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Abstract: This international curricular review provides a structured overview of the particle physics
content in 27 state, national, and international high-school physics curricula. The review was based
on a coding manual that included 60 concepts that were identified as relevant for high-school
particle physics education. Two types of curricula were reviewed, namely curricula with a dedicated
particle physics chapter and curricula without a dedicated particle physics chapter. The results
of the curricular review show that particle physics concepts are explicitly or implicitly present in
all reviewed curricula. However, the number of particle physics concepts that are featured in a
curriculum varies greatly across the reviewed curricula. We identified core particle physics concepts
that can be found in most curricula. Here, elementary particles, fundamental interactions, and
charges were identified as explicit particle physics concepts that are featured in more than half of the
reviewed curricula either as content or context. Indeed, theoretical particle physics concepts are more
prominent in high-school physics curricula than experimental particle physics concepts. Overall, this
international curricular review provides the basis for future curricular development with respect
to particle physics and suggests an increased inclusion of experimental particle physics concepts in
high-school physics curricula.

Keywords: curricular review; particle physics; high-school education

1. Introduction

Spectacular phenomena and ground-breaking discoveries in particle physics often
shake the media. One of the main keywords in particle physics research is CERN, the
European Organization for Nuclear Research, as the largest particle physics research
institution in the world. While CERN is mostly famous for its state-of-the-art particle
physics research, one of its main missions is also education. Thus, CERN offers various
educational programmes for research professionals, high-school students, and high-school
teachers from around the world. However, offering programmes for an international
selection of high-school students and teachers can be challenging, especially as the curricula
of different countries can differ significantly. Therefore, a broader overview of the particle
physics content in high-school curricula is needed to better support future educational
programmes for high-school students and teachers.

Why should one include particle physics? First, phenomena in particle physics are
spectacular. From high-energy particle collisions in detectors weighing several thou-
sand tonnes, particle accelerators deep underground spanning across borders, to matter-
antimatter annihilation, particle physics often attracts the attention of the media—and
students. Indeed, students have been shown to be interested in spectacular phenomena
of physics [1]. Second, particle physics is not limited to spectacular phenomena in big
research laboratories. Various particle physics applications are present in everyday lives
(e.g., medical imaging or radiation therapy). As such, particle physics shows a recent image
of physics, which can help students to increase their knowledge of the nature of science
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made over the past few decades [2-7]. For example, one prominent call for including
particle physics in more curricula comes directly from the latest European Strategy for
Particle Physics Update, the cornerstone of the decision-making process in Europe for the
long-term future of the field of particle physics, which states that: “The particle physics
community should work with educators and relevant authorities to explore the adoption
of basic knowledge of elementary particles and their interactions in the regular school
curriculum.” [8] (p. 13).

Since the first calls, several high-school physics curricula have already introduced
particle physics. However, changes to curricula are slow [9,10] and most curricula still
lag behind.

There are no research-based guidelines on how to introduce particle physics in high-
school education. Therefore, an overview of practices in other educational systems can be
beneficial. Indeed, curricular reviews are common practice in curriculum development
(see, e.g., [11,12]). However, current reviews of particle physics content in high-school
curricula are either limited to one educational system [6] or do not explicitly target par-
ticle physics [13]. Additionally, all efforts mostly focus on explicit particle physics in the
curricula. Nevertheless, particle physics can be connected to other curricular topics as
well. For example, when explaining the acceleration of particles in a particle accelerator,
one can highlight aspects of mechanics, electromagnetism, quantum physics, and special
relativity [14]. As such, neither a generalized overview of particle physics in high-school
physics curricula nor high-school education in general can be inferred from the reviewed
studies. Therefore, we designed a study to address this research gap by investigating the
following questions:

1. Which concepts related to particle physics are the most common in national and
international high-school physics curricula with a dedicated particle physics chapter?

2. Which concepts related to particle physics are the most common in national and inter-
national high-school physics curricula without a dedicated particle physics chapter?

3. What are the differences and similarities between particle physics contents in curricula
with and without a dedicated particle physics chapter?

Overall, this study aims to give a clear overview of the particle physics content in
various national and international curricula by taking stock of which particle physics
concepts appear in the reviewed curricula.

2. State of the Research

This study reviewed particle physics content in high-school curricula. The following
Sections focus on clarifying the necessary definitions and reviewing the current state of
the research.

2.1. The Definition of a Curriculum

The term curriculum does not have a consensual definition in educational literature.
The differences in the definition often stem from the various roles and characteristics that
define curricula [15,16]. Generally, curriculum theorists distinguish three categories of
curricula based on their role: formal, intended, and enacted curriculum [16-18]. This
study focused on formal curricula. Formal curricula describe a set of guidelines for what
should be taught in school and are designed and outlined by stakeholders of the respective
educational system.

However, formal curricula can differ greatly depending on the educational system and
the purpose of the curriculum in the respective system. Some curricula provide general
guidelines with main key concepts (e.g., the Austrian curriculum), while others provide
a detailed syllabus (e.g., the International Baccalaureate (IB) curriculum). Thus, curric-
ula can be difficult to compare directly. An additional problem in curricular review is
the language obstacle. Indeed, high-school curricula are typically written in the respec-
tive language of the instruction (e.g., the Slovenian curriculum is written in Slovenian).
Furthermore, research suggests that curricula are subject to different interpretations [16].
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Specifically, teachers interpret the formal curriculum within the scope of their teaching
practices, which can lead to differences between the formal curriculum and the enacted
curriculum. The possible differences in interpretation must be considered when designing
a curriculum review.

