasons for this change. First, some 
researchers, most notably John Bell, and the 
three Nobel laureates, did not follow the 
crowd and continued to work on fundamental 
questions. Secondly, advances in quantum 
optics made the "thought experiments" of 
the Bohr-Einstein debate feasible. And finally, 
these developments eventually led to quantum 
information science and technology. For 
example, the spontaneous parametric down-
conversion source became the workhorse in 
experimental tests of Bell’s inequalities, and 
was instrumental in demonstrating new ideas 
such as quantum teleportation, superdense 
coding or entanglement swapping. In parallel, 

the development of single photon detectors not 
only enabled the demonstration of quantum 
key distribution, but also to industrialize and 
commercialize it.

 
In their articles, Pan and independently 

Polino & Sciarrino focus on the use of emerging 
quantum technology for new frontiers in 
physics and the implementation in quantum 
networks and quantum metrology. Pan presents 
the vision of a global quantum network that 
began with the launch of the first quantum 
satellite, Micius, in China in August 2016. A 
series of experiments established the satellite-
based free-space quantum link, connecting 
multiple ground stations. In future, a space-
based platform could enable fundamental 
experiments over distances that were previously 
inaccessible on the ground. For example, 
the interface between gravity and quantum 
physics or the applicability of quantum theory 
at larger length scales can be tested. Polino and 
Sciarrino write about realizations of photonic 
quantum networks violating classical causal 
constraints beyond the simple Bell scenario. 
They also identify open challenges to be faced 
in the research area: the characterization of the 
classical-quantum gap in complex networks 
and exploration of different causal structures 
with independent entanglement sources and 
entangling measurements. n

 l Časlav Brukner
Institute for Quantum Optics and 

Quantum Information,
Austrian Academy of Sciences,

Boltzmanngassse 3, 1090 Vienna
and Faculty of Physics,University of Vienna

Boltzmanngasse 5, 1090 Vienna
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A HISTORY OF QUANTUM 
ENTANGLEMENT  
AND BELL'S INEQUALITY  
THEORETICAL FOUNDATIONS FOR OPTICAL QUANTUM 
EXPERIMENTS WITH ENTANGLED PHOTONS

 l Marek Żukowski, ICTQT University of Gdansk, Gdansk, Poland – DOI: https://doi.org/10.1051/epn/2023102

Quantum mechanics gives probabilistic predictions, it is very abstract, and leads 
to paradoxes. It was discovered in 1925 in two acts of ingenious creativity. By 
Heisenberg, at the Helgoland island, and by Schrödinger half a year later in Alps. 
It allows to explain and predict an enormous range of phenomena, but  almost 
immediately  met an opposition. Einstein fully recognized it as a practical tool, but 
criticized its non-deterministic nature. The Einstein-Bohr debate began. Clauser, 
Aspect and Zeilinger ended it.
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29 years later Bell commented on EPR work. He de-
rived his inequality, which applied to systems possessing 
perfect correlations, and for any theory allowing EPR 
elements of reality. Using |singletAB, he showed that the 
inequality does not hold in quantum theory: the EPR 
completion destroys quantum mechanics. Almost no-
body cared.

In 1969 John Clauser with Mike Horne, Abner 
Shimony and George Holt (CHSH) derived the first ex-
perimentally testable Bell inequality which holds for any 
classical like theory satisfying Einstein's locality (not only 
for EPR elements of reality) and showed that it is vio-
lated by quantum predictions for |singletAB. They pro-
posed a test! Specific two-photon cascades in Calcium 
possess polarization entanglement, which can be one-to 
one mapped with the singlet. In 1972 he and Freedman 
performed the experiment. The results followed quantum 
predictions. En passant, in another experiment based 
onthe same contraption he falsified the semi-classical 
theoryof light (Phys. Rev. A 6, 49 (1972)). In 1974 he 
and Horne derived another inequality, much better for 
analysis of experimental imperfections.

In his 1978 review with Shimony coined the term 
"local realism", for general theories of the Einstein type at-
tempting to model quantum mechanics. Such theories are 
sometimes called "local hidden variable theories". Hidden 
variables, say λ, are anything that is outside of quantum 
formalism, which is used to explain the stochasticity of 
quantum predictions. One assumes a stochastic distri-
bution of these, ρψ(λ), related with the quantum state, ψ. 
For a measurement of A the probability of result  α to 
happen is P(a|A, ψ) = ∫ dλρψ(λ)p(a|A, λ). Locality implies 
that P(a&b|ψ) = ∫ dλρψ(λ)p(a|A, λ)p(b|B, λ). The Clauser-
Horne inequality for this reads in a simplified notation 
P(a&b) + P(a&b') + P(a'&b) – P(a'&b') – P(a) – P(b) ≤ 0. 
The maximal quantum value of that for |singletAB is 
QMmax = √

–2 – 1  –2 .
The inequality can be also derived by postulating the 

existence of proper probabilistic distributions of values 
of all observables is the formulas, ϱ(a, a', b, b') or even 
just postulating counterfactuality. The latter allows us to 
use in a theory values of measurements which were not 
performed, as unknown but defined. Hidden variables λ 
are sometimes called "causes", or “situations”.

Alain Aspect proposed in 1976 and realized in 1980-
1982 several experiments which could be called ultimate 
versions of Clauser experiments. In the last one obser-
vation stations (Alice and Bob) were switching their 
settings quasi-periodically using standing-wave acou-
sto-optical switches in such a way that upon emissions 
no information was at the source on the settings of po-
larization analyzers which the photons were to face. The 
stations were 12 meters away from the source, which was 
a beam of Calcium atoms excited by a laser passing via 
the focal points of collection lenses. As not all pairs 

m q|Cards Online is a 
game introducing and 
teaching the basics of 
quantum computing, 
without requiring 
previous experience 
in quantum physics.

E
instein challenged the completeness of the the-
ory in the EPR (1935) paper: ̀ `elements of re-
ality" can be defined via perfect correlations, 
and they are missing in quantum mechanics.

