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ABSTRACT

Elementary particle physics is a contemporary topic in science that is slowly being integrated
into high-school education. These new implementations are challenging teachers’ professional
knowledge worldwide. Therefore, physics education research is faced with two important
questions, namely, how can particle physics be integrated in high-school physics curricula and
how best to support teachers in enhancing their professional knowledge on particle physics.
This doctoral research project set up to provide better guidelines for answering these two
questions by conducting three studies on high-school particle physics education.

First, an expert concept mapping study was conducted to elicit experts’ expectations on what
high-school students should learn about particle physics. Overall, 13 experts in particle physics,
computing, and physics education participated in 9 concept mapping rounds. The broad
knowledge base of the experts ensured that the final expert concept map covers all major
particle physics aspects. Specifically, the final expert concept map includes 180 concepts and
examples, connected with 266 links and crosslinks. Among them are also several links to
students’ prior knowledge in topics such as mechanics and thermodynamics. The high
interconnectedness of the concepts shows possible opportunities for including particle physics
as a context for other curricular topics. As such, the resulting expert concept map is showcased
as a well-suited tool for teachers to scaffold their instructional practice.

Second, a review of 27 high-school physics curricula was conducted. The review uncovered
which concepts related to particle physics can be identified in most curricula. Each curriculum
was reviewed by two reviewers that followed a codebook with 60 concepts related to particle
physics. The analysis showed that most curricula mention cosmology, elementary particles,
and charges, all of which are considered theoretical particle physics concepts. None of the
experimental particle physics concepts appeared in more than half of the reviewed curricula.
Additional analysis was done on two curricular subsets, namely curricula with and curricula
without an explicit particle physics chapter. Curricula with an explicit particle physics chapter
mention several additional explicit particle physics concepts, namely the Standard Model of
particle physics, fundamental interactions, antimatter research, and particle accelerators. The
latter is an example of experimental particle physics concepts. Additionally, the analysis
revealed that, overall, most curricula include Nature of Science and history of physics, albeit
both are typically used as context or as a tool for teaching, respectively.

Third, a Delphi study was conducted to investigate stakeholders’ expectations regarding what
teachers should learn in particle physics professional development programmes. Over 100
stakeholders from 41 countries represented four stakeholder groups, namely physics education
researchers, research scientists, government representatives, and high-school teachers. The
study resulted in a ranked list of the 13 most important topics to be included in particle physics
professional development programmes. The highest-ranked topics are cosmology, the Standard
Model, and real-life applications of particle physics. All stakeholder groups agreed on the
overall ranking of the topics. While the highest-ranked topics are again more theoretical,



stakeholders also expect teachers to learn about experimental particle physics topics, which are
ranked as medium importance topics.

The three studies addressed two research aims of this doctoral project. The first research aim
was to explore to what extent particle physics is featured in high-school physics curricula. The
comparison of the outcomes of the curricular review and the expert concept map showed that
curricula cover significantly less than what experts expect high-school students to learn about
particle physics. For example, most curricula do not include concepts that could be classified
as experimental particle physics. However, the strong connections between the different
concept show that experimental particle physics can be used as context for theoretical particle
physics concepts, Nature of Science, and other curricular topics. In doing so, particle physics
can be introduced in classrooms even though it is not (yet) explicitly mentioned in the
respective curriculum.

The second research aim was to identify which aspects of content knowledge teachers are
expected to learn about particle physics. The comparison of the Delphi study results to the
outcomes of the curricular review and the expert concept map showed that stakeholders
generally expect teachers to enhance their school knowledge as defined by the curricula.
Furthermore, teachers are also expected to enhance their deeper school knowledge by learning
how to connect concepts from their school knowledge to other concepts in particle physics and
beyond. As such, professional development programmes that focus on enhancing teachers’
school knowledge and deeper school knowledge best support teachers in building relevant
context in their instruction.

Overall, this doctoral research project reviewed the current state of high-school particle physics
education and provided guidelines for future enhancements of the particle physics content in
high-school student and teacher education. The outcomes of the project support further
implementations of particle physics in high-school education both as explicit content and as
context for other curricular topics. Furthermore, the mixed-methods approach and the outcomes
of this research project lead to several implications for professional development programmes
and science education research, that are discussed in the final chapters of this dissertation.



ZUSAMMENFASSUNG
Elementarteilchenphysik ist ein aktuelles naturwissenschaftliches Thema, das langsam in den

Oberstufenunterricht integriert wird. Diese neuen Umsetzungen stellen das Professionswissen
der Lehrpersonen weltweit infrage. Die Fachdidaktik sieht sich daher mit zwei wichtigen
Fragen beschiftigt: Wie kann die Teilchenphysik in die Oberstufenlehrpléne integriert werden
und wie konnen Lehrpersonen am besten dabei unterstiitzt werden, ihr Professionswissen tiber
Teilchenphysik zu erweitern? Im Rahmen dieses Promotionsprojekts wurden drei Studien zum
Unterricht von Teilchenphysik in der Oberstufe durchgefiihrt, um bessere Leitlinien fiir die
Beantwortung dieser beiden Fragen zu erarbeiten.

Zunidchst wurde eine Concept-Mapping-Studie durchgefiihrt, um die Erwartungen von
Expertlnnen dariiber zu ermitteln, was SchiilerInnen der Oberstufe iiber Teilchenphysik lernen
sollten. Insgesamt nahmen 13 Expertlnnen aus den Bereichen Teilchenphysik, Informatik und
Physikdidaktik an 9 Concept-Mapping-Runden teil. Die breite Wissensbasis der Experten
stellte sicher, dass die endgiiltige Expert Concept Map alle wichtigen Aspekte der
Teilchenphysik umspannt. Die endgiiltige Expert Concept Map enthdlt 180 Konzepte und
Beispiele, die mit 266 Verbindungen und Querverweisen verkniipft sind. Darunter befinden
sich auch mehrere Beziige zum Vorwissen der SchiilerInnen in Themen wie Mechanik und
Thermodynamik. Die starke Vernetzung der Konzepte zeigt, dass es moglich ist, die
Teilchenphysik als Kontext fiir andere Lehrplanthemen zu nutzen. Die so entstandene Expert
Concept Map wird als geeignetes Instrument fiir Lehrpersonen zur Unterstiitzung ihrer
Unterrichtspraxis vorgestellt.

Zweitens wurde ein Vergleich von 27 Physiklehrpldnen fiir die Oberstufe durchgefiihrt. Dabei
wurde festgestellt, welche Konzepte mit Bezug zur Teilchenphysik in den meisten Lehrplédnen
zu finden sind. Jeder Lehrplan wurde von zwei Gutachtern mittels einer Kodieranleitung mit
60 Konzepten zur Teilchenphysik analysiert. Die Lehrplananalyse ergab, dass in den meisten
Lehrpldnen Kosmologie, Elementarteilchen und Ladungen erwidhnt werden, die alle als
theoretische Konzepte der Teilchenphysik gelten. Keines der Konzepte der experimentellen
Teilchenphysik kam in mehr als der Hilfte der untersuchten Lehrpléne vor. Eine zusétzliche
Analyse wurde fiir zwei Untergruppen von Lehrpldnen durchgefiihrt, ndmlich Lehrpldne mit
und Lehrpldne ohne ein explizites Teilchenphysik-Kapitel. In Lehrplédnen mit einem expliziten
Teilchenphysik-Kapitel werden mehrere zusitzliche Teilchenphysik-Konzepte erwéhnt,
nidmlich das Standardmodell der Teilchenphysik, fundamentale Wechselwirkungen,
Antimaterieforschung und Teilchenbeschleuniger. Letzteres ist ein Beispiel fiir Konzepte der
experimentellen Teilchenphysik. Dariiber hinaus ergab die Analyse, dass die meisten Lehrpléne
Aspekte der Nature of Science und der Geschichte der Physik enthalten, obwohl beide
typischerweise als Kontext bzw. als Hilfsmittel fiir den Unterricht verwendet werden.

Drittens wurde eine Delphi-Studie durchgefiihrt, um die Erwartungen von Stakeholder in
Bezug darauf zu untersuchen, was Lehrpersonen in Weiterbildungsprogrammen zur
Teilchenphysik lernen sollten. Uber 100 Stakeholder aus 41 Lindern vertraten vier



Stakeholder-Gruppen, ndmlich FachdidaktikerInnen, FachwissenschaftlerInnen,
RegierungsvertreterInnen und Lehrpersonen. Das Ergebnis der Studie ist eine Rangliste der 13
wichtigsten Themen, die in Fortbildungsprogrammen fiir Teilchenphysik behandelt werden
sollten. Die am hochsten bewerteten Themen waren Kosmologie, das Standardmodell der
Teilchenphysik und Anwendungen der Teilchenphysik. Alle Stakeholder-Gruppen waren sich
tiber die Gesamtwertung der Themen einig. Wéhrend die am hochsten bewerteten Themen
wiederum eher theoretischer Natur waren, erwarten die Stakeholder auch, dass Lehrpersonen
etwas iliber experimentelle Teilchenphysik Themen lernen, die mit mittlerer Bedeutung
eingestuft wurden.

Mit den drei Studien wurden zwei Forschungsziele dieses Promotionsprojekts verfolgt. Das
erste Forschungsziel bestand darin, zu untersuchen, inwiefern die Teilchenphysik in den
Physiklehrpldnen fiir die Oberstufe behandelt wird. Der Vergleich der Ergebnisse der
Lehrplananalyse und der Expert Concept Map zeigte, dass die Lehrpldne deutlich weniger
abdecken als das, was Expertlnnen von OberstufenschiilerInnen iiber Teilchenphysik erwarten.
Beispielsweise enthalten die meisten Lehrplidne keine Konzepte, die der experimentellen
Teilchenphysik zugeordnet werden konnen. Die vielféltigen Verbindungen zwischen den
verschiedenen Konzepten zeigen jedoch, dass die experimentelle Teilchenphysik als Kontext
fiir Konzepte der theoretischen Teilchenphysik, Nature of Science und andere Lehrplanthemen
verwendet werden kann. Auf diese Weise kann die Teilchenphysik im Unterricht eingefiihrt
werden, selbst wenn diese (noch) nicht explizit im jeweiligen Lehrplan erwédhnt wird.

Das zweite Forschungsziel bestand darin, herauszufinden, welche Aspekte des Fachwissens
Lehrpersonen iiber Teilchenphysik vermittelt werden sollen. Der Vergleich der Ergebnisse der
Delphi-Studie mit den Resultaten der Lehrplananalyse und der Expert Concept Map zeigte,
dass die Stakeholder im Allgemeinen erwarten, dass Lehrpersonen ihr Schulwissen im Sinne
der Lehrplidne erweitern. Dariiber hinaus wird von den Lehrpersonen erwartet, dass sie ihr
Schulwissen vertiefen, indem sie lernen, wie sie Konzepte aus ihrem Schulwissen mit anderen
Konzepten der Teilchenphysik verbinden konnen. Fortbildungsprogramme, die den
Schwerpunkt auf die Verbesserung des Schulwissens und des vertieften Schulwissens der
Lehrpersonen legen, unterstiitzen somit bestmdglich die Lehrpersonen beim Autbau relevanter
Zusammenhange fiir ihren Unterricht.

Insgesamt wurde im Rahmen dieses Promotionsprojekts der aktuelle Stand des
Teilchenphysikunterrichts in der Oberstufe untersucht und es wurden Leitlinien fiir die kiinftige
Aufwertung teilchenphysikalischer Inhalte in der Ausbildung von Jugendlichen und
Lehrpersonen erarbeitet. Die Ergebnisse des Projekts unterstiitzen die aktuelle Einfithrung der
Teilchenphysik im Oberstufenunterricht sowohl als expliziten Inhalt als auch als Kontext fiir
andere Lehrplanthemen. Dariiber hinaus ergeben sich aus der Methodik und den Ergebnissen
dieses Forschungsprojekts mehrere Implikationen fiir Weiterbildungsprogramme und fiir die
Physikdidaktik, die in den letzten Kapiteln dieser Dissertation diskutiert werden.
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1 INTRODUCTION

My first encounter with particle physics was in the last year of high school when I
picked up some books on cosmology and string theory. The books opened my eyes to a bunch
of new questions: What is dark matter? Why did antimatter disappear? What happened just
after Big Bang? What are particles? Those were not topics I ever encountered in the classroom.
At that time, high-school physics was typically presented to us as “done,” making it a dull and
old-fashioned subject that only few found interesting. While I enjoyed understanding the
processes around us, it never appeared to me that this is something I — or anyone else for that
matter — could consider as a career option. Only when I learned there were still things to explore
did I become interested.

My experience was not a lonely one. Students are generally interested in unknown
phenomena such as cosmology or particle physics, as shown by the ROSE study (Sjeberg &
Schreiner, 2012). Still, many students of my generation left high school without learning about
open questions or even just a glimpse into modern physics — and many still do. Modern physics
generally receives little attention from curriculum policies and educational research (Park et
al., 2019). For example, Slovenian high-school physics curriculum barely touches upon
modern physics topics. Furthermore, particle physics is not necessarily a part of pre-service
education for physics teachers in Slovenia. Therefore, it is challenging for them to include
particle physics in their classroom even outside of the curricular requirements.

Luckily, teachers’ education does not end when they start teaching. Quite the opposite,
in many countries, including Slovenia, teachers are actively encouraged to participate in
professional development (OECD, 2019). In response to the need for professional development,
various organisations and research institutions organise professional development for in-
service teachers. Indeed, professional development is central to all curricular changes (Borko,
2004; Corcoran, 1995; Garet et al., 2001; OECD, 2019). One of the, if not the largest and most
successful professional development programmes in particle physics is organised at the
European Organization for Nuclear Research, CERN. Indeed, CERN has been managing
professional development programmes in particle physics, namely CERN’s teacher
programmes, for over 23 years. These programmes, aimed at in-service high-school teachers,
started as an extension to CERN’s summer student programme. Over the years, the programmes
developed and became more professionalised. Now, teachers can participate in one of the two
types of teacher programmes, namely national or international teacher programmes. First,
CERN’’s national teacher programmes run in the national language of the teachers (e.g., Serbian,
Slovenian, German) and last between three to five days. Second, CERN’s international teacher
programmes are held in English and welcome teachers from around the world for two weeks.
Overall, 35-40 programmes per year take place, each welcoming up to 48 teachers. They
contain a mixture of lectures by experts in modern science and technology related to CERN,
visits to on-site research facilities, hands-on workshops, sessions for questions and answers,



and social events. Together, CERN welcomes around a thousand teachers worldwide each year
that is not stained by a pandemic.

I have been a part of the team managing these programmes for the last three and a half
years. I got to meet the teachers, I got to talk to them about their struggles and their victories,
and I got to be inspired by them every single day - just like I was inspired by particle physics
books I found all those years ago in high school. Every day, I could see what participating in
these programmes and visiting CERN’s facilities means to them personally and professionally.
And I asked myself:

What do teachers achieve in these programmes, and how can I help them achieve more?

Answering these questions was my main motivation for my doctoral research project.
Starting from the beginning, the project's original aim was to evaluate CERN’s teacher
programmes in three steps. First, I planned to conduct a Delphi study with CERN’s teacher
programmes stakeholders to identify what they think teachers should learn during their time at
CERN. Second, I wanted to ask experts in particle physics and physics education which
concepts related to particle physics they find important for teachers and students to learn. Last,
I wished to evaluate what teachers learned through a pre/post concept mapping study. Teachers
would be asked to create a concept map on particle physics before and after the programme.
Comparing the two concept maps would show s which topics they learned about the most.

The first study was successfully conducted in 2019, with the second one following suit
in 2020. However, the third part did not go as planned. Like many other plans around the world,
my plans shifted in early 2020. The global pandemic reflected strongly on CERN’s teacher
programmes. With the health and travel restriction, teachers could not travel to CERN anymore.
The programmes got cancelled one after the other and were eventually replaced by tailor-made
online events. While this meant that the evaluation of CERN’s teacher programmes was no
longer possible, not all was lost. I took this challenge as an opportunity to investigate the current
state of particle physics in high-school curricula by conducting a large-scale international
curricular review. Overall, 27 curricula from all continents were included in this study. Some
were in English, others in Serbian, Greek, or even French. Each of them was slightly different
and each had slightly different ways of introducing various particle physics concepts to high-
school education. Therefore, this extensive curricular review offered me an insight into how
physics is taught in high-school classrooms around the world. Furthermore, the review better
connected the previous two studies as a meaningful whole. This connection resulted in better
suggestions for future particle physics implementations in high-school education and particle
physics professional development programmes.

Hence, this doctoral research project still managed to reach a part of its original goal —
to help teachers. Through the three studies, [ uncovered various ways in which particle physics
can be introduced in high-school physics classrooms either as content or context for other
curricular topics. Hopefully, this will encourage even more teachers to embrace the magnificent
and exciting world of particle physics education.



2 THEORETICAL BACKGROUND

2.1 Particle Physics in the Classroom

Some of the first records of including particle physics in pre-university learning units
come from Utrecht University in 1980 (PLON, 1981, as cited in Swinbank, 1992). Not long
after, the inclusion of particle physics in more curricula was discussed at the first conference
on teaching modern physics in high schools (Aubrecht, 1986). Similar calls for particle physics
inclusion were often repeated throughout the years (e.g., Chatterjee, 2002; Hanley, 2000; Kobel,
2003; Tuzon & Solbes, 2016). Now, several high-school physics curricula include particle
physics (Gourlay, 2017; Mullis et al., 2016). Furthermore, a relatively large number of studies
on including individual particle physics concepts in high-school education have been published.
In the following two sections, a short overview of some of the most important publications in
the field of high-school particle physics education is given.

2.1.1 Students’ Understanding of Particle Physics

This literature review identified two studies that investigated students’ understanding
of particle physics directly. First, Tuzén and Solbes (2016) investigated Spanish second-to-last-
year high-school students’ understanding of particle physics. The study revealed that students
had some knowledge about particle physics, although particle physics was not an explicit
chapter in their curriculum. However, their knowledge was incomplete and lacked structure.
For example, students were generally confused about the difference between the fundamental
interactions (e.g., electromagnetic interaction) and the derived forces (e.g., friction).

Overall, students expressed interest in including particle physics in the curriculum in
various ways. Here, Tuzon and Solbes (2016) suggested including particle physics in the
curriculum implicitly by connecting it to other curricular topics rather than as an explicit
chapter. Many suggestions on connecting particle physics to other parts of the curricula were
given also in other publications (e.g., Barradas-Solas, 2007; Cid-Vidal & Cid, 2018; Wiener et
al., 2016). On the other hand, few connections were made to the social context (e.g., latest
scientific results), although students expressed high interest in connecting particle physics to
everyday life. The outcomes of the Tuzon and Solbes (2016) study showed that knowledge of
particle physics needs to connect to students’ social context and other curricular topics.
Similarly, the concepts’ interconnectedness is central to the constructivist theory by Ausubel
(2000). Nevertheless, there are no studies on how different concepts within particle physics are
expected to connect in a structured network.

Second, Gourlay (2017) investigated particle physics knowledge of year-12 high-
school students from the United Kingdom. These students have already had explicit lessons on
particle physics, and their knowledge of the topic has been summatively assessed. In the study,
students’ knowledge was explored with concept maps. Concept maps are graphic organisers



4 Particle Physics in the Classroom

that represent organised knowledge in a hierarchical network (Novak, 1985; Novak & Caiias,
2008). As such, concept maps help uncover cognitive structures on a specific topic, for example,
particle physics. Gourlay (2017) analysed students’ particle physics concept maps and searched
for the most common patterns of correct and incorrect conceptions. The analysis showed that
students most often correctly connected quarks, leptons, particle systems, and annihilation.

Interestingly, most incorrect conceptions were also connected to leptons and particle
systems. In all cases, connections were very superficial; for example, “up is a type of quark.”
Very few of the connections, either correct or incorrect, featured a process (e.g., “when a
particle and its antiparticle meet, they annihilate each other”) or a property (e.g., “hadrons are
subject to the strong nuclear force”) (Gourlay, 2017, p.4). Following Tuzén and Solbes (2016),
the students’ knowledge strongly reflects textbooks and the curriculum. Thus, it can be assumed
that textbooks and the curriculum are superficial as well. This assumption reflects the notion
by Hobson (2011a), Michelini (2021), and Passon et al. (2018), who noted that particle physics
is often oversimplified. However, if curricula and textbooks are oversimplified, how can the
cycle of superficial teaching and learning particle physics be broken?

2.1.2  Particle Physics Concepts in High-School Education

In the last two decades, many studies have been published on introducing particle
physics to high-school students. However, only a few have published suggestions for particle
physics as an independent part of the curriculum. First, Berg and Hoekzema (2006) and
Hoekzema et al. (2005) formed a particle physics chapter around the discussion about particle
interactions, conservation laws, and symmetries. Similarly, Lindenau and Kobel (2019) also
focused their suggestion on particle interactions. Here, the particle interactions acted as a
context for introducing charges, fundamental interactions, and elementary particles. In their
study, the authors connected charges, fundamental interactions, and elementary particles into a
triangle where each concept lead to the other two. Together, they build the basis of the Standard
Model of particle physics. Conversely, Hobson (2011a, 2011b) approached the challenge of
teaching particle physics in high schools from the perspective of quantum mechanics. Starting
from quantum field theory and quantum electrodynamics, they introduced the concept of
elementary particles, fundamental interactions, interaction particles, and annihilation. All five
approaches presented in this paragraph build a strong case for introducing theoretical
foundations of particle physics.

Experimental particle physics and, especially, particle physics research laboratories
were merely mentioned in the literature presented above, acting more as an example than as
content itself. On the other hand, Polen (2019) proposed a broader chapter, including all
concepts mentioned above with the addition of particle accelerators and detectors. However,
their proposal was less detailed and provided less insight into the lesson structure. Thus, it is
unclear which concepts should be included and how they should connect within the lesson.
Furthermore, no connections to students’ prior knowledge were made.
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Connections between particle physics and other curricular topics are widely discussed
in Wiener et al. (2016). Here, the Large Hadron Collider (LHC), the largest particle collider in
the world, was proposed as context for various other curricular topics, e.g., electromagnetism
and quantum mechanics. Additionally, various real-life applications of accelerator technology
were introduced. The focus of this proposal was different from most previous suggestions in
the literature where theoretical particle physics was in the centre. Indeed, most previous
publications focused on a narrow field within particle physics and tried building a lesson
around this narrow field or connecting it to other curricular topics. In the following paragraphs,
the individual concepts appearing in the literature are presented.

Several publications suggested that the Standard Model of particle physics is one of the
possible windows into the world of particle physics (e.g., Andrews & Nikolopoulos, 2018;
Lindenau & Kobel, 2019; Polen, 2019; Woithe et al., 2017). By describing fundamental
interactions between the elementary particles, the theory of the Standard Model of particle
physics frames theoretical particle physics. However, the mathematical description of these
interactions between particles is complex (Woithe et al., 2017), too complex for high-school
level of mathematics. This complexity can lead to a naive and reductionistic approach of
introducing the Standard Model (Michelini, 2021; Passon, 2020). Thus, Lindenau and Kobel
(2019) suggested the Standard Model to be simplified to three concepts — elementary particles,
fundamental interactions, and charges — as mentioned above. These three concepts were
explored further by various other authors individually or in pairs.

First, various innovative techniques have been suggested to enhance the learning of the
elementary particles, for example, hands-on experiments (e.g., Alexopoulos et al., 2019;
Johansson et al., 2007; MacDonald & Bean, 2009; McGinness et al., 2019) and art (e.g.,
Alexopoulos et al., 2019; Andrews & Nikolopoulos, 2018; MacDonald & Bean, 2009;
Nikolopoulos & Pardalaki, 2020; Pavlidou & Lazzeroni, 2016). However, elementary particles
and their properties were often presented in an oversimplified manner in the classroom, similar
to the periodic system of elements (Berg & Hoekzema, 2006; Lindenau & Kobel, 2019). While
students could memorise these concepts (Gourlay, 2017), it is questionable whether such rote
learning contributes to the understanding of particle physics.

Second, basic properties and connections of fundamental interactions to charges and
elementary particles were often explored in the literature (Cecire et al., 2014; Lindenau &
Kobel, 2019; Nikolopoulos & Pardalaki, 2020; Wiener et al., 2017a; Woithe et al., 2017). Here,
Woithe et al. (2017) stated that “a charge is a property of an elementary particle that defines
the fundamental interaction by which it is influenced” (p. 1). Some authors also introduced
interaction particles that mediate fundamental interactions (Cecire et al., 2014; Hobson, 2011a;
Johansson et al., 2007; Nikolopoulos & Pardalaki, 2020). However, interaction particles were
more often mentioned in the literature without referencing fundamental interactions and their
role in them. For example, photons were usually mentioned in the context of optics or quantum
mechanics (e.g., Olsen, 2002) and not so often in the context of particle physics.
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Third, charges were typically discussed in connection to elementary particles (Cecire
et al., 2014; Lindenau & Kobel, 2019; Wiener et al., 2017a, 2017b; Woithe et al., 2017) and
fundamental interactions (Lindenau & Kobel, 2019). Very few suggestions in the literature
focused on charges explicitly. Here, Wiener et al. (2017a, 2017b) discussed the representations
of colour charges, and Lindenau & Kobel (2019) included charges as one of the three central
concepts of their approach. Strong connections of charges to other concepts in the literature
show that while introducing charges is challenging in a stand-alone activity, they play a
significant role in connecting other concepts in particle physics in a meaningful network.

Overall, a big part of the reviewed literature on high-school particle physics content
included theoretical particle physics. Still, some suggestions for including experimental
particle physics can be found in the literature as well. However, they are generally used as
context for other curricular topics. For example, many authors suggested connecting modern-
day particle physics equipment, especially particle accelerators, to electromagnetism, optics,
and the theory of relativity (e.g., Cid-Vidal et al., 2021; Cid-Vidal & Cid, 2011, 2018; Wiener
et al., 2016). Similarly, Barradas-Solas (2007) and Kvita et al. (2019) suggested introducing
particle detectors through the framework of radiation. However, not all mentioned publications
on experimental particle physics included connections to theoretical particle physics concepts.
Here, Wiener et al. (2016) introduced fundamental interactions and charges in the context of
the LHC. Barradas-Solas (2007) talked about leptons in the context of historical particle
detectors. Likewise, Kvita et al. (2019) used the context of a modern particle detector to
mention elementary particles. Indeed, experimental particle physics and theoretical particle
physics were generally presented as two separate entities with scarce connections.

Finally, several suggestions on introducing open questions in particle physics were
made in the literature. Andrews and Nikolopoulos (2018) and Woithe and Kersting (2021)
suggested including dark matter in the physics courses. Similarly, several studies recommended
adding questions regarding the Big Bang, inflation, and expansion (Alexopoulos et al., 2019;
Kobel, 2003; Ma & Zhang, 2016; Xu et al., 2018). Open questions represent an important
aspect of the Nature of Science (NOS), namely the “tentative Nature of Science” (Schwartz et
al., 2004; Schwartz & Lederman, 2008, 2002). Here, NOS can be defined as the “values and
underlying assumptions that are intrinsic to scientific knowledge, including the influences and
limitations that result from science as a human endeavour” (Schwartz et al., 2004, p.611).
Lederman et al. (2013) suggested that NOS should be integrated into the instruction of the
content itself. Thus, introducing open questions in particle physics, integrating experimental
physics, and framing the topic into students’ social context can help enhance their scientific
literacy (Lederman et al., 2013; Schwartz et al., 2004; Schwartz & Lederman, 2008, 2002).
However, introducing both particle physics concepts and the NOS requires teachers to have a
sufficient level of professional knowledge.
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2.2 Teachers’ Professional Knowledge

Teachers’ professional knowledge is a key factor for instructional quality and as such
the essential mediating factor in student performance (Abell, 2007; Carter & Darling-
Hammond, 2016; H. E. Fischer et al., 2012; Kulgemeyer & Riese, 2018; Martin et al., 2012;
Sadler et al., 2013). For successful teaching, teachers need to know more than just the content
they are intended to teach (Mahler et al., 2017). High-quality teaching requires teachers to be
able to justify the content and the selected pedagogical techniques from the perspective of
student learning (Gess-Newsome et al., 2019). Thus, three dimensions within teachers’
professional knowledge have been defined in various studies: content knowledge, pedagogical
knowledge, and pedagogical content knowledge (e.g., Abell, 2007; Chan & Hume, 2019;
Kulgemeyer & Riese, 2018; Park & Oliver, 2008). First, content knowledge (CK) represents
the syntactic and substantive knowledge of the subject matter selected for teaching. As CK is
one of the focal points of this thesis, it is described in more detail in subsequent sections.
Second, pedagogical knowledge (PK) describes general knowledge of learners and learning
situations (Grossman, 1990). PK encompasses the knowledge of learning theories, instructional
principles, and managing heterogeneous groups (e.g., Guerriero, 2017; Richardson, 1996). Last,
pedagogical content knowledge (PCK) is defined as the knowledge on teaching a particular
content (e.g., Abell, 2007; Chan & Hume, 2019; Cochran & Jones, 1998; Kulgemeyer & Riese,
2018; Park & Oliver, 2008; Shulman, 1986, 1987). Additionally, Schwartz & Lederman (2002)
extend professional knowledge by adding another category, namely the Nature of Science
knowledge (NOSk). While NOSk is sometimes included in the CK dimension (e.g., Chan &
Hume, 2019), it can be argued that the Nature of Science extends beyond the CK on arespective
topic (e.g., physics). Indeed, teachers’ CK was shown not to be significantly related to teachers’
conceptions of the Nature of Science (Lederman, 2013) despite an overlap between the two
dimensions, as seen in Schwartz & Lederman (2002).