2.2. Particle Physics in High-School Education

Particle physics is often perceived as a difficult topic in physics, associated with
complex mathematics and difficult concepts. This perception can make the introduction
of particle physics in high schools sound daunting and challenging. However, studies
have shown that students can understand basic concepts of particle physics. For example,
a study by Gourlay looked at high-school students’” understanding of particle physics
after they had explicit particle physics lessons [19]. The study showed that students could
learn about quarks, leptons, particle systems, and annihilation. However, the students’
knowledge was mostly declarative, which might reflect the curricular structure and content.
For example, students knew that “electron is a type of lepton”. Yet, they also mistakenly
remembered matter as “made of particles and antiparticles” [19] (p. 6).

Similarly, Tuzén and Solbes reviewed the knowledge of Spanish high-school students
that had no explicit lessons on particle physics before the study [5]. They had also shown
some understanding of basic particle physics concepts. For example, half of the students
knew that new particles can be observed from collisions. However, their overall particle
physics knowledge was unstructured and incomplete. Indeed, without an explicit focus
on particle physics, students only learn about particle physics implicitly and in fragments.
Here, a structured introduction to particle physics can help students organize and expand
their existing particle physics knowledge in a more meaningful way.

An introduction of particle physics as an explicit learning unit has not yet been empiri-
cally explored in the literature. Still, a few different approaches can be found. First, particle
physics can be introduced through the perspective of particle interactions [20-22]. Here,
particle interactions serve as a context for introducing the different charges, fundamental
interactions, and elementary particles, which build the basis of the Standard Model of
particle physics. Overall, this approach focuses on introducing mostly theoretical particle
physics concepts.

Second, the challenge of teaching particle physics can be approached from the per-
spective of quantum mechanics [23,24]. This learning unit builds upon electromagnetism,
quantum field theory, and quantum electrodynamics. However, students do not necessarily
have experience with quantum field theory and quantum electrodynamics. While this
approach does touch upon the reasons behind particles” existence, which is not the case in
other approaches, its implementation might be too advanced and time-consuming to be
included in high-school education. Furthermore, only theoretical particle physics concepts
and some history of particle physics are included in this example.

Last, one suggestion features experimental particle physics concepts explicitly. Here,
Polen proposes a broader chapter, including all concepts mentioned above with the addition
of particle accelerators and detectors [25]. However, this suggestion is less detailed and
provides less insight into the lesson structure. Thus, which concepts should be included
and how they should connect within the lesson is unclear.

Likewise, suggestions for introducing individual particle physics concepts also focus
more on theoretical particle physics than experimental particle physics. For example,
several authors suggest using the Standard Model of particle physics as a possible window
into the world of particle physics [22,26,27]. However, the Standard Model is a complex
mathematical description of particle physics that goes beyond the level of high-school
physics education. This level of complexity can lead to a naive and reductionistic approach
to introducing the Standard Model of particle physics [28,29]. Therefore, the complex
mathematics of the Standard Model of particle physics is probably best avoided in the
classroom. Here, for example, Lindenau and Kobel suggested a simplified introduction
to the Standard Model of particle physics. Indeed, they focus on the three pillars of the
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Standard Model of particle physics: elementary particles, fundamental interactions, and
charges [22]. Furthermore, they connect these three concepts to other curricular topics to
allow for better integration of particle physics.

Several other publications also explored the introduction of the three main concepts
of the Standard Model of particle physics, i.e., elementary particles, fundamental interac-
tions, and charges. Here, various innovative techniques have been suggested to enhance
the introduction of elementary particles, for example, through hands-on activities and
art [27,30-34]. For instance, McGinness et al. developed an activity using 3D-printed
models of elementary particles, which students can use to learn about the different charac-
teristics of elementary particles [31]. However, many of the published suggestions aim at
introducing elementary particles and their properties in a declarative way, similar to the
introduction of the periodic system of elements [20,22]. While students can memorize these
concepts [19], it is questionable whether such rote learning contributes to the understanding
of particle physics. One example that ties learning about elementary particles closer to
understanding particle physics and how it is conducted are particle physics masterclasses.
Here, students explore real data from particle colliders to identify which particles were
created in a collision [35]. This approach is also one of the few that connect theoretical
particle physics concepts, such as elementary particles and fundamental interactions, to
experimental particle physics processes.

Several suggestions in the literature also explore the introduction of charges and
fundamental interactions. Here, charges are typically mentioned as properties of ele-
mentary particles. In the example above, the 3D-printed elementary particle models by
McGinness included information on particles’ charges [31]. Likewise, the particle dance
by Nikolopoulos and Pardalaki helped students embody elementary particles and particle
interactions [27]. Moreover, the study by Wiener et al. that strongly focused on the repre-
sentation of fundamental charges contextualized the concept of charges with elementary
particles [36].

Overall, a big part of the reviewed suggestions on how to introduce particle physics in
high-school education focused on theoretical particle physics concepts. Only a few sug-
gestions for inclusions of experimental particle physics can also be found in the literature.
Here, particle physics concepts are generally used as context for other curricular topics.
For example, Barradas-Solas et al. suggested introducing particle detectors in the context
of radiation [37]. Similarly, Cid-Vidal and Cid connected the acceleration of lead ions for
particle collisions to electromagnetism [38]. Another extensive suggestion for contextual-
izing particle physics comes from Wiener et al. [14]. They suggested introducing particle
physics concepts also in the contexts of mechanics, electromagnetism, thermodynamics,
optics, radiation, quantum physics, and the theory of relativity. Indeed, experimental parti-
cle physics offers many links to other curricular topics. However, only a few mentioned
publications on experimental particle physics explicitly included connections to theoretical
particle physics concepts. For example, the above-mentioned suggestion by Wiener et al.
connects charges and fundamental interactions to the Large Hadron Collider (LHC) at
CERN, the largest particle accelerator in the world [14]. Additionally, Barradas-Solas [37]
and Kvita et al. [39] use the context of particle detectors to introduce various elementary
particles. Still, in most examples, experimental particle physics and theoretical particle
physics concepts are presented as two separate entities with scarce connections.