EPR noticed that perfect correlations are predicted 
by quantum mechanics for pairs of systems in “entan-
gled states”, a name introduced by Schrödinger for pure 
two-particle states which do not factorize into a product 
of states for each particle.  

Perfect correlation. Imagine two observers Alice and 
Bob, who respectively measure some observables A, 
and B, of values a, b = ± 1. We have a perfect correla-
tion, if e.g. the conditional probability of Alice getting 1 
and when Bob gets -1, equals one, P(a  = 1|b = –1) = 1. 
EPR used a different wording. I follow a simplified 
argument by David Bohm.

The prediction does not depend on the distance of 
the objects and their observers and applies to simultane-
ous detection events. Such events cannot influence each 
other, as influences propagate no faster than light. Thus, 
the value a = 1 for Alice's particle must have been a pre-
determined "element of reality". As Alice and Bob can be 
far from each other and from the source, what observ-
able they individually measure can be set also in a way 
that cannot influence the free choice of the other partner 
and his/her result and the operation of the source. The 
possibility of choice of observables, meant for EPR that 
a possibility of an alternative choice by Bob to measure 
a complementary observable B' means that the value of a 
certain complementary observable A' of Alice can be po-
tentially predicted with certainty. Thus, it must also pre-
exist, if one has P(a' = 1|b' = –1) = P(a' = –1|b' = 1) = 1.  
As Bob's choices and result cannot affect or disturb "the 
reality" at Alice's location, her particle must carry prede-
termined values a and a'. They showed an example of an 
entangled state which had such correlation properties.

Bohr's quick response: Bob can measure either B 
or B', choice of one precluded measurement of the 
other, and this makes the argument void. Physicists 
reacted with relief, "shut up and calculated". Only some 
worked further. David Bohm found that the above 
properties seems to have the singlet state, |singlet, of 
two spins 1/2:

1—
√
–
2 (|1/2zA |–1/2zB – |–1/2zA |+1/2zB)

Here, states of individual spins which are related with 
spin up or down results, if we measure components "z". 
Singlet is invariant with respect to any rotation of the full 
system, and thus has the same form if we use "y" compo-
nents, or whichever identical ones for both spins. Singlet 
has the correlation properties mentioned earlier, if one 
re-scales the eigenvalues to ±1, and treats measurement 
of z components as A and B, and measurement of "y" 
components as A' and B'.
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Essentials of calculation. If their detectors are 
measuring identical observables with eigenstates 

| ±X = ( 1—
√
–
2 )(|xX ±   |x'X), where x = a,b,c and 

X = A,B,C, and we have x|x' = 0, the overall prob-
ability amplitudes of coincident detections are pro-
portional to (1 ± ei(ϕA+ϕB+ϕC)) Following Bell, one can 
associate with a detection event described by the final 
state | ±X values ±1 = X(ϕx).This leads to  the following 
average of the products of values of  the coincident 
events: A(ϕA)B(ϕB)C(ϕC) = cos(ϕA + ϕB + ϕC).

Whenever A(ϕA)B(ϕB)C(ϕC) = ±1, see the box, one 
has "perfect GHZ correlations", a version of the EPR 
ones, defining elements of reality. Such elements of reality  
X(ϕx) = ±1  must satisfy

A(ϕa = 0)B(ϕb = 0)C(ϕc = 0) = cos0 = –1,
A(ϕa = 0)B(ϕb = π/2)C(ϕc = π/2) = cosπ = –1,
A(ϕa = π/2)B(ϕb = π/2)C(ϕc = 0) = cosπ = –1,
A(ϕa = π/2)B(ϕb = 0)C(ϕc = 0) = cosπ = –1,

With these relations, as X(φx)2, via a primary school al-
gebra we get 1=–1. The method of EPR makes no sense. 

How to observe such correlations? A solution appropri-
ate for the times, was found in ZZHE paper, and improved 
in two subsequent Zeilinger et al. theoretical papers. One 
can use three pairs of entangled systems, independently 
emitted form three different sources, such as PDC crystals, 
and swap their entanglement to get |GHZ(3).

Take a simpler case of two different entangled pairs with 
no entanglement between the pairs, say two signal and idler 
pairs, each pair from a different PDC source. By an arrange-
ment for “Bells-state-measurement” which detects together 
both idlers, in such a way that the information on the origin 
of the idlers is completely erased, one can entangle the two 
remaining signal photons which never interacted, and can 
be very far away. The indistinguishability of the idlers can 
be reached by narrow filtering of these, while the pumping 
fields must be sharply pulsed, as this allows for the frequency 
spectral widths ∆ω to satisfy, ∆ωidlers=filters/∆ωpump < 0.1. In 
such a case the original tight frequency correlation of signal 
and idler from each pair, ωsignal + ωidler = ωpump, which betrays 
their source, is effectively erased. Importantly, only idlers are 
subject to filtering, signals propagate to remote observation 
stations untouched, but now entangled.

As it was noticed in the last page of ZZHE variations 
on the theme of entanglement swapping allow one to 
make experimental "quantum teleportation", observe 
GHZ correlations, and allow for an “event-ready” Bell 
test, heralding the signal-events by detection of the idlers, 
and thus operationally defining detection failures of these. 

Meanwhile theoretical quantum information science 
emerged. This can be traced back to Feynman suggesting 
quantum simulations and computing (1982), Wiesner's quan-
tum money (1983), and Bennett's and Brassard's quantum 

of photons were collected, and not all collected detected, 
the test had a "detection loophole". One had to assume 
that the sample of detected photons fairly reproduces the 
original emitted ensemble. The experiments were thought 
by some as conclusive, by some as non-conclusive, also 
because non-randomness of the switching, an effective 
“locality loophole”.

The subject was studied mainly by researchers skep-
tical about quantum theory. Bell's view: "Quantum 
Mechanics is rotten". However, in 1970's-1980's exper-
imental physics with single quantum objects emerged. 
E.g., single neutron interferometry in the case of which 
Zeilinger had outstanding achievements, atomic inter-
ferometry, atomic traps. “Gedanken” experiments of the 
Bohr-Einstein debate were becoming feasible.