All four dimensions of professional knowledge are distinct yet interconnected. For
example, both CK and PCK play an important role in improving teachers’ explanation skills.
PCK takes the role of a mediator between CK and the explanation (Abell, 2007; Baumert et al.,
2010; Kulgemeyer & Riese, 2018). In return, science teachers’ CK feeds into their PCK (Sen
et al., 2018), specifically knowledge of what students understand in science and knowledge of
instructional strategies. Indeed, both CK and PK are foundations for the development of PCK
(Sorge et al., 2019). Similarly, a strong NOSKk is the foundation for the NOS aspect of PCK
(Schwartz & Lederman, 2002). The interplay between the dimensions of professional
knowledge makes teacher education a complex and dynamic process. Therefore, most studies
focus on a smaller subset of professional knowledge dimensions. As the second part of my
doctoral research project focused mostly on CK, this dimension is discussed in more detail
below.
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2.2.1 Content Knowledge for Teaching

As mentioned above, teachers’ CK has been defined as knowledge of the subject matter
selected for teaching and its organising structures (Abell, 2007; Chan & Hume, 2019). As such,
CK includes the knowledge of facts, concepts, and procedures in the discipline (Lucero et al.,
2017). In science education, CK includes “understanding of science subject matter”, “research
experience within the discipline”, “knowledge of science in general”, and “an understanding

of the Nature of Science” (Wenning et al., 2011, p. 4).

Various studies have found that better CK reflects positively on teachers’ effectiveness.
Fleer (2009) reported that the lack of sufficient CK is often seen as the main reason teachers
are ineffective. Indeed, teachers teaching the content area in which they claimed greater
expertise knew how to present the key concepts better, make better real-world connections and
integrate a wider range of knowledge (Gess-Newsome & Lederman, 1993; Sanders et al., 1993).
Here, Sen et al. (2018) argued that teachers with higher levels of CK tend to ask more higher-
level questions, e.g., connections between concepts. Similarly, Sanders et al. (1993) found that
teachers with greater CK also better realise that their CK needs to be transformed for their
students.

Furthermore, Ball et al. (2001) found that an adequate CK is necessary for teachers
implementing curricular updates successfully. This is one of the reasons to focus on CK when
considering new additions to the curriculum, such as particle physics. Indeed, Covay Minor et
al. (2016) and Sen et al. (2018) found that teachers with weaker CK tend to stick stronger to
their existing curriculum and away from further changes. However, strong CK may still not be
sufficient for introducing new topics (Chan & Yung, 2018) or new instructional methods
(Wilkins, 2008) to the curriculum.

Similarly, the relationship between teachers’ CK and students’ performance has also
been widely researched. However, the studies led to somewhat conflicting results. For example,
several studies found a positive influence of teachers’ CK on student achievement (Diamond
et al., 2014; Hill et al., 2005; Metzler & Woessmann, 2012). Indeed, Diamond et al. (2014)
found teachers’ CK to be the largest teacher-level predictor of student achievement. On the
other hand, the results of the COACTIV study show that teachers” CK has a very limited
predictive power of student success (Baumert et al., 2010). Likewise, the PULS study showed
no correlation between teachers’ CK and student improvement (Ohle et al., 2011). Cauet et al.
(2015) found that teachers’ CK cannot explain students’ knowledge variations. However, they
did notice that teachers with a higher level of CK were created more challenging learning
opportunities for their students. Here, Cauet et al. (2015) suggest that their test might not be
able to differentiate between teachers’ CK necessary for effective physics teaching and the
more complex CK that might not be useful in the classroom.
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2.2.2 Dimensions of Content Knowledge

Studies have shown that teachers’ CK exceeds the required students’ knowledge
(Grossman, 1990; Shulman, 1986, 1987; Tchoshanov, 2011; Wenning et al., 2011). Thus,
teachers need to participate in subject-specific education that exceeds school knowledge.
Dreher et al. (2016) further noticed that school subjects differs greatly from academic subjects.
The disparity between required teachers’ and students’ knowledge called for a deeper insight
into the subscales of CK. Three dimensions have been identified, namely (1) school knowledge
(SK), (2) university knowledge (UK), and (3) deeper school knowledge (DSK). First, SK
reflects the expected knowledge that good students achieve, typically defined by the curriculum
and school textbooks. Second, UK is defined by the university curriculum, generally including
more complex calculations and in-depth research (Enkrott et al., 2017; Kulgemeyer et al., 2020;
Kulgemeyer & Riese, 2018). Last, DSK describes a deeper understanding of school knowledge
(e.g., knowledge of different procedures and solutions) (Kulgemeyer et al., 2020; Riese, 2009;
Riese et al., 2015). DSK models five skills, namely to (1) apply different ways of solving a
task, (2) plan the solution of a task from a theoretical point of view, (3) recognise boundary
conditions, (4) adapt tasks for the target group, and (5) recognise connections, similarities and
differences between physical phenomena (Riese, 2009; Riese et al., 2015).

The studies on the effects of different aspects of CK on teacher quality and student
achievement show contradictory results. For example, Lee and Mamerow (2019) showed that
students who were taught by teachers with a higher level of UK (e.g., a major in the subject
they teach) are more likely to perform better and enrol in college. Likewise, teachers with
academic training in the subject outperform teachers without such training (Betts et al., 2003,
Goldhaber & Brewer, 2000, Greenwald et al., 1996). However, several other studies had
different conclusions. They found that having a stronger UK reflects only marginally or not at
all on both student achievement and teacher quality (Clotfelter et al., 2007; Hanushek et al.,
2005; Harris & Sass, 2011; Ladd & Sorensen, 2015; Rivkin et al., 2005; Wu, 2011).

However, most studies on the effect of CK on teacher quality and student achievement
did not evaluate all three CK aspects simultaneously. This was later done by Kulgemeyer and
Riese (2018). They found that SK and DSK correlate strongly with the explaining performance.
Meanwhile, UK does not seem to reflect on the quality of teachers’ explanations. This
difference could be explained by the studies by Arzi and White (2008) and Wheeldon et al.
(2012). They found that 15 years after finishing the pre-service education, SK predominates
over UK in teaching. Indeed, teachers’ major sources of knowledge shift from university
textbooks and scientific journals to the school curriculum itself. With higher reliance on the
curriculum, teachers can become less malleable and less likely “to encourage student questions
that can trigger both student and teacher learning” (Arzi & White, 2008, p. 26). Unwillingness
to encourage student questions could mean that teachers are less sure about their CK, as those
questions go beyond the scope of the curriculum. Not knowing the answer to student questions
shows teachers the limitation of their CK. These limits are harder to reach when teachers source
their CK from other sources as well. Indeed, a higher number of science courses in pre-service
education and thus higher UK reflects positively on self-reported CK (Diamond et al., 2014).
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Regardless of the partition of CK, what constitutes “content” is not well defined (Ball
etal., 2008), neither at the general subject-matter level nor the more specific topic levels. Thus,
to increase CK, further research in the content definition and different types of content
knowledge is needed before further developing professional development programmes (PDPs)
on respective topics. In particle physics, the first step in determining the content was done by
Oettle (2021). They investigated which content areas teachers are expected to know for
teaching particle physics. The content areas were defined through a Delphi study with particle
physics experts and physics teachers. Ten content areas were identified, as shown in Table 1.
However, no research has been done to determine how this knowledge reflects the curricula,
on which of these topics teachers are expected to enhance their knowledge, and which aspects
of CK these content areas represent.

2.2.3 Professional Development Programmes

Professional development is one of the key factors in successful curricular reforms
(Borko, 2004; Corcoran, 1995; Garet et al., 2001; OECD, 2019). Indeed, teachers’ professional
knowledge needs to match the content of the curricula to implement any changes successfully.
In many countries, teachers’ participation in professional development is a prerequisite for
either maintaining employment, promotion, or salary increases (OECD, 2019). Therefore, it is
hardly surprising that, on average, 94% of primary, secondary, and high-school teachers
reported having participated in at least one form of teacher training in 2018 (OECD, 2019).

One kind of professional development opportunity for enhancing teachers’ instructional
skills, professional knowledge, and other teacher characteristics are professional development
programmes (PDPs) (Banilower et al., 2007; Borko, 2004; Fischer et al., 2018; Greene et al.,
2013; Hewson, 2007; Luft & Hewson, 2014; OECD, 2019; Pena-Lopez, 2009; Schneider,
2019). Such programmes usually act as shorter structured interventions organised by various
institutions. In the field of particle physics, several such programmes can be found around the
world (e.g., CERN, Ligo, Netzwerk Teilchenwelt, Perimeter, Quarknet). In this doctoral
research project, the focus is shifted towards CERN and CERN’s teacher programmes, which
were shortly described in Chapter 1.

Table 1. Content areas within teachers” CK on particle physics.

Content areas (by Oettle)

The Standard Model The structure of matter

Particles in high-energy physics Symmetries and conservation laws
Fundamental interactions Cosmology

Brout-Englert-Higgs mechanism Special theory of relativity, quantum

mechanics, and quantum field theory in
respect to particle physics and quantum
Open questions in particle physics field theory

School experiments

Note. Adapted from Oettle (2021).
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As mentioned in the Introduction, the initial goal of this doctoral research project was
to evaluate CERN’s teacher programmes. The research project started with a Delphi study
investigating stakeholders’ expectations regarding PDPs in large particle physics research
institutions, such as CERN. A part of the outcomes is represented in Chapter 6. However, the
Delphi study investigated several other aspects of PDPs as well: learning goals of PDPs on
particle physics and in general, activities to be included in particle physics PDPs, expected
follow-up activities, and expected resources for teachers. The results of these aspects from the
Delphi study are shown in Appendix A. Furthermore, the results of the Delphi study on learning
goals of PDPs on particle physics were already published in the Journal of Science Teacher
Education in 2021 (Kranjc Horvat et al., 2021). These results are also relevant for the studies
in this doctoral thesis. Therefore, a short overview of the results is presented below, while the
methodology is better described in Chapter 5.

As mentioned, a part of the Delphi study investigated the stakeholders’ expectations
regarding the learning goals of PDPs at large particle physics research institutions. The
stakeholders who participated in the study were particle physics researchers, country
representatives, physics education researchers, and teachers. Overall, the Delphi study included
three rounds. First, an open-ended questionnaire elicited the free ideas of the stakeholders.
Second, stakeholders rated the themes from the first round based on their perceived importance
of particle physics professional development programmes. Third, the stakeholders ranked the
themes from most to least important to increase the differentiation between the topics. This
resulted in a list of the most important learning goals for professional development programmes
in large particle physics research institutions, presented in Table 2.

Table 2. Most important learning goals for professional development programmes in large particle

physics research institutions. Learning goals are classified based on their respective dimensions of
professional knowledge. Additionally, they are grouped based on how the stakeholders ranked them.

Learning goal Importance level
PCK: Enhance knowledge of curriculum High
CK: Enhance knowledge of concepts and models High
CK: Learn about connections between different fields of science Medium
PK: Enhance general knowledge of learners and learning situations Medium
PCK: Gain experience in new subject-specific instructional strategies Medium
PCK: Learn about subject-specific instructional strategies Medium
PK: Learn to address inequalities Medium
CK: Enhance knowledge of solving equations Low
PCK: Enhance knowledge of the use of multimedia in instruction Low
PCK: Knowledge of assessments Low

Note. Adapted from Kranjc Horvat et al. (2021).
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The two most important learning goals, as perceived by stakeholders, were “enhance
knowledge of curriculum” as part of PCK and “enhance knowledge of concepts and models”
as part of CK. Furthermore, most learning goals from this list fit under CK or PCK, with
stakeholders strongly agreeing on their ranking. Therefore, it is important to further research
which aspects of CK and PCK are impor tant in such professional development programmes.



3 RESEARCH AIMS

Particle physics is a relatively new topic in many high-school physics curricula. Thus,
the particle physics content of educational programmes is not yet well defined. Little is known
about which concepts and topics high-school students and teachers are expected to achieve
during their respective particle physics courses. With continuous calls for introducing particle
physics to more high-school physics curricula (e.g., Chatterjee, 2002; Hanley, 2000; Kobel,
2003; Tuzén & Solbes, 2016), it is necessary to define what particle physics is supposed to
include in high-school education. Thus, this doctoral research project focused on investigating
the content that high-school students and teachers are expected to learn.

3.1 Research Aim 1: How Extensively do High-School Curricula cover particle
Physics?

The introduction of particle physics in high schools has been criticized for being
presented in a very oversimplified and superficial manner (Gourlay, 2017; Michelini, 2021).
However, the extent of this has not yet been determined. Therefore, the first research aim of
this doctoral research project was to evaluate how extensively is particle physics covered by
high-school physics curricula and whether it indeed is oversimplified.

Two studies were conducted to address this research aim. First, an expert concept map
was developed through an iterative study with 13 experts in particle physics and physics
education. Concept mapping enabled experts to structure concepts they identified as the most
relevant for high-school education into a hierarchic network. The expert concept map on
particle physics showed how the concepts in particle physics connect with each other and
concepts in other physics fields. The final concept map represents the expected students’
knowledge structure after a particle physics course. The iterative design of the study enabled
the experts to identify and add all relevant fields and concepts within particle physics. As such,
the expert concept map provides a general overview of what particle physics in high-school
physics education should entail.

Second, a curricular review was conducted with 27 state, national, and international
high-school physics curricula. The curricula were reviewed by expert teachers and physics
education researchers following a coding manual. The coding manual was a collection of
particle physics-related concepts that were mostly based on the concept of the expert concept
map. The objective of the curricular review was to identify concepts and topics that appear in
most high-school physics curricula. Thus, the outcomes of the curricular review represent what
high-school students are learning.

Last, the outcomes of the two studies were compared. The most mentioned concepts
and topics were mapped onto the expert concept map to measure overlap. The bigger the
overlap, the closer the curricula are to experts’ expectations regarding what high-school
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students should learn about particle physics. A small overlap would mean that the experts
expect high-school students to learn more about particle physics than what their curricula
expect them to learn.

3.2 Research Aim 2: What should Teachers Learn about Particle Physics?

The expected high-school students’ knowledge does not directly reflect on the expected
high-school teachers’ content knowledge. Indeed, teachers’ content knowledge needs to extend
beyond what they are expected to teach their students (Mahler et al., 2017). Teachers’ content
knowledge for teaching consists of three main aspects: school knowledge, deeper school
knowledge, and university knowledge, as described in Chapter 2. Previous studies have not
explored how different aspects of content knowledge were featured in professional
development programmes. Therefore, the second research aim of this doctoral research project
was to identify which aspects of content knowledge are teachers expected to enhance
during their participation in professional development programmes.

All three studies included in this doctoral research project were compared to address
the second research aim. First, a Delphi study was conducted to identify the most important
content areas for particle physics professional development programmes. Over 100
stakeholders from four stakeholder groups participated in the three-round Delphi study. The
outcomes of the Delphi study represent content knowledge that the stakeholders expect to be
enhanced by teachers’ participation in particle physics professional development programmes.

Second, the outcomes of the Delphi study were compared to the curricular review
results. The most mentioned curriculum concepts define teachers’ school knowledge, one of
the aspects of content knowledge (Enkrott et al., 2017; Kulgemeyer et al., 2020; Kulgemeyer
& Riese, 2018). The content areas from the Delphi study that correspond to concepts or topics
from the curricular review are considered school knowledge.

Third, the outcomes of the Delphi study were compared to the expert concept map.
Here, the connections of the explicit particle physics concept to other curricular concepts
represent deeper school knowledge, as defined by Kulgemeyer et al. (2020).

All three studies of this doctoral research project are described, discussed, and put in a
broader context in subsequent chapters. In Chapter 4, the methodology and the outcomes of
the expert concept mapping study on the expected students’ knowledge in particle physics are
presented. Next, Chapter 5 describes the methodology and the outcomes of the international
curricular review of particle physics in high-school curricula. The third study, namely the
Delphi study on what the stakeholders of CERN’s teacher programmes expect high-school
teachers to learn during their participation at the said programmes, is presented in Chapter 6.
The three studies were pairwise compared, and the results of the comparisons are presented in
Chapter 7. In Chapter 8, the comparisons are discussed in light of the two research aims.
Finally, Chapter 9 reviews the outcomes, strengths, limitations, and further implications of the
three studies and the doctoral research project.



4 EXPECTED HIGH-SCHOOL STUDENTS’
KNOWLEDGE: EXPERT CONCEPT MAP

Including particle physics in physics classrooms has been shown to appeal greatly to
high-school students (Johansson et al., 2007; Polen, 2019; Tuzén & Solbes, 2016). However,
curricula are often met with strict time constraints. These time constraints can come as the
amount of time students spend on physics as a subject or the amount of time policymakers
allocate to this specific issue. Therefore, particle physics is often introduced in a very
superficial and oversimplified way, giving way to rote learning (Levin et al., 2008; Michelini,
2021). With the time and the content limitation, the following question presents itself: how can
students still learn about particle physics in a meaningful way?

Meaningful learning is at the heart of Ausubel's (2000) theory of constructivism.
Ausubel (2000) found that meaningful learning required three main conditions: (1) learners
must possess prior knowledge, (2) learners must choose to learn in a meaningful way, and
(3) conceptually clear language should be used with examples relatable to learners’ prior
knowledge. Therefore, particle physics education needs to satisfy all three conditions to allow
for meaningful learning. First, particle physics is generally introduced only at the end of high
school (Levin et al., 2008). Therefore, the students have prior knowledge which likely includes
the entire classical physics curriculum (e.g., mechanics, thermodynamics). However, classical
physics is not necessarily a predisposition for learning particle physics (Walwema et al., 2016;
Wiener et al., 2017a). Second, particle physics appeals to students (Angell et al., 2004; Polen,
2019; Tuzén & Solbes, 2016). Thus, it is likely for students to choose to learn about it in a
meaningful way. Third, the content of particle physics for high-school classrooms needs to be
clearly defined and connected to students’ prior knowledge, namely classical physics. Before
the study presented in this chapter, the overall content of particle physics and relevant
connections to prior knowledge were underdefined.

The implementation of meaningful learning can be helped using advanced organisers.
These organisers help by explicitly linking what the learners already know and what they need
to know to learn new material (Ausubel, 2000). Furthermore, advanced organisers can reduce
learners’ cognitive load and strengthen the knowledge of the relationships between concepts.
Thus, the organisers are a great teaching resource (O’Donnell et al., 2002), improving students’
and teachers’ understanding of the topic. Indeed, Tchoshanov (2011) discovered that teachers
with a better-connected knowledge framework are more conceptual in their teaching. In
contrast, the teaching practices of teachers with fewer connections between concepts are more
rule-based. Furthermore, in physics, organised and coherent structures reflect the typical
knowledge framework (Nousiainen, 2013). Based on constructivist theory, Novak (1985)
developed the framework of concept maps as educational tools.
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4.1 State of the Research: Concept maps

Concept maps are graphic organisers that provide an external representation of the
knowledge framework (Novak, 1985; Novak & Canas, 2008; Torre et al., 2007). The main
characteristics of a concept map are hierarchically organised key concepts connected with
arrowed lines and linking words (Novak, 1985; Novak & Cafias, 2008; Ruiz-Primo &
Shavelson, 1996), as shown in Figure 1. The connection “concept-linking words-concept”
forms a proposition, which can be read as a meaningful statement (e.g., concept map-is-graphic
organiser) (Kinchin et al., 2019; Novak & Cafias, 2008). The concepts are classified into
hierarchy levels based on how many steps it takes from the central, most general concept to a
given concept. Lower-tier concepts stem in one or more directions from the central concept.
The different directions are called branches. Concepts in different branches can be further
connected with cross-links. Cross-links tend to be more prominent when representing complex
expert understanding (Hay et al., 2008; Novak, 1985; Novak & Caias, 2008; Watson et al.,
2016; Yin et al., 2005). Concept maps often also contain examples connected to concepts with
an arrowed line and a linking word (Novak, 1985; Novak & Canas, 2008; Ruiz-Primo &
Shavelson, 1996).

The concept map structure thus provide a great representation of highly organised and
coherent physics conceptual knowledge (Nousiainen, 2013). The organisation and coherence
of conceptual physics knowledge reflect further in physics education, where students are
required to learn about concepts and connections between the concepts (Sands et al., 2018).
The overlap between concept maps and physics conceptual knowledge structures makes
concept maps a good candidate for physics evaluation methods. Indeed, Caias et al. (2005)
stated that the “strength of concept maps lies in their ability to measure a particular person’s
knowledge about a given topic in a specific context” (p. 207). Various studies reviewed the
possibilities of using concept maps as evaluation tools (Daley & Torre, 2010; Novak & Canas,
2008; Ruiz-Primo, 2004; Ruiz-Primo & Shavelson, 1996; Shavelson, 1993; Yin et al., 2005).
Here, one of the methods of evaluating concept maps is the qualitative comparison of a students’
maps to an expert concept map (Ruiz-Primo & Shavelson, 1996). An expert concept map is a
concept map created by one or more experts in the field of the respective focus question.
Typically, an expert concept map shows a well-organised knowledge structure with strongly
interconnected concepts (Ruiz-Primo, 2000). By comparing the overlap between the students’
and the expert concept map, the level of students’ expertise can be determined (Ruiz-Primo &
Shavelson, 1996).

However, expert concept maps are not only useful in the context of evaluation. Expert
concept maps can also be used to elicit and share expert knowledge (Coftey et al., 2002; Coffey
& Hoffman, 2003) and as a knowledge visualisation tool (Cafias et al., 2005). As such, expert
concept maps are useful teaching and learning resource, promoting meaningful learning by
summarising the study topic and helping students organise their thinking (Cafas et al., 2003;
Daley & Torre, 2010; Laight, 2004; Samarawickrema & O’Reilly, 2003).
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Figure 1. Graphic representation of a concept map. On the right-hand side, the different hierarchical
levels are marked. The three green arrows depict one branch of the concept map. The blue arrow
shows an example of a cross-link. Based on Novak & Cafias (2008).

4.2 Research Questions

The main idea of constructivism and concept maps is that new knowledge builds into
prior knowledge (Ausubel, 2000). Here, prior knowledge is an established cumulatively
acquired and hierarchical organised cognitive network. According to Ausubel (2000), new
emergent meaningful information builds into the existing cognitive network by connecting to
the concepts in the network. The incorporation of new knowledge into the existing cognitive
network can be aided by advance organisers (Ausubel, 2000; Novak, 2010).

This study focused on building an advanced organiser on the topic of particle physics.
An advance organiser could help both teachers and curriculum developers to introduce particle
physics to students in a meaningful way. According to Ausubel (2000), the function of an
advance organiser is to provide a scaffold of connections between existing ideas and new
information. Experts’ cognitive networks typically include more connections (Ruiz-Primo,
2000). Thus, their expertise is crucial for building a strongly connected network. Therefore, an
expert concept mapping study was designed to answer the following research two questions:

RQ4.1: Which concepts do experts in particle physics and physics education expect
high-school students to know about particle physics?

RQ4.2: How do the experts from (1) structure the concepts they find important for high-
school education in a concept map?

Both research questions were answered through an iterative expert concept mapping
study. The following chapters describe the methodology and the results in more detail.
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4.3 Methodology

To answer the research questions, an iterative concept mapping study was designed to
elicit the knowledge of several prominent researchers in the field of particle physics and
physics education. The study followed six steps of expert knowledge elicitation by Coffey and
Hoffman (2003) and McBride and Burgman (2012), namely the (1) development of a focus
question, (2) expert selection, (3) training of the experts, (4) expert knowledge elicitation
session, (5) verification, and (6) analysis. Steps 2-5 were repeated nine times. Overall, 13
experts participated in the study. Each step and the iterative process of the study are explained
in more detail below.

4.3.1 Development of the Focus Question

Concept mapping always starts with a focus question that guides the concept mapping
process. Here, the focus question was developed based on the above-stated research questions.
Hence, the main focus was set on particle physics and high-school students’ learning of particle
physics. An additional focus on CERN was added to explore possible connections between
high-school particle physics education and the world’s largest particle physics laboratory. Thus,
the focus question that guided all subsequent steps of the expert concept mapping was: “What
would you like high-school students to know about particle physics and CERN?”

The four subsequent steps were conducted iteratively through nine rounds. Each round
included the expert selection, training of the experts, expert knowledge elicitation, and
verification (Coffey & Hoffman, 2003; McBride & Burgman, 2012). The most important
features of the nine rounds are presented in Figure 2.

4.3.2 Expert Selection

The main qualifications of the experts were specified in the research questions. Namely,
the required expertise was knowledge and experience in particle physics, physics education
research, physics teaching, or CERN. Furthermore, all participating experts needed to have
previously been involved in facilitating any educational programme for teachers or students at
CERN. The experts for each round were identified based on the aim of the respective round.
For example, Round 5 aimed to review and update the computing part of the expert concept
map. Thus, a computer scientist with knowledge of particle physics and physics education was
invited to participate in Round 5. Overall, thirteen experts participated in the study, five of
whom were female. The main expertise of the experts in each round is shown in Figure 2.

4.3.3 Training of the Experts

The construction of a high-quality concept map requires the participants to be
specifically trained for the task (Novak, 1986). In this study, the experts received the training
directly before their respective expert knowledge elicitation round. The training included an
explanation of the aim of the study, an overview of the concept mapping method with a simple
unrelated example, and the round’s structure. No hands-on training on concept mapping was
given to the experts as the author facilitated all rounds of expert concept mapping.



Chapter 4 : Expected High-School students’ Knowledge: Expert Concept Map 19

Round 1

Expertise: 4 particle physicists +
1 physics education researcher
Actual elicitation:  brainstorming

initial concept map creation _—
2 Identify weaknesses in the
initial expert concept map
Round 2 l—
Expertise: 1 particle physicist & physics educator
Actual elicitation: concept map redesign —_—
Combine expert concept maps
from Rounds 1 and 2
Rounds 3 - 4 | —
Expertise (3): 1 particle physicist
Expertise (4): 1 physics education researcher

Actual elicitation: concept map review & update |

) Identify the weak area in the
expert concept map

Round 5

Expertise: 1 computer scientist
Actual elicitation:  concept map review
update the computing part

Identify incomplete or loosely
connected branches

Round 6 - 8 <
Expertise (6): 1 physics education researcher
Expertise (7): 1 physics educator
Expertise (8): 1 particle physicist

Actual elicitation:  concept map review & update

Identify the weak linking words
in the expert concept map

Round 9
Expertise: 5 physics education researchers
Actual elicitation: concept map review

update the computing part

J

Figure 2. Overview of the nine rounds of the expert concept mapping study. The left column presents
the nine rounds, the expertise of the experts, and a short overview of the elicitation process. The right
column presents the validation specifics.

4.3.4 Expert Knowledge Elicitation Session

The expert knowledge elicitation sessions were designed as think-aloud concept-
mapping sessions. Here, the experts were able to discuss the structure and possible updates of
the expert concept map with the researcher and other participants, when applicable. Each round
built on the expert concept map from the previous round (e.g., Round 4 was based on the expert
concept map from Round 3). Thus, the aim and the structure of the individual rounds somewhat
differed. Additionally, due to the pandemic, only the first two rounds were conducted live. In
contrast, the rest were conducted online using an interactive concept mapping tool.

In all rounds, the experts were invited to think aloud and discuss the updates with the
researcher during concept mapping. The experts’ decisions for additions or updates to the
expert concept map were discussed and later entered by the researcher to the expert concept
map directly during the round. Additionally, all rounds were recorded to better understand the
experts’ reasonings for concepts, connections, and possible updates. The round specifics are
further described in the following paragraphs.
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Round 1

The first round was a focus group session with five experts. The group session included
two theoretical particle physicists, two experimental particle physicists, and one physics
education researcher. The elicitation was structured in three parts. First, the experts individually
wrote the most important concepts related to particle physics and CERN on sticky notes.
Second, they used these concepts to individually build concept maps answering the focus
question, “What would you like high-school students to know about particle physics and
CERN?” Last, after discussing the individual concepts and concept maps, experts
collaboratively structured the suggested concepts in an expert concept map. The hierarchy of
the concepts and the linking words between concepts were thoroughly discussed and agreed
upon within the group before concluding the session. Still, many questions were left open after
the session to be answered in the subsequent sessions. For example, should particle accelerators
and particle detectors not be on the same hierarchical level, and how can we include charges
as intrinsic properties of fundamental particles?

Round 2

The expert in the second expert knowledge elicitation session was an experimental
particle physicist with extensive experience with high-school particle physics education. Due
to the open questions from Round 1, the expert opted for a greater structural reconstruction of
the expert concept map. Thus, the hierarchy of the map changed significantly. Still, many of
the propositions remained the same. Several new propositions and concepts were added. In the
end, the expert suggested that the author combines the expert concept maps from both rounds
to ensure the completeness of the map better.

Rounds 3-4

Due to the large reconstruction in Round 2, two experts from Round 1 were invited to
participate in individual rounds as well. Thus, one theoretical particle physicist and the physics
education researcher from the group session in Round 1 participated in Round 3 and Round 4,
respectively. In both rounds, the experts reviewed the expert concept map from the previous
round and suggested further changes and additions. Additionally, the experts identified
“computing facilities” as an under-represented area on the map. Thus, an expert in computing
was invited to the next round to update the computing area of the map.

Round 5

As suggested by the experts in Round 4, the fifth round was conducted with a computer
scientist with extensive experience in both particle physics and education. Again, the expert
was invited to review and comment on the whole expert concept map from Round 4. However,
the greatest part of this session was focused on updating, expanding, and better connecting the
computing part of the map.

Round 6-8
The experts in Rounds 6-8 were a physics education researcher, a physics educator
interested in particle physics, and a particle physicist, respectively. In these rounds, the experts
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further reviewed and updated the hierarchy, the cross-links, and the propositions. In all three
rounds, five examples were added to the map. No other changes were made to the curricula,
suggesting that the expert concept mapping study can be concluded.

Round 9

The last round aimed to review the wording of several linking words, for which the
experts in previous rounds did not find agreeable wording. Thus, five physics education
researchers with experience in particle physics education were invited to find consensus on the
linking words. One of the experts in this session already participated in Round 1 and Round 4,
while another participated in Round 6. During the session, the selected propositions were
presented without linking words (e.g., detection principle - > electromagnetism). The
experts were then invited to propose suitable linking words using an online voting tool. The
suggestions were then discussed and agreed upon within the group.