Based on this literature review and the identified research gap, we conducted a
curriculum review that is described in the following Sections.

3. Methods

This curriculum review consists of three steps. First, a coding manual was developed
to guide the curriculum review. Second, the selected curricula were reviewed by experts.
Last, the reviews were compared and analysed by the researchers. Each step is presented
in more detail in the following Sections.
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3.1. Coding Manual

The coding manual was developed following the dualistic method of deductive and
inductive code creation [40,41]. First, the deductive part of the coding manual stemmed
from previous research [11,42], including an expert concept mapping study with 13 experts
in particle physics and physics education research [43]. Overall, the included concepts
were not limited only to explicit particle physics, especially as curricula without a particle
chapter were also included in the design. Indeed, concepts from other curricular topics
were added to the review. These curricular topics were identified by the experts in the
development phase of the coding manual as relevant for particle physics education, and
they are also mentioned in various suggestions in the literature for particle physics introduc-
tion in high schools. For example, electromagnetism, special relativity, quantum physics,
thermodynamics, radiation, and mechanics are some of the topics that were suggested by
Wiener et al. as possible contexts for introducing particle physics concepts [14]. Second, the
concepts that emerged from previous studies were used as the basis for an initial thematic
analysis of a selected sample of curricula. Several additional concepts were added to the
coding manual based on the patterns that emerged during this initial thematic analysis. For
example, the initial analysis led to the addition of the concepts history of quantum physics
and history of particle physics to the coding manual.

After the initial thematic analysis, the coding manual was re-tested on five curricula by
at least two independent reviewers per curriculum. In addition to reviewing, the reviewers
noted any ambiguities, problems, and suggestions they might encounter during their
review. Next, the reviewers discussed their reviews with the first author. This discussion
led to several modifications to the coding manual. For example, the concept electromagnetic
waves was added to the coding manual due to its presence in several curricula and strong
connection to particle accelerators. Additionally, the coding agreement increased from 60%
to 100% after the review discussion.

Last, two physics education researchers and a particle physicist verified the updated
coding manual. In the verification phase, some codes were combined based on their simi-
larities. Indeed, various types of real-life applications (medical, technical) were merged into
a bigger concept of real-life applications. Likewise, the concepts of Brout-Englert-Higgs
field and Higgs boson were joined under the concept of Brout-Englert-Higgs mechanism.
Additionally, the concept of Newtonian gravity was added to the category of other cur-
ricular topics. This addition ensured the separation between the concepts of Newtonian
gravity and gravitational interaction. Furthermore, the concept of Einsteinian gravity was
added to ensure that all mentions of gravity in the context of general relativity theory were
coded separately from the concept of gravitational interaction in the context of particle
physics. Likewise, the topic of particle transformations was split into three separate con-
cepts: particle transformations, alpha radiation, and beta radiation. Here, the concepts
of alpha radiation and beta radiation only included codes that appeared in the context of
the topic of radiation. The concept of particle transformation only denoted processes of
particle transformation in the explicit context of particle physics. Similarly, the concept of
Feynman diagrams only included the explicit mention of Feynman diagrams as tools in
particle physics. Furthermore, any indirectly hinted concepts (e.g., the concept of parti-
cle transformations is closely related to Feynman diagrams) were not to be coded unless
explicitly mentioned elsewhere in the curriculum.

The final coding manual includes 60 codes that are either directly or indirectly related
to particle physics. The codes are hierarchically organized into three levels. First, each code
describes a specific concept, e.g., the concept of quarks. Second, the concepts are combined
into topics, e.g., the concepts of quarks and leptons are in the topic of elementary particles.
Overall, 25 topics were defined. Last, the topics are joined into three categories: explicit
particle physics, other curricular topics, and history and nature of science. Within the
category of explicit particle physics, some topics were additionally identified as theoretical
or experimental particle physics topics based on their inherent nature. For example, the
topic of elementary particles includes inherently theoretical particle physics concepts, while
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the topic of particle accelerators covers inherently experimental particle physics concepts.
This distinction does not reflect the actual context in which the concepts appear in the
curricula (e.g., the concept of leptons in an experimental context is still a theoretical particle
physics concept).

Within the coding manual, each code is described by a short definition and a possible
example from a curriculum, as shown in Table 1. Furthermore, exclusion criteria were
added to codes that could be understood differently from what was intended (see the
example of the concept of interaction particles in Table 1).

Table 1. Two examples of codes in the coding manual. Both examples fall into the category
of explicit particle physics. The complete coding manual with all 60 codes can be found in the
Supplementary Materials.

Topic

Code Description Exclusion Example

Interaction particles

“The Standard Model
explains three of the four
(strong, weak and

The curriculum mentions
bosons or at least one of  To code the Higgs boson,

. . the following: photons please use the code . .
Interaction particles . . . “ . electromagnetic forces) in
(as interaction particles), Brout-Englert-Higgs
N terms of an exchange of
W bosons, Z bosons, mechanism”.

force-carrying particles

gluons, gauge bosons. called gauge bosons.”

Elementary particles

The curriculum mentions
quarks or at least one of
the following: up quark,
down quark, strange
quark, charm quark, top
quark, bottom quark,
anti-(up quark, down
quark, etc.).

“Compare and contrast
the up quark, the down
quark, the electron and
the electron neutrino,
and their antiparticles, in
terms of charge and
energy (mass-energy).”

Quarks

3.2. Reviewing the Curricula

The selection of the curricula was initially influenced by the fact that the study was
conducted at CERN. Therefore, the initial selection of curricula was made by focusing on
several CERN’s member and associate member states. The list of all CERN’s member and
associate member states can be found on CERN'’s website [44]. The selection of countries
was later expanded to include a more representative sample. Specifically, curricula from
various other countries, such as Australia, Brazil, Russia, South Africa, and the United
States of America, were added to the selection. Furthermore, the IB curriculum was
included in the review due to its international character and relevance.