Progress in non-linear quantum optics gave the 
spontaneous parametric downconversion (PDC) 
effect. Cascade emissions from atoms do not have 
directional correlations, thus only a fraction of pho-
tons is collected. The downcoversion gives almost 
perfectly directionally correlated pairs of photons, 
called signal and idler, with their frequencies adding 
up to the frequency of the strong laser pumping field 
propagating in a “non-linear” birefringent crystal, 
e.g. BBO or KDP, and inducing a nonlinear response 
of its electric polarization. From 1986 downconver-
sion became the work horse in Bell experiments, the 
first ones by Mandel's group, and Shih and Alley. In 
1994 Zeilinger and Shih groups showed that PDC 
of type II is a fantastic source of polarization en-
tangled photons. A direct consequence of that was 
the Bell experiment of Weihs et al. of Zeilinger's 
group in Innsbruck which convincingly closed the 
"locality loophole". Alice and Bob stations were 800 
meters apart, and their polarization analyzers' set-
tings were decided by local quantum random num-
ber generators. 

Before we discuss the 2015-2017 fully “loophole free” 
experiments, let me turn back to theoretical advances 
allowing observations of three-or-more photon interfer-
ence. In 1989 Daniel Greenberger, Horne and Zeilinger 
(GHZ) showed that three or more photon interference 
effects lead to a direct falsification of the EPR approach. 
This signaled that a plethora of new quantum paradoxes 
was waiting to be discovered. Earlier, a rule of thumb, 
more particles, less quantumness dominated. 

The simplest case. Take a state|GHZ(3) which reads 

 1—
√
–
2 (|aA |bB |cC + ei(φA+φB+φC) |a'A |b' B |c'C).

It is describing entangled properties of three particles. 
Each particle goes to a different of three spatially sepa-
rated observation stations of Alice, Bob and Cecile who 
observe time coincident detections. They are imposing 
local phase shifts, respectively ϕA, ϕB, ϕC, which transform 
the state, see the relative phase factor ei(ϕA+ϕB+ϕC).  
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cryptography based on Bohr's complementarity, or EPR corre-
lations (1984). Theoretical quantum teleportation, that is a trans-
mission of an unknown state form one system in say Alice’s lab, 
to another one at Bob’s lab, was announced in 1993. 

The teleportation is a protocol involving a three-particle 
interference, with one particle in a state, ξ, to be teleported, 
and the other two in a singlet state shared by Alice and Bob. 
In the case of teleportation of photon polarization states, a 
classical transmission of just two bits of information to Bob 
is needed, who knowing these can unitarily transform the 
state of his particle from the EPR pair to ξ. Alice performs 
a “Bell state” measurement (jointly on the particle in state ξ 
and her particle of the singlet), of four equally possible re-
sults numbed by the bits 00, 01, 10, 11, which totally hides 
the origin of the particles and is erasing ξ. Successful telepor-
tations were reported by Zeilinger's experimental group on 
11 December1997 (in Nature), two-pair entanglement swap-
ping in 1998, and observation of GHZ correlations in 1999. 

In 2015-2017 four loophole free Bell experiments were 
announced, therefore closing the debate of the two Nobel 
laureates who received the Prize in… 1922. A Delft group 
of Hanson, who performed an entanglement swapping Bell 
experiment between separated by 1300 meters NV centers 
in diamonds, observed 250 such events, excluding any local 
realistic interpretation of them with probability of 96%. Two 
other experiments with a high detection efficiency observa-
tion of photon correlations, one of them by Zeilinger’s group, 
were also announced in 2015, giving confidence of practically 
100%. Weinfurter's group in 2017 reached this confidence 
level with entanglement swapping entangling single atoms 
in two traps separated by 400 meters. n

In [PCYWZZ] review article one can find a detailed de-
scription of the story up to 2012. MZ is supported by FNP IRAP 
project ICTQT co-financed by EU Smart Growth programme.
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B
ell, inspired by David Bohm's hidden varia-
ble model of quantum theory, proved that all 
possible correlations that can be described by 
local variables necessarily satisfy some ine-

qualities, today known as Bell inequalities. These inequal-
ities are mathematically quite trivial. However, quantum 

theory predicts that they can be violated even when the 
correlation is between outcomes of far distant measure-
ments. Denote a and b the measurement outcomes and x 
and y the measurement settings (e.g. polarizers' orienta-
tions), and denote λ the hypothetical hidden local varia-
bles. Accordingly, the entire statistics of the experiment is 

QUANTUM NON-LOCALITY:
FROM DENIGRATION TO THE NOBEL 
PRIZE, VIA QUANTUM CRYPTOGRAPHY
 l Nicolas Gisin – DOI: https://doi.org/10.1051/epn/2023103

 l Group of Applied Physics, University of Geneva, 1211 Geneva 4, Switzerland – Constructor University, Geneva, Switzerland

In the late 1960s, a young physicist was sailing along the coast of California towards 
Berkeley, where he got a post-doc position in astronomy. But his real goal was not 
astronomy, at least not immediately. First, John Clauser eagerly wanted to test some 
predictions of quantum theory that were at odds with a then recent and mostly ignored result 
by an Irish physicist John Stewart Bell, working at the celebrated CERN near Geneva. 
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captured by the so-called “correlation” - strictly speaking, 
conditional probability distribution - p(a,b|x,y,λ). The λ's 
are hidden in the sense that they are not part of quantum 
theory, though the usual quantum state Ψ could well be a 
part of λ. Here, local - or Bell-local - refers to the assump-
tion that the correlation factorizes in two parts, one for 
each of the distant sides of the experiment:

p(a,b|x,y,λ) = p(a|x,λ). p(b|y,λ) (1)

That's the only assumption necessary to derive Bell 
inequalities. The λ's denote the state of the system as de-
scribed by any possible future physical theory (except that 
the settings x and y are assumed to be independent of λ). 
In this sense, Bell inequalities go way beyond quantum 
theory: a violation of a Bell inequality proves that no fu-
ture theory can satisfy the locality condition (1).