4.3.5 Verification

After each round, the latest version of the expert concept map was digitalised and
prepared for review. The hierarchy and the propositions in the expert concept map were
inspected for inconsistencies and ambiguities by the researchers and the respective expert (or
experts). The subsequent round was structured based on the review, including the expert
selection and the session aims. As the review after Round 9 left no open questions, no further
sessions were required, and the expert concept mapping study was concluded.

4.3.6 Analysis

The final expert concept map was quantitatively and qualitatively analysed. First, the
number of concepts, connections, cross-links, and examples was counted, and the highest
hierarchy level was defined. Based on this, the complexity of the map was evaluated, as seen
in various studies (Kinchin et al., 2000; Watson et al., 2016; Yin et al., 2005). Second, a
hierarchical cluster analysis using Ward’s algorithm was used to identify clustering within the
map, as Kane and Trochim (2007) suggested. Here, clusters represent homogeneous subgroups
within the expert concept map (Lopes & Gosling, 2021). Last, the map was qualitatively
analysed to identify possible connections to the core high-school physics curricula.

4.4 Results

The expert concept mapping study concluded after nine rounds of expert knowledge
elicitation. The final expert concept map connects 87 key concepts and 93 examples with 266
links, including 87 cross-links, as seen in Figure 3. The expert concept map has six levels of
hierarchy and spreads into five main branches. Therefore, the traditional complexity score of
the map is 993. Typically, scores in other concept mapping studies generally stayed under 100,
even for high-achieving concept mappers (e.g., Erdimez et al., 2017; McClure et al., 1999).
Thus, the score of this map shows a high level of complexity.
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Ward’s cluster analysis shows that the ideal number of clusters within this expert
concept map is one. This result shows that the expert concept map is homogeneous without
clusters of tightly related concepts that do not connect to the rest of the map. All areas within
the map are strongly connected.

As there are no clusters to define smaller areas within the map, the short description of
the map below describes the five branches that stem from the central concept particle physics.
The branches are categorised by the highest-level concept in each branch, namely CERN,
engineering, experimental particle physics, theoretical particle physics, and human knowledge
and curiosity, as seen in Figure 3. These five concepts represent the broadest concepts in the
expert concept map (Novak, 1985). Theoretical particle physics and experimental particle
physics represent the two fields within particle physics. Engineering is an essential tool in
particle physics, and CERN is one of the laboratories that provide the opportunities for all other
three branches to work together. Human knowledge and curiosity drive all other four directions
towards new enhancements.

The branches lead to various numbers of concepts directly (not counting cross-links).
All branches are strongly connected. The branches CERN and human knowledge and curiosity
lead to the lowest number of concepts. First, human knowledge and curiosity only lead to one
lower-level concept, namely to fundamental questions. Second, the branch CERN only has two
additional hierarchy levels. Conversely, branches of engineering and experimental particle
physics contain many concepts that are strongly interconnected. Indeed, two of the three lower-
level concepts that stem directly from experimental particle physics also stem directly from
engineering. Thus, the two concepts are intrinsically connected through their hierarchy.

Similarly, experimental particle physics and theoretical particle physics are connected
even more directly. Indeed, the two concepts connect in a circular matter through two additional
concepts. Experimental particle physics thus leads to observations that disprove theoretical
particle physics. In return, theoretical particle physics leads to predictions that inform
experimental particle physics.

The expert concept map also connects to the core high-school physics curriculum. The
concepts that connect particle physics to the core curriculum are mechanics, conservation laws,
thermodynamics, electromagnetism, and special relativity, shown on the left side of the map,
and quantum mechanics on the right side.

4.5 Summary and Discussions

The experts in this study developed an expert concept map that captures the most
important concepts related to particle physics and CERN as perceived by various experts.
Overall, thirteen experts in particle physics, physics education, and computing participated in
nine rounds of the study. In each round, experts built on the expert concept map from previous
rounds to answer the focus question “What would you like high-school students to know about
particle physics and CERN?” The study concluded with a highly integrated map of
180 concepts and examples connected with 266 links and cross-links. In the following sections,
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the outcomes and the implications of the study are discussed. Finally, possible implications of
the study on the field of physics education research are given. The role of the study within the
whole research project is described in later chapters.

451 Most Important Concepts for Particle Physics Education

The first research question of this study asked: “Which concepts do experts in particle
physics and physics education research expect high-school students to know about particle
physics?” The experts in this study identified 87 key concepts as important for high-school
education, with “particle physics” as the central concept, as seen in Figure 3. All concepts can
be found in the expert concept map in Figure 3. The most relevant concepts and links are
discussed in detail below.

Most concepts included in the expert concept map already appeared in the literature on
what could be included in the classrooms, for example, the Standard Model [of particle physics]
(e.g., Andrews & Nikolopoulos, 2018; Lindenau & Kobel, 2019; Polen, 2019; Woithe et al.,
2017), and elementary particles (e.g., Berg & Hoekzema, 2006; Lindenau & Kobel, 2019).
However, several different concepts were also added. For example, personnel, computing
facilities, engineering, and several open questions in particle physics are among the concepts
that have previously been scarcely recommended to be included in high-school education.
Including these concepts in the expert concept map provides a better picture of particle physics.
Here, introducing computing facilities and engineering as part of particle physics broaden
students’ views of particle physics. Indeed, computing facilities and engineering represent
important parts of experimental particle physics research methodology. Next, including
personnel provides students with a better understanding of science as a human endeavour, and
cooperation and collaboration in the development of human knowledge, all aspects of Nature
of Science (Osborne et al., 2003; Schwartz et al., 2004; Schwartz & Lederman, 2008, 2002)
while providing them with some very different career options. Similarly, the open questions in
particle physics reflect the tentative Nature of Science (Schwartz et al., 2004; Schwartz &
Lederman, 2008, 2002). These concepts that only appeared in the expert concept map can help
particle physics be better contextualised in high-school education. Furthermore, they expand
particle physics towards other fields, such as computing, engineering, and even social sciences.
Therefore, including these concepts in high-school education could help bring particle physics
closer to students with lower interest in physics.

Several concepts in the expert concept map act as bridges between particle physics and
classical physics topics, e.g., mechanics, electromagnetism, and special relativity. These
concepts already appeared in the literature as examples of how particle physics can be
introduced in a classroom as context (e.g., Cid-Vidal et al., 2021; Cid-Vidal & Cid, 2018;
Wiener et al., 2016). Introducing bits and pieces of particle physics as a context in other
chapters in the curricula follows Ausubel’s (2000) definition of meaningful learning. Indeed,
by introducing particle physics first as a context, the foundations for introducing it as content
become stronger for students to build a more stable knowledge framework.
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Figure 3. The expert concept map. This expert concept map on what high-school students should know
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The expert concept map includes 93 examples. Most examples were the Standard
Model particles (e.g., electron, up quark, photon) or specific particle accelerators and particle
detectors (e.g., LHC, ATLAS, CMS). The examples within the Standard Model are general and
would only change with new scientific discoveries. Conversely, all examples of particle
accelerators and particle detectors are CERN-specific. The specificity is due to the focus
question used in the expert concept mapping study, namely “What would you like high-school
students to know about particle physics and CERN?” Indeed, including CERN in the focus
question introduced a bias to the study. However, the examples mentioned above could be
expanded with many other particle accelerators or detectors (e.g., Tevatron and CDF at
Fermilab, HERA and HERMES at DESY). Indeed, particle detectors and particle accelerators
generally work using the same scientific principles described in the expert concept map. As
such, the CERN bias is not very strong. The only concepts that are specific to CERN are the
intergovernmental organisation and the respective examples. Indeed, not all research
laboratories are intergovernmental (e.g., SLAC, DESY). However, the research efforts remain
international regardless of the laboratory. The collaborative Nature of Science is ever-present
in particle physics research and, as such, would remain in the expert concept map regardless of
the context of the map.

Overall, the expert concept map has a high level of detail. While this level of detail
seems daunting at first, it stands to mention that not all concepts are expected to be taught in
one learning unit. On the contrary, particle physics concepts can act as context in other topics,
e.g., electromagnetism and quantum mechanics (Cid-Vidal et al., 2021; Cid-Vidal & Cid, 2018;
Olsen, 2002; Wiener et al., 2016). Indeed, using particle physics as context should not be
discarded. Studies have shown that well-chosen context can increase students’ interest more
than pure content (Hoffmann et al., 1998; Sjeberg & Schreiner, 2012). Consequently, students’
achievement can also improve (M. M. Keller et al., 2017). Additionally, using particle physics
as context can go beyond physics curricula. For example, calls have been made in the literature
for including machine learning in high-school mathematics and computer technology curricula
(Mariescu-Istodor & Jormanainen, 2019; Touretzky et al., 2019). Such connections between
particle physics concepts and other subjects in curricula further expands and strengthens
students’ knowledge frameworks. Consequently, the connections help improving both students’
knowledge of particle physics and other subjects.

45.2 Expert Concept Map Structure

The second research question of this study asked: “How do the experts in particle
physics and physics education research structure the concepts they find important for high-
school education in a concept map?” Through nine rounds of concept mapping, the experts
connected the concepts with 266 links, including 87 cross-links. The links are homogeneously
dispersed across the map, creating no smaller clusters. Therefore, the final expert concept map
can be described as a highly integrated map with a hierarchical network structure (Kinchin et
al., 2000; Yin et al., 2005). The large number of connections and links shows that it represents
a true expert knowledge framework (Ruiz-Primo, 2000). The map has six levels of hierarchy



Chapter 4 : Expected High-School students’ Knowledge: Expert Concept Map 27

and spreads into five branches. These five branches follow from the first-level concepts,
namely theoretical particle physics, experimental particle physics, engineering, CERN, and
human knowledge and curiosity. All branches are interconnected, as discussed below.

First, CERN and human knowledge and curiosity are connected with a circular
connection. Here, a circular connection means that one arrow points from CERN to human
knowledge and curiosity (CERN advances human knowledge and curiosity), while another
arrow points in the opposite direction (human knowledge and curiosity motivate CERN). The
two connecting propositions reflect different aspects of the Nature of Science. CERN shows
the “cooperation and collaboration in the development of scientific knowledge.” Meanwhile,
human knowledge and curiosity represent “science and questioning” and “creativity” (Osborne
et al., 2003, p. 713). As such, both represent the implicit presence of the Nature of Science.

Second, the circular connection between experimental particle physics and theoretical
particle physics also represents the tentative Nature of Science (e.g., Schwartz & Lederman,
2008). Here, experimental particle physics leads to observations that disprove theoretical
particle physics. In return, theoretical particle physics leads to predictions that inform
experimental particle physics. Introducing this connection between experimental particle
physics and theoretical particle physics can help improve students’ understanding of the nature
of experimental physics. The study by Wilcox and Lewandowski (2017) showed that students’
ideas about the nature of experimental physics do not match with those of practising scientists.
Therefore, explicitly showing the interconnection between experimental and theoretical
physics in a contemporary context could help students to better integrate the nature of
experimental physics into their cognitive networks.

Similarly, CERN and engineering are also connected with a circular connection. Here,
engineering is crucial for CERN, which is why CERN further develops engineering. Indeed, as
CERN is a particle physics laboratory, engineering is crucial for developing, maintaining, and
updating the plethora of particle detectors, particle accelerators, computing facilities, etc. This
strong connection to engineering is not specific to CERN or particle physics. Various scientific
fields require engineers and engineering to keep the research going and progressing. Therefore,
engineering can be implemented as context in various topics across different fields of science.

Surprisingly, the branches of theoretical particle physics, experimental particle physics,
and engineering all lead to a similar number of concepts. Indeed, the area of theoretical particle
physics is similar in size, the number of concepts, and the number of links as the experimental
particle physics and engineering branches. However, the review of existing particle physics
education literature in Chapter 3.1 showed a strong prevalence of theoretical particle physics
concepts. Thus, existing publications reflect Michelini’s (2021) finding that particle physics is
taught in an superficial way. Indeed, as previous studies often skip the part of “science in the
making,” the remainder of concepts quickly becomes a list of elementary particles and a set of
simplified equations. The learning can become more meaningful by including more concepts
from experimental particle physics and engineering. Indeed, these concepts are generally more
strongly connected to prior knowledge, as discussed in the following paragraph.
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Concepts that are directly linked to other curricular topics (e.g., mechanics) are
generally on the outer edges of the expert concept map and at the end of the hierarchy. These
links to other curricular topics represent one of the basic criteria of meaningful learning —
connections to learners’ prior knowledge (Ausubel, 2000), although classical physics is not a
pre-requisite for learning modern physics topics. Still, in most cases, particle physics is
introduced at the end of high school (Levin et al., 2008). Therefore, students are expected to
have the knowledge of other curricular topics to which this map links.

A great majority of concepts from other curricular topics are most closely linked to
acceleration and detection principles. This close connection reflects connections found in the
literature. For example, electromagnetism and vacuum are suggested to be explained in the
context of particle accelerators (Cid-Vidal et al., 2021; Cid-Vidal & Cid, 2018; Wiener et al.,
2016). The only connection to other curricular topics that is not directly connected to either
acceleration principles or detection principles 1s quantum mechanics. Indeed, quantum
mechanics stems from quantum field theory. As Standard Model is a quantum field theory, it
is not surprising that quantum mechanics is closer to the Standard Model than experimental
tools in particle physics.

The expert concept map meets another criterium of meaningful learning, namely
conceptually clear language with relatable examples (Ausubel, 2000). Indeed, several iterations
of the expert concept map that included various physics education experts ensured that the
language was clear, concise, and understandable. Additionally, 93 examples and connections
to everyday technology (e.g., world wide web) and other real-life applications (e.g., hadron
therapy) provide the relevant examples for students learning to be meaningful.

Therefore, the final expert concept map can be used by teachers as advanced organisers
that help them organise their lessons. Using this expert concept map in preparing their lessons
allows teachers to organise their knowledge better and structure it in a meaningful hierarchical
order. Furthermore, the expert concept map can also be directly used as a teaching and learning
resource in the classroom, as seen in Baliga et al. (2021) and Romero et al. (2017). The highly
organised knowledge network can further be expanded to represent elements of teachers’
pedagogical content knowledge (PCK). As such, the utility of the expert concept map expands
further to represent better the necessary professional knowledge needed for teachers to teach
particle physics. More on what teachers need to learn on particle physics is described in
Chapter 6.

However, no research tells us which of the concepts in the expert concept map appear
in the curricula. Therefore, the study, presented in the following chapter, investigated various
national and international curricula to identify the most common concepts around the world
when teaching particle physics. Based on the curricular review, the expert concept map can be
used to enhance the curricula further.



5 HIGH-SCHOOL PARTICLE PHYSICS:
CURRICULAR REVIEW

School curricula are typically aimed at structuring the teaching and learning process to
prepare the students for the future (Moore, 2015). Therefore, together with textbooks,
curriculum materials are among the main teachers’ resources for teaching and learning.
Teachers, especially at the beginning of their career or teaching outside their subject area, rely
greatly on the curriculum to provide some or even all content for teaching (Ball & Feiman-
Nemser, 1988). Although teachers are expected to know more than what is in the curriculum
(Mahler et al., 2017), the curriculum remains an important source of teacher knowledge. With
every update to the curriculum, special attention should be given to synchronising teachers’
knowledge with the content of the new curriculum. Indeed, professional development
programmes, aimed at increasing teachers’ professional knowledge, are at the heart of all
educational reforms (Borko, 2004; Corcoran, 1995; Garet et al., 2001; OECD, 2019).

Changes to the curricula are generally slow, and new concepts require decades to be
included (Fullan, 1994; Young, 2014). Most science curricula, especially in physics, thus still
tend to focus mostly on scientific theories established before the 1900s (Siqueira, 2017).
Although introducing particle physics to the high-school curriculum was suggested as early as
1984 during the first Conference on Teaching Modern Physics at CERN (Aubrecht, 1986),
particle physics only started entering curricula in recent years. Still, by 2015, several curricula
already included particle physics (Mullis et al., 2016). However, the extent to which modern
curricula cover particle physics has not yet been documented.

The following chapter presents a short literature overview of curricular theory to define
the terms relevant for this study. Next, the methodology of the curricular review is described,
followed by an overview of the results. Last, the results are discussed, considering the study’s
three research questions.

5.1 State of the Research: Defining the Curricula

The word "curriculum" is defined in Merriam-Webster (n.d.) as "a set of courses
constituting an area of specialisation". However, no consensual definition is given in the
educational literature (Moore, 2015; Stadermann et al., 2019; Wiles, 2009; Young, 2014). The
different definitions greatly reflect the characteristics and the various roles the curricula have
taken (Remillard, 2005; van den Akker, 2004). The following paragraphs provide a short
overview of the different curricular characteristics to better frame the final working definition
for this thesis.
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Curricular theory distinguishes three interlinked categories of the curricula based on
their role. First, a "formal curriculum" is a set of student learning outcomes, teaching and
learning activities, content, instructional materials, and evaluation guidelines designed and
outlined by the respective educational system's stakeholders (Gehrke et al., 1992; Nawaz &
Rafaqat, 2019; Remillard, 2005). Second, the "intended curriculum" builds upon the formal
curriculum and represents the teachers’ aims for students' learning and course structure (Gehrke
et al., 1992; Remillard, 2005). Last, the "enacted curriculum" represents what takes place in a
classroom (Gehrke et al., 1992; Remillard, 2005). Both the intended and the enacted curricula
build upon the formal curriculum (Remillard, 2005), although the level of fidelity to the formal
curriculum varies (van den Akker, 2004). However, it is worth mentioning that some studies
also offer different hierarchies and definitions of the three categories. For example, van den
Akker (2004) classifies "formal curriculum" as a subclass of the "intended curriculum".

Curriculum development can follow various frameworks (Elby & Yerdelen-Damar,
2020; Haagen-Schiitzenhofer & Hopf, 2020; Irving et al., 2020; Kustusch et al., 2020; van den
Akker, 2004). Generally, several stakeholders and participants within a single or a group of
institutions develop a curriculum through a long cyclic process (Kustusch et al., 2020; van den
Akker, 2004). Through the development process, the curriculum developers usually focus on
addressing the following three components: the rationale, aims and objectives, and content (van
den Akker, 2004). Typically, these components develop from the pre-set list of subjects and
topics. However, lately, many have shifted towards aims-based curricula (Reiss & White, 2013,
2014). Thus, the curricular documents can be somewhat difficult to compare directly
(Stadermann et al., 2019).

In this study, the term "curriculum" was used to describe the formal curriculum as a
framework given by the respective system's policymakers that specifies what should be taught
in the classroom (Gehrke et al., 1992; Remillard, 2005). The study focused on the content of
the curricula, as written in the respective curricular documents. The term "curricular
documents" was defined as the official documents describing the characteristics of the curricula
provided by the governing bodies of the respective educational systems. The selected curricular
documents are described in detail in the Methodology section and Appendix B.

5.2 Research Questions

The extent to which particle physics has been covered in various state curricula,
national curricula, and international curricula is unknown. Thus, a curricular review was
designed to find similarities between different implementations. The following research
question guided this exploration:

RQS5.1: Which concepts related to particle physics are the most prominent in national
and international high-school physics curricula?
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However, not all curricula include particle physics (e.g., Slovenian). There, concepts
related to particle physics could appear in a curriculum implicitly as context for other concepts
(e.g., Wiener et al., 2016). Thus, the second research question of the curricular review was:

RQS5.2: What are the differences and similarities between the particle physics content
in curricula with or without an explicit particle physics chapter?

Both research questions were answered through an international curricular review. The
following chapters describe the methodology and results in more detail.

5.3 Methodology

Exploration of the research questions called for a review of several different state,
national, and international curricular documents. However, curricular documents are typically
written in the country’s native language. Therefore, the study required to include experts from
the respective educational systems for individual curricular reviews. The selected experts were
teachers with a native-level knowledge of the respective language, vast teaching experience
with their respective curriculum, and sufficient knowledge of particle physics. A coding manual
in English was developed to ensure a consistent review across the international curricula. The
experts then used the coding manual to code their respective curricular documents. Last, the
differences and similarities between the curricula were assessed to identify the common particle
physics curriculum. Each step of the curricular review is further explained in the sections below.

5.3.1 Selection of the Coders

This curricular review aimed to provide an overview of concepts related to particle
physics in various state, national, and international educational systems. Here, the selection of
coders for the review is crucial for the validity of the study. Thus, the selected coders needed
to have the following three characteristics: (1) professional experience with the respective
educational system and its high-school physics curriculum, (2) sufficient knowledge of
required particle physics concepts, and (3) sufficient English skills. To ensure all three
requirements were satisfied, most coders were selected from the pool of CERN's teacher
programmes alumni, described in the introduction of this thesis. All additional coders were also
selected based on the three described characteristics. At least two coders per educational system
were selected to allow for comparison and verification of the results.

5.3.2 Curricular Documents

There is no straightforward way to find in which educational systems is particle physics
explicitly included in the curriculum. Furthermore, various concepts related to particle physics
appear in other parts of the curriculum (e.g., electromagnetism). Thus, this study aimed to
provide a general overview of which concepts appear in the curricula. In selecting curricular
documents, specific focus was given to include curricula from CERN's member and associate
member states. Additionally, several other relevant educational systems from other continents
were included. The final criterium for selecting the educational system was the availability and
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the accessibility of suitable coders within the respective system. Finally, 27 educational
systems were selected for analysis.

Within most educational systems various high-school physics curricula exist. The final
choice of curricular documents that would represent a specific educational system was guided
by discussions with coders as experts on their respective curricula. In general, curricular
documents with the strongest physics focus were selected, as others often contain fewer
physical concepts. By only including the curricula with a strong physics focus, this study
provides the upper limit of how much particle physics a certain educational system can include.
The selected curricular documents and their characteristics are presented in Appendix B.

Additionally, several characteristics of curricula were reviewed, most importantly the
presence of a particle physics chapter. Here, a chapter was defined as a distinct group of related
concepts with a specific title. For example, a particle physics chapter could combine concepts
like electric charge, leptons, and bosons under the title "Particle physics". The presence of a
particle physics chapter was used as one of the variables for the curricular analysis.

5.3.3 Codebook Development

The codebook represents a crucial part of this curricular review as it provides the basis
for the thematic analysis of the curricula. Thus, the aim was to develop a codebook that is "as
detailed as necessary and as short as possible" (Stadermann et al., 2019, p. 5). The codebook
development followed a dualistic technique of deductive and inductive code creation and
testing, as seen in Fereday and Muir-Cochrane (2006) and Roberts et al. (2019). First, the
deductive component of the code creation involved the creation of a preliminary codebook
based on concepts and topics from the concept mapping study, which is described in Chapter 6.
Additionally, several codes were added from the study by Stadermann et al. (2019).

Second, the author used the preliminary codebook on the Slovenian, Croatian, UK (A-
levels), and the International Baccalaureate (IB) high-school physics curriculum. Several new
codes emerged from this curricular review inductively. Through this process, the codes were
refined, labelled, and a more specific code description was developed. All codes, descriptions,
exclusions, and examples were written in English to enable the international review. The codes
were hierarchically structured, as shown in Table 3. Two particle physics researchers reviewed
the codebook to ensure the independence and unambiguity of the codes. Additionally, coding
instructions for coding the curricula were developed to aid the coding of independent coders.

Third, the updated codebook was pretested on the Austrian, Slovenian, and three
German state curricula (Brandenburg, North-Rhine-Westfall, and Sachsen) by at least two
coders per curriculum. The coders in this pretest were encouraged to note any ambiguities,
problems, and suggestions they encountered through their coding. The initial inter-rater
agreement for each curriculum was at least 60%, and the agreement grew to 100% after
discussion. Based on the comments from the coders and the ambiguities that became apparent
through the inter-rater analysis, the codebook was further refined. Two codes were added based
on the suggestions of the coders, and one code was eliminated due to irrelevance.
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Table 3. Hierarchical overview of the concepts included in the curricular review. The first columns in
the left and right table represent categories, the second topics, and the third concepts. The abbreviations

NOS and HOP stand for Nature of Science and history of physics, respectively.
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Additionally, eleven codes were combined into four broader codes to reduce the
unnecessary level of details. The definitions of the codes were updated to include better criteria
for inclusion. Where needed, exclusion criteria were added to the codebook to reduce ambiguity.

Last, two physics education researchers and a particle physicist reviewed the codebook
and its codes for ambiguity and independence. The final codebook development concluded
with 60 codes related to particle physics. Each codebook entry included a short key, the name
of the concept, a description with inclusion criteria, exclusion criteria, and a curricular example.

The complete list of codes and the hierarchy is shown in Table 3. The complete
codebook with the descriptions, exclusion criteria and curricular examples can be found in
Appendix C. An example of a codebook entry is shown in Table 4.

5.3.4 Coding the Curricular Documents

The codebook and coding instructions were sent to the selected experienced teachers
worldwide to code their respective curricula. The coders had one month time to code their
respective curriculum. The coding of the two (or more) coders within each educational system
were pairwise analysed to identify any possible discrepancies. Indeed, previous studies have
shown that curriculum materials can be very differently interpreted by different practising
teachers (Porter et al., 2015; Remillard, 2005). Additionally, the researchers reviewed all
curricula with the help of an online translator. The ambiguous discrepancies between coders or
between coders and the author were rediscussed to reach a consensus.

After reaching the consensus for each curriculum, the researchers determined the
frequency of the concepts appearing in the curricula. Each concept was counted as having
appeared in a curriculum if the said curriculum included at least one mention of the said concept.
If the concept appears in the curriculum more than once, it still counts as one. For example, if
magnetic field appears twice in the Slovenian curriculum, the count is increased by one. As
described in the subsequent paragraphs, the frequency of the concepts appearing in the
curricula was the basis for determining the common curricular concepts and common curricular
topics.

Table 4. Example of code in the codebook. The full codebook can be found in Appendix C.

Key Concept  Description Exclusion Example

SM5.1  Bosons Curriculum To code Higgs "The Standard Model
mentions bosons or  boson, use code explains exchange of
at least one of the "Brout-Englert- force-carrying

following: photons, = Higgs mechanism". particles called gauge
bosons, gluons, ... bosons."
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5.3.5 Analysis of the Curricula

The analysis of the curricula was done in two steps. First, common curricular concepts
(CCCs) and common curricular topics (CCTs) in particle physics were derived. Second, the
curricula were grouped into two groups based on whether they contained an explicit particle
physics chapter. The CCCs and CCTs in the two curricula groups were then compared to
identify similarities and differences between the groups.

Determining the common curricular concepts (CCCs)

The common curricular concepts (CCCs) were defined as the concepts that appear in
more than half of the curricula. Each curriculum that included at least one occurrence of the
said concept counted as one. Similarly, the common curricular topics (CCTs) were assessed.
Here, a topic counted as having "appeared in the curriculum" when at least one concept within
the topic appeared in the respective curriculum. Following the example from Table 3, if the
concepts of electromagnetic and strong interaction appeared in curriculum A, fundamental
interactions was counted as having appeared in the said curriculum. In this example, the
frequency count was increased by one.

Comparing the CCCs in curricula with and without particle physics chapter

First, the presence of a particle physics chapter within each curriculum was determined.
The particle physics chapter was defined as a specific section in the curriculum with an
increased focus on particle physics. Usually, such sections were defined with a telling title, e.g.,
particle physics or Standard Model. Several curricula included a specific focus on particle
physics within the chapter modern physics or quantum physics. Here, these curricula were
counted as having a focus on particle physics as well. The curricula were then grouped into
those with an explicit particle physics focus (EPP) and those merely implicit particle physics
connections (IPP). Second, the CCCs in particle physics were determined for EPP and IPP
curricula. Again, the CCCs were defined as the most common concepts across the curricular
group. The two groups were descriptively compared to identify potential differences and
similarities.

Last, the researchers compared the prevalence of the topics in EPP and IPP, similar to
the overall CCC analysis described in the previous chapter. The relative frequencies of the
topics appearing in each curricular group were compared to determine any differences or trends.

5.4 Results

This curricular review included six state, twenty national, and one international
curricular document. The curricular documents are described in more detail in Appendix B.
The review was based on a codebook with 60 concepts related to particle physics. The concepts
were clustered into 26 topics, which were further combined into four categories: particle
physics, Nature of Science, history of science, and connections to other curricular topics. The
hierarchy and the individual concepts are shown in Chapter 3.
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At least two coders coded each curriculum. At least one was an expert teacher with
experience with their coded curriculum. In the sections below, the comparison results between
the coders and the comparison of all reviewed curricula are presented.

5.4.1 Comparing the Codings

The codings of two coders per curricula were compared among each other and to the
researcher's analysis of the respective curriculum. The comparison was aimed at identifying
possible discrepancies, as indicated in the methodology section. Overall, three types of
discrepancies were identified, as shown in Table 5. First, the solvable discrepancies were solved
by re-checking the code's definition, e.g., the coded text included a word from the definition.
The researchers resolved these discrepancies. Second, the unsolvable discrepancies did not
have an apparent solution as the coded text was too vague and could not be resolved by looking
at the definition. These discrepancies were rediscussed with coders before resolving. Last,
possible missing codes were discrepancies where the researchers’ identified the said code in
the curriculum, but neither of the coders did. These discrepancies were rediscussed with coders
before resolving. On average, 2.2 (SD = 1.6) discrepancies per curriculum were rediscussed
with coders before reaching an agreement.

Table 5. Examples of discrepancies that appear during the intercoder comparison. All examples were
coded as “magnetic field.”

Text example

Coders’ codings

Discrepancy type

Action

Definition of the
magnetic field.

A: Magnetic field
B: Magnetic field

No discrepancy

Code “magnetic field”
per code definition

Definition of the
magnetic field.

