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This article was mainly written by a team of high school students that have won the CERN
Beamline for Schools (BL4S) competition in 2017. They had some help from professional scien-
tists, in particular Branislav Ristic. The team had proposed to set up an experiment to search
for elementary particles with a fractional electric charge. This paper describes the preparation of
their proposal, experimental setup, detectors and data analysis throughout the search for such
particles using a 10 GeV ¢! proton beam with a fixed iron target. It was clear to the team that
the chance for finding such particles in a relatively simple experiment was minimal but that by
doing this experiment they would learn a lot about experimental physics. Due to large amounts
of noise, the result of the experiment is inconclusive. Further experimentation to search for these
hypothesized particle is encouraged.

Keywords: BL4S; CERN; science competition; search for new physics; fixed target experiment;
fractional charge.

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the
Creative Commons Attribution 4.0 (CC BY) License which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

2050007-1


https://dx.doi.org/10.1142/S2661339520500079

The Phys. Educat. 2020.02. Downloaded from www.worldscientific.com

by SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH (ETH) on 10/27/21. Re-use and distribution is strictly not permitted, except for Open Access articles.

P. McKarris et al.

1. Introduction by the CERN
Scientists and the BL4S
Management

Every year between 150 and 200 teams participate
in Beamline for Schools (BL4S),* a worldwide sci-
ence competition, organized by CERN, in which
high-school students propose particle physics exper-
iments. Two winning teams are then invited to per-
form their experiment at a fixed target beamline.

As they are entirely free with respect to the
experiment that they propose, the proposals reflect
what these high school students know about parti-
cle physics, its applications and what they are gen-
erally interested in. Therefore we get, every year,
many proposals that are very similar. Quite often
the teams propose to perform an experiment that
has already been done before by professional scien-
tists, the result of which is known. This is not to
be criticized because actually doing such an exper-
iment in a real beamline and controlling its many
parameters is a very challenging (and instructive)
task for the students. What sets the proposal of
the “Charging Cavaliers” apart is that they delib-
erately proposed an experiment that had never
been done before (in the form proposed by them).
They heard from a professor of physics of a uni-
versity in Canada about particles with a fractional
electric charge that are predicted by some theo-
ries but have never been detected. If such particles
existed, a door would open to physics that goes
beyond the Standard Model. In that respect they
had the same spirit as professional scientists that
look for axions, weakly interacting massive parti-
cles or supersymmetric particles. The team knew
that finding such particles was very unlikely but
they preferred the novelty over the certainty of a
more conventional experiment. In their proposal
they explained very well the likely properties of
these fractionally charged particles as well as a set-
up that would be able to detect them. They had also
thought about background signals and the anal-
ysis of the data. It was for these qualities that
their experiment was selected as one of the winning
experiments of 2017.

2. Introduction by the Students

The current understanding of nature, which is
expressed by the Standard Model of particle

#https: //beamlineforschools.cern/home.

physics, stipulates that only particles with integer
charge can be observed. However, the quantization
of the electric charge is not entirely understood.
Charges seem to be quantized based on experimen-
tal observation, up to some level of uncertainty.

Dirac demonstrated that the existence of
magnetic monopoles could explain the quantiza-
tion of electric charge However, these magnetic
monopoles have yet to be discovered.

To enforce the quantization of charge, physics
beyond the Standard Model becomes necessary. In
fact, most supersymmetric theories require charge
quantization 2 Consequently, the search for Frac-
tionally Charged Particles (FCPs) has been per-
formed in many direct and indirect experiments>8
This type of experiment dates back to the early
1900s with Millikan’s oil drop experiment More
recently, however, CMS has done some research and
put an upper limit on the cross-section for pair
production of fractionally charged particles. They
excluded at 95% confidence for massive spin-1/2
particles below 310 GeV with charge 2/3 and below
140 GeV with charge 1/38

This paper describes an experiment designed to
search for FCPs using particle beams from CERN’s
Proton Synchrotron. The goal of the experiment
was to produce FCPs by colliding ordinary hadrons
with an iron target and distinguishing them by their
energy deposit in a scintillating material. Given the
analysis from the aforementioned CMS report® no
improvement on the current limits were expected
from our setup. The main focus, however, was the
learning outcome of performing such an experiment
correctly and drawing valid conclusions through
data analysis.