John Clauser, Abner Shimony, Michael Horne and 
Richard Holt were among the very few who understood 
this in the 1960s and all wanted to test Bell inequalities, 
Clauser to prove quantum theory wrong, Holt, a young 
student at Harvard, to prove the Bell-locality assump-
tion (1) wrong. Clauser was in a good position thanks 
to existing equipment at Berkeley. Indeed, Carl Kocher 
had done a similar experiment in 1967, though for other 
purposes. Unfortunately, Kocher, and even earlier Chien-
Shiung Wu, had only measured the correlations when 
the polarizers were either parallel or orthogonal, while 
a proper violation of Bell inequality requires intermedi-
ate orientations. Note that assuming that polarization 
is a 2-dimensional quantum system, a qubit as one says 
today, correlations at 45° can be derived from the parallel 
and orthogonal correlations assuming no-signaling [1]: 
E45 = (E+E)/√

–
2. That wasn't known at the time. But 

regardless, the visibilities measured by Kocher and Wu 
were below 50%, while a proper violation requires visibil-
ities larger than 71%. Hence the race was on. Clauser got 
there first, confirming quantum predictions, against his 
expectation. But then Holt obtained his own result, con-
firming the inequality, against his expectation. Somehow, 
the score was one to one.

At that time, these fascinating and intriguing results 
interested almost no one, except some hippies who could 
later claim to have saved physics [2]. Clauser had long 
discussions with them, though the last time I met him 
he had turned into a loud climate skeptic.

In the 1970's, my friend Alain Aspect was doing his 
French civil service in Africa, reading physics, as we all 
do. When he hit on Bell inequalities, it was love at first 
sight: “I want to work on that”. Back in Paris, he trave-
led to Geneva to meet John Bell and told him about his 
plans. Bell replied: “Do you have a permanent position?”. 
Indeed, in those times, working on - or even just show-
ing interest in - Bell inequalities was a kind of scientific 
suicide. Bohr had it all solved, went the dogma. Looking 
back, it is difficult to appreciate how deeply denigrated 

was all research around Bell inequalities and entangle-
ment - the quantum resource necessary to violate them. 
At the time, French had no agreed-upon translation of 
entanglement, some used “enchevêtrement”, others “in-
trication” (the latter has by now been officially recognized 
by the French academy). 

Fortunately, the French system allowed young phys-
icists such as Aspect to hold permanent positions, so 
he decided to score the winning goal. Crucially, he 
planned to add fast switches that would allow one to 
choose the measurement settings x and y while the 
photons were already too far away to possibly influ-
ence the other side. Aspect was able to achieve this 
using newly developed lasers to pump his entangle-
ment source, while Clauser and Holt had to use flash 
lamps. In a series of three beautiful experiments in 
the early 1980's, Aspect settled the dispute in favour 
of quantum theory. Accordingly, no future theory will 
ever satisfy the locality condition (1). Today, this is 
often expressed by the short expression non-local, 
which really means not-Bell-local.

Despite these beautiful experiments and the intellec-
tually fascinating discoveries, Bell inequalities remained 
dismissed and poorly understood. Even to this day, the 
clear terminology non-local (equivalently, not-Bell-lo-
cal) is too often blurred as not satisfying “local-realism”, 
as if non-realism was a way out [3,4]. The fact is that as-
sumption (1) is no longer tenable. As an example, con-
sider the scientific background provided by the Nobel 
Committee [5]. A few lines after correctly presenting 
Bohm's non-local hidden variable model, one reads that 
Bell inequality violation shows “that no hidden varia-
ble theory would be able to reproduce all the results of 
quantum mechanics”, contradicting the just cited Bohm 
model (which does predict violation of Bell inequalities). 
The correct statement is that no local variable theory is 
able to reproduce all results of quantum mechanics. And 
a few lines further, locality is defined as no-signaling - 
no communication without any physical object carrying 
the information, despite the fact that one of the 

. FIG. 1:  
quantum 
cryptography under 
Lake Geneva was 
the first quantum 
experiment 
requiring a satellite 
photo to illustrate 
it. Nowadays in 
commercial use [9].
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main contribution of quantum information to the foun-
dations of physics is a clear distinction between these two 
concepts. Next, realism is defined as determinism, even 
though Bell inequalities also hold in all stochastic the-
ories satisfying (1). All this illustrates that Bell inequal-
ities are still poorly understood by the general physics 
community. The 2022 Nobel Prize in physics allows one 
to hope that henceforth Bell inequalities will be part of 
all physics cursus.

One major step towards a better appreciation of Bell 
inequalities came from a young Polish PhD student at 
Oxford University, Artur Ekert. In 1991, he realized that 
non-local quantum correlations are nothing but cryp-
tographic keys! Indeed, in both cases, the correlation 
is private and, after some error correction, the bits on 
both sides are identical. This proposal to exploit non-lo-
cal correlations for cryptographic applications changed 
everything (though it took several years to prove Ekert's 
intuition correct [6,7]). Moreover, just a few years later, 
Peter Shor showed how one can exploit entanglement 
to break the commonly used public key cryptography 
system RSA. Thus, in the 1990s, non-locality and entan-
glement were in the spotlight, at last.

But that would not have sufficed. The entanglement 
source used so far was too complex. Leonard Mandel, at 
Rochester University, realized that a humble non-linear 
crystal could provide highly entangled photons when 
pumped by a simple diode. Moreover, the entangled pho-
tons could easily be coupled into optical fibers, opening 
thus the road to quantum cryptography using exist-
ing infrastructure, e.g. our demonstrations of quantum 
non-locality over the Swisscom network and quantum 
cryptography under Lake Geneva [8], illustrated in Fig. 1. 