A: Magpnetic field
B: Electric field

Solvable discrepancy

Code “magnetic field”
per code definition

Definition of the

A: Magnetic field

Code “magnetic field”

magnetic field. B: / Solvable discrepancy per code definition

Describe properties of  A:/
permanent magnets. B: Magnetic field

Describe properties of ~ A:/
permanent magnets. B:/

Unsolvable discrepancy —Rediscuss with coders

Possible missing code Rediscuss with coders

5.4.2 Determining the CCCs and CCTs

After the agreements were reached, the frequencies of the concepts within the curricula
were calculated. The overview of the concepts appearing in the individual curricula is shown
in Table 6. The curricula were then reviewed in three groups, namely curricula with an explicit
particle physics chapter (n = 12), curricula without the said focus (» = 15), and curricula overall
(n =27), as mentioned in the methodology section.

The review of the curricula determined that all but one curriculum were structured into
explicit chapters. Here, only the reviewed Italian curriculum was not structured into chapters.
As such, it could not be categorised as a curriculum with an explicit particle physics chapter. A
particle physics chapter was identified in nine of the reviewed curricula, as denoted in Table 6.
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The chapter was often titled "Particle physics" or "Elementary particles". Only in Spain and
South Africa, the chapter was titled "Physics of the 21% century" or "The structure of matter",
respectively.

Furthermore, while the Croatian curriculum did not have chapters with titles, it did
include thematic units. As such, particle physics principles were grouped in one thematic unit.
Thus, Croatia was identified as a country with an explicit particle physics chapter. The common
curriculum for curricula with and without a particle physics chapter is presented in the
subsequent paragraphs.

The frequencies of concepts and topics appearing within each group of curricula are
presented in Table 7. Based on these frequencies, the CCCs and CCTs were defined. The CCCs
were the concepts that appeared in more than half of the reviewed curricula. Similarly, the
CCTs were topics that appeared in more than half of the reviewed curricula. Both CCCs and
CCTs are highlighted in Table 7.

Overall Curricula

Overall, 28 concepts (out of 60) appear in over half of the curricula (more than 13).
These concepts are defined as the CCCs. Out of these, 22 concepts are from the category
connections to other curricular topics, four concepts from the category particle physics, and
one concept in both the categories Nature of Science and history of physics.

Similarly, 15 topics (out of 26) topics appear in over half of the curricula. These topics
are defined as the CCTs. Here, all topics in the category connections to other curricular topics
are CCTs. In the category particle physics, five topics are the CCTs and one topic in both the
Nature of Science and the history of physics. More details on which topics are the overall CCCs
and CCTs can be found in Table 7.

Curricula with an Explicit Particle Physics Chapter

Twelve reviewed EPP curricula have an explicit particle physics chapter, namely the
International Baccalaureate (IB), Austria, Australia (Queensland), Croatia, Germany
(Brandenburg), Israel, Russia, Switzerland (Nidwalden), Serbia, South Africa, Spain, and the
United Kingdom (A-levels).

Overall, 35 concepts (out of 60) appear in over half of the curricula (over 6). These
concepts are defined as the EPP CCCs. Out of these, 22 concepts are from the category
connections to other curricular topics, six concepts from the category particle physics, and one
concept in both the categories Nature of Science and history of physics.

Similarly, 19 topics (out of 26) topics appear in over half of the curricula. These topics
are defined as the EPP CCTs. Here, all topics in the category connections to other curricular
topics are CCTs. In the category particle physics, nine topics are the CCTs. One topic is a CCT
in both the categories Nature of Science and history of physics. More details on which topics
are the EPP CCCs and CCTs can be found in Table 7.
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Table 6. Overview of the particle physics topics covered in the high-school curriculum documents. This
part of the table shows connections to other curricular topics within curricula that also have an explicit
particle physics chapter.
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Table 6 (continued).
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Table 6 (continued).

-
;3’ Topic Concept
S
Big Bang
Cosmology Inflation
Expansion

Standard Model

EM interaction

Fundamental

Strong interaction

interactions

Weak interaction

Gravity in PP

Electric charge

Charges Strong charge
Weak charge
Elementary Quarks
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¢ The respective curriculum only mentions "electrons™ specifically.
P The respective curriculum only mentions "photons” specifically.
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Table 6 (continued).
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Table 7. Overview of the common curricular concepts (CCCs) and common curricular topics (CCTSs)
over the entire set of the curricula or the individual curricular groups, namely the curricula with and
without explicit particle physics thematic focus. The leftmost column shows the categories. Green
numbers represent that the concept or topic sufficed the criteria to be a CCC or CCT, respectively.

EPP curricula | IPP curricula ngrall
curricula
Topic Concept CCC | CCT | ccCc | cCT || ccc | ccT
Mechanics Linear motion 11 15 26
N N 12 15 27
Circular motion 11 15 26
Gravity Newtonian gravity 12 15 27
" — : 12 15 27
Einsteinian gravity 5 2 7
Conservation Energy 12 15 27
laws (of) Linear momentum 11 13 24
12 15 27
Angular momentum 11
Charges 4 10
Thermodynamics | Particle model 11 14 25
Phase transitions 7 12 14 16 26
Vacuum 7 4 11
" Electromagnetism| Electric fields 12 14 26
L (EM) s
=1 Magnetic fields 12 14 26
= Magnetic force 11 12 23
= . 12 15 27
2 lonisation 5 10 15
§ EM waves 12 13 25
£ Superconductivity 5 2 7
(@]
Radiation Cosmic radiation 4 3 7
Alpha R. 10 12 22
Beta R. 10 12 12 14 22 26
GammaR. 10 12 22
Radiation (general) 12 14 26
Special relativity |Relativistic motion 11 7 18
— 12 11 23
E=mc 11 11 22
Quantum physics | Quantum effects 2 4 6
Probability in QP 11 11 22
Atomic models 12 12 14 15 26 27
Atomic energy levels 11 11 22
Quantum mechanics 10 9 19
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Table 7 (continued).

EPP curricula | IPP curricula cgyre}izillla
Topic Concept CCC | CCT | CCC | CCT || cCcC | ccCT
Big Bang 6 9 15
Cosmology Inflation 5 8 4 9 8 16
Expansion 5 5 10
Standard Model 8 8 3 3 11 11
EM interaction 8 9 17
Fundamental Strong interaction 9 o 3 o 12 18
Interactions Weak interaction 8 2 10
Gravity in PP 5 0 5
Electric charge 11 11 22
Charges Strong charge 0 11 0 11 0 22
Weak charge
uarks 9 4 13
9 EA?H:SQ;&FY (Lgeptons 10 0 10 H 20 ot
2 e amon Bosons 8 8 7 7 15 | 15
ﬁ Brout-Englert-Higgs mechanism 3 3 0 0 3 3
E Particle transformations 6 6 4 4 10 10
Feynman diagrams 3 3 0 0 3 3
Antimatter research 7 7 4 4 12 12
Linear accelerator 1 3 4
ggéggfators Circular accelerator 5 8 3 4 8 12
Particle acc. (general) 7 2 9
Historical detectors 1 1 2
Particle detector |Modern detectors 0 4 0 2 0 6
Particle det. (general) 3 1 4
Data storage and data analysis 2 2 3 3 5 5
Advances in Experimental results 3 . 1 L 4 g
particle physics | open questions 7 0 7
Real-life applications of particle physics 6 6 5 5 11 11
Nature of Science 10 10 13 13 23 23
History of (physics) Qua_ntum physics 10 10 1 10 2 20
Particle physics 3 2 5
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Curricula without an Explicit Particle Physics Thematic Focus

Fifteen reviewed IPP curricula have no explicit particle physics thematic focus. These
curricula are of Brazil, Canada (Manitoba), Germany (Baden-Wiirttemberg and Saxony),
France, Ghana, Greece, Italy, Lebanon, Netherlands, Poland, Slovakia, Slovenia, Sweden, and
the USA (Next Generation Science Standards NGSS).

Overall, 26 concepts (out of 60) appear in over half of the IPP curricula (over 7). These
concepts are defined as the IPP CCCs. Out of these, 21 concepts are from the category
connections to other curricular topics, three concepts from the category particle physics, and
one concept in both the categories Nature of Science and history of physics.

Similarly, 14 topics (out of 26) topics appear in over half of the curricula. These topics
are defined as the IPP CCTs. Here, all topics in the category connections to other curricular
topics are CCTs. In the category particle physics, four topics are the CCTs and one topic in
both the categories Nature of Science and history of physics. More details on which topics are
the IPP CCCs and CCTs can be found in Table 7.

There is a 71% overlap between the CCCs in the EPP and IPP curricula. The strongest
overlap is in the categories Nature of Science and history of physics (100%), followed by
connections to other curricular topics (91%), and lastly, particle physics (30%). Here, the 30%
overlap means that 30% of CCCs are common between the two curricular groups.

5.5 Summary and Discussion

This study provides a structured overview of 60 concepts related to particle physics in
27 state, national, and international high-school physics curricula. The curricula were reviewed
both overall and split into two distinct groups based on whether they have an explicit particle
physics thematic focus. The curricular review identified concepts and topics that appear in most
curricula. In the following paragraphs, these most common curricular concepts (CCCs) and
topics (CCTs) are discussed and used to answer the three research questions.

5.5.1 Most Common Particle Physics Concepts in the Curricula

The first research question asked: Which concepts related to particle physics are the
most prominent in national and international high-school physics curricula? The curricular
review found that 28 (out of 60) concepts appeared in over half of the curricula. The concepts
were grouped into 26 topics, 15 of which also appeared in most curricula. Lastly, the topics
were grouped into four categories: the connections to other thematic topics, particle physics,
Nature of Science, and history of physics. Concepts within all categories appeared in over half
of the reviewed curricula.

Two concepts appeared in all reviewed curricula, namely Newtonian gravity and
conservation of energy. Both concepts fall under the category connections to other curricular
topics. Indeed, an overwhelming majority of concepts within the category connection to other
curricular topics appeared in most curricula. However, this was expected, as the topics within
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this category generally represent the chapters in the so-called classical physics curriculum (e.g.,
mechanics, thermodynamics; Olsen, 2002). The concepts within the category connections to
other curricular topics can be considered students’ prior knowledge, especially when particle
physics is taught at the end of high school. Indeed, they act as a base upon which modern
physics topics can be built, as shown in the expert concept map in Chapter 4. Thus, their
overarching presence across the curricula allows for more generalised suggestions for further
curricular updates.

Beyond the connections to other curricular topics, six more concepts were mentioned
in most curricula, namely the leptons, bosons, electric charge, Big Bang, Nature of Science,
and history of quantum physics. First, finding leptons and bosons on this list paint a slightly
biased picture. Based on the coding manual, any example of the respective concept was coded
as a lepton or boson. Thus, all electrons have been coded as an example of leptons, and any
mention of the photon was coded as an example of bosons. While it could be argued that this
should not be coded as it does not explicitly mention leptons or bosons, including these
examples is important for the study and the teaching. Indeed, these examples can provide an
entry point for including particle physics even when they are not explicitly connected to particle
physics (e.g., in the context of electromagnetism).

Many other particle physics concepts also enter curricula as context for other curricular
topics. For example, cosmology is often mentioned in the context of astronomy or astrophysics,
and electric charge in the context of electromagnetism. As such, explicit particle physics
concepts can be intrinsically connected to other curricular topics. By highlighting the
connections to other curricular topics and other particle physics concepts, curricula can further
support students’ meaningful learning (Ausubel, 2000). Indeed, the more connections a specific
concept has, the more stable the concept is in the cognitive network. Therefore, using particle
physics as context should be encouraged in high-school education.

Similarly, the Nature of Science rarely enters curricula as explicit content. Although
research shows that the Nature of Science should be taught explicitly (Lederman, 2013), most
curricula rather call for its implicit introduction. Typically, a list of the Nature of Science
concepts is presented at the beginning of curricula to highlight what teachers should convey
throughout their teaching. Very few examples of the Nature of Science can be found within the
content part of curricula or expecting teachers to teach the Nature of Science explicitly.
Likewise, most textbooks only implicitly include the Nature of Science (e.g., Campanile et al.,
2015; McDonald, 2017). Finding good content to support the teaching of the Nature of Science
as context is crucial for teachers. Here, several studies already suggested contemporary topics,
such as quantum mechanics, to use as the basis for the Nature of Science. Hence, particle
physics could also be used to convey this topic to students. However, the connection between
the Nature of Science and particle physics surpasses the curricular review. Therefore, more on
this connection is discussed in Chapter 8.
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Last, the history of quantum physics was also present in most curricula. As opposed to
the Nature of Science, the history of physics was always featured within the content part of the
curricula. While it is not always clear if the content in the reviewed intended curricula matches
the evaluated curricula (i.e., the content to be evaluated), teachers are expected to teach this
content in school explicitly. This is interesting, as some studies have found the history of
science to be merely a tool for teaching (Galili, 2008; Leone, 2014). However, the history of
quantum physics often plays a more explicit role in teaching. Indeed, quantum physics concepts,
such as atomic models, are often introduced using a historical approach (Harrison & Treagust,
2003). Interestingly, the history of particle physics very scarcely appeared in the curricula. Here,
the historical facts focused more on discoveries of particles (e.g., muons) than on the
development of a model. Therefore, such introduction of the historical aspect is not as
important for meaningful learning of particle physics.

Three explicit particle physics concepts were not mentioned in any curricula. First,
strong charge and weak charge are not mentioned in any of the curricula. However, electric
charge has been identified as one of the most common concepts. Indeed, the electric charge
was commonly mentioned in the context of electromagnetism, which is a part of the classical
curriculum. Interestingly, it was typically referred to only as ‘“charge,” as no other charges
appeared in the curriculum. Thus, the concept of conservation of charge again only holds for
electric charge. This leaves very little space for introducing weak charge and strong charge in
the curricula, as the word “charge” was already introduced to mean electric charge. As such,
the term “charge” in strong charge and weak charge could be thought of as electric charge as
well, making the strong charge and weak charge seem like types of electric charge. Meanwhile,
the strong interaction and weak interaction are still mentioned in several curricula. However,
their description is generally limited to their role in nuclear reactions. Indeed, other studies
have found that teachers often mention strong and weak interactions as decontextualised and
in passing (Sirola, 2018; Tuzon & Solbes, 2016). While introducing the strong and weak
interaction can include short discussion about the nature of these interactions (e.g., range and
relative strength), it typically avoids the charge. For example, the international baccalaureate
(IB) curriculum, one of the most comprehensive curricula in this curricular review, prominently
includes weak and strong interactions. However, while it describes the electromagnetic charge
and the baryon numbers of the elementary particles and the interaction particles, the IB
curriculum still does not introduce the strong and weak charge. Omitting charges from the
curricula means omitting the information about charges for weak and strong interaction.
Therefore, this finding directly supports Michelini’s (2021) claim about superficial
introductions of particle physics in classrooms.

Second, none of the curricula mentioned modern particle detectors. However,
contrarily to the strong and weak charge, the lack of mentions of modern particle detectors is
not that surprising. When at all, particle detectors generally appear in the literature as a context
for other curricular topics, for example, radiation (Barradas-Solas, 2007). Nevertheless, with
various possibilities of introducing some sort of particle detector in the classrooms, not
including particle detectors seems like a lost opportunity for more active learning. Indeed,
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particle detectors are bridges between other curricular topics and theoretical particle physics,
as seen in the expert concept map in Chapter 4. Furthermore, many newer particle detectors
can be used as hands-on experiments in the classroom (e.g., Keller et al., 2016). Here, using
particle detectors in the classroom can help students visualise what is otherwise a very abstract
chapter. Therefore, particle detectors should enter at least teachers’ enacted curricula to support
more meaningful learning.

5.5.2 Curricula with an Explicit Focus on Particle Physics

The second research question asked: What are the differences and similarities between
the particle physics content in curricula with or without an explicit particle physics chapter?
Here, the two groups of curricula were first defined. Twelve curricula were identified to have
an explicit particle physics thematic focus (EPP). Fifteen curricula only showed implicit
connections to particle physics (IPP). In both groups, the most common curricular concepts
(CCCs) were determined. The CCCs were the basis for the comparison of the two groups. The
results show that while the two groups are very similar in some respects, there are some visible
differences.

EPP curricula include more CCCs and CCTs in particle physics than the IPP curricula.
This is not surprising, as EPP curricula focus more explicitly on particle physics. The majority
of the CCCs and CCTs in particle physics remain in theoretical particle physics. Indeed, only
one CCT in EPP curricula can be classified as an experimental particle physics concept, namely
the particle accelerators. This concept was mainly included in the curricula as a context for
electromagnetism. Again, including a concept in the curriculum as context can be very
beneficial to students’ learning if it is connected to other concepts in the curriculum. However,
in the case of particle accelerators, this was not the case. Particle accelerators were not
explicitly connected to any other particle physics concepts or the particle physics chapter itself.
Indeed, particle accelerators per se very rarely explicitly appeared in the particle physics
chapter. Therefore, theoretical particle physics concepts remain disconnected from the
experimental particle physics concept. As such, learning about theoretical particle physics can
quickly turn into rote learning of facts and numbers that describe particles and fundamental
interactions without knowing their meaning in the context of physics, modern research, and
everyday life. Therefore, it is up to teachers to better connect particle physics concepts to each
other and beyond.

Interestingly, CCCs and CCTs within the category other curricular topics overlap
significantly. Indeed, the two types of curricula differ only in three CCCs, namely the relative
motion and vacuum that were only CCCs in EPP curricula, and ionisation that was only a CCC
in IPP curricula. Other curricular topics can be considered as students’ prior knowledge when
learning about particle physics. Therefore, when discussing particle physics, all curricula lead
to a similar level and breadth of students’ prior knowledge. As such, most suggestions for
including particle physics in classrooms can apply to most high-school physics curricula.

This curricular review provides an overview of what is being expected by educational
systems in the context of particle physics in high school education around the world. However,
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only the most extensive physics curricula within each educational system were included (e.g.,
science-oriented high-school curricula). Furthermore, the intended curricula do not necessarily
match the enacted curricula, i.e., what teachers finally bring into the classroom. Further studies
should investigate what teachers include in their classrooms to better identify how particle
physics is included, both as content and context.

The first two studies of this doctoral research project investigated what students are
expected to learn. Together, the two studies give a good overview of how particle physics is
presented in high-school education. A detailed comparison between the two studies is given in
Chapter 7. However, nothing was said on how teachers could improve their knowledge on the
topic. Thus, a third study was designed to identify what the stakeholders of CERN’s
professional development programme expect teachers to learn in a one-week programme at
CERN. This study is presented in the next chapter.



6 CONTENT OF PARTICLE PHYSICS
PROFESSIONAL DEVELOPMENT

The inclusions of new topics, such as particle physics, as well as other advancements
in curricula quickly overgrow teachers’ initial training (OECD, 2019). Thus, in-service teachers
worldwide are driven to participate in different professional development opportunities to
advance their skills and knowledge and prepare for new learning situations (Finlayson et al.,
1998; Greene et al., 2013; Hewson, 2007; Pena-Lopez, 2009). In particle physics, various
research organisations are running professional development programmes (PDPs). For instance,
thousands of teachers worldwide already participated in CERN’s teacher programmes on
particle physics (Coldham, 2016). A similar situation can be seen in many other particle physics
PDPs worldwide (e.g., Netzwerk Teilchenwelt, QuarkNet, EinsteinPlus). However, until
recently, information on what teachers are expected to learn at particle physics PDPs was scarce.

6.1 State of the Research: Effective Professional Development Programmes

Secondary science teachers’ content knowledge (CK) and its structure rarely advance
only through classroom practice (Nixon et al., 2017). When changes in the curriculum exceed
teachers’ previous education, the best option is to enhance their CK through professional
development further. Therefore, professional development programmes (PDPs) are one of the
building blocks of successful systematic educational reforms (Borko, 2004; Corcoran, 1995;
Garet et al., 2001; OECD, 2019), as mentioned in Chapter 2.

The main goal of a great number of PDPs is the enhancement of teachers’ content
knowledge (Borko, 2004; Desimone, 2009; Garet et al., 2001; Park Rogers et al., 2007; Smith
& Gillespie, 2007). Teachers’ participation in effective PDPs has been shown to improve their
professional knowledge and skills (Banilower et al., 2007; Blomeke et al., 2016; Borko, 2004;
Boyd et al., 2009; Desimone, 2009; Greene et al., 2013; Hewson, 2007; Luft & Hewson, 2014;
OECD, 2019; Pena-Lopez, 2009; Tatto & Menter, 2019). The increase in teachers’ professional
knowledge and instructional quality further reflects on students’ achievement. Indeed, Lee and
Mamerow (2019) found that students with highly qualified teachers tend to have better
achievements and better educational outcomes in science, technology, engineering, or
mathematics (STEM). Thus, it is important to enable teachers to further develop their
knowledge and skills throughout their profession. Here, participation in PDPs enhances
teachers’ CK (Diamond et al., 2014; Garet et al., 2001; Greene et al., 2013; Heller et al., 2012;
Morewood et al., 2010), which can also reflect on students’ achievement (Heller et al., 2012).
Thus, professional development is an essential part of any curricular reform (Borko, 2004;
Corcoran, 1995; Garet et al., 2001; OECD, 2019). Indeed, students’ achievement is greater
when their teachers continue with the older curricular standards than updated standards if they
do not receive supporting professional development (Doppelt et al., 2009). However, not all
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professional development can be considered effective. Based on the study by Darling-
Hammond et al. (2017), effective professional developments can be defined as “structured
professional learning that results in changes in teacher practices” (Darling-Hammond et al.,
2017, p. 2).

Effective professional development relies on several interdependent characteristics
(Darling-Hammond et al., 2017). First, a strong CK focus is at the heart of most effective
professional development (Darling-Hammond et al., 2017; Desimone, 2009; Doyle et al., 2020).
Indeed, professional developments focusing on CK and pedagogical content knowledge (PCK)
raise teachers’ confidence in teaching (Shallcross et al., 2002). Similarly, Garet et al. (2001)
found that a strong focus on CK in professional development significantly improves teachers’
knowledge and instruction practice. Within the content focus, professional development should
emphasise the use of models and modelling to make them more effective (Darling-Hammond
etal., 2017).

Second, effective professional development should incorporate active learning
experiences, such as using authentic artefacts and interactive activities. Indeed, active learning
experiences allow teachers to encounter the resources they are expected to utilise in the
classroom (Darling-Hammond et al., 2017; Desimone, 2009; Doyle et al., 2020; Trotter, 2006).
Here, active learning promotes active engagement of educators as well as students and thus
provides opportunities for highly contextualised learning (Darling-Hammond et al., 2017).

Third, Darling-Hammond et al. (2017) call for strong coaching and expert support
throughout professional development. Indeed, experts and coaches can provide teachers with a
stronger scaffold for effective implementations of new curricula, tools, and approaches
(Gallagher et al., 2017; Penuel et al., 2011; Roth et al., 2011). Most effective professional
development also shows strong overall coherence (Darling-Hammond et al., 2017; Desimone,
2009; Doyle et al., 2020). Coherence means that professional development is consistent with
national and local education policies and connect to what teachers already know (Desimone,
2009; Qian et al., 2018).

Last, several studies emphasised the importance of the sustained duration of
professional development (Banilower et al., 2007; Darling-Hammond et al., 2017; Guskey,
2000; Liu & Phelps, 2020; Smith & Gillespie, 2007). However, Banilower et al. (2007) found
that the overall effects of length on the quality of professional development were small to
moderate. Indeed, the content focus and the activities within professional development likely
have a greater influence on the professional development effectiveness than its length
(Lipowsky & Rzejak, 2015; Wiener et al., 2018). A well-defined content of professional
development is thus of crucial importance.

As seen in several studies, focus of professional development on CK aligns strongly
with teachers’ personal learning goals. Indeed, teachers identified enhancement of content
knowledge as their personal aim through participation in professional development (Anderson
& Mitchener, 1994; Louws et al., 2018; Owens et al., 2018; Park Rogers et al., 2007; Van Duzor,
2012). Here, a strong connection between teachers’ personal learning goals and the
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programmes' goals is crucial as it increases the likelihood of teachers becoming ambitious and
successful while learning (Coburn, 2004; Penuel et al., 2007; Zepeda, 2013). Likewise, the
policy approaches to professional development often, at least loosely, call for enhancement of
teachers’ CK through their participation in PDPs, as seen in Loeb et al. (2009). Furthermore,
the same goal is shared by research scientists that facilitate the programmes (Drayton & Falk,
2006; Gentsch, 1999; Schuster & Carlsen, 2009; Taylor et al., 2008). Indeed, research scientists
typically value the goal of enhancing teachers’ CK more than enhancing their pedagogical
knowledge (PK) or PCK (Gentsch, 1999). Similarly, the paper the author published on learning
goals of PDPs confirms that all stakeholders agree on enhancing CK as one of the most
important goals (Kranjc Horvat et al., 2021), as described in Chapter 3.

6.2 Research Questions

Enhancing teachers’ CK was recognised as one of the PDPs' most important learning
goals by various stakeholder groups in several studies (e.g., Gentsch, 1999; Kranjc Horvat et
al., 2021; Schuster & Carlsen, 2009; Zepeda, 2013). However, in the context of high-school
particle physics, little is known about what this content knowledge should entail. Therefore,
the Delphi study, described in Chapter 3, included a section for determining the expected
content of PDPs. The following research question guided the content knowledge part of the
Delphi study:

RQ6.1: Which particle physics content is perceived by the relevant stakeholders as the
most important for teachers to learn about in professional development programmes
(PDPs) in particle physics for in-service high-school science teachers?

However, different stakeholders could hold different perspectives on the characteristics
of effective PDPs. The different perspectives can lead to disparities between theory and practice,
expectations, and realisations (Park Rogers et al., 2007). For example, PDP developers
sometimes fail to consider teachers and their learning goals in top-down PDP initiatives.
Therefore, the teachers cannot implement changes in the expected way (Collinson et al., 2009).
The study presented in this chapter thus explored the differences between various stakeholder
groups. The following research question guided this exploration:

RQ6.2: Which differences and similarities can be identified between the expectations
of the different stakeholder groups regarding high-school teachers’ particle physics
content knowledge (CK)?

Both research questions were addressed in a Delphi study on experts’ expectations
regarding particle physics PDPs, described in Chapter 3. The part of the study that focused on
the content of particle physics PDP is described in detail in the sections below.
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6.3 Methodology

The exploration of research questions called for a robust research method for expert
opinion elicitation. Thus, a conventional Delphi study was conducted. Delphi study is an
iterative expert method, aiming to elicit ideas, judgements, and predictions of experts with
relevant knowledge and experience (Osborne et al., 2003; Reeves & Jauch, 1987). Typically, a
conventional Delphi study includes three rounds of questionnaires which alternate with
structured feedback that allows the experts to deliberate on the common opinion (Clayton,
2006; Goldstein, 1975; Gupta & Clarke, 1996; Hasson et al., 2000; Hsu & Sandford, 2007,
Linstone & Turoff, 1975; Rowe & Wright, 1999). The first round of the Delphi study is usually
an open or semi-open questionnaire (Clayton, 2006; Enzer, 1975; Hasson et al., 2000; Linstone
& Turoff, 1975; Osborne et al., 2001; Reeves & Jauch, 1987; Rowe & Wright, 1999). In
subsequent questionnaires, the experts deliberate on themes that emerge from the first-round
questionnaire and possible additional literature review (Hasson et al., 2000; Linstone & Turoff,
1975; Rowe & Wright, 1999). Between the rounds, the experts are provided with feedback
from the latest round. The feedback includes the results of the analysis of the latest round and
comments made by the experts in the respective round. The experts are encouraged to review
the feedback and revise their judgement considering suggestions and comments of other
experts (Brady, 2015; Clayton, 2006; Gupta & Clarke, 1996; Hsu & Sandford, 2007; Linstone
& Turoff, 1975).

Experts’ ideas and judgments are central to the Delphi study. Therefore, the quality and
width of the Delphi study depend greatly on the expert selection (Baker et al., 2006; Powell,
2003; Rowe & Wright, 1999). Indeed, experts' required knowledge, experience, or political
influence need to be well defined beforehand (Baker et al., 2006; Okoli & Pawlowski, 2004;
Osborne et al., 2001). Here, a broader definition of expertise leads to more heterogeneous
groups with a wider knowledge base and, thus, to greater interest and more unique ideas of
stakeholders in the study (Baker et al., 2006; Okoli & Pawlowski, 2004; Powell, 2003; Rowe
et al., 2011). However, heterogeneous groups bear the risk of stronger social influence of the
individuals (Bolger & Wright, 2011). Hence, splitting the heterogeneous expert group into
several homogeneous groups can ensure a fairer representation of views (Bolger & Wright,
2011; Jones, 1975; Osborne et al., 2003). While the reliability of a Delphi study improves with
the increasing number of participating experts (Hasson et al., 2000), there is little to no increase
in the number of generated ideas in homogeneous groups with over 30 experts (Delbecq et al.,
1975). Thus, most studies include between 10 and 25 experts per homogeneous group (Clayton,
2006; Okoli & Pawlowski, 2004; Osborne et al., 2001, 2003). Including several homogeneous
groups in a study leads to a great number of experts that are often unavailable for a long
discussion at the same time. Fortunately, the iterative nature of the Delphi study design allows
more experts to deliberate on the ideas and opinions of others while being geographically
dispersed (Clayton, 2006; Enzer, 1975; Hasson et al., 2000; Osborne et al., 2003). Furthermore,
the experts can remain anonymous (Hasson et al., 2000; McMillan et al., 2016; Osborne et al.,
2003; Rowe & Wright, 1999), which further reduces the potential social influences of the
individuals (Bolger & Wright, 2011).
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Based on the recommendations from the extensive body of research on Delphi studies
(e.g., Clayton, 2006; Linstone & Turoff, 1975; Osborne et al., 2003), this Delphi study followed
the described three-round design with interspersed feedback. The expert selection and the
design of each round are described in more detail in the sections below.

6.3.1 Participants

All experts in this study were stakeholders of CERN’s teacher programmes. The
stakeholders were invited to form four stakeholder groups: (a) physics education researchers,
(b) government representatives of different countries with experience in particle physics
policies (hereafter referred to as country representatives), (c) research scientists in the fields of
natural science and informational technology, and (d) in-service high-school science teachers.
All stakeholder groups and the respective qualifications of the stakeholders are described in
Table 8.