3. Preparing for CERN

In 2016, one of our team members — Paul
McKarris — heard of the Beamline for Schools
(BL4S) competition while interning at CERN. After
returning to Canada, Paul decided to form a
team and entered the competition. This led to
the creation of our physics team — The Charging
Cavaliers — at Pere-René-de-Galinée secondary
school, Ontario, Canada. Headed by the physics
teacher Mr. Denis Jacques, the team consisted of
seven female and six male students, between the
ages of 16 and 18, who became interested in particle
physics. Weekly meetings were put in place to work
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Fig. 1.

on the project proposal and ranged from an hour to
four hours as the submission deadline approached.
At least as much research time was spent individu-
ally by the team members. We discussed objectives
that we had researched on our own and came back
to the meetings with ideas and answers. More than
forty hours were spent preparing the proposal and
ten hours to finalize the video. As young scientists,
our ultimate goal was to contribute to searches for
new physics. We discussed topics such as gravita-
tional interaction with antimatter and hypotheti-
cal particles. Through our research and with the
support of Professor James Pinfold,” we chose to
search for FCPs with the intention of producing a
meaningful scientific contribution. We had designed
the FCP detector (FCPD) as a liquid-based scin-
tillator 2 similar to those used in the SNO+ exper-
iment at SNOLAB.¢ Our detector, designed with
the help of the University of Alberta, would consist
of a 2m long tube with a 20 cm diameter and pho-
tomultiplier tubes (PMTs) on both ends, as shown
in Fig. [

The PMTs were standard components available
for our experiment and allowed for data collec-
tion with multiple channels. When used in coin-
cidence with each other, the two-channel system
would reduce the effect of noise and increase exper-
imental confidence. Moreover, a custom-built liquid
scintillator was ideal to maximize the ionization
paths for FCPs. A large path length for FCPs in
the scintillator is necessary to ensure that an ade-
quate signal strength can be achieved, even as low
as 1/10th of an electron charge (e). The liquid
scintillator material we considered for use in the
FCPD was mainly composed of linear alkyl benzene
(LAB) and was therefore low in cost and environ-
mentally friendly. Our team prepared a proposal?
outlining the intended experimental setup as well
as a short film? as required in the BL4S compe-
tition. After being selected as one of the winning

2 m PVC tube filled with liquid scintillator (LAB)

Initial design of the FCP detector.

teams of the 2017 competition, the news spread
quickly among the Canadian particle physics com-
munity. Many physicists congratulated our team
on its achievement and also offered their support.
SNOLARB invited us to visit their facility in Sud-
bury, Ontario and proposed to supply our experi-
ment with liquid scintillator. During the visit, we
met Ontario’s Minister for Research, Innovation
and Science. We further discussed our intentions
with the BL4S team at CERN and made some mod-
ifications to our initial experimental setup. Due to
time constraints and concerns that the liquid scintil-
lator would not meet CERN'’s safety requirements,
the FCPD was instead built at CERN using plas-
tic scintillators,® machined to an exceptionally large
size, as seen in Fig. 2 Our final experimental setup
is described further in Sec. @l Following our exper-
iment at CERN, we were invited to EDIT (Expo
for Design, Innovation and Technology) in Toronto,
where we presented our story to other students. We
were also interviewed for local and national TV,
radio and newspapers.

Fig. 2. Fractionally charged particle detector and trigger
scintillators.

bJames Lewis Pinfold, Professor of Physics, University of Alberta, Canada. https://www.ualberta.ca/science/about-

us/contact-us/faculty-directory /james-pinfold.

°SNOLAB is a Canadian underground physics laboratory at a depth of 2km. SNO+ is the successor SNO experiment

https: //www.snolab.ca/.
dhttps: //www.youtube.com /watch?v=ckhPqlhe3ow.

®https: //eljentechnology.com/products/plastic-scintillators/ej-200-¢ej-204-ej-208-ej-212.
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4. Methods

Based on the Beamline for Schools documents’ we
had initially designed our experiment as illustrated
in Fig. Bla) with liquid scintillator as the main
FCPD. The final setup of the experiment after
modifications is shown in Fig. Bi(b).

4.1.

The 24Gevc™! primary proton beam from the
Proton Synchrotron collides with the target and
provides a variety of particles. The T9 secondary
beam was set up to select a mixed beam of par-
ticles with a fixed momentum in the range of
0.5 to 10Gev et (positive: proton, positron, 7+,
K+; negative: antiproton, electron, 7—, K—). The

Beam setup

-——=T9 Beam Lin o

momentum and profile of the beam could be set by
adjusting the magnet and collimator settings. The
beam collides with a 27 cm thick iron block (sec-
ondary target) which produces a spread of different
particles — hypothetically including FCPs.