The focus thus changed from foundations of quantum 
physics to quantum information science and technol-
ogies. New ideas emerged, like quantum teleportation 
and quantum error correction, in addition to fast ex-
perimental progress. Anton Zeilinger had been inter-
ested in foundations since his early days as a physicist in 
neutron interferometry. He quickly joined the quantum 

information community and became a leading figure. 
His demonstration of quantum teleportation, immedi-
ately after the one in Rome, by De Martini and Popescu, 
attracted enormous attention, both within the scientific 
community and from the public at large. Soon thereafter, 
Zeilinger went further and demonstrated the telepor-
tation of entanglement. Generally, quantum teleporta-
tion is the resource behind quantum computation and 
long-distance quantum communication. Zeilinger also 
improved on Aspect's experiments in fast choices of the 
measurement settings (though with low detection effi-
ciencies, hence much simpler experiments were possible 
[10]). Next, the so-called detection loophole was closed 
in an optical experiment by Paul Kwiat's group at Ilinois 
University [11], before a series of “final” loophole-free 
experiments, one of which was carried out by Zeilinger's 
group. Zeilinger continued with a long series of remarka-
ble experiments, including dense coding, and the demon-
stration of 3 and 4 photon entanglement, culminating 
with the long-distance free-space communication in the 
Canary Islands, making him a clear leader of the new field 
of experimental quantum information.

The next step was the understanding that entangle-
ment is actually not necessary for point-to-point quan-
tum cryptography, though it remains essential for the 
security proofs. Indeed, while in tests of Bell inequalities 
one sets the source about half way between the measure-
ment devices, in applications it is much more practical to 
put it on one side. Hence, a mere single photon travels to 
the receiver. This, and a few additional tricks - especially 
the move to wavelengths compatible with standard tele-
com optical fibers, which we initiated in Geneva with the 
development of specific single-photon detectors, made it 
possible to not only demonstrate quantum cryptography, 
but to industrialize and commercialize it. Today, there 
are many small companies selling quantum cryptogra-
phy equipments, some quite advanced as illustrated in 
Fig. 2. Development efforts will continue, but no longer 
with the aim of excluding local variables satisfying (1); 
the goals now are to make the equipments cheaper, faster 
and able to cover longer distances, probably by exploiting 
quantum teleportation.

On the conceptual side, the violation of Bell ine-
qualities dramatically revolutionized our world-view. 
Interestingly, Newton's theory of gravity was also non-lo-
cal, even signaling. But Einstein improved on it, making 
gravity local. It is thus not surprising that he strongly 
objected to quantum non-locality, not fully appreciat-
ing that it is of a very different sort: without any action 
at a distance, just non-local randomness without any 
possibility to use it for signaling [12,13]. In contrast to 
Newton's non-locality, quantum non-locality is here to 
stay; the experimental evidence is clear on that point. 
Today, non-local quantum correlations are explored for 
device-independent quantum information processing 

m FIG. 2: A picture of 
Aspect's lab around 
1981, followed by a 

commercial quantum 
cryptography 

equipment [9], with 
the entanglement 

source used by 
Zeilinger in the 

middle (photo by 
Paul kwiat and 
Michael Reck).
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[7], in particular device-independent quantum cryptog-
raphy, a truly fascinating research field unthinkable before 
Bell's work. Another timely and exciting conceptual goal is 
to take non-locality beyond the simple Bell scenario and 
place it in the context of quantum networks with several 
independent sources of entanglement [14]; this already led 
to the remarkable result that some quantum networks can't 
be described using only real-number Hilbert spaces [15].

Sincere congratulations John, Alain and Anton, you made 
me so happy. Congratulations also to the Nobel Committee 
for recognizing, finally, the game-changing findings of the 
late John Stewart Bell, with whom, along with his wife 
Mary, I had the pleasure of sharing several cheese raclettes 
in downtown Geneva. n
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T
he goal is to build a large-scale and fully 
functional quantum networks both for the 
exploration of new frontier of physics and the 
implementations of quantum computation, 

communication, and metrology.
The near-term application of such a quantum network 

is to establish secure quantum-encrypted communica-
tions, because privacy and security rooted in human being 
since the ancient time. Traditional public-key cryptogra-
phy usually relies on the perceived computational intracta-
bility of certain mathematical functions. However, history 
has shown that nearly all advances in classical cryptogra-
phy were subsequently defeated by advances in cracking. 
It has long been suspected that, “Human ingenuity cannot 
concoct a cipher which human ingenuity cannot resolve”.

It might come as a surprise that the very fundamental 

principle of quantum mechanics was exploited to solve 
this long-standing problem on information security 
which the mathematicians have struggled with for cen-
turies. In the 1980s, Bennett and Brassard presented a 
feasible protocol of quantum key distribution (QKD), 
known as BB84 [3]. Independently, in 1991, Ekert discov-
ered that quantum entanglement can be used for uncon-
ditionally secure information transfer [4]. Their invented 
quantum cryptography is a fundamentally new way—and 
the only known approach—that allows distant parties to 
communicate safely under the nose of an eavesdropper 
endowed with unlimited computational power.

The first table-top proof-of-concept QKD experiment 
was done in 1989 by Bennett and his co-workers using 
an attenuated LED with a distance of 32 cm, followed by 
many similar small-scale demonstrations in optical fibres 

TOWARD A GLOBAL 
QUANTUM NETWORK
 l Jian-Wei Pan – DOI: https://doi.org/10.1051/epn/2023104

 l University of Science and Technology of China

About 90 years ago, Albert Einstein complained about the “spooky action at a distance” 
of quantum entanglement and questioned the completeness of quantum mechanics [1]. 
This year, the Nobel Prize is awarded to three pioneers that put Einstein’s curiosity 
under experimental tests based on Bell’s inequality [2]. The fundamentals of quantum 
mechanics are not of just theoretical or philosophical interest. Rather, worldwide efforts 
are harnessing these quantum weirdness to develop emerging technologies. 
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or terrestrial free space up to a distance of a few tens of kilo-
metres. However, these communication distances, which were 
within half an hour drive, were far from a practical scale. More 
importantly, there existed serious loopholes in the early work, 
which can be used for eavesdropping. For example, Brassard 
recalled that in their work they “could literally hear the pho-
tons as they flew, and zeroes and ones made different noises”.

Quantum cryptography is ideally secure only when per-
fect single-photon sources and detectors are employed. 
Unfortunately, ideal devices never exist. To solve the prob-
lems related to source and detector, respectively, decoy-state 
and measurement-device-independent QKD was proposed 
and experimentally realized. These works made QKD a vi-
able technology under realistic conditions and kick-started 
worldwide engineering efforts of practical QKD networks. 