The stakeholders within each group were chosen using a different technique due to the
inherent differences between the groups. First, potential physics education researchers were
identified using the snowballing nomination technique. Here, nominations by peers created a
stronger personal connection to the study and, thus, helped ensure expert retention (Braun &
Clarke, 2006; Gupta & Clarke, 1996; Rowe et al., 2011). The qualifications of each nominee
were checked against predefined criteria (see Table 8). Second, country representatives were
nominated based on their experience with and knowledge of the educational programmes and
policies in their institutions and home countries, respectively. Third, all invited research
scientists were identified as experts in natural sciences or engineering. Additionally, all were
experienced PDP facilitators at CERN in their respective national languages. Last, in-service
high-school science teachers from various countries were invited either shortly before or after
participating in their respective national or international PDP at CERN. Overall, the
stakeholders came from 33 countries. Here, country delegates came from 24 countries, research
scientists from 19 countries, teachers from 12 countries, and physics education researchers
from 9 countries.

Throughout the rounds, the number of stakeholders per stakeholder group always
exceeded 10, as recommended in the literature (Clayton, 2006; Hasson et al., 2000; Okoli &
Pawlowski, 2004; Osborne et al., 2001, 2003). Furthermore, all stakeholders that were invited
to participate in the first round of the study were also invited to subsequent rounds, regardless
of their participation in previous rounds. Thus, the number of stakeholders in some of the
stakeholder groups increased between the rounds, as seen in Table 9.

6.3.2 Conduct of the Study

Conventional Delphi studies have an iterative design, where the outcomes of each round
directly affect the methodology of the subsequent rounds. Thus, the study's methodology is
best presented by including intermediate results between the rounds’ descriptions. The final
results and outcomes of the Delphi study are presented in Chapter 6.4.
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As defined by the research questions, this study aimed to identify topics within particle
physics that stakeholders perceive to be the most important for teachers to learn at a particle
physics PDP. Thus, the first-round open-ended question was designed to elicit various
stakeholders’ ideas for possible topics. The question was pretested in two steps. First, semi-
structured interviews were conducted with three members of the stakeholder groups. The
interviews ensured that the question was unambiguous and not leading. Second, the updated
question was pretested with five physics education researchers to ensure that it was appropriate
for the international stakeholder groups. None of the stakeholders in the pretests took part in
the first round of the study. Based on the outcomes of the pretests, the following first-round
question was designed:

What should in-service high-school science teachers learn about particle physics at
PDPs at CERN or a similar particle physics research institution?

Round 1: Data collection and analysis

The first-round questionnaire was designed as an online questionnaire. The selected
stakeholders were encouraged to provide their ideas and any additional comments within a one-
month deadline for completion.

The first-round data were analysed using inductive thematic network analysis (Attride-
Stirling, 2001; Brady, 2015; Kranjc Horvat et al., 2021; Linstone & Turoff, 1975). Most themes
emerged inductively from the patterns identified in the first 15 responses, as recommended by
Braun & Clarke (2006). As per Attride-Stirling (2001), the themes were organised into a
hierarchical network, where they were clustered into categories. Each theme was described
based on the patterns to increase the unambiguity of the themes.

The themes and the descriptions were validated with an inter-rater analysis. Here, 10%
of the data was validated by an inter-rater. Initially, the inter-rater agreement was 80%. After
the discussion, the agreement rose to 100%. All themes, their descriptions, and the respective
examples were then combined into a feedback package for the stakeholders.

Table 8. The stakeholder groups and their respective qualifications.

Stakeholder group  Qualifications

Physics education Experience in the research of PDPs or modern physics education.
researchers

Country delegates Extensive knowledge of education policies and programs in their
respective home countries and institutions.

Research scientists Researchers in natural sciences or informational technology; involved
with the organisation of national PDPs.

Teachers High-school science teachers; participated in the PDP at the particle
physics laboratory in the past or applied to participate in the future.
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Table 9. Number of stakeholders per stakeholder group in each round.

Stakeholder group Ist Round 2nd Round  3rd Round
Physics Education Researchers 28 31 32
Country Delegates 16 11 12
Research scientists 18 14 11
Teachers 19 45 43
Total 81 101 98

Round 1: Results

The thematic network analysis of 81 stakeholders’ responses in Round 1 resulted in 8
categories with 17 themes. The categories, the themes, and respective examples are presented
in Table 10.

The themes that were identified in the first round were used as the basis for the second-
round questionnaire. There, the aim was to identify which of the themes were perceived by
stakeholders as the most important for teachers to enhance through their participation in particle
physics PDPs. Therefore, all stakeholders were asked to rate each theme on a Likert-type scale
in the second round. The online questionnaire was pretested by nine physics education
researchers and two high-school science teachers. None of the researchers or teachers in the
pretest later participated in the second round of the Delphi study. The pretest showed that the
questionnaire was unambiguous and understandable to international participants. The
questionnaire was then sent to the stakeholders in an online form with a one-month deadline
for completion.

Round 2: Data collection and analysis

In the second-round questionnaire, stakeholders rated the importance of each theme.
The importance was rated on a 6-point Likert-type scale, ranging from 1 (“Very unimportant™)
to 6 (“Very important™). The scale was explained on the first page of the questionnaire, as seen
in Clayton (2006). The even number of points for the Likert-type scale was selected to avoid a
neutral option, as Harvey and Holmes (2012) and Turoff (1975) suggested.

The Likert-type responses were analysed descriptively, as suggested by Boone and
Boone (2012). The central tendency was assessed using the median (Day, 1975; Hsu &
Sandford, 2007; Ludlow, 1975; McMillan et al., 2016; Rowe & Wright, 1999). Additional
frequency analysis showed the variance of the answers (Williams et al., 2004).

The frequency analysis was later used as the basis for ranking the themes based on their
importance. Namely, the theme rated as at least “Rather important” by the most stakeholders
were ranked the highest. The differences between adjacent themes within such ranking were
assessed with the Mann-Whitney-Wilcoxon test to determine whether the difference between
their respective ranks was statistically significant. Furthermore, the agreement on the rating of
each theme between the stakeholder groups was assessed using the Kruskal-Wallis test.
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Table 10. Overview of the 17 themes that emerged from the analysis of the first round of the Delphi
study. The themes are grouped into eight categories, as shown in the first column. The last column
presents respective examples from the data for each theme.

Category Theme Example
Particle physics Teachers should hear about particle physics and
(in general) technology at the highest professional level.
Short lectures on (...) Standard Model and why to look
Particle Standard Model beyond it () Y
physics . . . .
Elementary particles Explain the basic properties of hadrons and leptons.
Fundamental Allow acquiring the necessary knowledge (...) on
interactions elementary particles and how they interact.
Technology and New information about the technology used at LHC
engineering and detectors.
. Enhance teachers’ knowledge on (...) accelerator
Particle accelerators o
Technology principles.
Particle detectors Understand the principle and new methods of
measurement [at CERN].
Compl_Jtlng el G Learn about computing and software design.
analysis
Cosmolo Cosmolo Explaining the context and relevance of the research
9y 9y being done to understand the Universe better.
Qzég?gﬁter Antimatter research Visit antimatter factory as the next step after a lecture.
Theoretical advances Contact to modern physics and questions of the front of
modern research
glne(;/voreesrl:lts Dark matter Teachers should learn about the mysteries of dark
P and dark energy matter and dark energy.
questions
. Information about the last results in particle physics -
Experimental advances .
theory and experiment.
Real-life . — Educate teachers about research done at CERN and
o Real-life applications L .
applications explain spinoffs for society.
. Philosophy of science To impose scientific thinking, we hold an evening
pHr:?ltgsrgpahry and societal impacts discussion on the "philosophy of science”.
of science History of science Historical development of physics research and physics
knowledge.
Relativity . A teacher should deepen his/her knowledge of modern
Relativity theory . . : .
theory physics with an emphasis on relativity.

In addition to rating the themes on the Likert-type scale, stakeholders were encouraged

to provide comments to justify their ratings and suggest any changes to the themes. The

stakeholders’ justifications and suggestions increased the validity of the study as they reduced

researchers’ bias (Brady, 2015; Osborne et al., 2001). The comments were inductively

thematically analysed to identify any patterns that called for further updates.
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The results of the second-round questionnaire were combined and summarised in the
feedback package for stakeholders. In addition to the representation of the ranking outcome,
the results of statistical analysis and an overview of the comments were also provided. The
differences between groups were shown; however, they were not discussed to avoid potential
researchers’ bias. Any changes to the list of themes were highlighted and explained to increase
the transparency of the process. The feedback package was sent to the stakeholders together
with the invitation for the third-round questionnaire.

Round 2: Results

The descriptive analysis of the second-round questionnaire showed a significant ceiling
effect. The median of the theme real-life applications was 6 (“very important”), and all other
medians were 5 (“rather important™), as seen in Table 11. Similarly, all themes were rated as at
least “slightly important” by more than 83% of all stakeholders. Here, only history of science,
philosophy of science, and theoretical advances were rated as at least “slightly important™ by
less than 90% of all stakeholders, as shown in Table 11 and Figure 4. These are also the only
three themes that received the rating “very important” by less than 25% of all stakeholders.

The themes were ranked based on the percentage of stakeholders rating them as at least
“slightly important”. The Mann-Whitney-Wilcoxon test was used to assess the differences
between the adjacent themes in the ranking. The only two pairs of adjacent themes with
statistically significant differences between their respective ratings were the Standard Model
and antimatter research (W=3750.5, p=.002), and the experimental advances and technology
and engineering (W=5820, p=.03). Thus, only these two pairs can be statistically differentiated.
The ratings of all other pairs of adjacent themes were not statistically different (p>.05).

The Kruskal-Wallis test on all themes showed that 12 out of 17 themes were ranked
significantly differently (p<.05) by at least one stakeholder group. For example, physics
education researchers rated technology and engineering as “slightly important”. At the same
time, all other stakeholder groups considered it “rather important.” Only cosmology, dark
matter and dark energy, relativity theory, history of science, and philosophy of science were
similarly rated in all stakeholder groups. However, the results show a strong ceiling effect, and
most ranked themes are statistically indistinguishable. As such, any conclusions overall or per
group are unreliable. Therefore, the next round of the Delphi study needed to be designed in a
way that would increase the validity of the results.

Thus, the third-round questionnaire included a ranking task and an hour-assignment
task to better differentiate between the relative importance of the themes. However, the large
number of themes in the third round could increase stakeholders’ cognitive load (Rokeach,
1973; Smyth et al., 2018). Therefore, several themes were combined to reduce the overall
number of themes. The themes were joined through think-aloud interviews with three particle
physicists and a physics education researcher. This procedure ensured the merging validity and
reduced the researchers’ bias. Themes particle physics (general), Standard Model, elementary
particles, and fundamental interactions were combined into Standard Model of particle physics.
The themes dark matter and dark energy and cosmology merged into cosmology.
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Cosmology

Real-life applications
Particle physics (in general)
Dark matter and dark energy
Antimatter research
Standard Model
Experimental advances
Technology and engineering
Fundamental interactions
Elementary particles
Relativity theory

Particle detectors

Particle accelerators

Computing and data analysis

99%
98%
98%
97%
96%
96%
95%
95%
95%
95%
94%
93%
93%
90%

89%
88%

Philosophy of science

History of science I

Theoretical advances I 83%
25 0 100
Percentage of stakeholders
Response . Very unimportant Slightly unimportant - Rather important
Rather unimportant Slightly important . Very important

Figure 4. Frequency analysis of the second-round ratings. The Likert stacked bar chart represents the
combined responses of all stakeholders. The themes are sorted by the percentage of stakeholders that

99 6

rated the respective theme as important (blue), meaning either “slightly important”, “rather important”,
or “very important”.

Altogether, 16 stakeholders added comments on the second-round questionnaire.
Neither of them included suggestions for additional topics. The comments on individual themes
were grouped and are presented as such in the paragraphs below.

First, stakeholders deliberated on particle physics, different particles and their
properties, particle interactions, the Standard Model, cosmology, antimatter research, the
mysteries of dark matter and dark energy, and advances in theoretical physics. Here, comments
by two country representatives and a research scientist noted that all the topics in this grouping
could indeed be considered one topic overall. Thus, most themes within this grouping were
joined into one for the third round, namely the Standard Model. Furthermore, several
stakeholders mentioned interest and motivation. For example, one teacher mentioned that
introducing these topics in a classroom would “generate interest and excitement in the field.”
Similarly, a country representative noted that “the beginning of the Universe would certainly
be compelling for students as well as antimatter research and dark matter.” Furthermore, a
teacher commented that “antimatter and dark anything have been very attractive nowadays.”
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Table 11. Overview of the analysis of the second-round rating by all stakeholders. The second column
presents the percentage of stakeholders that rated the respective theme as important, namely either
“slightly important”, “rather important”, or “very important”. The third column presents only the
percentage of the stakeholders that rated the respective theme as “very important”. The third column
presents the median for each theme. Here, 5 stands for “rather important”, and 6 for “very important”.
The last column presents the differences between the rating of different stakeholder groups that were
assessed using the Kruskal-Wallis test.

% % . Kruskal-Wallis

Theme . Median

Important | Very important p-value
Cosmology 99 49 5 107
Real-life applications 98 57 6 .006**
Particle physics (general) 98 46 5 002%*
Dark matter & dark energy 97 37 5 130
Antimatter research 96 29 5 .009**
Standard Model 96 49 5 002%*
Experimental advances 95 46 5 .014*
Technology & engineering 95 30 5 .002%*
Fundamental interactions 95 40 5 015%
Elementary particles 95 41 5 .009**
Relativity theory 94 36 5 .080
Particle detectors 93 36 5 .030*
Particle accelerators 93 35 5 007%*
Computing & data analysis 90 25 5 012%*
Philosophy of science 89 20 5 525
History of science 88 16 5 152
Theoretical advances 83 18 5 018*

Statistical differences denoted as *p<.05; **p<0.01.

Another cluster that appears is around the notion that these topics should “avoid being
too theoretical” (physics education researcher). Here, a country representative noted that “all
of these are important topics, but it is difficult for high-school teachers to learn all of them.”
Similarly, another country representative mentioned that “advances in theory should probably
cover the general aspects but look rather difficult to me to convey on an appropriate level.”

Second, several stakeholders commented on particle accelerators, particle detectors,
computing and data analysis, and technology and engineering. Here, one physics education
researcher emphasised that the PDPs should “avoid being too technical.” This notion was
supported by a physics education researcher, who mentioned that “the specifics are not as
important as the ‘big ideas.’" A country representative agreed:

“I don't know how important the technical details are — [teachers] should be able to
answer questions of their students with respect to the large concepts, but not in detail.”

Additionally, the research scientist agreed that it “depends on the level” of complexity of the
theme. One teacher connected these experimental methods and the Nature of Science:

“Far too often, students leave high school physics with the idea that physics research is
basically finished. When we can tie concepts in high-school courses (such as
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electromagnetism) to particle accelerators and detectors, then we can open their eyes to
the limits of what we know and where the frontiers of research are.”

Similarly, a teacher commented that introducing latest findings in the classroom
introduces students to “future prospects.” The country representatives were split on this theme.
While one believed that learning about lafest results is “secondary,” another country
representative noted that:

“At a place like CERN, the participating teachers are expecting to learn about the latest
findings and newest results; anything less would constitute a disappointment for them.”

One teacher agreed, mentioning particle physics PDPs are a great place “to learn what is new
from those doing the research.” However, three stakeholders emphasised that these topics
might be difficult to understand. Indeed, one physics education researcher commented that an
“assessment of necessary preliminary knowledge for understanding” is important. This would

(133

then allow the theme to be better “‘translated’ for teachers” (teacher) as to make them more

“comfortable with latest findings and newest result” (teacher).

The theory of relativity sparked fewer comments overall. Here, one teacher and one
country representative found it “important,” and one teacher noted they “rarely have had an
opportunity to be introduced to [theory of relativity].” However, a physics education researcher
commented that teachers generally already know the basics and should thus rather “learn to
apply the basic equations to particle accelerators and processes between particles.”

The real-life applications of particle physics sparked more comments. Again, several
stakeholders connected it to the Nature of Science. Here, a teacher commented that introducing
real-life applications shows that “science is ‘everywhere and everything,”” with another
teacher adding that it helps to show that “research can help people.” Another teacher
complemented this by writing that this theme “helps students with the question ‘where will I
ever use this?’” Similarly, a physics education researcher noted that this theme answers the
student’s “why bother” questions. A country representative agreed with this notion, saying that
“it could be appealing to students to know that science is not only up in the air but that it touches
their everyday lives.” On the other hand, one physics education researcher thought that
“[teachers] can probably learn about this topic elsewhere.”

Similarly, two physics education researchers commented that teachers could learn about
philosophy and history of science “on their own” or “elsewhere” rather than at a particle physics
PDP. One research scientist also noted that Aistory and philosophy of science are “marginally
important” at such programmes. Additionally, one physics education researcher wrote that if
included, history and philosophy of science should be “made relevant” rather than just
introduced with “a lot of talking.” Here, another physics education researcher highlighted the
importance of talking about the “the good and the bad of history” and not only “showing the
upside.” Two teachers remarked that learning about Aistory and philosophy of science is “quite
important” as “teachers are not always the best trained in these two areas.” Furthermore, a
country representative wrote that “when you ask physicists, it is often these aspects that
attracted them to science.”



Chapter 6 : Content of Particle Physics Professional Development 61

Finally, two comments were made about the entire group of themes. First, a research
scientist indicated that there is usually “no time to cover all the [themes]” in a short programme.
Second, a physics education researcher emphasised that it is important that “not only lectures”
are used to introduce these themes.

The results of the second round, the stakeholders’ comments, and the joining of the
themes were presented to the stakeholders in the feedback package. The feedback package was
sent to the stakeholders together with the invitation to the third round of the Delphi study.

Round 3: Data collection and analysis

In the third round of the Delphi study, the stakeholders re-evaluated their importance
ratings from the previous round. Their re-evaluation was based on the ratings of all stakeholders
and the rating of their respective stakeholder groups in Round 2. The stakeholders received the
list of the themes presented in Table 12 in an online form. The themes were sorted according
to their rating in the second round. Here, the joined themes assumed the position that was
previously taken by the highest-ranked theme included in the new theme. For example, the
Standard Model of particle physics was on the third place as the theme Particle physics (in
general) was ranked third in the second round. Additionally, an item Other was added to the
ranking task to allow for additional topics to be ranked. An option to specify the “Other” was
added as well. The stakeholders ranked the themes from highest to lowest importance.

The analysis of the ranking task was done in several steps. First, the overall ranking and
rankings per stakeholder group were constructed using medians and interquartile ranges of the
themes. Next, differences between the ranks were assessed for significance using the Mann-
Whitney-Wilcoxon test. Here, the differences between 33% of the adjacently ranked themes
(e.g., themes in second and third place) were not significant (» > .05; see Table 13).

The themes were grouped into three groups based on the relative position of the
respective theme’s median in relation to the questionnaire’s interquartile range to increase the
differences in the ranking. Themes with medians in the first quartile were grouped into high
importance themes. Themes with medians in the interquartile range were grouped as medium
importance themes. Themes with medians in the fourth quartile were grouped as low
importance themes, as seen in Figure 5. The differences between groups were assessed with
the Mann-Whitney-Wilcoxon test.

The third-round analysis assessed the agreement between stakeholder groups per theme
using the Kruskal-Wallis test. Any disagreements were further explored with the pairwise
Wilcoxon test with Bonferroni adjustment. The overall agreement between stakeholder groups
was assessed using Kendall’s W coefficient of concordance (Moslem et al., 2019).

Finally, the stakeholders were encouraged to provide additional justifications,
comments, or additional ideas. The comments were thematically analysed to identify any new
patterns. This questionnaire concluded the rounds of questionnaires of this Delphi study. Thus,
the third-round results are the final results, as presented in the next section.
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Figure 5. Boxplot of the overall rankings of 13 themes and 1 “other” option in the Delphi study. The
yellow shaded area represents the interquartile range of all themes. This is used to differentiate between

the high, medium, and low importance themes. Dark blue bars represent high importance themes, light
blue bars represent medium importance themes, and grey bars represent low importance themes.

6.4 Results

Overall, 13 themes emerged from the three-round Delphi study on the most important
topics in particle physics for high-school science teachers PDPs. The final themes and the
results of the analysis are presented in Table 13. The stakeholders ranked the 13 themes and
one additional item (Other) based on their perceived importance. The overall ranking was based
on the medians and the interquartile ranges of the themes. Due to insignificant differences
between a third of the themes, the themes were grouped into high, medium, and low importance,
as shown in Figure 5. Ranking by individual stakeholder groups is shown in Appendix E. The
Mann-Whitney-Wilcoxon test on the grouped themes showed significant differences between
both high and medium, and medium and low importance groups (W = 50860, p <.001, and
W =150860, p <.001, respectively).

The themes ranked as “high importance” themes are cosmology, the Standard Model of
particle physics, and real-life applications of particle physics. The themes ranked as “medium
importance” themes are experimental advances, technology in modern physics, particle
accelerators, particle detectors, data analysis, antimatter research, and theory of relativity.
The themes ranked as “low importance” themes are philosophy of science, history of science,
theoretical advances, and other.

Kendall’s coefficient of concordance showed that the groups of stakeholders strongly
agreed (W = 0.87) on the overall importance ranking of the themes. The analysis of agreement
per theme with a Kruskal-Wallis test showed no statistically significant disagreements (p > .05)
between stakeholder groups in 8 out of 14 themes, as shown in Table 12.
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The themes for which the Kruskal-Wallis test showed significant disagreement were
further analysed with a pairwise Wilcoxon test. First, research scientists ranked the Standard
Model of particle physics significantly lower (p =.010) than physics education researchers.
Research scientists ranked this topic as medium importance, while other stakeholder groups
ranked it as high importance. Second, country representatives ranked antimatter research
significantly lower than teachers (p = .002) and research scientists (p =.03). All stakeholder
groups still ranked the topic within the medium importance group. Third, the country
representatives ranked computing and data analysis significantly higher than in-service
teachers (p = .011) and physics education researchers (p = .012). All stakeholder groups ranked
the theme within the medium importance themes. Next, history of science was ranked
significantly lower by research scientists than by physics education researchers (p = .025). Still,
all stakeholder groups agreed that history of science should be ranked as a low importance
theme. Last, the Kruskal-Wallis test showed significant disagreement for real-life applications
(p =.030). However, the pairwise Wilcoxon test with Bonferroni adjustment found no
significant pairwise disagreements (p < .05). In other words, no two stakeholder groups ranked
real-life applications significantly differently. There could have been a difference between
pairs of stakeholder groups (e.g., physics education researchers and teachers vs research
scientists and country representatives). Nevertheless, this level of detail is not relevant for this
study. Therefore, the difference was not further explored.

Additionally, stakeholders’ comments were analysed. Two types of comments were
recorded. First, the experts were invited to provide ideas for additional topics, denoted in the
ranking task as other. Stakeholders suggested adding the following topics: (1) “research-based
educational paths on the treated topics” by a physics education researcher, (2) “quantum
physics” by another physics education researcher, (3) “gender and racial inequity of science”
by a physics educations researcher, (4) “humanity of scientists and science, cooperative work,
and internationality and peacebuilding aspect of scientific collaborations” by a research
scientist, and (5) “ethics in science and technology” by a country representative.

Second, stakeholders added comments to explain their ranking. The first group of
comments justified their ranking by how interesting the topics are for students. Here, a physics
education researcher wrote that they ranked cosmology high as “space is one area where
students tend to be more interested in than their teachers.” In the second group of comments,
stakeholders justified their ranking by how connected the topics are to curricula. For example,
a physics education researcher mentioned that cosmology is connected to astronomy, which is
“in the curricula of many countries.” Similarly, another physics education researcher
highlighted that “particle detection and acceleration can be explored as an application of
electromagnetic forces, conservation laws etc.” The third cluster comprised a comment that
called for merging topics, namely “real-life applications and societal impacts of science.” Last,
five stakeholders highlighted that it was difficult to rank the topics. Indeed, one research
scientist wrote that the topics were “almost impossible to rate; all of them must be included in
the programmes.” On the other hand, the physics education researcher called for “selecting
maximum four topics for the concept appropriation by teachers.”
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Table 12. Statistical analysis of the third-round importance ranking task. The second column shows
medians of each theme, where 1 means “most important” and 14 “least important”. The fourth column
shows the significance of the disagreement between the stakeholder groups per respective theme. The
last column shows significance (p < .05) of the differences between the adjacent themes in the ranking.

Ranking
Interquartile Kruskal-Wallis Mann-Whitney-

Theme Median range (p-value) Wilcoxon (p)
Cosmology 2 3 439

.009%*
Standard Model 3 3 031*

481
Real-life applications 3 4 .030*

001**
Latest findings 5 4 706

206
Particle accelerators 6 4 816

.868
Antimatter research 6 4 .003%*

.030%*
Technology&engineering 6.5 4 274

191
Particle detectors 7 5 391

<.001**
Theory of relativity 8 3 .084

<.001%**
Data analysis 10 3 .009**

031*
Philosophy of science 11 4 200

017*
History of science 12 4 .046*

<.001%**
Theoretical advances 13 2 O11*

<.001**
Other 14 0 268

*n <.05; **p <.01

6.5 Summary and Discussion

The Delphi study on the stakeholders’ expectations regarding high-school teachers’
content knowledge (CK) in particle physics included four stakeholder groups: research
scientists, physics education researchers, country representatives, and in-service high-school
science teachers. The stakeholders provided their views on the topic through three rounds of
questionnaires. The study results show strong agreement between the four stakeholder groups
on which are the most important topics for particle physics professional development
programmes (PDPs). In the following sections, the outcomes of the study are further discussed.
Finally, some possible implications of the study on the field of physics education research are
given. The role of the study within the whole research project is described in later chapters.
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6.5.1 Most Important Topics in Particle Physics PDPs

The first research question asked: “Which particle physics content is perceived by the
relevant stakeholders as the most important for teachers to learn about in PDPs in particle
physics for in-service high-school science teachers?” Stakeholders identified 13 topics as
important for high-school teachers to learn about in particle physics PDPs, as shown in Table 13.
The three topics were ranked as most important to be included, namely cosmology, the
Standard Model of particle physics, and real-life applications. In the following paragraphs, all
topics from the Delphi study are discussed in light of previous research. A slightly stronger
focus is given to the comparison to the study by Oettle (2021), as both studies investigated
teachers' content knowledge in particle physics.

The biggest difference between this Delphi study and the study by Oettle (2021) is the
overall focus of the topics. Here, the study by Oettle shows a stronger focus on theoretical
particle physics, while this Delphi study also includes experimental particle physics. For
example, as defined in this Delphi study, the Standard Model of particle physics is represented
by four smaller topics in the Oettle study. Furthermore, Oettle included neither particle
accelerators, particle detectors, nor data analysis, all of which are included in this Delphi study.
This difference between the two studies reflects their individual biases. The Delphi study was
conducted in the context of PDPs at CERN, the world’s largest particle physics research
laboratory. Consequently, the results are somewhat biased towards experimental particle
physics. Meanwhile, Oettle included mostly teachers and experts from universities. Here, the
participants likely focused more strongly on the curricula. As the curricular review in Chapter 5
revealed that curricula generally focus more strongly on theoretical particle physics, so do the
results of the Oettle study. However, the difference between the two studies does not mean that
results of one study are more relevant than outcomes of the other. Rather, the outcomes of both
studies need to be considered in their respective contexts. The same holds for all other PDPs.
Each PDP needs to evaluate what their specific context can offer to teachers, what teachers
need in their classrooms, and how to use those specifics to design authentic PDPs that are
relevant to teachers.

While different in focus, the study by Oettle (2021) and this Delphi study agreed on
two of the three highest-ranking topics, namely the Standard Model of particle physics and
cosmology. However, real-life applications of particle physics, which were also ranked as a
high importance topic in this study, did not appear in the Oettle study. Again, this difference
likely comes down to the curricula. As seen in Chapter 5, concepts within the topics Standard
Model of particle physics and cosmology, as defined in this study, were included in most
reviewed curricula overall. Their high ranking in both studies is thus due to their strong
connection to the curricula, as also mentioned by some of the stakeholders in this Delphi study.
However, real-life applications were scarcely mentioned. Therefore, as the experts in the study
by Oettle likely followed the curricula more and did not consider topics that do not appear in
the curricula. In the following paragraphs, each of the three highest-ranked topics is discussed
a bit more in detail.
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First, cosmology was ranked as the most important topic. This result corroborates
previous studies that argue that cosmology should be prominently featured in high-school
physics curricula (e.g., Kragh, 2011; McLin & Cominsky, 2007). This suggestion seems to be
enacted by the curricula. Indeed, the curricular review in Chapter 5 showed that cosmology is
featured in most curricula regardless of their particle physics focus. Cosmology is likely
featured in curricula so strongly due to its popularity with high school students (OECD, 2016;
Sjeberg & Schreiner, 2012). Also, in this Delphi study, several stakeholders commented that
cosmology 1s interesting to the students. Furthermore, several stakeholders noted that they
ranked cosmology as a high importance topic due to its strong connection to another curricular
topic, namely astronomy. Interestingly, the connection to astronomy was not explicitly included
in the expert concept map in Chapter 4. However, the concept Universe is included in the map,
which can act as an implicit connection to astronomy. Furthermore, cosmology is strongly
connected to theoretical particle physics in the expert concept map. Therefore, it is not
surprising that cosmology is also considered important for particle physics PDPs.

Second, the Standard Model of particle physics was ranked as one of the most important
topics. The Standard Model of particle physics included teachers learning about fundamental
interactions, charges, elementary particles, and interaction particles. The concept of the
Standard Model has appeared in several studies with suggestions on how to introduce particle
physics to students (e.g., Andrews & Nikolopoulos, 2018; Lindenau & Kobel, 2019; Polen,
2019; Woithe et al., 2017). The concepts within the Standard Model of particle physics are
typically the ones included in explicit particle physics chapters in high-school physics curricula.
Therefore, it is not surprising that this topic ranks high on the list. However, it is important to
note that by itself, this topic is typically disconnected from all other topics. As such, students
might find it difficult to build a complete understanding of particle physics and its role in
science without better contextualisation. A stronger discussion on this requires connecting all
three studies in this doctoral research project. Therefore, the disconnection and
contextualisation are further discussed in Chapter 8.