Several of the selected countries have more than one high-school physics curriculum.
In that case, a curriculum with the most advanced physics curriculum was chosen for the
review. This selection was made as particle physics is more likely to be included in more
advanced curricula. Additionally, the curricula were chosen in a way that would reflect
high-school students” expected knowledge at the end of their high-school education (i.e.,
age 18-19). With this selection, the study aimed to cover all relevant years of high-school
education in a respective educational system. Overall, 27 curricula were selected, including
6 state curricula, 20 national curricula, and 1 international curriculum.

As mentioned above, the review and the comparison of different national and inter-
national curricula presented several obstacles. Thus, special attention was given to the
selection of suitable reviewers. The curricula were reviewed by experts, namely teachers
with experience in the relevant curriculum, sufficient particle physics knowledge and
knowledge of the respective language. Two independent experts reviewed each curriculum
following the coding manual to increase the reliability of the coding. In addition, each
curriculum was examined by the first author, some with the help of online translators.
Additional peer validation was conducted by the second author.
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All discrepancies between the reviews of the experts and the researcher were addressed
either by the first author directly or through discussion with the respective experts. For
example, if one expert missed coding “the beginning and evolution of the Universe” as the
concept of Big Bang, the first author would assign the respective code. Another example
would be that “describe elementary particles” was coded as the concept of Standard Model
of particle physics by one expert and not the other. Here, the first author discussed the
discrepancy with the experts to find a consensus. In this example, the concept of Standard
Model of particle physics was agreed not to be coded for that curriculum.

3.3. Analysis

The curricula were split into two types for analysis: curricula with a dedicated particle
physics chapter and curricula without a dedicated particle physics chapter. Here, a chapter
is defined as a section in the curriculum with an explicit focus on particle physics and a
telling header, e.g., “Particle physics” or “The Standard Model of particle physics”. Several
curricula included the particle physics focus in a broader “Modern physics” chapter. These
curricula were also counted as curricula with a dedicated particle physics chapter. Curricula
without an explicit focus on particle physics or with no chapter were counted as curricula
without a dedicated particle physics chapter.

The next step in the analysis was determining which concepts and topics are the
most common in each type of curricula. As mentioned above, the review included 60 con-
cepts that were grouped into 25 topics. Furthermore, the topics were grouped into three
categories, namely the categories of explicit particle physics, other curricular topics, and
history and nature of science. The number of curricula in which a specific concept would be
featured was determined as follows: for each curriculum in which a concept was identified
one or more times, the count increased by one. For example, if the concept of magnetic
field was identified twice in the Slovenian curriculum, the count only increased by one.
The topics were counted slightly differently. Here, a topic is counted as having appeared in
a curriculum if at least one concept from the topic was identified in the curriculum. For
example, the topic of charges contains concepts of electric charge, weak charge, and strong
charge. Thus, the topic of charges was counted to appear in a curriculum if at least one of
the three concepts was coded in the curriculum (e.g., the concept of electric charge). If a
concept is featured multiple times in one curriculum or various concepts within the topic
were identified in one curriculum, the count was still only increased by one.

Based on the count in the previous step, the concepts and topics that were found in
more than half of the curricula were identified. Identifying the most featured concepts and
topics allowed for a better comparison between the particle physics content in curricula
with a dedicated particle physics chapter and curricula without a dedicated particle physics
chapter. The results of this analysis are presented in Section 4.

4. Results
4.1. Curriculum Types

This curricular review reviewed 27 state, national and international high-school
physics curricula. First, the structure of the curricula was inspected to define chapters and
identify whether they include a dedicated particle physics chapter.

The 12 curricula with a dedicated particle physics chapter were the curricula of the
IB [45], Austria [46], Australia—Queensland [47], Croatia [48], Germany—Brandenburg [49],
Israel [50], Russia [51], Switzerland—Nidwalden [52], Serbia [53], South Africa [54], Spain [55],
and the United Kingdom—A levels [56]. In most of these curricula, particle physics was
included as a dedicated chapter towards the end of the curriculum. Thus, students would
typically explicitly learn particle physics at the end of their high-school education, typically
between ages 17 and 19.

The 15 curricula without a dedicated particle physics chapter were curricula of Brazil—
Sao Paolo [57], Canada—Manitoba [58], Germany—Baden-Wiirttemberg [59], Germany—
Saxony [60], France [61], Ghana [62], Greece [63], Italy [64], Lebanon [65], Netherlands [66],
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Poland [67], Slovakia [68], Slovenia [69], Sweden [70] and the United States of America—
Next Generation Science Standards (NGSS) [71]. In both types of curricula, all chapters
included in the curriculum were reviewed for explicit and implicit particle physics concepts.

4.2. Results of the Analysis

The curricula were reviewed based on the coding manual with 60 hierarchically
organized concepts, as described above. The concepts were organized into 25 topics that
were grouped into three categories, namely the categories of explicit particle physics, other
curricular topics, and history and nature of science. After reviewers identified the presence
of individual concepts, the number of times individual concepts appeared in different
curricula was counted. Special focus was given to determining which concepts appear in
more than half of the curricula.

The curricula were grouped and compared based on whether they contained a dedi-
cated particle physics chapter. First, the curricula with a dedicated particle physics chapter
were analysed. Here, 35 out of 60 concepts were found in more than half of the curricula
with a dedicated particle physics chapter. Furthermore, 19 out of 25 topics were identified
in more than half of said curricula. Second, the curricula without a dedicated particle
physics chapter were analysed. Overall, 27 out of 60 concepts were identified in more than
half of the curricula. Furthermore, 14 out of 25 topics appear in over half of the curricula
without a dedicated particle physics chapter. The overall overlap between the curricula
with and without a dedicated particle physics chapter is 80%. More details are presented in
the paragraphs below.