The most important challenge of quantum networks is to 
go long distance to be useful at a global scale. In both fiber 
optics and terrestrial free space, there is inevitable photon 
loss exponentially at an increasing channel length. At 1000 
km, even with a perfect GHz rate single-photon source, ideal 
photon detectors and the best commercial optical fibres, 
one can detect only 0.3 photons per century. Moreover, the 
quantum no-cloning theorem, which underpins the security 
of QKD, also excludes the possibility of simply amplifying 
quantum signals as in classical repeaters. 

Due to these problems, quantum repeaters will play a key 
role in future quantum network to extend to a scalable range, 
by combining the functionalities of entanglement swapping, 
entanglement purification, and quantum memory. While 
these key parameters keep improving in ongoing experiments, 
significant engineering efforts remain to be done for 

. FIG. 1: (a) Establishing a reliable space-to-ground link for the quantum state 
transfer; (b)&(c) Performance of satellite-to-ground qkD during one orbit. qBER: 
quantum bit error rate.
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teleportation over 1400 km [7]. Remarkably, the effective 
link efficiency of the satellite-based channel is ~37 orders 
of magnitudes larger than direct transmission through 
optical fibres at the same length of ~2000 km.

The two-link efficiency was further improved in 2020, 
and the satellite was utilized to perform quantum cryp-
tography between two ground stations over 1120 km 
based on Ekert’s entanglement-based protocol, where 
the unconditional security is ensured even if the satellite 
is controlled by an adversary. The satellite has now been 
combined with metropolitan fibre networks to form a 
space-ground integrated quantum network. Using the 
satellite as a trustful relay, two team achieved intercon-
tinental quantum communications between Beijing and 
Vienna with a record distance of 7600 km.

Meanwhile, the methods developed in the quan-
tum science satellite opens new paths to high-precision 
measurement and foundational tests. For instance, using 
satellite-based entanglement distribution, it is possible 
to entangled remote N atomic clocks and improve the 
time measurement accuracy by √N times, as proposed 
by Lukin and Ye et al. Combining the quantum telepor-
tation with the distributed telescopes will create an ef-
fective aperture with the size of Earth and an enormous 
resolution that would allow in principle reading licence 
plates on Jupiter’s moons as pointed by Kwiat. 

In general, the space-based platform is also a first step 
toward fundamental quantum optics experiments at dis-
tances that are inaccessible previously on the ground. 
A wide variety of potential tests have been conceived 
using increasingly distant satellites, as sketched in Fig. 
2. Examples include probing the gravity-induced deco-
herence and the interface between gravity (the theory 
of very large) and quantum (the theory of very small). 
These tests have the potential to determine the applica-
bility of quantum theory at larger length scales, eliminate 
various alternative physical theories, and place bounds 
on phenomenological models motivated by ideas about 
spacetime microstructure from quantum gravity.

Micius only marks the beginning. For the Chinese 
quantum satellite plans, there are two goals in the next 
5 to 10 years. The first one is to develop 3 to 5 small LEO 
satellites dedicated to QKD missions, which will provide 
more practical and efficient QKD services. The second goal 
is to develop a medium-Earth-orbit to geosynchronous-or-
bit satellite, which can provide longer service time and 
wider coverage. The combination of a high-orbit satellite 
and multiple LEO satellites can form a quantum constel-
lation for global services, as shown in Fig. 3. Furthermore, 
with such a new generation space platform, we plan to re-
alize the high-precision satellite-ground time-frequency 
transfer and GEO satellite-based optical clocks to verify 
the technology of wide-area optical frequency standard.

Another important element in quantum networks is 
quantum computers, with various qubit candidates including 

the quantum repeaters to go to 1000 km scale.
On the other hand, satellite-based free-space quantum 

link offers a unique and more efficient approach for global 
quantum networks, by taking advantage of the negligible 
photon loss in the atmosphere. The first quantum satellite, 
Micius, was successfully launched in August 16, 2016, in 
Jiuquan, China, orbiting at an altitude of ~500 km. 

The satellite sends two entangled photon beams from two 
telescopes in the satellite to separate ground stations, with 
two independent satellite-to-ground quantum links estab-
lished simultaneously. As the entangled photons propagate 
from the flying satellite (with a speed of 8 km/s) through 
the atmosphere to the two ground stations thousands of 
km apart, extremely demanding techniques are needed to 
be developed to overcome the detrimental effects of beam 
diffraction, pointing error, atmospheric turbulence and ab-
sorption. To put it in a non-technical way, the necessary 
technical ability is equivalent to: clearly seeing and tracking 
a moving single human hair at a distance of 300 meters away 
(in terms of pointing and tracking ability), and detecting a 
single photon in the Earth from a single match’s fire lighted 
at the Moon (in terms of single-photon detection sensitivity 
and isolation from background noise).

Three key milestones have been in a few months after 
the launch: satellite-to-ground decoy-state quantum key 
distribution over a distance of 1200 km generating a final 
key rate of 1.1 kbits/s [5], which was recently improved to 
47.8 kbits/s; satellite-based entanglement distribution to 
two locations on the Earth separated by 1200 km and test 
of Bell inequality [6], and ground-to-satellite quantum 

. FIG. 2: Overview 
of the distance 
scales and the 
corresponding 

conceived quantum 
experiments 

reviewed in ref. [8]. 
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superconducting circuits, trapped ions, atom arrays in optical 
tweezers, and single photons. To link the distant qubits, quan-
tum interface is required to coherently mapping a single photon 
qubit in and out of the stationary qubits. Optical quantum com-
puters have the unique advantage to be naturally integrated in 
the photonic networks. As a non-universal model of quantum 
computing, boson sampling has been demonstrated with up 
to 113 photon clicks out of a 144-mode interferometer, which 
yields a Hilbert state space dimension of 1043 and a sampling 
rate ten order of magnitudes faster than using the state-of-the-art 
simulation strategies on supercomputers [9]. Just as Bell exper-
iments refute Einstein’s local hidden variable models, the quan-
tum computational experiments have provided strong evidence 
against the Extended Church-Turing Thesis. These work marks 
the dawn of the quantum era in computation. n
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m FIG. 3: Road maps for the global quantum communication network. Intracity 
metropolitan networks will be created using fibers. quantum repeaters can 
connect the metropolitan networks. Long-distance and intercontinental 
quantum communication will be realized via satellite-based quantum channels.