Third, real-life applications of particle physics were also ranked as one of the most
important topics for particle physics PDPs. Here, very few examples for introducing real-life
applications of particle physics to high-school classrooms can be found in the literature (e.g.,
Schleicher et al., 2005; Strunk et al., 2018). Generally, real-life applications of particle physics
are perceived more as context for introducing scientific ideas (e.g., Kobel, 2003). However,
this does not reduce the value of teachers knowing about this topic. Indeed, connecting science
to daily life has been recognised as an important feature of science teaching (Andrée, 2005) as
students find connections to real-life situations useful (Irish & Kang, 2018). Especially in
particle physics, including examples from everyday experience could help students and
teachers to overcome the feeling of this intangible field of physics being too abstract. This has
also been recognised by the stakeholders, as some noted that teaching about real-life
applications of particle physics can help teachers answer the “why bother” and “where will I
ever use this?” questions. Thus, this result calls for further research to allow for real-life
applications of particle physics to enter real-life classrooms better.
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Six topics in our Delphi study were grouped as medium importance topics, namely
particle accelerators, particle detectors, latest findings, technology in particle physics research,
antimatter research, and the theory of relativity. The great majority of these concepts can be
considered as parts of experimental particle physics. This group of topics comes into contrast
with Standard Model of particle physics and cosmology that are defined as more theoretical.
Although the study had a strong CERN focus with several stakeholders being experts in
experimental particle physics research, neither of the topics that aid learning about
experimental particle physics is in the “high importance” group. Again, this ranking reflects
the fact that stakeholders often perceived topics related to the curriculum as more important for
teachers to enhance their knowledge about.

However, a strong connection to the curriculum does not always mean a higher
importance ranking of the respective topics. Indeed, philosophy and history of science were
both ranked as low importance topics, albeit both were mentioned in almost all curricula.
Nevertheless, both philosophy of science and history of science enter the curricula either
completely implicitly or as tools for teaching. Similarly, both take a more passive presence also
in most previous studies. There, history of science is often considered more as context or a tool
for teaching (Galili, 2008; Leone, 2014) rather than as explicit content. Likewise, philosophy
of science is often included in the learning process merely implicitly rather than as an explicit
concept (e.g., Abd-El-Khalick & Lederman, 2000; Duschl & Grandy, 2013). Neither of the
topics was explicitly present in the expert concept map, shown in Chapter 4. Furthermore, two
particle physics researchers and one research scientist in this Delphi study were sceptical in the
comments regarding including the two topics in particle physics PDPs at all. Thus, including
them as explicit content within PDPs can be perceived by stakeholders as out of place.
Moreover, one physics education researcher voiced their concerns of philosophy of science and
history of science not being made relevant to the teachers and just being introduced with “a lot
of talking.” Therefore, should particle physics PDPs include explicit content on history of
science and philosophy of science, the PDP facilitators need to ensure that the content is made
relevant to the teachers and their professional needs. At the same time, they need to provide
them with all the necessary tools to convey the messages of history and philosophy of science
to their students in a meaningful way.

Overall, the 13 topics that emerged from this Delphi study were very broadly defined.
They act as anchors for future programme development but do not suffice for determining what
teachers should learn. Future studies are needed to better define the syllabus for particle physics
professional development programmes both at CERN and in other similar research institutions.

6.5.2 Differences and Similarities between the Different Groups of Stakeholders

The second research question was: Which differences and similarities can be identified
between the expectations of the different stakeholder groups regarding high-school teachers’
particle physics content knowledge (CK)? The differences and similarities between the
different stakeholder groups on this topic have recently been assessed by a study by Oettle
(2021). There, opinions of two stakeholder groups were compared, namely of high-school
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teachers and experts in particle physics, physics education, and outreach. The comparison of
the two groups showed general agreement with some differences in four of the topics. Similarly,
in this Delphi study, the opinions of four stakeholder groups were analysed, namely the research
scientists, physics education researchers, country representatives, and teachers. In the analysis,
special care was given to identifying the level of agreement between all groups together and
pairwise. The results of this Delphi study show that all four participating stakeholder groups
strongly agreed on the overall ranking of the 13 most important topics that teachers should
learn in a particle physics PDP.

On closer inspection, no significant differences were found in 9 out of 13 topics even
when the stakeholder groups were compared pairwise. Furthermore, only the Standard Model
of particle physics would qualify as different levels of importance by a stakeholder group.
Indeed, research scientists ranked the Standard Model as “medium importance,” while other
stakeholders considered it to be a “high importance” topic. The lower-ranking by research
scientists reflects the CERN-specific context of the study. Indeed, many research scientists in
the Delphi study were experimental particle physicists working at CERN. Therefore, they
prefer teachers at CERN to experience what they are less likely to experience in other PDPs,
namely, to see and learn about experimental particle physics from people who work at CERN.

Indeed, the CERN context can be considered as a bias in this study. Three out of four
groups of stakeholders were directly connected to CERN. First, as mentioned above, most
research scientists worked at or in close connection to CERN. A great deal of them worked in
experimental particle physics. Most research scientists were regularly involved in the
facilitation of CERN’s teacher programmes. As such, research scientists were biased from the
perspective of how CERN’s teacher programmes have been running so far. Many of them
introduced teachers to particle accelerators, particle detectors, data analysis, and any other
aspect of experimental particle physics with which they have personal experience. Furthermore,
they are familiar with the types of activities that happen at CERN’s teacher programmes. Here,
teachers' large source of interest are guided tours around several CERN’s facilities, e.g.,
detectors and accelerators. During those guided tours, teachers get to learn the working
principles of different pieces of equipment. Therefore, research scientists expect teachers to
learn more about the experimental research aspect than particle physics' theoretical aspect.

Similarly, the country representatives were representatives of CERN’s member and
associate member states in CERN’s council. As such, they were familiar with the facilitation
of teacher programmes and different types of activities teachers are offered during their time at
CERN. Therefore, country representatives’ bias was similar to the bias of research scientists.

Last, teachers in this Delphi study either already participated or were selected to
participate at a CERN’s PDP. Here, it is important to note that participating teachers were not
only (going to be) affiliated with CERN but also highly motivated to learn about particle
physics. Thus, they are not necessarily representative of the general teacher population.
However, as the study aimed to discover the content of particle physics PDPs, it can be assumed
that the content is aimed at motivated teachers such as the ones participating in the study.
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Despite the close connection to CERN, both research scientists, country representatives,
and teachers still agreed strongly with physics education researchers with little to no direct
connections to CERN. Therefore, regardless of the CERN connections, the study can be
generalised to PDPs at other particle physics research institutions. However, further studies are
needed to determine how these topics need to be implemented into coherent and authentic PDPs.

This international Delphi study on particle physics topics in PDPs at large research
institutions comprised over 100 experts from 42 countries. The participating stakeholders were
diverse in expertise, backgrounds, nationalities, and home institutions. Their opinions provided
a broader overview and a high heterogeneity of ideas. Through three rounds of questionnaires,
the stakeholders showed high levels of agreement. Indeed, they agreed both on which topics
should be included in particle physics PDPs and which topics are the most important to be
included. Therefore, the results represent the complete hierarchy of the most important topics
to be included in PDPs at particle physics laboratories.






7 PAIRWISE COMPARISONS

Overall, the three studies that were conducted within this doctoral project concluded
with very promising results. These results, presented in Chapters 4-6, contributed greatly to the
understanding of the expected particle physics content in high-school education. Specifically,
their pairwise comparisons helped address the two research aims, stated in Chapter 3. The first
research aim was to investigate how extensively do high-school physics curricula cover particle
physics. Here, the answer can be found by comparing the outcomes of the first two studies,
namely the expert concept mapping study and the curricular review. The second research aim
was to explore what high-school teachers are expected to learn about particle physics. A deeper
insight into this question is provided by comparing all three studies of this doctoral research
project. In this chapter, the results of the pairwise comparison of the three studies are presented.
The results are better discussed from the perspective of the research aims in Chapter 8.

7.1 Comparing the Expert Concept Map and the Curricular Review

The first aim of this doctoral research project was to determine how particle physics
content of high-school physics curricula compares to experts’ expectations on what high-school
students should learn about particle physics. Here, the expectations of experts in particle
physics and physics education on high-school students’ knowledge of particle physics were
investigated through the expert concept mapping study. The common particle physics content
of high-school physics curricula was determined through a curricular review. In the curricular
review, the frequency of individual concepts appearing in the reviewed curricula was
determined. The concepts that appeared in more than half of the curricula are considered the
study's main outcome.

Additionally, the curricula were grouped into two groups — explicit particle physics
(EPP) curricula with an explicit particle physics chapter and implicit particle physics (IPP)
curricula with no explicit particle physics chapter. The specifics of the two groups are explored
as well. By comparing the two studies, the first research aim can be addressed.

The two studies were compared by mapping the results of the curricular review onto
the expert concept map, as shown in Figure 6. Generally, the mapping was straightforward, as
the concepts within the curricular review are based mostly on the expert concept map. Similarly,
the grouping of the concepts into topics follows the hierarchy of the expert concept map. Thus,
both topics and concepts in the curricular review generally match the concepts of the expert
concept map (i.e., same name, same definition). Some concepts in the curricular review were
added inductively based on the patterns in the curricula. Those concepts do not have a direct
match in the curriculum. However, an indirect representation of such concepts can appear on
the map as well. Overall, the differences and similarities between the two studies are described
in the following paragraphs and discussed in Chapter 8.
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Overall, 15 concepts and 11 topics appeared explicitly both in the expert concept map
and in most high-school curricula. In other words, most curricula included 14% of concepts in
the expert concept map. The strongest overlap was with the concepts from other curricular
topics. These concepts accounted for 11 concepts and 6 topics from the overlap. The rest of the
common curricular concepts and topics were closely connected to theoretical particle physics,
e.g., elementary particles and fundamental interactions. Indeed, only curricula with an explicit
particle physics chapter prominently featured an experimental particle physics concept particle

accelerators.

The outcomes of each study included several concepts that were not included in the
other study. First, most concepts in the expert concept map did not appear in most high-school
curricula, as seen in Figure 6. The biggest part of the expert concept map with concepts that
have not appeared in most curricula were concepts within experimental particle physics and
engineering. This area included concepts such as particle detectors, particle accelerators, and
computing facilities. Neither these three concepts nor the underlying concepts appeared in most
curricula overall. The exception were curricula with an explicit particle physics chapter. Albeit
most concepts mentioned above were still not included in most curricula with a particle physics
chapter, the concept particle accelerators was mentioned in more than half of them.

Several concepts that stem primarily from theoretical particle physics in the expert
concept map were also excluded from most curricula. For example, curricula generally did not
include the Standard Model of particle physics, the Brout-Englert-Higgs mechanism, Feynman
diagrams, and quantum fields. However, several of these concepts were included in curricula
with an explicit particle physics chapter, e.g., the Standard Model, electromagnetic, strong, and
weak interaction, quarks, and antimatter research. Neither of these concepts was prominent in
curricula without an explicit particle physics chapter. On the other hand, one concept from the
category particle physics of the curricular review appeared in more than half of the curricula
without an explicit particle physics chapter and not in most curricula with an explicit particle
physics chapter, namely the Big Bang.

While concepts from other curricular topics generally overlapped well between the two
studies, several concepts from the expert concept map did not often appear in the reviewed
curricula. These concepts are cooling within thermodynamics, superconductivity within
electromagnetism, and conservation of angular momentum and conservation of charge within
conservation laws. Very few differences between curricula with or without an explicit particle
physics chapter were identified within other curricular topics. Here, curricula with an explicit
particle physics chapter included the concept of vacuum and relativistic motion, both of which
were not included in the curricula without an explicit particle physics chapter. On the other
hand, ionization was not included in most curricula with an explicit particle physics focus.

Second, some concepts related to particle physics were identified in more than half of
the reviewed curricula but were not included in the expert concept map. Neither of such
concepts was from the category particle physics. Thus, none of the concepts that appeared only
as a CCC or CCT in the curricular review and not in the expert concept map was an explicit
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particle physics concept. All such concepts were either part of the Nature of Science, history of

physics, or other curricular topics.

Both the Nature of Science and history of quantum physics were mentioned in more
than half reviewed curricula and not explicitly included in the expert concept map. However,
the Nature of Science was implicitly present through several concepts in the expert concept
map. The implicit mentions of the Nature of Science can be identified by using the definition
of the Nature of Science. Following the definitions from the Osborne (2003) study, several
concepts in the expert concept map can be considered as examples of the Nature of Science.
Some examples of different aspects of the Nature of Science are presented in the next paragraph.

First, the “science and certainty” aspect was presented by the connection “observations
disprove theoretical particle physics”. Second, the “analysis and interpretation of data” was
covered by statistical tools, signal + background, data, analysis, and observations. Next,
“scientific method and critical testing” was again represented by statistical tools and analysis.
Additionally, this aspect hid in concepts predictions and observations, and their connections to
theoretical and experimental particle physics. “Science and questioning” entered the expert
concept map already at the first hierarchical level with human knowledge and curiosity.
Furthermore, this aspect was covered both by the many examples of open questions in particle
physics and hypothetical new elementary particles, hypothetical new interaction particles,
hypothetical new composite particle systems, and hypothetical new fundamental interactions.
The concepts closely connected to CERN strongly represented the aspect of “cooperation and
collaboration in the development of scientific knowledge.” Some examples of these concepts
are personnel, international collaborations, and intergovernmental organization, together with

b

all their accompanying examples. “Science and technology” connected strongly with
engineering in the expert concept map. However, “historical development of scientific
knowledge,” represented by a separate concept in the curricular review (i.e., history of physics),

was not explicitly or implicitly featured in the expert concept map.

Several concepts and topics from other curricular topics appeared in more than half
curricula and not in the expert concept map. First, the topic gravity and, more specifically,
Newtonian gravity appeared in more than half of curricula overall. Einsteinian gravity was not
prominent in none of the groups of curricula. Similarly, topic radiation was added, with alpha,
beta, and gamma radioactivity and radiation (in general) appearing in most curricula. Within
thermodynamics, the concept particle model was added and mentioned in more than half of the
curricula. Magnetic force and electromagnetic waves were also prominent in curricula overall.
At the same time, ionization appeared in most curricula without an explicit particle physics
chapter. Last, while guantum physics was included in the expert concept map, it was expanded
in the curricular review. The concepts probability in quantum physics, atomic models, atomic
energy levels, and quantum mechanics appeared in more than half of curricula.
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Figure 6. Comparison between the expert concept map and the outcomes of the curricular review.
Concepts marked with yellow appear in most curricula without an explicit particle physics concept.
Concepts marked with blue appear in most curricula with an explicit particle physics concept.
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7.2  Comparing the Curricular Review and the Delphi Study

The second aim of this doctoral research project was to use the outcomes of the three
studies to identify which dimensions of content knowledge teachers are expected to enhance
during their participation in a particle physics professional development programme. The
dimensions of content knowledge that this research project investigates are school knowledge
(SK), deeper school knowledge (DSK), and university knowledge (UK), as described in
Chapter 2. Here, SK is typically defined by the curriculum (Enkrott et al., 2017; Kulgemeyer
et al., 2020; Kulgemeyer & Riese, 2018). Therefore, SK was defined by comparing the
outcomes of the Delphi study to the curricular review.

The outcomes of the Delphi study and the curricular review overlapped greatly. Indeed,
several topics from the Delphi study had equivalents in the curricula. To sufficiently identify
the overlaps, the definitions of the topics in the Delphi study, shown in Appendix D, needed to
be considered. The following paragraphs describe the identification of similarities between the
outcomes of the two studies. The similarities are structured based on the results of the Delphi
study, grouping the topics by their perceived importance for particle physics professional
development programmes.

First, the “high importance” topics from the Delphi study were cosmology, the Standard
Model, and real-life applications of particle physics. Cosmology had a clear overlap with the
curricular review. Indeed, cosmology as a topic appeared in most curricula overall regardless
of whether they have an explicit particle physics chapter. On the other hand, the concept
Standard Model was prominent only in curricula with an explicit particle physics chapter.
However, the definition of the Standard Model in the Delphi study included elementary
particles, fundamental interactions, and interactions particles. As these three concepts were
included in most curricula overall, the two studies overlapped also within the concept Standard
Model. On the other hand, the reviewed curricula scarcely mentioned real-life applications of
particle physics.

Second, the “medium importance” topics from the Delphi study were particle
accelerators, particle detectors, technology and engineering, latest findings, antimatter
research, data analysis, and theory of relativity. Most curricula did not mention four of these
topics, namely particle detectors, technology and engineering, data analysis, and the latest
findings. Furthermore, these concepts were some of the least mentioned concepts in the
curricula. Indeed, all appeared only in 4-7 curricula. Particle accelerators and antimatter
research were also not present in more than half of curricula overall. However, these two
concepts were both mentioned by most curricula with an explicit particle physics chapter. Only
theory of relativity, specifically special relativity, was found in most of the curricula overall.

Last, the “low importance” topics in the Delphi study were philosophy of science,
history of science, theoretical advances, and other. Curricula scarcely mentioned theoretical
advances. Furthermore, all instances of theoretical advances appeared in the curricula with an
explicit particle physics chapter. Still, this concept was not prominent in this subgroup of
curricula as well. History of science appeared in most curricula as history of quantum physics.
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Philosophy of science was not present in the curricula as such. However, the definition of
philosophy of science in the Delphi study (see Appendix D) overlapped greatly with the
definition of the Nature of Science. As such, philosophy of science was present in most
reviewed curricula as well. An overwhelming majority of the stakeholders did not explicitly
define any specific topics to stand in as other. Therefore, the overlap with the curricula was
impossible to determine. However, some stakeholders suggested adding quantum physics,
which was present in most curricula.

7.3 Comparing the Expert Concept Map and the Delphi Study

As the reader might recall, the second aim of this research project was to identify the
different dimensions of content knowledge within the topics included in a particle physics
professional development programme. The topics that are expected to be included in a particle
physics professional development programme were defined through a Delphi study. In the
previous section, the outcomes of the Delphi study were compared to the curricular review
outcomes to identify the SK. In this section, the Delphi study results are compared to the expert
concept map on particle physics. This expert concept map was created to identify what experts
in particle physics and physics education expect high-school students to learn about particle
physics. Furthermore, the map indicates the connections between different particle physics
concepts and links to other curricular topics. Comparing the Delphi study and the expert
concept map helps defining the deeper school knowledge (DSK).

Topics from the Delphi study were defined more broadly than individual concepts in
the expert concept map. Therefore, several concepts from the expert concept map fell under
the definition of topics of the Delphi study. By adhering to the definitions, the author defined
the overlap of the two outcomes, as seen in Figure 7. In the paragraphs below, a short overview
of the connections between topics and concepts is given.

First, cosmology was defined in the Delphi study as “learning about the beginning and
development of the Universe.” In the expert concept map, this definition was reflected in
cosmology and Universe, together with several examples of open questions in particle physics.
These examples were the Big Bang, inflation, dark matter and dark energy, and baryon
asymmetry. The concepts under cosmology connected directly to the Delphi topics theoretical
advances and antimatter research.

Second, the topic Standard Model included learning about the Standard Model of
particle physics, elementary particles and their properties, and fundamental interactions and
their properties. Thus, this topic contained concepts like the Standard Model, fundamental
interactions, elementary particles, charges, symmetries, interaction particles, composite
particle systems, and the Brout-Englert-Higgs field. Consequently, all examples of these
concepts were included in the identified overlap as well. The concepts that were included in
the Delphi topic Standard Model connected directly to topics particle accelerators, particle
detectors, and theoretical advances.
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Third, real-life applications of particle physics were represented in the expert concept
map with the concept knowledge transfer and its examples. While only one concept was
included in this topic, it was well connected to other topics. Indeed, the Delphi topics particle
accelerators, particle detectors, and computing and data analysis all lead to real-life particle
physics applications.

Next, particle accelerators included concepts particle accelerators and acceleration
principles and various examples of particle accelerators at CERN. Similarly, particle
detectors included particle detectors, detection principles, and examples of particle detectors
at CERN. Both topics also included the concept of collisions. The two topics are thus strongly
connected. Furthermore, both topics were well connected to Delphi topics Standard
Model, real-life particle physics applications, technology and engineering, computing and
data analysis, and the theory of relativity.

Technology and engineering were defined as learning about “technology and
engineering that is being used in modern scientific research, e.g., material science, computing
hardware.” As such, the following concepts in the expert concept map represented the topic
technology and engineering: engineering, hardware, vacuum, cooling, electric fields, magnetic
fields, and superconductivity. These concepts were not all directly connected. Rather, they
appeared close to various other Delphi topics, like particle detectors, particle accelerators, and
computing and data analysis.

Computing and data analysis included several concepts in the expert concept map:
computing facilities, network, trigger systems, data, analysis, storage, statistical tools,
algorithms, programming, cybersecurity, machine learning, and pattern recognition. These
concepts were directly connected to Delphi topics particle detectors, particle accelerators,
technology and engineering, latest results, and real-life applications of particle physics.

Next, antimatter research was represented by only three concepts: antimatter, matter,
and baryon asymmetry. However, several examples of antimatter were also present under
elementary particles, namely the antiquarks and antileptons. As such, antimatter research is
strongly connected to the Delphi topics the Standard Model of particle physics, theoretical
advances, and cosmology.

The latest findings were defined as the “newest results in experimental particle physics”.
As such, they were found in the expert concept map as scientific results and observations. The
two concepts were not directly connected. The only explicit connection to either of them was
from the Delphi topic of computing and data analysis.

The theory of relativity was not considered an explicit particle physics topic. However,
it was still considered important for high-school students and teachers to learn about in the
context of particle physics. In the expert concept map, the theory of relatvity appeared as special
relativity, relativistic motion, and E = mc’. As such, the theory of relativity was directly
connected to Delphi topics particle accelerators and particle detectors.
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Next, theoretical advances were defined in the Delphi study as “advances in theoretical
physics in describing the less-understood particle physics phenomena.” As such, theoretical
advances appeared in the expert concept map as open questions in particle physics and the
accompanying examples, e.g., dark matter, dark energy, supersymmetry, and Grand Unifying
Theory. The open questions were strongly connected to the Delphi topics Standard Model,

antimatter research, cosmology, and philosophy of science.

The Delphi study defined philosophy of science as “the process of scientific discovery,
societal impacts, and collaboration and cooperation on the development of scientific
knowledge.” As mentioned in the previous section, this definition strongly overlaps with the
definition of the Nature of Science in the curricular review. Thus, the overlap of philosophy of
science with the expert concept map was identical to the overlap of the map with the Nature of
Science, described in Chapter 7.1. Therefore, the following concepts represented the
philosophy of science in the expert concept map: CERN, personnel, international
collaborations, intergovernmental organization, public, predictions, observations, simulations,
human knowledge and curiosity, and fundamental questions. Additionally, all examples of
these concepts were also included in philosophy of science. In the expert concept map,
philosophy of science connected to the Delphi topics particle detectors, particle accelerators,
computing and data analysis, latest results, theoretical advances, and real-life particle physics
applications.

Last, history of science was defined as “historical developments of scientific knowledge
and technology.” As such, this Delphi topic was not included in the expert concept map either
explicitly or implicitly.

Overall, most concepts in the expert concept map were included in the Delphi study
topics. Still, a few concepts were not included in any of the topics. First, the central concept
particle physics and two first-level concepts, experimental particle physics and theoretical
particle physics, were not included in any topics. Indeed, they were too broad to be assigned to
any particular Delphi topic. Second, Delphi topics did not include the concepts that connect
explicit particle physics concepts to other curricular topics, e.g., mechanics and conservation
laws. These concepts were typically lower-level concepts that were well connected to the
Delphi study topics.






8 DISCUSSION

In this doctoral research project, three studies were conducted and pairwise compared
to address two research aims. In the previous chapter, the outcomes of the three studies were
pairwise compared. In the following sections, these comparisons are discussed within the frame
of the research aims and prior studies.

8.1 Research Aim 1: How Extensively do High-School Curricula Cover Particle
Physics?

This doctoral research project's first aim was to explore how extensively high-school
physics curricula cover particle physics. This research aim was addressed by comparing a
representative selection of physics curricula to experts' expectations regarding what high-
school students should learn about particle physics, as seen in Chapter 6.1. The comparison
outcomes showed that experts expect high-school students to learn significantly more about
particle physics than most curricula. Indeed, experts expect students' knowledge of particle
physics to be broader than what is in high-school curricula. Furthermore, experts expect
students’ particle physics knowledge to be integrated as a context for their prior knowledge and
real-life experiences.

Using particle physics as context for other curricular topics can increase students’
interest in physics in general. The results of the Relevance of Science Education (ROSE) study
showed that students are interested in spectacular things (Sjeberg & Schreiner, 2010). Certainly,
many aspects of particle physics can be considered spectacular, for example, high energy
collisions, enormous particle accelerators and detectors, and cosmic rays. Therefore, including
particle physics as context for other topics can increase students' interest. Furthermore, several
studies have shown that context has a bigger positive effect on students' interest than learning
activity's content, task, or learning environment (Hoffmann et al., 1998; Sjeberg & Schreiner,
2012). Subsequently, increasing student interest can lead to higher achievement (M. M. Keller
et al., 2017). Therefore, including particle physics as context for other topics can lead to
students’ higher understanding of both. Indeed, adding connections between concepts solidifies
the role of both particle physics and other topics in students’ conceptual networks (Ausubel,
2000).

In high-school curricula, explicit particle physics content mostly focused on
fundamental interactions, elementary particles, interaction particles, charges, and cosmology.
When compared to the expert concept map, these topics were generally disconnected from
students’ prior knowledge. As such, particle physics neither acts as a context for other topics
nor is contextualised with prior knowledge. The disconnection between new concepts and
students’ prior knowledge can lead to rote learning (Ausubel, 2000). Indeed, modern physics
topics such as particle physics have been criticised for encouraging rote learning (Michelint,
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2021; Passon et al., 2018). Students could learn about particle physics more meaningfully if
particle physics concepts were presented in relation to students' prior knowledge (Novak &
Cafias, 2008). Therefore, bridging the gap between particle physics concepts in curricula and
other curricular topics is necessary.

The expert concept map showed that prior knowledge can be connected to curricular
particle physics concepts by introducing engineering and experimental particle physics
concepts. For example, thermodynamics can be connected to fundamental interactions via
particle detectors and the Standard Model. In the literature, experimental particle physics
concepts were often used as context for other curricular topics. For example, Barradas-Solas
(2007) and Kvita et al. (2019) connected particle detectors to radiation. Similarly, Wiener et al.
(2016) linked particle accelerators to various topics such as energy, momentum, and
oscillations. All three studies highlighted connections to theoretical particle physics as well.
Likewise, even in curricula where experimental particle physics concepts appeared, they were
usually introduced as context for electromagnetism or mechanics. Introducing experimental
particle physics as context already helps students integrate some particle physics concepts into
their cognitive network. For example, when particle accelerators are introduced as a context
for electromagnetism, students connect new knowledge about accelerators to their existing
knowledge of electromagnetism in their cognitive network. The concepts implemented in
students' cognitive structure as context before can then act as anchors for the later introduction
of the topic. As such, students can easier learn about the topic in a meaningful way by
connecting new concepts to the previously learned anchors.

However, in most curricula, experimental particle physics or engineering concepts were
neither included as content nor as context. This exclusion leaves a big gap between students’
prior knowledge and the introduced theoretical particle physics concepts. Therefore, theoretical
particle physics concepts are introduced in a stand-alone manner. As such, particle physics
might appear as facts presenting ready-made science. Here, Park et al. (2019) note that physics
in curricula and textbooks is mostly presented as “hardened facts with its making process
erased” (p. 1078). Especially in modern science, this presentation could not be further from the
truth. Modern science is constantly evolving, and new data continuously changes our
understanding of the world around us. Therefore, including (modern) experimental methods
and principles in teaching contemporary scientific topics could help students learn about
science-in-the-making and, with it, the Nature of Science.

A deeper insight into the reviewed curricula showed one important distinction. Twelve
curricula included an explicit particle physics chapter, and fifteen did not. Unsurprisingly,
curricula with an explicit particle physics chapter introduced more particle physics concepts
than curricula without such chapters. However, both types of curricula still generally focus on
theoretical particle physics concepts. Both types cover elementary particles, fundamental
interactions, charges, and cosmology. The presence of these concepts in most curricula without
an explicit particle physics focus shows that particle physics can appear implicitly in curricula.
There, particle physics is used as context for other curricular topics.
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In addition to elementary particles, fundamental interactions, charges, and cosmology,
curricula with an explicit particle physics chapter also cover the Standard Model of particle
physics, interaction particles, antimatter research, and particle accelerators. Again, most
concepts fall under theoretical particle physics. Only particle accelerators represented
experimental particle physics. Still, concepts in the expert concept map were well connected.
Therefore, even just one concept from experimental particle physics connected theoretical
particle physics to most other curricular topics. For example, particle accelerators connected
the Standard Model to mechanics, special relativity, electromagnetism, thermodynamics, and
conservation laws. Adding more experimental particle physics and engineering concepts
further strengthens this connection and makes learning more meaningful. However, in many
curricula, particle accelerators were only mentioned as a context in electromagnetism. Indeed,
particle accelerators were not mentioned together with other particle physics concepts.
Therefore, teachers should ensure that particle accelerators also connect to other concepts in
particle physics through their teaching. Students might not be able to form this connection
themselves without explicitly specifying it, especially as particle accelerators are typically
only used as context.