4.2.1. Explicit Particle Physics

The results for the category of explicit particle physics are shown in Table 2 and
Figure 1. Additionally, these results are summarized in the following paragraphs.

The review of the curricula with a dedicated particle physics chapter showed that
the following nine explicit particle physics topics were identified in more than half of
said curricula: topics of cosmology, the Standard Model of particle physics, fundamental
interactions, charges, elementary particles, interaction particles, antimatter research, open
questions in particle physics, and particle accelerators. All but two of these topics are from
theoretical particle physics. All topics from the category of explicit particle physics were
identified in at least one curriculum. Likewise, ten concepts were found in more than
half of the reviewed curricula with a dedicated particle physics chapter: the concepts of
Standard Model of particle physics, electromagnetic interaction, strong interaction, weak
interaction, quarks, leptons, interaction particles, antimatter research, general particle
accelerators, and open questions in particle physics. The following three concepts were not
found in any reviewed curricula: the concepts of weak charge, strong charge, and modern
particle detectors.

The review of the curricula without a dedicated particle physics chapter showed that
four topics in the category of explicit particle physics were identified in more than half
of the curricula, namely the topics of cosmology, fundamental interactions, charges, and
elementary particles. Likewise, four concepts were found in more than half of the curricula,
namely the concepts of Big Bang, electromagnetic interaction, electric charge, and leptons.
Here, the review showed that the topic of cosmology and the concept of Big Bang typically
appeared in parts of curricula that focused on astronomy. On the other hand, concepts
within the topics of fundamental interactions, charges, and elementary particles were
mostly featured in the topic of electromagnetism. They were represented by the concepts
of electromagnetic interaction, electric charge, and an electron as an example of the concept
of leptons, respectively.

Overall, the overlap of concepts appearing in curricula with and without a dedicated
particle physics chapter is 32%. Each type of curricula includes concepts that the other type
does not. The explicit particle physics concepts that appear in both types of curricula are
the concepts of electromagnetic interaction, electric charge, and leptons. More than half
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of the curricula with a dedicated particle physics chapter also feature the concepts of the
Standard Model of particle physics, strong interaction, weak interaction, quarks, interaction
particles, antimatter research, general particle accelerators, and open questions in particle
physics. Additionally, the following topics were identified only in more than half of the
curricula with a dedicated particle physics chapter: the topics of the Standard Model of
particle physics, interaction particles, particle accelerators, antimatter research, and open
questions in particle physics.

Table 2. Overview of the concepts and topics within the category of explicit particle physics and their
count across the curricula with and without a dedicated particle physics chapter. Topics in the first
column are marked with T as theoretical and E as experimental.

12 Curricula with a 15 Curricula without a
Dedicated Particle Dedicated Particle
Physics Chapter Physics Chapter
Tovic Concept Count Count Count Count
P P (Topic) (Concept) (Topic) (Concept)
Big Bang 7* 6 9* 9*
1T Cosmology Inflation 5 4
Expansion 5 5
2 T Standard Model Standard Model 8* 8* 3
Electromagnetic interaction 9% 8% 9* 9%
T ) ) Strong interaction 9* 3
3 ' Fundamental interactions Weak interaction g * >
Gravitational interaction 5 0
Electric charge 11* 11* 11* 11*
4T Charges Strong charge 0 0
Weak charge 0 0
T . Quarks 10* 9* 11* 4
5 * Elementary particles Leptons 10 * 10 *
6 T Interaction particles Interaction particles 8 8% 7 7
7 T Brout-Englert-Higgs Brout-Englert-Higgs
. . 3 3 0 0
mechanism mechanism
8 T Particle transformations Particle transformations 6 6 4 4
9T Feynman diagrams Feynman diagrams 3 3 0 0
10 T Antimatter research Antimatter research 7% 7% 4 4
Linear accelerators 8* 1 4 3
11 E Particle accelerators Circular accelerators 5 3
General particle accelerators 7% 2
Historical detectors 4 1 2 1
12 E Particle detectors Modern detectors 0 0
General particle detectors 3 1
13 F Data storage and Data storage and
. . 2 2 3 3
data analysis data analysis
14 Advances in particle Experimental results 7* 3 1 1
physics Open questions 7% 0
15 Real-life applications of Real-life applications of 6 6 5 5

particle physics

particle physics

* Concepts and topics that were identified in more than six curricula with a dedicated particle physics chapter
or in more than eight curricula without a dedicated particle physics chapter. T Topics that were categorized as
theoretical particle physics topics. F Topics that were categorized as experimental particle physics topics.
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m Curricula WITH a dedicated particle physics chapter
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Figure 1. Graphic overview of the concepts within the category of explicit particle physics and
the percentage of curricula in which they are featured. The bars in blue represent curricula with
a dedicated particle physics chapter. The bars in orange represent curricula without a dedicated
particle physics chapter. The figure corresponds to Table 2.
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4.2.2. Other Curricular Topics

The results for the category of other curricular topics are shown in Table 3 and Figure 2.
Additionally, these results are summarized in this Section.

The review of the curricula with a dedicated particle physics chapter showed that all
topics from the category of other curricular topics are featured in all reviewed curricula.
Similarly, 22 out of 29 concepts from the category of other curricular topics were identified
in more than half of the curricula with a dedicated particle physics chapter. Only a
few concepts were not found in more than half of the curricula, namely the concepts of
Einsteinian gravity, conservation of angular momentum, conservation of charges, ionization,
superconductivity, cosmic radiation, and quantum effects.

Table 3. Overview of concepts and topics within the category of other curricular topics and their
count across the curricula with and without a dedicated particle physics chapter.