4.2. Diagnostics

Before the secondary collision, particles in the
beam were counted by the scintillators S1 and S2.
These were fixed detectors in the T9 beamline. The
MicroMegas chamber (MM) is a gaseous positional
detector ™' Two superimposed chambers, used to
track the position of charged particles in both the
x and y directions, are placed after the secondary
target. This allowed for alignment of the beam with
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fhttps: //twiki.cern.ch/twiki/pub/BL4S /2017ChargingCavaliers/BLA4S-Beam-and-detectors_2017.docx.
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respect to the FCPD and also validates the deflec-
tion by the magnet.

4.3. Detector

Following the secondary collision, two halo scintil-
lators (H1, H2) are used to immediately detect and
veto any particles on the periphery of the beam
from the data collection system. This is to ensure
a mostly narrow beam after an interaction with
the fixed target. The particles with small deflection
passed through two identical scintillators with two
PMT channels each. The first scintillator is referred
to as the Fractionally Charged Particle Detector
(FCPD) and the second scintillator is the Frac-
tionally Charged Particle Trigger (FCPT). Both
scintillators were custom-made from EJ-200 poly-
mer to be quite large (10cm x 20cm x 10cm) as
shown in Fig. 2l Typical plastic scintillators avail-
able for BL4S are about 1cm thick and are only
equipped with a single PMT. When charged parti-
cles pass through a scintillator, some of their energy
is absorbed by the electrons in the material, which
become excited. As they fall back to a lower energy
state, they emit photons which are guided into the
photocathode of one of the PMTs. Since ionizing
particles lose energy in the scintillator proportion-
ally to the square of their charge, FCPs will logi-
cally produce a smaller signal than a fully charged
particle. For this reason, it is vital to maximize the
ionization path length to increase signal strength
by increasing the size of the scintillator. The sig-
nal from each PMT was integrated by a charge-
to-digital converter (QDC) and values were saved
in units of QDC counts. Another plastic scintilla-
tor was placed above the FCPD and FCPT to veto
readings of particles coming from cosmic rays.

4.4. Magnetic deflection

To compute the deviation caused by the dipole mag-
net, consider a particle of charge ¢ having momen-
tum p in a magnetic field of strength B and length [.
For simplicity we will assume that the path length
the particle travels, s, in the magnetic field is the
length of the magnet, [. In other words,

ds dl
=— = —, (1)
P b

do

where 6 is the deflected angle and p is the radius of
convergence. The radius of convergence is computed

Search for Isolated Fractionally Charged Particles

p
p= 2 m. (2)

Putting Egs. ([Il) and (2]) together and integrat-
ing we get,
,_ aBl[CTm]
 plkgmsT1]’

The result is computed in SI units. We wish to
express this in more suitable units. So, we arrive at
the following:

~0.29979¢ Bl [e T m]
N p[GeV /(] (3)

In order to compute the deflection Ax at a dis-
tance d from the magnet, we use trigonometry and
Eq. (@) for the angle and obtain Eq. ().

Az = dtan(f) [m]. (4)

In our experimental setup [ = 0.5m, p =
10GeV ¢! and the magnet is set to its maximum
strength of B = 1tesla. Table [Il shows the deflec-
tion of particles with different charge between the
magnet and the MM computed for d = 8.4 m.

Since the FCPT is 20 cm wide, only particles
deflected by a maximum of 10 cm to either side of
its center will be detected.

4.5. FExperimental sensitivity

This experimental setup is sensitive to long-lived
fractionally charged particles with an absolute
charge lower than 0.8 e, because they will at most
have a momentum of 10 GeV ¢~!. It assumes that
the FCPs are produced by collisions of the beam
with iron at these energy levels and that it occurs

Table 1. Computed deflection distance Ax
of charged particles passing through the MM.

Charge [e] Az [m]
1.0 0.126
0.9 0.113
0.8 0.101
0.7 0.088
0.6 0.076
0.5 0.063
0.4 0.050
0.3 0.038
0.2 0.025
0.1 0.013
0.0 0.000
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sufficiently often to overcome mnoisy signals. The
FCPs will also have to ionize matter to be detected.

5. Calibration

To calibrate the experiment, the dipole magnet was
turned off, the beamline collimators were closed and
the secondary target was removed, thereby allow-
ing muons to enter the secondary portion of the
beamline. This enabled us to identify the average
energy deposit of 1 e charged particles in the FCPD.
Figure M displays the integrated charge pulses from
PMT channel 2 on the FCPT (FCPT2) during a
calibration run.

The most probable value (MPV) is extracted
from the fitting. This is done for all four PMT chan-
nels and is shown in Table 2]

This represents the energy deposited in the
scintillators by 1 e charged particles in units of QDC
counts. These values were later used to compute
charge from the experiment. Specifically, they were
useful to perform cuts on the data to consider
only the signals below those thresholds as poten-
tial FCPs. Moreover, by using the MPV from all
four channels, it was possible to avoid false-positives
from particles which may have given a small sig-
nal in only one of the channels due to detector
inefficiency.
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Fig. 4. Calibration plot for channel 2 of the fractionally
charged particle trigger and fitted by a Landau distribution.