Curricula leaving out experimental physics leads to students’ weak understanding of
the role of experiments in science (Angell et al., 2004). Furthermore, Wilcox and Lewandowski
(2017) found that students' ideas about the nature of experimental physics are inconsistent with
those of practising physics. For example, most students think that confirming previously known
results is the main goal of doing experiments. Explicitly including aspects of experimental
physics in curricula could help change this conception. Indeed, in the expert concept map,
aspects of experimental particle physics are featured as prime examples of the Nature of
Science, specifically the empirical bases, creativity, and observation and interference.
Therefore, by bridging the gap between prior knowledge and curricular particle physics
concepts students can also understand the Nature of Science better. However, further studies
are required to define better the activities that best support student learning of experimental
physics. Indeed, well-defined activities that are suited to be implemented directly in the
classroom can appeal to a broader spectrum of teachers and increase the chances of the new
context entering high-school classrooms more often.

Understanding the Nature of Science is considered at the core of scientific literacy
(American Association for the Advancement of Science, 1994). Previous research shows that
the Nature of Science is best taught explicitly (Lederman, 2013). However, most reviewed
curricula only include the Nature of Science implicitly. For example, the Austrian high-school
physics curriculum explicitly states understanding the Nature of Science as an overall goal.
Still, it does not include the Nature of Science as explicit content to be taught. Similarly, studies
have shown that most textbooks also only include the Nature of Science implicitly (e.g.,
Campanile et al., 2015; McDonald, 2017). Furthermore, teachers have been found to avoid
teaching the Nature of Science due to gaps in their professional knowledge, perceived
irrelevance for students' learning, or time restrictions by the curriculum (Abd-El-Khalick et al.,
1998; Dunlop & Veneu, 2019; Galili & Hazan, 2001; Henke & Hottecke, 2015).
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Therefore, teaching about the Nature of Science often remains implicit. Thanks to its
rooting in fundamental research, contemporary physics presents itself as a good example for
introducing the Nature of Science. Studies by Park et al. (2019) and Wong et al. (2009) showed
that modern physics topics are well-suited for introducing scientific practices. Indeed,
contemporary physics topics are prime examples of science in the making, which makes the
Nature of Science more apparent. For instance, Stadermann and Goedhart (2021) and
Stadermann et al. (2019) showed that many Nature of Science concepts are linked to the content
of quantum physics in high-school curricula. Similarly, particle physics offers a great
opportunity for introducing the Nature of Science in classrooms. The analysis of the expert
concept map on particle physics in light of the results of the curricular review in Chapter 6.1
showed that the Nature of Science is deeply embedded in particle physics. Many of the concepts
and links between concepts reflect various aspects of the Nature of Science.

One concept that appeared in most curricula but not in the expert concept map — neither
implicitly nor explicitly — is the history of science. By some definitions, the history of science
is a part of the Nature of Science (e.g., Osborne et al., 2003). Others say that history of science
is a tool for teaching (Galili, 2008; Leone, 2014). Likely, it is a combination of both. Williams
and Rudge (2019) found that using the history of science in teaching is a powerful strategy for
teaching the Nature of Science. Still, the expert concept mapping study does not include any
concepts related to the history of science in the expert concept map on particle physics. The
lack of history of science in the expert concept map suggests that the experts do not consider
this topic as part of the knowledge students should obtain to understand particle physics.
Instead, the experts likely consider the history of science as a context for teaching rather than
explicit content. Further research is needed to determine to which extent and which parts of the
history of science are relevant and useful for supporting meaningful learning.

Overall, most curricula omit the opportunity to discuss the future of physics research.
Indeed, only curricula with an explicit particle physics chapter touch upon dark matter as the
only example of open questions. At the same time, open questions are prominently featured in
the expert concept map. Indeed, the experts expect students to learn about various open
questions in physics. This notion corroborates previous studies showing that learning about
unsolved problems can provide meaningful learning opportunities (Bennett & Hogarth, 2009;
Bungum et al., 2018; Levrini & Fantini, 2013). Furthermore, open questions in physics can be
used as context for learning about the tentative Nature of Science. Albeit useful to students,
open questions remain outside official curricula, and it is unlikely that teachers introduce them
themselves. Indeed, teachers in Dunlop and Veneu (2019) study considered teaching "the facts"
most important. Open questions are far from being facts — they are, as the name says, questions.
Additionally, teachers frequently report that they already often run out of time for "facts."
Therefore, curricula should be updated to include the concepts that are currently excluded.

The updates of state, national, and international curricula reflect on multiple generations
of students in the respective region. Therefore, all updates need to be supported by research
findings and enable teachers to introduce and students to learn new content in a meaningful
way. Furthermore, any updates to the curricula should account for students' interests. Indeed,
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curricula that include interesting content and context better integrate new concepts in students'
cognitive structures (H&ussler & Hoffmann, 2000). However, curricula are limited by the
allotted time, resources that the educational system and individual schools can work with,
teacher professional knowledge, and students' prior knowledge. All these limitations make the
design and update process of curricula a complex process. The complexity of this process
results in curricula changing and updating very slowly. While the rigidity of the intended
curricula enabled the curricular review in Chapter 5, it prevents intended curricula from quickly
responding to new findings in science and science education. Furthermore, changes in the
intended curricula do not always reflect in teaching (Boesen et al., 2014). Therefore, motivating
teachers to introduce particle physics as either explicit content or context for other curricular
topics might be the fastest way to introduce particle physics in the classroom.

Teacher motivation is only partially responsible for positive student outcomes (Keller
et al., 2017). Teachers also need sufficient professional knowledge to enhance student
achievement. This requirement circles back to teacher professional development as a crucial
part of educational reforms (Borko, 2004; Corcoran, 1995; Garet et al., 2001; OECD, 2019).
Indeed, teachers' professional knowledge is connected to the level of curricular enactment (Son
& Kim, 2016). However, external limitations often limit teachers in adding new topics either
as content or context to their enacted curriculum (Ertmer, 1999). Therefore, further studies are
needed to explore if teachers' professional development influences the integration of new topics
either as content or context. Furthermore, the support teachers need to contextualise the existing
curriculum with more contemporary topics should be better determined. Defining the necessary
support will enable more efficient professional development and teaching resources.

8.2 Research Aim 2: What Should Teachers Learn About Particle Physics?

This doctoral research project's second aim was to identify which aspects of content
knowledge (CK) are teachers expected to enhance through their participation in particle physics
PDPs. The Delphi study has explored the content areas relevant to particle physics professional
development programmes described in Chapter 6. In Chapter 7, the Delphi study was compared
to the outcomes of the curricular review and the expert concept map. These comparisons reveal
that teachers are expected to learn about more than just the curricular topics. Furthermore,
comparing the three studies helped address the second research aim and identify the different
aspects of content knowledge. The two aspects described in the paragraphs below are school
knowledge (SK) and deeper school knowledge (DSK). As described below, identifying which
aspects stakeholders expect teachers to enhance most will help better tailor future particle
physics professional development programmes.

Identification of the different aspects of CK requires clear definitions of the aspects.
First, SK reflects the expected knowledge that good students achieve, typically defined by the
curriculum and the school textbooks (Enkrott et al., 2017; Kulgemeyer et al., 2020;
Kulgemeyer & Riese, 2018). Second, DSK describes the knowledge of handling tasks and
models from different perspectives, knowing their limitations, and connecting SK concepts



88 Research Aim 2: What Should Teachers Learn About Particle Physics?

both among each other and to other physical concepts (Kulgemeyer et al., 2020; Riese, 2009;
Riese et al., 2015). However, it becomes increasingly difficult to differentiate between the two
aspects based on these definitions when focusing on a single content area. Here, concepts can
be included in the curriculum and, at the same time, represent a connection between the topic
and a different physical phenomenon. The same concepts thus constitute both SK and DSK.

One such example is the theory of relativity. This concept appears both in the outcomes
of the Delphi study and the curricular review. As such, the theory of relativity can be considered
to constitute SK. Nevertheless, the theory of relativity is not an explicit particle physics concept.
In fact, in most curricula, the theory of relativity and particle physics are a part of different
chapters. As such, the theory of relativity can be considered DSK within the particle physics
context, although it is included in the curriculum.

Therefore, the definitions of SK and DSK were updated to reflect the specifics of this
research project. First, SK in a specific content area was redefined as expected knowledge that
good students achieve within the content area, typically defined by the curriculum and the
school textbooks. For example, the Standard Model of particle physics is an explicit particle
physics concept and thus constitutes particle physics SK. Second, DSK in a specific content
area is represented by connections between explicit concepts within the content area (namely
SK concepts) and other physical phenomena. For example, the theory of relativity is not an
explicit particle physics concept. However, it connects to explicit particle physics concepts.
Therefore, the theory of relativity is a DSK concept. However, DSK still also constitutes skilful
problem solving and identification of model limitations (Kulgemeyer et al., 2020; Riese, 2009;
Riese et al., 2015). The SK and DSK within the topics teachers are expected to learn through
particle physics PDPs can be identified using the updated definitions.

The SK topics that teachers are expected to enhance were identified by comparing
outcomes of the Delphi study and the curricular review. The outcome of this comparison shows
that teachers' knowledge is expected to go beyond the curricula content. This finding supports
previous claims that teachers' knowledge needs to go beyond SK (Grossman, 1990; Shulman,
1986, 1987; Tchoshanov, 2011; Wenning et al., 2011). Moreover, PDPs are expected to help
teachers enhance their knowledge beyond the curricula as well. This knowledge can help
teachers better contextualise curricular particle physics. Indeed, in the previous section, the
need for building context in classrooms was discussed. For teachers to contextualise a content
area, such as particle physics, their knowledge needs to reach beyond what students are
expected to learn according to the respective curricula.

Several shared topics appeared in the Delphi study and most curricula, as shown in
Chapter 6.2. These topics were the Standard Model, cosmology, the theory of relativity,
philosophy of science, and history of physics. However, only the Standard Model and
cosmology are explicit particle physics topics. As such, the two topics constitute SK by the
updated definition when considering all reviewed curricula. Furthermore, the Standard Model
and cosmology include all explicit particle physics concepts that have been identified in most
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curricula overall. In other words, teachers are expected to enhance their knowledge about all
explicit particle physics concepts that appeared in most reviewed curricula — and more.

The Standard Model and cosmology ranked as high importance topics for inclusion in
particle physics PDPs. The high importance of these two topics means that stakeholders put a
stronger emphasis on the topics that students are expected to learn. Thus, particle physics PDPs
are expected in the first place to enhance teachers' knowledge of the Standard Model and
cosmology to a more expert level. However, this does not necessarily mean teachers need only
to enhance their university knowledge (UK). Although UK is considered more complex and
expert-like, in-service teachers shift to mostly using SK in their teaching in the first 15 years
of practice (Arzi & White, 2008; Wheeldon et al., 2012). At that time, UK is not that important
anymore. Therefore, enhancing their SK is more useful for experienced teachers as it is directly
applicable to their teaching situations.

Two additional topics constituted SK when focusing on curricula with an explicit
particle physics chapter, namely antimatter research and particle accelerators. A bigger
number of topics considered as SK sheds light on an important point. In this project, the topics
that teachers are expected to learn are classified as different aspects of teachers’ CK based on
the outcomes of the curricular review. However, individual curricula could differ significantly
from the average of all curricula. What constitutes SK in one educational system is not always
considered SK in a different system. For example, cosmology is present in the Croatian
curriculum, while the Serbian curriculum omits this topic completely. Therefore, cosmology
constitutes Croatian teachers' SK but does not constitute Serbian teachers' SK. The SK topics,
as defined in this chapter, are therefore not the same for all countries. These differences
between curricula have direct consequences for PDPs, especially CERN's national teacher
programmes. As described in Chapter 2, CERN's national teacher programmes are aimed at
teachers from individual countries. Here, teachers from the same country participate in a
particle physics PDP in their language and, ideally, focused on their needs. Typically, teachers’
needs are, at least partially, defined by their respective curricula. However, each state or
national curriculum likely differs from what the results of the curricular review show. As such,
teachers’ SK can differ significantly from SK described in this chapter. Therefore, CERN's
national teacher programmes and their facilitators should use the results of this research project
as a guideline for addressing the most important topics. Following the example above, Croatian
teachers should learn about cosmology from the perspective of how and what students should
learn about this topic. On the other hand, Serbian teachers might wish to enhance their
knowledge on how cosmology can connect to other topics in a meaningful way.

History of science and philosophy of science were both mentioned in both the Delphi
study and most curricula. However, they cannot necessarily be classified purely as SK or CK.
According to the Schwartz and Lederman (2002) definition of teachers’ professional
knowledge, both philosophy and history of physics are included in the knowledge of the Nature
of Science (NOSKk). By their definition, NOSk is an individual dimension of professional
knowledge. While it is defined as separate from CK, the two dimensions overlap. Thus,
philosophy and history of science extend into CK as well. Here, history of science connects
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explicitly to particle physics through historical overviews of particle physics discoveries. As
such, the history of science is an SK component as defined in this project.

On the other hand, philosophy of science is not explicitly implemented in the curricula,
as discussed in the previous chapter. Therefore, it cannot be considered an SK topic by the
definition used in this project. Similarly, the expert concept map does not include philosophy
of science explicitly. However, philosophy of science is reflected in several concepts and
connections between them. As such, philosophy of science constitutes DSK.

As described above, deeper school knowledge (DSK) in a specific content area is
represented by connections between explicit concepts within the content area and other
physical phenomena. The DSK topics that teachers are expected to learn more about were
identified by comparing outcomes of the Delphi study and the expert concept map on particle
physics. There, DSK topics are those that are directly connected to the SK topics. As such,
these topics provide a connection between curricular concepts and other physical phenomena.
For example, concepts within the Standard model are directly connected to concepts within
particle detectors, particle accelerators, and theoretical advances. As the last three topics are
not in most curricula, they generally do not constitute SK. Hence, the comparison of the two
studies shows that what stakeholders expect teachers to learn about particle physics overlaps
greatly with what experts expect students to know, as shown in Chapter 6.3.

Most topics that teachers are expected to learn about are generally very well connected.
Here, all but two topics are explicitly present in the expert concept map. One of the remaining
two topics, namely philosophy of science, is present in the map implicitly. History of science is
the only topic from the Delphi study that does not appear in the expert concept map. All other
topics are connected to at least two topics directly — even the SK topics. This connectedness
shows the importance of DSK and building a strong and well-interconnected knowledge
framework. Furthermore, it shows that even the SK topics have a DSK component, allowing
them to connect in a knowledge framework. Indeed, building a good content knowledge
framework helps teachers understand the content area better and transform content knowledge
into pedagogical content knowledge (Bruner & Lufburrow, 1963). By knowing the connections
between different concepts and topics, teachers can better determine the most powerful
analogies and the most useful context for the content to be taught. As such, teachers can balance
between the intended curriculum and experts’ expectations regarding what high-school
students should know about particle physics.

All topics in the Delphi study outcomes were classified as either SK or DSK. In other
words, there were no topics in the Delphi study that were either classified as UK or
unclassifiable. The lack of purely UK topics is not surprising. Indeed, the learning goals part
of the Delphi study already showed that stakeholders perceive teachers’ UK to be of lesser
importance (Kranjc Horvat et al., 2021). Even so, these outcomes do not mean that PDPs should
steer away from enhancing teachers' UK completely. Classifying the topics into SK and DSK
does not exclude the possibility that these topics include some concepts or explanations at the
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university level. Further studies are needed to identify the full syllabus for particle physics
PDPs. At that level, this will allow further disambiguation between different aspects of CK.

Identifying different aspects of knowledge within teachers' expected CK will help
further the development of PDPs, e.g., CERN's teacher programmes. The outcomes of this
research project suggest that these programmes should focus strongly on enhancing both SK
and DSK. First, the programmes need to address all topics included in the relevant content area
of the curriculum to increase teachers' SK. For example, future CERN Slovenian teacher
programmes should focus on the Standard Model of particle physics, antimatter research, and
particle accelerators. These topics need to be re-introduced to teachers by including possible
activities, problems, and classroom resources. These topics should also be used as an anchor
for DSK topics. Indeed, DSK topics should be addressed as connections between students' prior
knowledge and the main content. Focusing on their role as DSK topics will allow teachers to
understand better their role as bridges in their and their students' knowledge. At the same time,
these topics can be introduced as the context for the main content. For example, future CERN
Croatian teacher programmes can benefit from showing teachers how to use examples from
real-life applications of particle physics as the context for particle accelerators. The
connection between everyday physics and fundamental research also gives way to a meaningful
discussion of philosophy of science. As such, philosophy of science can be more explicitly
addressed both in a PDP and, later, in classrooms. Knowing which aspects of teachers' CK a
programme should focus on thus extends beyond the content discussed in this section.

The outcomes of this doctoral research project provide strong guidelines for further
implementation of particle physics in high-school student and teacher education. However,
these guidelines expand beyond the limitations of particle physics. The constant development
of science in all fields leads to many contemporary topics that are not yet well integrated into
curricula, for example, genetics, nanotechnology, and global warming. These topics are parts
of everyday conversations as they enter the lives of millions of people through various media
sources, fiction, and politics. As such, it is important that these topics are already introduced in
high-school classrooms. By using the methods used in this doctoral research project,
connections to the existing curricula can be more easily identified. Teachers can then use these
connections as ways to introduce the topic as context. Introducing a new topic as an example
for multiple other curricular topics slowly builds students’ understanding of the topic. However,
such introduction requires sufficient teachers’ CK. Therefore, professional development
programmes aiming to introduce teachers to new topics should show teachers what they need
to teach about the topic and how this connects to other curricular topics. With this knowledge,
teachers can best support students’ meaningful learning about topics beyond the curriculum.

8.3  Strengths, Limitations, and Future Studies

Overall, this doctoral research project provides a springboard for further updates and
implementations of particle physics into high-school student and teacher education. The
findings of the project connect previous research on this topic into a strongly connected
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network. The project included three large international studies. The studies combined over 150
experts from more than 50 countries, including experts from all seven populated continents.
The experts that participated in either of the three studies covered a wide range of expertise,
including particle physics, physics education, and physics education research. Previous
suggestions in the literature typically focused on introducing students and teachers to a smaller
number of concepts within particle physics (e.g., Andrews & Nikolopoulos, 2018; Atkin, 2019;
Barradas-Solas, 2007). This research project reviewed the current state of particle physics in
high-school education and provided suggestions for expanding the particle physics content in
classrooms. By looking at the high-school particle physics content from three very different
angles, this research project provides a multi-faceted account of the most important concepts
and topics in particle physics education. The comparison of the three studies shows that experts'
expectations regarding students' and teachers' particle physics learning are very consistent.
Furthermore, the results of the two studies repeat most of the ideas previously identified in
other studies (e.g., Barradas-Solas, 2007; Lindenau & Kobel, 2019; Wiener et al., 2016).
However, the high-school physics curricula, in general, remain far from the desired outcome.
Combining the three studies better frames future developments to provide high-school students
and teachers with a better overview of particle physics.

Finally, several potential limitations need to be considered. First, the curricular review
included only a very limited selection of curricula. Indeed, only physics curricula of high
schools preparing students for university studies were included in the study. Additionally, in
countries like Serbia and Croatia, only the science-oriented curricula were reviewed. Such
selection of the curricula was purposeful to include only the curricula with maximum particle
physics content in each country. Likewise, no differentiation between obligatory and elective
concepts was made to only account for the "ideal" scenario with the broadest particle physics
scope. A better overview of how particle physics can be included in the curricula was provided
by only focusing on these curricula. However, this limitation leaves way for future research on
a broader selection of curricula, including curricula of other high-school types (e.g., technical
high schools) and other school subjects (e.g., med). Furthermore, the curricular review only
included information on the official curricula provided by the governing bodies of the
respective educational systems. Research shows that the prescribed curricula do not necessarily
directly reflect in the classroom (Ziebell & Clarke, 2018). Therefore, further investigation is
needed to identify how teachers' instructional practices correspond to the official curriculum.
Such investigation could also provide a better overview of the way different context enters
teachers' instructional practices.

Second, only two aspects of teachers’ content knowledge were considered: school
knowledge (SK) and deeper school knowledge (DSK). University knowledge (UK) was not
explored in this doctoral research project. This is partially due to difficulties in identifying
representative university curricula. Indeed, university curricula are typically set by individual
professors and not by states, governments, or universities. Furthermore, particle physics can be
introduced at the university level through several different courses. Therefore, multiple particle
physics curricula can exist at each university. Moreover, not all teachers necessarily hold the
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same level of qualification, even from the same country. As such, an international review of
university curricula to identify aspects of university knowledge would be very ambitious.
However, a similar project on a national level would be easier to conduct, considering the
obstacles in reviewing university curricula. Such a study on a smaller, national scale would
provide a more specific view of the aspects, which would be less generalisable. Still, it would
show a better insight into if and how much teachers are expected to enhance their UK through
their participation in PDPs.

Next, topics that emerged from the Delphi study are broad compared to concepts
included in the other two studies. Here, a more detailed syllabus would provide a better insight
into how the different aspects of teachers’ CK are integrated within each topic. Indeed, each
topic could include hints of other aspects in addition to the one it was assigned in this study.
For example, in this research project, the Standard Model of particle physics has been identified
as SK. At the same time, this topic can also be described with very complex mathematical
descriptions and concepts beyond high-school curricula. As such, a component of the topics
Standard Model of particle physics can be considered UK. Therefore, future studies of different
CK aspects within the syllabus would provide a better insight into the interplay of the aspects
within each topic. Consequently, a better understanding of teachers’ CK can be achieved.

Another limitation of the Delphi study is the lack of a clear definition of what
"important" means. As the stakeholders ranked the topics based on how important they
perceived them, they had their specific criteria for what makes a topic important. Several
stakeholders already mentioned that they perceive topics connected to the curricula and CERN
as more important in the comments. However, the two mentioned characteristics of more
important topics cannot fully explain the ranking. Future research exploring stakeholders’
personal constructs behind the word “important” in this context could offer a better insight into
how specific topics are made important for teacher and student education.

All three studies in this research project focused strongly on the content of particle
physics education. However, designing successful learning interventions requires more than
structuring the content knowledge base. Both in high-school education and PDPs, the activities
that support content learning carry significant importance in the learning process. Here, an
initial study on activities in PDPs at CERN has already been conducted. Indeed, a part of the
Delphi study investigated stakeholders’ expectations regarding which activities should be
included in CERN’s teacher programmes. The final ranked list of the suggested activities can
be found in Appendix A. These results can be generalised to some extent to high-school
education. Indeed, research shows that activities in PDPs model the expected teachers’
instructional practice (Guskey, 2003; Van Driel & Berry, 2012). As such, teachers would more
likely use similar activities to convey the topics in the classroom as they experienced during
their participation in PDPs. Still, further work is required to identify which activities fit best
with the content in high schools. Specifically, future studies should continue investigating how
particle physics can be a context for the Nature of Science and other curricular topics.
Furthermore, future studies on particle physics as context should consider the connectedness
of individual particle physics concepts to others. For example, suppose particle detectors are
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used as context for ionisation. In that case, researchers should consider how particle detectors
connect to particle accelerators, the Standard Model, or cosmology. Such explicit connections
can help teachers to support students’ meaningful learning of particle physics.

Next, the expert concept map and the Delphi study were both conducted in the context
of CERN. While the connection to CERN was more apparent in the expert concept map, the
outcomes of the Delphi study have been affected by it as well. Indeed, comparing the outcomes
of the Delphi study to the study by Oettle (2021), summarised in Chapter 2, shows a stronger
affinity of the Delphi study towards experimental particle physics, albeit CERN was not an
explicit topic in the Delphi study. Furthermore, several stakeholders were experts and
facilitators from other research institutions (not CERN). Therefore, the topics and their
importance ranking could also be implemented in PDPs at other institutions similar to CERN.

Last, due to the internationality of the three studies, all materials were administered and
produced in English. In the expert concept mapping study, all selected experts had a very good
working knowledge of English. Furthermore, the author followed the concept mapping process
and ensured the language was understandable by asking clarification questions when needed.
Additionally, the iterations allowed experts to rephrase any ambiguities. However, in the Delphi
study and the curricular review, stakeholders and experts participated individually without
strong direct contact with the author for immediate clarification. Therefore, the materials for
both studies were pretested within an international group of researchers to reduce the language
bias. Furthermore, an option "I do not understand the question" was added in the Delphi study.
Adding this option allowed the author to automatically discard the responses from people
without sufficient knowledge of English. However, none of the participants showed a lack of
understanding of the question. In the curricular review, the possible language bias was reduced
already by including two reviewers per country. Additionally, all reviewers were alumni of
CERN's teacher programmes. Their knowledge of English was shown to be sufficient during
their respective PDP. Therefore, the language bias in all three studies is likely of minor effect.



9 IMPLICATIONS AND CONCLUSIONS

This doctoral research project focused on defining and investigating what particle
physics content are high-school students and teachers expected to learn. Three studies
supported the investigation. Each of the studies investigated a different aspect of including
particle physics into high-school education and followed a different methodology. The three
studies were focused on particle physics. Nevertheless, implications for teaching, curricular
developments, professional development programmes, and educational research can be
extended to other contemporary scientific topics, as presented in the following sections.

9.1 Implications for Teaching Contemporary Science Topics

The first part of this research project focused on what high-school students need to learn
about particle physics. The outcomes show that experts in particle physics and physics
education expect students to learn far more than what is in curricula. Furthermore, what
curricula expect high-school students to learn about particle physics is disconnected from their
prior knowledge. This disconnection can hinder the process of meaningful learning (Ausubel,
2000). Therefore, teachers should aim to bridge that gap by introducing the missing concepts
as context. For example, particle detectors and detection principles can be introduced as a
context for ionisation. Indeed, ionisation is one of the main principles for particle detection.
Therefore, by introducing, for example, a cloud chamber when discussing ionisation, students
can learn about both ionisation and particle detectors simultaneously.

The expert concept map on particle physics, described in Chapter 4, can be helpful
when searching an appropriate context. Indeed, expert concept maps are prime examples of
advanced organisers (Novak, 2010). As such, these maps can be used to scaffold teaching
practice. First, the hierarchical structure of the expert concept map leads teachers from broader
concepts to more specific examples. Therefore, teachers can follow the branches of the expert
concept map to introduce a specific concept in more detail. For example, theoretical particle
physics first leads teachers to the Standard Model of particle physics. There, teachers can
explain the Standard Model of particle physics by introducing concepts from a lower
hierarchical level, such as fundamental interactions. Students would then be introduced to the
different types of interactions and the respective interaction particles following the hierarchy.
With this succession, students learn first about broader concepts and slowly go into more details.

Second, the interconnectedness of the concept map helps teachers to connect concepts
from different branches. As such, teachers can more easily identify suitable contexts for
different particle physics concepts, including those from other curricular topics. Following the
previous example, teachers can use particle collisions to connect fundamental interactions with
particle accelerators and particle detectors. As such, teachers can use experimental particle
physics as context for introducing the Standard Model and theoretical particle physics.
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Last, the graphical representation of the knowledge structure in an expert concept map
helps identifying possible weak areas in teaching practices to guide further improvements. Here,
weak areas are characterised by being either disconnected or very weakly connected to other
concepts in the expert concept map. Indeed, the fewer connections there are to a concept or
area in a map, the fewer the opportunities for meaningfully learning about it. For example, the
concept map based on the curricular review would have a gap between theoretical particle
physics concepts and other curricular topics. Finding this gap helps teachers to identify possible
content or context to help them build better connections. With the help of the expert concept
map created in my research project, identifying suitable content and context becomes easier. In
summary, the expert concept maps can facilitate teachers’ instruction planning and,
consequently, students’ meaningful learning of particle physics.

Similarly, the expert concept map can be used to evaluate students’ understanding of
particle physics. Several studies have already used concept maps as a method for evaluation
(e.g., Anohina-Naumeca & Milasevicha, 2011; Erdimez et al., 2017; Yin et al., 2005). Here,
students receive a task of creating a concept map on a certain topic. In this task, students need
to design a concept map either with their own concepts or with concepts provided by the teacher.
In both cases, students' concept maps are then compared to the expert concept map to see the
overlap of the two. Based on this overlap, areas for improvement can be identified. Additionally,
using concept mapping with students can give teachers an overview of possible preconceptions
or misunderstandings. Future teaching interventions can then be planned accordingly.

9.2 Implications for Curricular Developments

The comparison between the results of the curricular review and the expert concept map
revealed several gaps in high-school particle physics content. Indeed, the existing particle
physics content is not well connected to other curricular topics. Such gaps impede students’
meaningful learning, as new knowledge builds upon prior knowledge (Ausubel, 2000). While
teachers can bridge gaps within their curricula, curricular limitations leave little space for
additional topics. Furthermore, experienced teachers typically rely more on their school
knowledge and, thus, their curricula (Arzi & White, 2008; Wheeldon et al., 2012). Therefore,
bridging the conceptual gaps should at least partially already be done within curricula. The
connections between different chapters in the curricula should be explicit either as content or
as suggestions for possible context. For example, if the curricula included connections between
particle physics concepts and other parts of the curricula, teachers would more likely include
them in their instructional practice.

The hierarchical structure of the expert concept map can be very helpful in curricular
development. In the expert concept map, the central concept at the highest hierarchical level is
the broadest. With each subsequent level of the hierarchy, the concepts get narrower and more
specific. Therefore, by selecting a hierarchical cut-off level, the curricula can include arbitrarily
broad concepts. Depending on the type of curriculum, different levels of hierarchy can be
included. For example, syllabus-like curricula likely include most or even all concepts in the
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expert concept map. Conversely, a more general curriculum stops at a higher level of hierarchy.
For example, a general curriculum in particle physics might stop at the second level of hierarchy.
Then, the curriculum would include concepts such as particle accelerators, particle detectors,
the Standard Model, and cosmology. In this curricular example, teachers would have more
freedom for building context. However, they would also have less explicit suggestions for
connecting to students' prior knowledge. Therefore, a balance needs to be found between giving
teachers enough suggestions for designing their courses and not saturating the curriculum with
too many details. An example of such a curriculum would include the Standard Model with
links to the elementary particles-charges-fundamental interactions triangle as an example of
theoretical particle physics. In experimental physics, the curriculum could include particle
accelerators with acceleration principles, particle detectors with detection principles, and data
analysis linked to signal + background. 1t is then up to teachers to decide how deep into details
they go. Perhaps they still wanted to focus on the list of elementary particles and skip over the
detailed specifics of particle detectors. Other teachers might want to focus on the workings of
the LHC and not require students to learn the whole list of guarks. In any case, the curriculum
would have had specified the most important aspects of both theoretical and experimental
particle physics, together with connections to students’ prior knowledge.