12 Curricula with a 15 Curricula without a
Dedicated Particle Dedicated Particle
Physics Chapter Physics Chapter
Topic Concept Count Count Count Count
P P (Topic) (Concept) (Topic) (Concept)
Mechani Linear motion 12 * 11* 15* 15*
echanics Circular motion 11* 15*
Gravity N.ewto.n}an graV}ty 12 12 15 15
Einsteinian gravity 5 2
Energy 12 % 12% 15 * 15*
. Linear momentum 11* 13 *
Conservation Laws (of) Angular momentum 4 7
Charges 6 4
Particle model 12* 11* 14 * 14 *
Thermodynamics Phase transitions 7% *
Vacuum 7% 4
Electric fields 12 * 12 * 15* 14 *
Magnetic fields 12# 1*
. Magnetic force 11+ 12*
Electromagnetism Tonisation 5 10*
Electromagnetic waves 12# 13*
Superconductivity 5 2
Cosmic radiation 12* 4 14* 3
Alpha radiation 10* 12%
Radiation Beta radiation 10* 12 *
Gamma radiation 10* 12*
Radiation (general) 12 * 14 *
Special relativit Relativistic motion 12 * 11* 11* 7
P y E = mc 11+ 11+
Quantum effects 12 % 2 15 * 4
Probability in quantum physics 11* 11*
Quantum physics Atomic models 12 % 14*
Atomic energy levels 11* 11*
Quantum mechanics 10* 9*

* Concepts and topics that were identified in more than six curricula with a dedicated particle physics chapter or
in more than eight curricula without a dedicated particle physics chapter.
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Mechanics

Gravity

Conservation laws

Thermodynamics

Electromagnetism

Radiation

Special relativity

Quantum physics

Percentage of curricula in which a concept appears
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Linear motion

Circular motion

Newtonian gravity

Einsteinian gravity

Conservation of energy
Conservation of linear momentum
Conservation of angular momentum
Conservation of charges

Particle model in thermodynamics
Phase transitions

Vacuum

Electric fields

Magnetic fields

Magnetic force
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Electromagnetic waves
Superconductivity

Cosmic radiation

Radioactivity (Alpha)

Radioactivity (Beta)

Radioactivity (Gamma)

Radiation in general

Relativistic motion

E=mc2

Quantum effects

Probability in quantum physics
Atomic models

Atomic energy levels
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Quantum mechanics

m Curricula WITH a dedicated particle physics chapter
m Curricula WITHOUT a dedicated particle physics chapter

Figure 2. Graphic overview of the concepts within the category of other curricular topics and the
percentage of curricula in which they are featured. The bars in blue represent curricula with a
dedicated particle physics chapter. The bars in orange represent curricula without a dedicated
particle physics chapter. The figure corresponds to Table 3.

Likewise, all topics from the category of other curricular topics are featured in more
than half of the curricula without a dedicated particle physics chapter. Only the topics
of thermodynamics, radiation, and special relativity were not identified in all curricula.
Similarly, 21 out of 29 concepts from the category of other curricular topics were identified
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in more than half of the curricula without a dedicated particle physics chapter. Last,
nine concepts were not found in more than half of the curricula, namely the concepts of
Einsteinian gravity, conservation of angular momentum, conservation of charge, vacuum,
superconductivity, cosmic radiation, relativistic motion, and quantum effects.

A 90% overlap was identified between the two types of curricula. Concepts that were
identified in more than half of the curricula with a dedicated particle physics chapter
and not in the other type are the concepts of vacuum and relativistic motion. Conversely,
curricula without a dedicated particle physics chapter also feature the concept of ionization,
which is typically introduced in the context of radiation.

4.2.3. History and Nature of Science

The results for the category of history and nature of science are shown in Table 4 and
Figure 3. The category of history and nature of science has a complete overlap (100%)
between the two types of curricula. Out of the three concepts in the category of history
and nature of science, two were featured in more than half of the curricula: the concepts of
history of quantum physics and the nature of science. Here, the concept of nature of science
was typically present only implicitly. Most curricula listed aspects of the nature of science
as general goals of physics as a subject. However, most curricula explicitly mentioned
the topic of history of science within the content part of the curricula (either as content
or context).

Table 4. Overview of concepts and topics within the category of history and nature of science and
their count across the curricula with and without a dedicated particle physics chapter.

12 Curricula with a 15 Curricula without a
Dedicated Particle Dedicated Particle
Physics Chapter Physics Chapter

Topic

Count Count Count Count

Concept (Topic) (Concept) (Topic) (Concept)

History of science

History of quantum physics 10* 10* 10* 10*
History of particle physics 3 2

Nature of science

Nature of science 10* 10* 13 * 13 *

* Concepts and topics that were identified in more than six curricula with a dedicated particle physics chapter or
in more than eight curricula without a dedicated particle physics chapter.

History of Science

Nature of Science

Percentage of curricula in which a concept appears

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
History of particle physics [ —
History of quantum physics [ ———
Nature of Science |

m Curricula WITH a dedicated particle physics chapter
m Curricula WITHOUT a dedicated particle physics chapter

Figure 3. Graphic overview of the concepts within the category of history and nature of science and
the percentage of curricula in which they are featured. The bars in blue represent curricula with
a dedicated particle physics chapter. The bars in orange represent curricula without a dedicated
particle physics chapter. The figure corresponds to Table 4.
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5. Discussion

This curricular review investigated the particle physics content in 27 state, national,
and international high-school physics curricula. Two types of curricula were reviewed:
namely curricula with a dedicated particle physics chapter and curricula without a ded-
icated particle physics chapter. The analysis resulted in an overview of particle physics
topics and concepts that are featured in more than half of the curricula with or without a
dedicated particle physics chapter.