Predictive Maintenance 
with Thyracont 
Smartline™ transducers

The Thyracont SmartlineTM digital transducers are 
characterized by their particularly efficient micro controllers. 
With their modern combination sensors these transducers 
measure with high precision in a range from 1200 to 5e-10 mbar  
(900 to 5e-10 Torr).

Beside the classic analogue 0-10 V output, their digital interfaces 
RS485, EtherCAT and Profinet allow intelligent connection to 
PLCs. All Profinet transducers are capable of communicating 
with OPC UA servers. They support a bidirectional, lossless data 
transfer between all components from individual I/O Signals 
to the ERP level and even to the cloud.

SmartlineTM transducers with RS485 or Profinet interface 
also provide all necessary parameters to support predictive 
maintenance. Users can check the degree of sensor wear 
and corrosion, the time of the last adjustment, as well as 
operation hours. Thereby, service intervals can be better 
planned, possible spare parts ordered in time and systems 
run times optimized. Naturally, all parameters can also be 
accessed with Thyracont’s VacuGraph™-Software.
The Thyracont Smartline™ transducers established a basis for 
industry 4.0 and will remain geared to the latest standards 
of industry 4.0 in the future. 

Thyracont will present its latest developments in vacuum 
metrology at Hannover Messe in April and SEMICON Europa 
in November.

For more information, contact:
Thyracont Vacuum Instruments
https://thyracont-vacuum.com/en
Phone: +49 851 95986-0

ADVERTORIAL
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ENTANGLEMENT, CAUSALITY 
AND QUANTUM NETWORKS
 l Emanuele Polino and Fabio Sciarrino – DOI: https://doi.org/10.1051/epn/2023105

 l Department of Physics, Sapienza University of Rome, 00185 Rome, Italy – fabio.sciarrino@uniroma1.it  

Quantum nonlocality, generated by strong correlations between entangled systems, defies 
the classical view of nature based on standard causal reasoning plus physical assumptions. 
The new frontier of the research on entanglement is to explore quantum correlations in 
complex networks, involving several parties and generating new striking quantum effects. 
We present recent advances on the realization of photonic quantum networks.

Entanglement and quantum nonlocality
In 1935 Albert Einstein, Boris Podolsky and Nathan 
Rosen (EPR) challenged the completeness of quantum 
theory in its standard formulation, presenting the famous 
EPR paradox [1]. The scientists showed that the assump-
tion of completeness of quantum mechanics, contradicts 
at least one among two natural assumptions: the locality 
of influences and a fundamental criterion of reality. At 
the root of the EPR paradox there is entanglement, the 
most distinctive phenomenon emerging from quantum 
mechanics and departing from a classical interpretation 
of the world. Entangled states of multipartite systems ex-
hibit strong correlations that are maintained regardless of 
the distance between the parties. Einstein and his cow-
orkers believed that these nonlocal correlations were in-
compatible with the principle of locality, which states that 

an influence cannot be transmitted faster than the speed 
of light. They argued that quantum mechanics should 
be considered an incomplete description of reality and 
should be integrated by a more complete theory that in-
corporates hidden variables leading to a deterministic 
and local description of physical systems.

Three decades later John Bell demonstrated the im-
possibility of formulating local hidden variable (LHV) 
theories that are consistent with all predictions of quan-
tum mechanics [2]. His theorem led to the development 
of Bell inequalities, which can be experimentally tested 
to determine whether nature can be described by LHV 
theories. If Bell inequalities are violated, no LHV the-
ory can provide an adequate description of the observed 
data. A large number of experimental tests have been 
conducted so far to verify the predictions of quantum 

https://doi.org/10.1051/epn/2021501
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b FIG. 1:  
Causal structures.  
a) Causal arrow 
between two 
variables.  
b) Bell scenario. 
c) Instrumental 
scenario.  
d) Bell scenario 
without freedom of 
choice assumption.

The relevant variables, observable or latent, are represented 
by nodes. Conversely, causal relationships between variables 
are represented by arrows (Fig. 1a). DAGs are both an ex-
plicit graphical representation and a mathematical descrip-
tion of causal modeling. From any causal model, one can 
directly extract the classical constraints on the probabilities 
relative to the observable nodes by means of a general fac-
torization rule called Markov condition. For instance, in 
the Bell bipartite scenario (Fig. 1b), the Markov condition 
corresponds exactly to local causality. Notably, these con-
straints depend only on the causal structure and not its spe-
cific implementation and the inner structure of the 

mechanics. These experiments have consistently shown 
that the predictions of quantum mechanics violate Bell 
inequalities, demonstrating that LHV theories, satisfying 
Bell’s assumptions, are incompatible with nature. 

Causal inference  
and quantum nonlocality
Quantum nonlocality manifests itself through the violation 
of Bell inequalities that are derived from classical assump-
tions. Recently, it has been realized that these assumptions 
can be cast in the classical causal framework. More specifi-
cally, Bell theorem requires the so-called freedom of choice 
in which the measurement choices are statistically inde-
pendent from the source of the subsystems and the local 
causality assumption. Local causality is the factorization of 
probabilities implied by the classical causal model of the Bell 
scenario, where the correlations of the two systems are re-
quired to be entirely explained by the common cause. In this 
way, Bell theorem can be seen as a particular case of the gen-
eral causality framework [3]. Here, causal models are math-
ematically formalized by Bayesian networks, able to treat 
probabilistic causal relations. They are based on Directed 
Acyclic Graphs (DAGs) that describe the causal relation-
ships between the variables of the considered scenario [3]. 
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experimental devices. In Bell's scenario the absence of causal 
arrows between the source and the measurement choices 
corresponds to the free-choice assumption. Experimental 
tests try to enforce this assumption using quantum random 
number generators or even human choices [4] for choosing 
the measurement settings. When such an assumption is not 
used, possible influences between the source and the meas-
urements choices (Fig. 1c) could explain Bell inequalities 
violations. In this case, one can extend the causal structure 
to demonstrate quantum violation of classical causal con-
straints [5]. On the other hand, if one allows for causal in-
fluences between the two parties, considering the so-called 
instrumental scenario (Fig. 1d), quantum-classical gaps can 
be nevertheless found [6,7]. 