The example of curriculum building above works well for including a topic explicitly
in the curriculum. However, expert concept maps are useful also for identifying where a topic
can be used as context and how it can be contextualised. For example, particle physics can
serve as a context for electromagnetism even if it is not explicitly mentioned in the curriculum.
This way, particle physics can get introduced in a bottom-up approach. Using particle physics
as context can lead to a good representation of the topic with proper scaffolding. In addition,
contextualising topics is important for increasing students' interest (Hoffmann et al., 1998;
Sjeberg & Schreiner, 2012). Therefore, curricula should not only be formulated concisely but
should also highlight possible contexts within each topic.

Last, this research project showed that particle physics is a prime example for
contextualising the Nature of Science. Indeed, as particle physics is a contemporary field of
physics, facets of the Nature of Science are present in many aspects of particle physics.
Therefore, contextualising the Nature of Science with particle physics or vice versa should be
one of the aims of future curricular developments. For example, the tentative aspect of the
Nature of Science can be shown in the context of “observations disproving theoretical particle
physics”, as shown in the expert concept map. Identifying similar contexts across the curricula
can help teachers introduce the Nature of Science more meaningfully to students, especially if
it is not introduced explicitly.

9.3  Implications for Professional Development Programmes

Introducing a new topic to high-school education always requires sufficient teachers’
professional knowledge. Therefore, professional development programmes (PDPs) are the
backbones of all curricular updates. This research project investigated which aspects of
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knowledge teachers should enhance during their participation in a particle physics PDP. The
outcomes of this project show that stakeholders of a PDP on particle physics at CERN expect
teachers to mainly enhance their school knowledge (SK) and deeper school knowledge (DSK).
Furthermore, stakeholders perceive SK topics as the most important topics in PDPs. These
outcomes suggest that PDPs need to ensure their content is connected to the curricula.

One way for PDPs to achieve that is to include teachers in their evaluation. In this
research project, teachers were invited to help with the curricular review. Through this task,
teachers had the opportunity to reflect on the curriculum and their instructional practices from
a particle physics perspective. Furthermore, through identifying different connections to
particle physics in the curriculum themselves, teachers can get more motivated to implement
the knowledge they acquired as content and context for various other curricular topics. As such,
reviewing the curricula can continue teachers’ respective professional development, both in
particle physics and in other topics. Meanwhile, professional development facilitators and
educational researchers can use their data to gather important information regarding the
curricular content and the relevance of the respective PDP. If the mismatch between a
curriculum and a PDP was too great, it would show a need to update the programme — or the
curriculum. Therefore, a focused curricular review should be a part of the follow-up activities
of all PDPs.

However, stakeholders expect teachers to learn more than what is in the curriculum.
Indeed, teachers are expected to learn about several additional topics, such as particle detectors
and particle accelerators. These topics help connect particle physics that is in the curriculum
to students' prior knowledge. Learning about these connections is crucial for building context
and supporting students’ meaningful learning. Therefore, teachers’ content knowledge within
a specific chapter needs to be complete, even if it surpasses the curricular suggestions.

9.4  Implications for Science Education Research

Educational interventions typically require a multi-directional approach. Indeed,
changes in curricula require high-school teachers to adapt their teaching, university professors
to review their assumptions on prior knowledge, and professional development facilitators to
support the changes with their programmes. Therefore, this research project looked at
introducing particle physics in classrooms with three studies from the curricular perspective,
the experts’ perspective, and the stakeholders’ perspective. All three studies in this doctoral
research project used a different methodology. In the following paragraphs, lessons learned and
suggestions for future researchers are described.

First, an iterative expert concept mapping study was conducted. As the name describes,
expert concept mapping is an expert knowledge elicitation technique. Expert techniques rely
greatly on the experts’ expertise. Therefore, the identification of suitable experts is crucial. The
expertise of the experts needs to be broad enough to cover the field sufficiently. Including a
broad range of experts in expert concept mapping facilitates a better generation of ideas and
reduces the risk of false consensus. For example, including educational experts in this research
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project ensured a better connection of concepts to students' prior knowledge. Furthermore, the
experts should be selected based on the progress of the expert concept map development. In
this expert concept mapping study, the expert in Round 4 identified a need for including a
computer scientist to cover the computing area of the map better. Therefore, a computer
scientist was included in the subsequent round. Indeed, a broad and dynamic expert selection
should be at the centre of similar expert concept mapping studies.

The expert concept mapping study in this research project used an iterative approach,
modelled by the studies by Coffey and Hoffman (2003) and McBride and Burgman (2012).
The iterative approach allowed for better verification of the expert concept map. Each round
included expert training, evaluation of the latest version of the expert concept map, think-aloud
concept mapping, verification with the expert, and identification of criteria for the next expert.
The rounds were repeated until no need for additional experts is identified. In this research
project, the expert concept mapping study thus concluded after nine rounds. This process of
expert analysis, updates, and verification enhances the validity of the expert concept map.
Furthermore, it allows the researchers to understand the experts’ reasoning behind each
decision fully. Moreover, as the verification of the results is always done through discussions
with the participating experts, the role of the researcher in the process is minimised. Therefore,
this methodology for creating a concept map is ideal for researchers aiming to develop an
expert concept map that represents the cumulative knowledge of a larger group of experts.

Seven rounds of the expert concept mapping study in this research project have been
conducted during the pandemic. Therefore, they could not be conducted live. Rather, the
experts met with the researcher in an online environment. The move to an online setting has
enhanced the process significantly. The concept mapping was done using online interactive
concept mapping tools that both the researcher and the expert could manipulate at the same
time. The possibility of independent manipulation allowed both to have a better overview of
the map as it was changing. Additionally, changing and updating a concept map is significantly
simplified in an online tool, especially when the map becomes more ramified. Links and
concepts in an online expert concept map are clear, easy to follow, and easy to move around.
Furthermore, an online setting allows researchers also to reach experts that are not
geographically close. Therefore, concept mapping online should be preferred for interactive
concept mapping sessions, especially in a one-on-one setting.

Second, a review of 27 high-school physics curricula from around the world was
conducted. Here, a representative sample of curricula was selected rather than focusing only
on curricula that already include particle physics explicitly. By reviewing a representative
sample, the analysis showed how particle physics enters the curricula explicitly and implicitly.
Furthermore, it showed that particle physics is present in the curricula even when it does not
include an explicit particle physics chapter. Indeed, other curricular topics either introduce
particle physics as context or already contain particle physics concepts intrinsically. For
example, electrons and electric charge are almost always mentioned in the chapter on
electromagnetism. Therefore, reviewing a representative sample of all curricula helped identify
particle physics' explicit and implicit presence.
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Curricula are written in the language of teachers and students in the respective
educational system. Furthermore, the overall curricular design differs greatly between different
educational systems. Therefore, including teachers as experts on their respective curricula was
an important methodological choice. With knowledge of the language and experience with their
respective curriculum, teachers can be considered as prime experts for a curricular review and
a variety of other similar studies (e.g., lesson studies, mentoring). Hence, including them in
other studies could provide educational researchers with additional meaningful insight.

9.5 Final Conclusions

Particle physics represents merely a small bit of physics education. With the strict
limitations provided by the curricula, particle physics might be easy to disregard. However, my
research project showed that particle physics could provide a meaningful context for the entire
physics curriculum. Indeed, it is a prime example of contemporary physics to be included in
high school physics education and beyond.

There is still a lot to be done in the field of high-school particle physics education.
However, the field is developing rapidly. A great number of studies on how to introduce
different particle physics concepts in the classroom are emerging. This doctoral research project
provides a framework that connects these concepts and studies in a meaningful way. As such,
it leads the way for further, less informative implementations of particle physics in high-school
physics curricula. Here, it does not matter whether particle physics or similar contemporary
topics get integrated into the intended or enacted curricula as content or context. The only
important thing is that all science is introduced in a meaningful way. Only then can we achieve
a real understanding of the ever-changing world around us.
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CCC
CCK
CCT
CERN
CK
DSK
EPP
IB
IPP
LHC
PCK
PDP
PK
SK
UK

Common curricular concepts

Common content knowledge

Common curricular topics

European Organization for Nuclear Research
Content knowledge

Deeper school knowledge

Explicit particle physics

International Baccalaureate

Implicit particle physics

Large Hadron Collider

Pedagogical content knowledge
Professional development programmes
Pedagogical knowledge

School knowledge

University knowledge
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APPENDICES

Appendix A: Other Outcomes of the Delphi Study

1. Activities

Importance level Activity
High importance Hands-on workshops
Guided tours
Medium importance Networking with other teachers

Networking with scientists
Lectures
Question-and-answer sessions
Demonstrations of experiments
Work in groups
Data analysis workshops

Low importance Theory workshops

Other

2. Resources for teachers to prepare for participation in a professional
development programme

Importance level Preparation resource
High importance [lustrated textbooks
Medium importance Educational websites in STEM

Educational videos
Online courses
Animations
Simulations

Low importance Other
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Appendix A: Other Outcomes of the Delphi Study

3. Classrooms resources for teachers to take back home

Importance level

Classroom resource

High importance

Medium importance

Low importance

[lustrated textbooks

Animations and simulations

Instructions and materials for experiments
Educational videos

Online courses

Student worksheets

Editable slideshow presentations

Lesson plans

Souvenirs

Other

4. Follow-up activities

Importance level

Follow-up activity

High importance

Medium importance

Low importance

Workshops in home countries

Online platform for teachers of the same programme
Joint projects with other teachers

Online platform for teachers of all programmes

Real or virtual visits to CERN

Video conferences with physicists and educational
researchers

Lesson studies
Reflection on the programme

Other
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5. Impact of CERN’s teacher programmes

a) Impact on students

Importance

Impact

High importance
Medium importance

Low importance

Students become more motivated.
More students want to study science.

Students are aware of the diversity in science.

b) Impact on teachers

Importance

Impact

High importance

Medium importance

Low importance

Teachers become more motivated.

Teachers know and use new teaching methods.

Teachers have a professional connection with other teachers.
Teachers are aware of diversity in science.

Teachers have a professional connection with scientists.

¢) Impact on curriculum

Importance

Impact

High importance

Medium importance

Low importance

Modern physics is included as context in existing curriculum.
Modern physics is included as part of enacted curriculum.
Modern physics is included through extracurricular activities.

Modern physics is included in the national curriculum.

d) Impact on general public

Importance

Impact

High importance
Medium importance

Low importance

General public is more aware of the importance of research.
General public uses scientific thinking more often.

General public is aware of diversity and opportunities in
science.
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Appendix B: Curricular Documents

Country
code

Country

Curriculum type

Curriculum document

AT

AU-QL

BR

CA-MB

CH-NW

DE-BB

DE-BW

DE-SN

ES

FR

Austria

Australia -
Queensland

Brasil

Canada -
Manitoba

Switzerland -
Nidwalden

Germany -
Brandenburg

Germany -
Baden-
Wirttemberg

Germany -

Saxony

Spain

France

Upper secondary
school

Senior secondary
school

High school

Senior high
school

Secondary school

Upper secondary
school

Upper secondary
school

Upper secondary
school

Baccalaureate

Upper secondary
school

Austrian Federal Ministry of Education, Science and
Research. (2018). Gesamte Rechtsvorschrift fiir
Lehrpliane—allgemeinbildende héhere Schulen,
Gymnasium Physik. Retrieved from:

https://www.ris .bka.gv.at/GeltendeFassung.wxe?Abfrage
=Bundesnormen&Gesetzesnummer=10008568

Queensland Curriculum and Assessment Authority
(2019). Physics 2019 v1.2. Retrieved from:
https://www.qcaa.qld.edu.au/senior/senior-
subjects/sciences/physics/syllabus

Avrea ciéncias da natureza.
https://efape.educacao.sp.gov.br/curriculopaulista/wp-
content/uploads/2021/01/TEMPLATE-Diviséo-
Habilidades-por-Ciéncias-da-Natureza-e-suas-
Tecnologias-1°-Série-EM.pdf

Manitoba Departement of Education and Youth (2003).
Senior 3 Physics. A Foundation for Implementation.
Retrieved from:
https://www.edu.gov.mb.ca/k12/cur/science/found/physic
s30s/full_doc.pdf

Amt fur Berufsbildung und Mittelschule (2020). Lehr-
und Stoffplan. Retrieved from:
https://www.kollegistans.ch/mittelschule/lehr-und-
stoffplan-des-kollegiums-st-fidelis/

Ministerium fiir Bildung, Jugend und Sport Land
Brandenburg (2018). Rahmenlehrplan fiir den Unterricht
in der gymnasialen Oberstufe im Land Brandenburg.
Retrieved from: https://bildungsserver.berlin-
brandenburg.de/fileadmin/bbb/unterricht/rahmenlehrplaen
e/gymnasiale_oberstufe/curricula/2018/RLP_GOST_Phys
ik_BB_2018.pdf

Ministerium fur Kultus, Jugend un Sport (2016). Physik.
Retrieved from: http://www.bildungsplaene-
bw.de/site/bildungsplan/get/documents/Isbw/export-
pdf/depot-pdf/ALLG/BP2016BW_ALLG_GMSO_PH.pdf

Staatsministeriums fur Kultus (2019). Lehrplan
Oberschule. Physik. Retrieved from: http://Ipdb.schule-
sachsen.de/lpdb/web/downloads/54_Ip_os_physik_2019.p
df?v2

Ministerio de educacion, cultura y deporte (2015). Boletin
oficial del estado. Retrieved from:
https://www.boe.es/boe/dias/2015/01/03/pdfs/BOE-A-
2015-37.pdf

Ministére de I'éducation nationale, de la jeunesse et des
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g:(;)duentry Country Curriculum type Curriculum document
Ministry of education (2010). Teaching syllabus for
GH Ghana Senior high physics (senior high school 1-3). Retrieved from:
school https://mingycomputersgh.files.wordpress.com/2015/03/el
ective-physics-syallbus-14-10-10.pdf
Ministry of Education and Religious Affairs. Institute of
Educationa Policy (2020). Material and instructions for
GR Greece General high the teaching of Physical Sciences (Physics, Chemistry,
school Biology) in grades A, B and C of the General High
School. Retrieved from: http://iep.edu.gr/el/graf-b-
yliko/geniko-lykeio
Ministarstvo znanosti i obrazovanja (2019). Kurikulum
. General nastavnog predmeta fizika za osnovne $kole i1 gimnazije.
HR Croatia . . i i
gymnasium Retrieved from: https://narodne-
novine.nn.hr/clanci/sluzbeni/2019 01 10 210.html
Extended Ministry of Education (2009). Retrieved from:
IL Israel secondary school https://edu.gov.il/special/Curriculum/High-
ry School/physics/Pages/Syllabus.aspx
Scientific Ministero dell’istruzione, dell’universita e della ricerca
IT Italy secondary school ~ (2010). Retrieved from:
(liceo scientifico)  https://www.isnitti.edu.it/menu_didattica/nota_liceo.pdf
Center of Educational Research and Development. (1997).
LB Lebanon Secondary school Curriculum Decree & General Target. CRDP.
Pre-universi College voor Toetsen en Examens (2019). Syllabus
. v centraal examen 2021. Retrieved from:
NL Netherlands high school )
https://www.examenblad.nl/examen/natuurkunde-vwo-
(VWO)
2/2021
Ministerstwo Edukacji Narodowej (2018). Fizyka.
Technical Liceum/technikum. Retrieved from:
PL Poland ] .
secondary school  https://podstawaprogramowa.pl/Liceum-
technikum/Fizyka
Ministry of Education of the Russian Federation (2017).
RU Russia Secondary school  Federal component of the state standard of general
education.
Advanced Independent Examinations Board (2019). Advanced
SA South Africa placement Programme Physics. Retrieved from:
secondary school  https://www.ieb.co.za/pages/resources
Swedish National Agency for Education (2020). Fysik.
Retrieved from:
https://www.skolverket.se/undervisning/vuxenutbildninge
SE Sweden Gymnasium n/komvux-gymnasial/laroplan-for-vux-och-amnesplaner-
for-komvux-
gymnasial/amne?url=1530314731%2Fsyllabuscw%2Fjsp
%2Fsubject.ntm%3FsubjectCode%3DFY S%26t0s%3Dvu
Xgy%26p%3Dp&sv.url=12.h173ee8160557dd0b8100d
Ministrstvo za Solstvo, znanost in §port (2017). Uéni
naért. Splo$na gimnazija. Fizika. 2. popravljena izdaja.
S| Slovenia General Retrieved from:
gymnasium http://eportal.mss.edus.si/msswww/programi2017/progra

mi/media/pdf/un_gimnazija/2015/UN-FIZIKA-gimn-
12.pdf
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Country

code Country Curriculum type Curriculum document
Statny institut odborného vzdelavania (2019). Fyzika.
SK Slovakia Grammar school https://siov.sk/wp-
content/uploads/2019/06/B10_ VO CaP_FY CH_BILpdf
Ministarstvo prosvete, nauke i tehnoloskog razvoja
(2018). HactaBHm 1u1aH 1 ipoTpaM 3a 001apeHe YICHHKE
Mathematical and y Maremaruukoj rumuasuju. Retrieved from:
SR Serbia scientific https://www.mpn.gov.rs/wp-
gymnasium content/uploads/2018/02/ITpaBuiIHIK-0-HACTAaBHOM-
IUTaHy-U-TIPOrpamy-3a-001apeHe-yueHUKE -y -
Maremaruukoj-rumuasuju.pdf
AQA Education (2017). AS and A-level physics.
UK United Secondary school  Retrieved from
Kingdom (A levels) https://filestore.aqa.org.uk/resources/physics/specification
s/AQA-7407-7408-SP- 2015.PDF
High schools National Academy of Sciences (2013). Next Generation
us United States Science Standards. Retrieved from:
(NGSS) httns:// .
ps:/lwww.nextgenscience.org
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International Diploma programme physics guide: First assessment
B Higher level 2016. Cardiff, Wales: International Baccalaureate

Baccalaureate

Organization (UK) Ltd. http://www.holyheart.ca/wp-
content/uploads/2016/10/I1B-Physics-Guide-2016.pdf
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Appendix C: Codebook

Particle physics

=

—

o

g Topic Concept Guideline for using the code

[4+]

@)
Big Bang Currlculum mentions Big Bang or the beginning of the

Universe.
Cosmology Inflation Curriculum mentions the inflation of the early Universe.
. Curriculum mentions the continuous expansion of the

Expansion

Universe or the red shift.

Standard Model

Curriculum explicitly mentions the Standard Model of
particle physics.

EM interaction

Curriculum mentions at least one of the following:
electromagnetic force or electromagnetic interaction (in
the context of particle physics), electric charge (in the
context of particle physics), photon (as an interaction
particle for electromagnetic interaction).

Curriculum mentions at least one of the following: strong

Strong interaction, strong nuclear force, strong force (as a
Fundamental interaction nomenclature for this particle interaction), colour force,
interactions gluons.
Curriculum mentions at least one of the following: weak
Weak ) .
interaction interaction, weak nuclear force, weak force (as a
nomenclature for this particle interaction), W & Z bosons.
Curriculum mentions at least one of the following:
- gravity (in the context of particle physics), gravitational
Gravity in PP - . d "
force (in the context of particle physics), gravitational
interaction (in the context of particle physics), graviton.
Electric charge |Curriculum mentions electric charge.
Charges Strong charge | Curriculum mentions strong charge or colour charge.
Weak charge Curriculum mentions weak charge.
Curriculum mentions quarks or at least one of the
following: up quark, down quark, strange quark, charm
Quarks :
quark, top quark, bottom quark, anti-(up quark, down
Elementary quark, etc.).
particles Curriculum mentions leptons or at least one of the
following: electron, muon, tauon, neutrino, electron
Leptons - . . .
neutrino, muon neutrino, tauon neutrino, anti-(electron,
muon, etc.).
Interaction Curriculum mentions bosons or at least one of the
particles Bosons following: photons (as interaction particles), W bosons, Z

bosons, gluons, gauge bosons.

Brout-Englert-Higgs mechanism

Curriculum mentions at least one of the following: Brout-
Englert-Higgs mechanism, Higgs mechanism, Brout-
Englert-Higgs field, Higgs field, interaction of particles
with the Brout-Englert-Higgs field through which the
particles can gain mass, Higgs boson or Higgs particle.
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Appendix C: Codebook

Category

Topic

Concept

Guideline for using the code

Particle physics (continued)

Particle transformations

Curriculum mentions at least one of the following: particle
transformation, particle decay, beta decay, alpha decay, particle
annihilation, pair production.

Feynman diagrams

Curriculum mentions at least one of the following: Feynman
diagrams, particle interaction diagrams, reaction diagrams (in the
context of particle physics).

Antimatter research

Curriculum mentions at least one of the following: antiparticles,
antiquarks, anti-(up, down, ..., muon, ...), positron, annihilation,
beta+ decay, positron emission, positron emission tomography,
antimatter, the mystery of antimatter, anti-hydrogen, antimatter
research, matter-antimatter asymmetry, baryon asymmetry, etc.

Particle
accelerators

Linear
accelerator

Curriculum mentions at least one of the following: linear particle
accelerator, linear accelerator, linac. Curriculum can also mention
specific examples: SLAC, LINACA etc.

Circular
accelerator

Curriculum mentions at least one of the following: circular
particle accelerator, synchrotron, particle collider. Curriculum can
mention examples: LHC, SPS etc.

Particle acc. |Curriculum mentions particle accelerators without specifying the
(general) type of the particle accelerator.
L Curriculum mentions at least one of the following: historical
Historical X
detectors particle detegtors, cl_gud chamber, bubble chamber, spark
chamber, Geiger-Muller tube (or counter).
Particle Modern Curriculum mentions modern particle detectors. Curriculum can
detector detectors also mention specific examples: ATLAS, CMS, ALICE, CDF,
ZEUS, AMS, Super-Kamiokande ...
Particle det. |Curriculum mentions particle detectors without specifying the
(general) type or an example of the detector.

Data storage and data

Curriculum mentions at least one of the following in the context
of modern (particle) physics: data, big data, data analysis,
analysis, statistical methods, statistical tools, sigma, signal,

analysis measurements, background (in context of measurements in
particle physics), data storage, big data, www, internet, cloud,
data centre, magnetic strip tape.
Experimental | Curriculum encourages teachers to keep up with the latest
results experimental results in particle physics.
Advances Curriculum mentions at least one of the following: string theory,
in particle o supersymmetry, dark matter, dark energy, grand unifying theory,
physics qupeesr':ions limitations of the Standard Model, the limitations of the Big Bang

theory, baryon asymmetry, matter-antimatter asymmetry,
quantum gravity.

Real-life applications of
particle physics

Curriculum mentions at least one of the following in the context
of particle physics: medical applications, medical accelerators,
hadron therapy, proton therapy, positron emission tomography,
radiation therapy, X-rays, WWW, touchscreens, modern
technology, computer science, material science, cryogenics,
security scans, solenoid magnets, superconductors, data
processing devices.
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S
§ Topic Concept Guideline for using the code
4+
O
. . Curriculum mentions linear motion, straight line motion
. Linear motion - .
Mechanics or rectilinear motion.
Circular motion | Curriculum mentions circular motion or angular motion.
Newtonian Curriculum mentions at least one of the following:
gravity gravity, gravitational force, gravitational interaction.
Gravity T Curriculum mentions at least one of the following:
Einsteinian - i
ravit curvature of space-time, general relativity, general
g Y theory of relativity, gravitational lensing.
Curriculum mentions conservation of energy, regardless
Energy L
of the type of energy that is being conserved.
) Linear Curriculum mentions conservation of momentum in the
IConsen;ann momentum context of linear momentum.
aws (of) Angular Curriculum mentions conservation of angular
momentum momentum.
Charges Curriculum mentions conservation of charges.

Other curricular topics

Thermodynamics

Particle model

Curriculum mentions at least one of the following: the
particle model of matter (in the context of
thermodynamics), the kinetic theory of gasses, particle
model of ideal gas.

Phase transitions

Curriculum mentions any of the phase transitions or
phase transitions in general.

Vacuum

Curriculum mentions vacuum. Do not code unless
vacuum is explicitly mentioned in the curriculum.

Electromagnetism
(EM)

Electric fields

Curriculum mentions the homogeneous or non-
homogeneous electric fields, or interaction between
electric field and particles.

Magnetic fields

Curriculum mentions the interaction between
homogeneous or non-homogeneous magnetic field and
particles.

Magnetic force

Curriculum mentions the magnetic force or one of its
synonyms, for example: Lorentz force, Fleming law,
right-hand rule, left-hand rule, etc.

lonisation

Curriculum mentions ionisation.

EM waves

Curriculum mentions electromagnetic waves.

Superconductivity

Curriculum mentions superconductors, either as main
content or an example.




134 Appendix C: Codebook
3
g Topic Concept Guideline for using the code
3+
O
Cosmi Curriculum mentions at least one of the following: the
osmic . ) i g
o origins, the properties, the detection of cosmic rays,
radiation . . .
history of the detection of cosmic rays.
Alpha Curriculum mentions at least one of the following: alpha
radioactivity radioactivity, alpha decay, alpha particle.
Beta Curriculum mentions at least one of the following: beta
Radiation radioactivity, beta decay, beta minus, beta plus, electron

radioactivity

capture, beta ray.

Gamma
radioactivity

Curriculum mentions at least one of the following: gamma
ray, gamma radioactivity, gamma decay.

Curriculum mentions at least one of the following:

Radiation S - S ..
(general) ionising radiation, radloactl_vg sources, raqlatlon
protection, background radiation, radioactive decay.
Relativistic Curriculum mentions relativistic motion or its effects,
motion such as time dilation and contraction of space-time.
Special relativity Curriculum mentions at least one of the following:
E=mc? E=mc?, E=ymc?, E=Sqrt(m?c*+p?c?), invariant mass,

mass-energy equivalence.

Quantum physics

Quantum effects

Curriculum mentions at least one of the following:
(quantum) tunnelling, (quantum) entanglement, non-
locality, the EPR experiment.

Probability in
QP

Curriculum mentions at least one of the following:
uncertainty principle, Heisenberg’s principle, wave-
particle duality, Schrédinger equation, wave nature of
particles, the double-slit experiment, wave model of
matter, electron diffraction, de Broglie wavelength.

Atomic models

Curriculum mentions at least one of the following: atomic
model, the atomic orbital model, electron cloud, atomic
theory, Bohr atomic model.

At. energy
levels

Curriculum mentions at least one of the following:
discrete energy levels in an atom, atomic energy levels,
line spectrum.

Qu. mechanics

Curriculum mentions at least one of the following:
guantum physics, guantum mechanics, quantum theory.

Nature of science

Curriculum mentions at least one of the following: the
function and limitations of models, the tentative and
changing Nature of Science, the role of hypothesis and
observations, various controversies in science, and the
societal impacts of science.

History of (physics)

Quantum
physics

Curriculum mentions the historical developments of
quantum physics, for example: the atomic model, wave-
matter duality etc.

Particle physics

Curriculum mentions discoveries of quarks, bosons,
leptons (apart from electron), Higgs bosons etc. and
strong and weak interactions.
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Appendix D: Definitions of Topics in the Delphi Study

Topic Definition

Cosmology The description of and research methods for beginning and
the development of the Universe.

Standard Model Description and explanation of the Standard Model of

Real-life applications

Latest findings

Particle accelerators

Antimatter research

Technology and engineering

Particle detectors

Theory of relativity

Data analysis

Philosophy of science

History of science

Theoretical advances

Other

particle physics, including elementary particles, fundamental
interactions, and interaction particles.

Real-life applications of particle physics research (e.g., world
wide web, touchscreens, medical applications).

Updates on newest findings in particle physics, e.g., Higgs
boson, pentaquarks.

Particle accelerators and their working principles, e.g.,
acceleration, steering, beam dump.

Description of antimatter and principles of antimatter

e.g.,
antihydrogen.

research, particle decelerators, particle traps,

Technology and engineering used for particle physics

e.g.,
geoengineering.

research, superconductors,  material  science,

Particle detectors and their working principles, e.g.,

calorimeters, trackers, detector systems.
Einstein’s theory of special relativity.

Reasons, principles, and the statistical methods for data
analysis

The process of scientific discovery, societal impacts, and
collaboration and cooperation on the development of
scientific knowledge.

The development of particle physics and particle physics
research over time.

Advances in theoretical particle physics, e.g., dark matter,
dark energy, supersymmetry, string theory.

Other topics connected to particle physics.







Appendices 137

Appendix E: Full Rankings of the Topics per Stakeholder Group

Cosmology - ﬁ_

Standard Model - EE=— . * S
—T T T .
L . . .
Real-life applications - ~ ———_————p L=
—1 1
Latestfindings - —————[e—
e | | I . .
Particle accelerators - #
—_— | —
Technology and engineering - s #_n—;—
— ¥ L 1

Antimatter research - E.—E
Particle detectors - ﬁ
Theory of relativity - T ﬁ;—
Data analysis - .—{ | ‘g

. . L
Philosophy of science - . - 'ﬁ
- L : I '—
History of science - . ﬁ
B { —
- - - -
Theoretical advances - I 1 . ﬁ
Other- ° |
i 2 3 a 5 6 7 8 9 10 11 12 13 14
Rank

Bl Physics education researchers B3 Research scientists  E3 Country representatives B3 Teachers

Figure 8. Topic rankings by stakeholder groups. The grey area represents the interquartile range of the
entire set of topics. Ranks 1-4 represent high importance topics, 5-10 are medium importance topics,
and 11-14 are low importance topics.
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