The reviewed curricula have many similarities. First, both types of curricula have a
stronger focus on theoretical than experimental particle physics. Indeed, only curricula
with a dedicated particle physics chapter feature experimental particle physics concepts.
This result corresponds to what was found in the literature. Indeed, most suggestions for
the introduction of particle physics focused more on theoretical than experimental particle
physics concepts, e.g., [20-24]. Furthermore, the concepts that were most prominently
mentioned in the literature are also present in more than half of the reviewed curricula,
namely the topics of fundamental interactions, elementary particles, and charges. The
results of this curricular review show that curricula with a dedicated particle physics
chapter come somewhat close to Polen’s suggested learning unit [25]. They suggested a
learning unit that would include understanding particle accelerators and particle detectors
as one of the goals. Indeed, most reviewed curricula also mention particle accelerators, at
least as context for electromagnetism or circular motion. However, the topic of particle
detectors is not present in a great majority of the curricula, regardless of how much the
curriculum focuses on particle physics. Moreover, none of the curricula mentioned the
concept of modern particle detectors. In the literature, particle detectors are generally
introduced as a context for other curricular topics, for example, the topic of radiation—if at
all [37]. Here, not including particle detectors appears to be a lost opportunity for more
active learning and better representations. Indeed, introducing particle detectors in the
classroom can help students better visualize an otherwise very abstract chapter [72].

The lack of including experimental aspects is not limited to particle physics. While
experiments play a central role in physics education, their importance and value are often
not introduced well enough in the physics education literature [73,74]. Specifically, Park
et al. noted that physics is mostly presented in curricula and textbooks as “hardened facts
with its making process erased” [75] (p. 1078). Thus, students often struggle to understand
the role of experiments in science [75,76]. For example, most students think that confirming
previously known results is the main goal of doing experiments [75]. Explicitly including
aspects of modern experimental physics in curricula could help change this conception.

Second, three explicit particle physics concepts were not identified in any curriculum:
the concepts of strong charge, weak charge, and modern particle detectors. Indeed, while
electric charge has been identified as one of the most common concepts, the concepts of
strong charge and weak charge are not mentioned in any curricula. However, the concept
of electric charge was commonly mentioned in the context of electromagnetism, where it
was typically referred to only as merely “charge”. This nomenclature is not surprising, as
no other charge appeared in the curriculum. Using “charge” to denote only electric charge
also means that the concept of conservation of charge only constitutes the conservation of
electric charge. However, the concepts of strong interaction and weak interaction are both
mentioned in several curricula. Their description is generally limited to their role in nuclear
reactions. Indeed, other studies have found that teachers often mention the concepts of
strong interaction and weak interaction as decontextualized and in passing [5,77]. While the
introduction of the strong interaction and weak interaction can include a short discussion
about the nature of these fundamental interactions (e.g., range and relative strength), it
typically avoids the associated charges. For example, the international baccalaureate (IB)
curriculum, one of the most comprehensive curricula in this curricular review, prominently
includes strong interaction and weak interaction [45]. However, while it describes the
electromagnetic charge and the baryon numbers of elementary particles and interaction
particles, the IB curriculum does not introduce strong charge or weak charge. Omitting the
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topic of charges from curricula means omitting the information about the role of charges in
weak interaction and strong interaction. It can be argued that charges, especially strong
charge and weak charge, can be a complex topic in particle physics. At higher levels of
education, the topic of charges is often introduced through complex mathematics and
difficult equations. However, as Wiener et al. [36] argued, the notion of charge can be
introduced to learners as young as 12 years old without much complex mathematics.
Furthermore, introducing at least the concepts of strong charge and weak charge can aid
later studies by expanding the concept of charge to fields beyond electromagnetism.

Last, most curricula include the topic of history and nature of science, albeit most
of them only implicitly. For example, the Austrian curriculum provides several aspects
of nature of science at the beginning of the curriculum to highlight what teachers should
convey throughout their teaching. However, the nature of science aspects are later not
present in the content part of the Austrian curriculum. Indeed, the concept of nature of
science is rarely found within the content part of curricula. Likewise, most textbooks
only implicitly include the nature of science [78,79]. Yet, research shows that the nature
of science is most effectively taught explicitly [80]. Therefore, finding appropriate context
to support the teaching of the nature of science as content is crucial for teachers. Previous
studies have suggested that contemporary topics can be used as the basis for teaching the
nature of science [74,81]. Thus, as a contemporary field of physics, particle physics can
help contextualize various aspects of the nature of science [82,83]. Here, the introduction
of the concept of nature of science again calls for more experimental particle physics to
be included in high-school education. Indeed, through learning about modern particle
physics methods, students experience particle physics as “science-in-the-making”. Through
it, students can understand the principles of modern scientific explorations, from the
importance of theoretical prediction to inference and social aspects of science. The role of
theoretical predictions in designing future experiments and the tentativeness of science
can further be highlighted through the discussion about open questions in particle physics.
Indeed, open questions in particle physics can trigger conversations about science beyond
what is typically perceived as facts. Likewise, by learning about real-life applications of
particle physics, students can discover the value of modern science and its impact on life
and society. As such, particle physics, similarly to other contemporary fields of science,
presents itself as an excellent context for teaching the nature of science.

5.1. Strengths and Limitations

This international curricular review provides an overview of particle physics contents
in 27 high-school state, national and international physics curricula. The curricula were
screened using a coding manual that contained 60 concepts in particle physics and related
topics. The coding manual was developed through an extensive literature review and
the expert knowledge of multiple particle physicists and physics education researchers.
Additionally, the manual was extensively pre-tested to ensure clarity. In its final form,
the coding manual provides a clear and concise overview of particle physics concepts
that experts perceive as the most relevant for high-school education. As such, the coding
manual is a powerful tool both for evaluating particle physics content in curricula and
possible further curricular development.

The curricular review was conducted by teachers with vast experience in the relevant
curriculum, sufficient particle physics knowledge and knowledge of the respective lan-
guage. These qualifications make them experts in their respective curricula, improving
the quality of the review. Additionally, all curricula were reviewed by at least two experts
in addition to being reviewed by the authors as well. The multitude of reviewers and the
discussions to reach a consensus improved the overall reliability of the reviews.