In this way, causal modeling has a twofold utility. First, 
it helps to clarify the assumptions behind classical mod-
els that are violated by quantum correlations. Hence, it 
represents a powerful tool to study the testable bound-
aries between classical and quantum realms. Second,  it 
allows the study of classical constraints in general arbi-
trary causal structures composed by several nodes and 
sources. Hence, several networks, beyond the bipartite 
Bell scenario, can be studied in this framework. 

 
Quantum networks beyond bell scenario
The simplest form of nonlocality can be demonstrated in 
the standard bipartite Bell scenario, where a single source 
shares subsystems among two distant measurement stations 
(Fig.1b). There are at least two motivations for considering 
more general and complex causal scenarios composed of 
several parties and sources. The first is fundamental: com-
plex networks are able to show new forms of nonclassicality. 
The second reason is practical: the advantages for quantum 
communication, brought by quantum nonlocality, will lead 
to the realization of the future quantum internet connecting 
several dislocated users. It is then crucial to study which 
kind of nonclassicality can arise from these scenarios, in 
order to exploit it for communication tasks. Accordingly, 
during the last years, an  intensive and growing research 
has been dedicated to face the challenges posed by com-
plex networks coming from both theoretical and experi-
mental sides [8]. We briefly review recent advances on the 

development of photonic platforms able to show quantum 
nonclassicality, violating causal constraints in complex  
networks composed by independent sources. 

Bilocal and star-network scenarios
The simplest complex network with more than one source 
is the bilocal scenario [8]. Here, two independent sources 
share subsystems among three measurement stations, with a 
central one receiving subsystems from both the sources, and 
the two peripheral ones each receiving a subsystem from a 
source, respectively (Fig. 2a).  From the causal constraints, 
explicit nonlinear Bell-like inequalities can be devised in 
this scenario. Entangled states and suitable measurements 
can violate these inequalities contradicting the predictions 
of bilocal models, that are those models satisfying the causal 
constraints in the bilocal scenario. Different photonic exper-
iments reached a violation of classical limits using entan-
gled states of light. The first experiments were performed 
using pairs of polarization  entangled photon pairs from 
two sources pumped by the same laser [9,10]. To enforce 
the independence of the sources, a demonstration using 
fully independent sources was realized, also performing the 
measurements in a space-like configuration [11].

 A generalization of the bilocal scenario to an arbi-
trary number of independent sources is the star-network 
scenario where n sources share subsystems between a 
common central node and n peripheral nodes (Fig.2b). 
A photonic implementation of a quantum star-network 
has been demonstrated using up to four independent 
sources and five measurement stations [12].

Triangle scenario
One of the most interesting causal scenarios is the triangle 
network. Here, three independent sources share pairwise 
pairs of subsystems among three measurement stations 
in a triangle configuration (see Fig.2c-d). This seemingly 
simple scenario shows rich features. 

When each node of the network is provided with an 
external input, requiring the freedom of choice assump-
tion, the nonclassicality of quantum correlations can be 
demonstrated performing three parallel Bell tests among 
each pair of nodes of the network. This configuration 
has been experimentally realized using three entangled 
photon sources in [13]. The most striking feature of the 
triangle network is that quantum correlations can show 
nonclassicality without the use of external input. In this 
way, the freedom of choice assumption is not needed 
and is replaced with the independence of the sources. 
The first experimental demonstration of this new kind 
of nonclassicality has been recently implemented in [14].

Discussion and perspectives
The nonclassicality arising from entangled states is the 
most radical departure of quantum theory from classical 
physics. This nonclassicality can be cast in the violation 

m FIG. 2:  
Causal structures.  

a) Bilocal scenario.  
b) Star-shaped 

network.  
c) Triangle network 

with external inputs. 
d) Triangle network 

without inputs.
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of classical causal modeling. The causality framework 
allows to formalize quantum nonclassicality in arbi-
trary scenarios and in the last years several quantum 
networks were realized in photonic systems violating 
classical causal constraints. Several challenges remain to 
be faced in this research area. From a theoretical point of 
view, the characterization of the classical-quantum gap in 
complex networks is a hard task with several open points. 
From an experimental perspective, networks with differ-
ent causal structures have to be explored, in particular 
those in which entangled measurements on subsystems 
from different sources are performed. n
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Citizen science  
in the next EPN issue

C
itizen science is research conducted with participation from the in-
terested public. It is a concept already well known from astronomy, 
where a large community of amateur-astronomers is involved in the 

classification of astronomical objects observed by telescopes. Also in phys-
ics projects, the public is often invited to help classifying ‘events’. Important 
drivers of modern citizen science are the large increase in open data and the 
possibility to analyse the data by using an app on a smartphone.

In the next EPN issue we will highlight several citizen science projects. 
One of them is the EPS Citizen Science Competition 2022, organised last 
year in September. Participants in the competition took part in research 
projects in the fields of particle physics and gravitational wave astronomy. 
We will introduce you in the objectives of the competition. The buzz word is 
Zooniverse. EPS offered the winners a travel grant to visit CERN in Geneva 
and the gravitational wave observatory VIRGO in Italy.

We will update you on the results of the EU-funded REINFORCE pro-
ject that realised more Citizen Science projects in the field of frontier phys-
ics, bridging the gap between large research infrastructures and society. In 
addition we will introduce you in the citizen science tools of EUROVOLC, 
the European network of observatories and research infrastructures 
for Volcanology.

This and more in the next issue of EPN, which will come on-line around 
19 April 2023 as a flipbook at www.epn.eps.org and as registered document 
at www.europhysics.org. n