Table 2. Most probable value for 1e charges in each PMT.

Detector Channel Most Probable Value [QDC counts]

FCPT1 3580.0 £9.0
FCPT2 2706.0 £ 9.4
FCPD1 22334.0 £29.0
FCPD2 36927.0 +46.5
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Fig. 5. Hitmaps on the MicroMegas. Beam position on the
MicroMegas with the magnet: (a) off and (b) on.

To search for FCPs, the magnet was switched
on to deflect the integer-charged particles from the
FCPD. The two MM chambers were used to align
the beam with the FCPD and FCPT. The beam
profiles are shown in Fig. [

These two hitmaps demonstrate where the par-
ticles hit the MM. The z- and y-axis represent the
horizontal and vertical positions of the beam, while
the z-axis is the number of particles in each bin. In
Fig.Bl(a) when the magnet was turned off, the mean
was located at (z,y) = (0.27+1.7cm, 2.3+ 1.8 cm).
In Fig. B(b) when the magnet was on, the mean
shifted to (z,y)=(11.2+2.0cm, 2.0+ 2.1 cm). This
was a shift of 10.9£2.6 cm to the right and remained
in the same vertical position. Using Egs. ([B]) and ()
with a distance of 690 cm we got a theoretical pre-
diction of 10.3 cm, which lies within the accept-
able error range. With the magnet activated for a
negative 10 GeV ¢! beam, the FCPD was measur-
ing too many 1e charged particles — potentially
due to air scattering. To mitigate this problem, the
main detectors were moved an additional 6 cm in
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the direction of the positive deflected particles. Due
to charge conservation and with the negative beam,
positively charged particles were sparse. Therefore,
only these integer particles (which were not fre-
quent) and FCPs were being detected.

6. Results

After obtaining the muon MPV and adjusting
the magnet, it was possible to gather some FCP
data. According to the Bethe-Bloch formula, energy
deposited in a material is proportional to the charge
squared of the particles. Additionally, the MPV of
the le charged particles from our calibration is
known from Table 2. We applied cuts to the FCPD
data using these values. By filtering data points
above these thresholds, we removed 1e particles
from our dataset and obtain the plots shown in
Fig. 6l
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Fig. 6. Initial (above) and final (below) experimental
setups. (a) Channel 1 and (b) channel 2 of the fractionally
charged particle detector after applying cuts and rescaling.
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FCPD1 and FCPD2 both have a main Gaus-
sian distribution. In Fig. [B(a), we show FCPDI1
with mean around 0.45e and in Fig. [@(b), FCPD2
with mean around 0.22 e. FCPD1 has two additional
peaks at 0.18 e and at 0.06 e. It would be important
to note that no events over 1 e were recorded due to
the cuts.

7. Discussion

If we obtained a peak in the distribution of
deposited energy for both the FCPD1 and FCPD2
at the same value of charge, it would indicate that
particles of that charge were produced in our target.
Unfortunately, a large amount of noise was already
being observed in data collection for both the
FCPD1 and FCPD2. Even after removing events for
which the signal in the FCPT was consistent with
singly-charged particles, the background remained
significant. Discussing with experts at CERN, we
learned that it probably came from the PMT power
supply and from readout electronics. Additional sig-
nals might have been from particles scattered in the
air which crossed only a fraction of FCPD. In both
FCPD channels we have a main Gaussian distribu-
tion which is probably the background noise. In the
FCPDL1 since the peaks at 0.18 e and 0.06 e are not
present in FCPD2, we can conclude that it is noise
that comes from the detector.

8. Conclusion

In summary, our search for fractionally charged
particles was inconclusive due to large amounts of
background noise from the electronics. The tech-
nique could be improved by using less noisy PMTs
and studying other sources of background in the
beamline.

Experience

The members of the scientific staff at CERN who
welcomed us were incredibly enthusiastic about
sharing their knowledge with us. We received safety
training that consisted of both online and hands-
on classes (fire safety and emergency evacuation).
We also visited CERN exhibitions and learned
about numerous experiments performed at CERN.
We had the privilege of having direct insight into
professional research in particle physics. It built
our understanding of how large-scale experiments
are initiated and operated. Moreover, having the
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opportunity to connect with accomplished physi-
cists, engineers and other staff members crowned
the experience. The environment was consistently
professional, and ultimately made for a very enrich-
ing experience for the entire team. This experience
has further motivated the team members to pursue
their education mainly in STEM fields.
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