However, the review of the curricula in this study was limited to science-oriented
high-school physics curricula (when applicable) with no differentiation between elective
and compulsory concepts. Such a selection of the curricula was purposeful to include the
physics curricula with the maximum particle physics content in each country to determine
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the “ideal” scenario within physics curricula. However, this selection excludes curricula
with less physics and curricula of other high-school subjects (e.g., astronomy and chemistry).
This limitation can be addressed by broadening the scope of future studies to review
curricula of other school types (e.g., technical high schools) and other school subjects.

Additionally, this curricular review focused on identifying which particle physics
concepts are prominently featured in international curricula. As such, the review did
not explore how particle physics concepts are introduced or how they are connected to
other topics. Likewise, the levels of competence that students are expected to achieve in
the context of particle physics were not analysed. The main reason for this decision is
the stylistic differences between the curricula. Indeed, while some curricula are written
as an extensive syllabus (e.g., the IB curriculum), others describe the required course
content in open terms (e.g., the Austrian curriculum). However, the focus of this study was
only to give an overview of which particle physics concepts are explicitly included in the
curriculum. Therefore, the contextualization of particle physics and the level of competency
students achieve on the topic should be a subject of a subsequent study:.

Similarly, this curricular review focused on formal curricula provided by the govern-
ing bodies of the respective educational systems. Teachers, especially experienced teachers
with deeper content knowledge in particle physics, can choose to include more concepts
and more examples that are not mentioned in the formal curriculum. Likewise, how particle
physics is introduced in textbooks can significantly change how particle physics is taught
in classrooms. Indeed, textbooks are often used as a primary source of instruction [74]. As
such, the results of this curricular review only show the baselines set by physics curricula.
Further investigations into classroom practice and textbooks are needed to identify how
teachers’ instructional practices correspond to the official curriculum and how many elec-
tive topics are presented in the classroom. Furthermore, such investigations could provide
a better overview of how particle physics context enters teachers’ instructional practices.

5.2. Implications

The results of this first international curricular review of the particle physics content
in high-school curricula show that particle physics is present in all high-school physics
curricula, albeit not always explicitly. Regardless, particle physics is typically introduced
with a strong focus on theoretical particle physics. Indeed, very little attention is given
to experimental particle physics in high-school physics curricula. Based on these results,
we can draw several implications for teaching, future curricular development, and future
research, as presented below.

First, the coding manual developed for this curricular review is a powerful tool for
identifying important concepts in particle physics education. The coding manual was based
on the literature and further developed by experts in particle physics and physics education.
Therefore, the manual itself can be used as a guide for teachers when implementing particle
physics in their teaching practice.

Second, the curricular review uncovered many aspects for improving the curricula in
general. The most striking is the lack of experimental particle physics concepts. Here, stud-
ies have shown that students often struggle with understanding the role of experiments
in science [76,77]. Therefore, including more modern experimental physics in physics
curricula can help students understand not only the importance but also the role of ex-
periments in modern physics. Furthermore, several suggestions in the literature showed
that experimental particle physics concepts could be a suitable context for other curricular
topics, e.g., [14,37,38]. As such, connecting different parts of the curriculum to new con-
cepts can help students to learn more meaningfully [84]. Additionally, giving a modern
experimental example from an interesting topic in an otherwise classical topic can increase
students” interest in other parts of physics as well. Indeed, especially real-life applications
of experimental technologies in physics in fields such as medicine, food safety, and art
(among others) can appeal to students on a personal level.
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Likewise, particle physics can be a powerful context for learning about the nature
of science. The results of this study show that the knowledge of the nature of science is
often included as one of the overarching goals of physics education. Although the nature
of science has been shown to be best taught explicitly [80], most curricula do not include
it in the content part of the curricular document. Thus, a modern context such as particle
physics can be used to introduce the nature of science more explicitly. However, further
studies are needed to investigate how best to showcase the nature of science in the context
of particle physics.

Last, the methodology in this curricular review relied greatly on expert practitioners,
namely teachers with experience with their respective curricula. As such, the researchers
were able to explore various curricula in different languages with little chance of mistrans-
lation. Additionally, including several reviewers per curriculum reduced the possibility of
misinterpretations of the curriculum and increased the reliability of the review. As such, the
curriculum review was more streamlined, with less back-and-forth between the reviewers
and the researchers. Therefore, this method is very suitable for future curriculum reviews.

To conclude, particle physics concepts are included in all curricula either explicitly
or implicitly. Therefore, particle physics can provide students with an excellent example
of science-in-action. However, particle physics is not the only modern physics topic that
can fulfil that role. Indeed, quantum physics, nanotechnology, and soft condensed matter
are only some examples of topics that can have a similar role in the curriculum. They
are all examples of science-in-action, can be used as context for the explicit teaching of
the Nature of Science, and are closely connected to various other parts of the curriculum.
Furthermore, these topics might come even closer to students’ everyday lives as they have
or explicitly strive for more direct applications, e.g., nanotechnology for surface coatings or
quantum computers. While there are several very prominent examples of particle physics
applications in real-life situations (e.g., hadron therapy, positron emission tomography
(PET), safety scanners), particle physics introduces a discussion on the value of purely basic
science. Indeed, particle physics research is not explicitly aiming to result in a practical
application, e.g., an equivalent of a quantum computer. The aim of particle physics remains
to address the most fundamental questions of human nature: what are we made of, where
do we come from, and where are we going. Therefore, the introduction of particle physics
in high-school education provides a unique opportunity to discuss the importance of basic
sciences in modern society.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/physics4040082 /s1, Table S1: Coding Manual; Table S2: Overview
of the particle physics topics and concepts in high-school curricula with and without a dedicated
particle physics chapter.
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