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Abstract If produced in high energy particle collisions at
the LHC, magnetic monopoles could stop in material sur-
rounding the interaction points. Obsolete parts of the beam
pipe near the CMS interaction region, which were exposed
to the products of pp and heavy ion collisions, were anal-
ysed using a SQUID-based magnetometer. The purpose of
this work is to quantify the performance of the magnetome-
ter in the context of a monopole search using a small set of
samples of accelerator material ahead of the 2013 shutdown.

1 Introduction

The discovery of particles possessing magnetic charge
would be of fundamental significance. The Maxwell equa-
tions would perforce be symmetrised and models which
unify the fundamental forces would receive direct experi-
mental support [1, 2]. Furthermore, Dirac demonstrated that
the quantisation of electric charge could be understood as
a consequence of the quantisation of angular momentum
should monopoles exist [3, 4]. Searches for monopoles are
thus well motivated by arguments from classical physics,
quantum mechanics and quantum field theory. A wide range
of searches has therefore been performed in a number of en-
vironments such as cosmic ray facilities and colliders [5–7].
This paper describes first measurements of accelerator mate-
rial for a search for monopoles produced at the CERN Large
Hadron Collider (LHC).
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Two important quantities characterising any collider
monopole search are the mass and charge range to which
the search is sensitive. The mass sensitivity is largely de-
termined by the collision centre-of-mass energy whereas
the charge range depends mainly on the experimental tech-
nique used in the search. The Dirac argument suggests
a value for the lowest amount of magnetic charge pos-
sessed by a particle. This is the so-called Dirac charge
gD = nh

eμ0
= 3.3 × 10−9 A m where e is the elementary elec-

tric charge, h is Planck’s constant, μ0 is the permeability of
free space, and the quantum number n is set to unity. A mod-
ification of the Dirac argument can be made by allowing a
down-type quark to carry the fundamental electric charge
in which case the minimum magnetic charge becomes 3gD .
Furthermore, by considering an object with magnetic and
electric charge (a so-called dyon1) in place of a monopole,
Schwinger argued that n ought to be even [8, 9]. The mini-
mum magnetic charge may well therefore be as high as 6gD .
Monopoles with charges around the Dirac charge would suf-
fer electromagnetic energy loss in matter several thousand
times that of a particle possessing the elementary electric
charge [10, 11]. Given this extreme energy loss, monopoles
of different charges may either dominantly be stopped in
detector and accelerator material or propagate through the
detector and be observed as a highly ionising object. Com-
plementary searches which aim to provide a comprehen-
sive coverage of magnetic and electric charge are therefore

1The term dyon is used in this paper only in contexts in which the
electric charge possessed by a magnetically charged object is relevant.
Otherwise the term monopole should be understood as referring to both
monopoles and dyons.
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needed. This work forms part of a program of searches for
highly charged objects at the LHC [12–16]. Here, the focus
is on stopped monopoles which correspond broadly to sce-
narios of monopoles with with charges �gD and dyons with
high electric charge (�100e) and modest magnetic charge
(�gD) [17]. Such particles would be expected to be bound
strongly to matter [6].

The so-called induction method [18, 19] has been used
for searches at lower energy colliders [20–22] and is em-
ployed here. This involves passing material samples through
superconducting loops and looking for an induced non-
decaying current from a transported monopole. SQUID-
based magnetometers in principle offer the required preci-
sion with which to measure such a current although stud-
ies must be performed to quantify the expected response
of the magnetometer to a monopole. In this work a va-
riety of calibration tools are used together with magnetic
field simulations to characterise the capability of a SQUID-
based magnetometer to detect monopoles. Special atten-
tion is also paid to the problem of backgrounds from large
dipole moments which can induce monopole-like resid-
ual currents. The search methodology is then tested with
a small set of material samples from the LHC accelera-
tor. The samples have been exposed to proton-proton col-
lisions at centre-of-mass energies up to 7 TeV and lead-lead
collisions at nucleon-nucleon centre-of-mass energies up to
2.76 TeV. The corresponding integrated luminosity values
were around 6 fb−1 (pp) and 170 µb−1 (Pb–Pb). The aim of
this work is to develop and test the experimental techniques
needed for a wider study of accelerator and detector mate-
rial which could become available following the shutdown
and upgrade of the LHC in 2013. In particular, it is impor-
tant to demonstrate that monopoles with charges of values
much less and much greater than the Dirac charge could be
observed.

This paper is organised as follows. The magnetometer
used in this work is described and its sensitivity to objects
possessing a range of magnetic charges assessed using dif-
ferent calibration methods. Sources of fake monopole sig-
nals are then studied with rock samples. The accelerator
samples are then described together with estimations of en-
ergy loss a monopole would suffer before becoming embed-
ded in these samples. Finally, the response of the magne-
tometer to the samples is shown and the results discussed.

2 Experimental apparatus and tools

For this work, a 2G Enterprises DC-SQUID rock magne-
tometer (model 755) [23] was used. The device is housed at
a laboratory maintained by the Earth and Planetary Mag-
netism group at the Department of Earth Sciences at the
Swiss Federal Institute of Technology (ETH), Zurich. The

relevant apparatus within the magnetometer for this study is
a flux sensing system comprising two pick-up coils of ra-
dius 4 cm along the longitudinal z-axis of the magnetome-
ter. Samples are transported along the axis in the +z direc-
tion through an access shaft with diameter ∼4 cm. The sens-
ing region is surrounded by superconducting shielding. The
magnetic flux from a sample in the pick-up coils is sensed
as a superconducting current in the coils.

Figure 1 shows a schematic outline of the magnetometer
together with an illustration of the magnetic field configu-
ration arising from a solenoid, one end of which is a pseu-
dopole, near to two superconducting pick-up coils. The field
calculations were made with the Maxwell program [24]. As
can be seen, the net flux through the coils is zero owing to
induced screening currents which cancel the flux from the
pseudopole. Exact first principle calculations of the response
function of the 2G magnetometer are beyond the scope of
this work since they require the precise modelling of the dis-
position of superconducting shielding and the magnetic field
in the sensing region [25, 26].

A so-called calibration sample in the shape of a nee-
dle of length 14 mm and diameter 1 mm is used for cal-
ibration purposes. This is enclosed within a non-magnetic
plastic holder. The dipole sample was made from floppy
disk material and subsequently magnetised such that the
dipole moment, aligned along the longitudinal direction, is
3.02×10−6 A m2. The uncertainty on the moment, assessed
by comparing measurements on independent magnetome-
ters at the ETH laboratory, is less than 1 %. As described
in Sect. 3, measurements of the calibration sample can, with
the aid of a convolution method, be used to predict the mag-
netometer response to a monopole.

A more direct approach to inferring the magnetometer
response to a monopole is to use a long solenoid since the
magnetic field from one end of an semi-infinite solenoid fol-
lows an inverse square law [28]. For this work, two thin
solenoids (solenoids 1 and 2), wound with copper wire
and supported by cylindrical copper formers, were used.
Solenoid 1 (2) is formed from two (three) layers of wound
copper wire. These devices were previously used for a
search at the H1 experiment [22]. A solenoid with n turns,
length l, surface area S and applied current I can be con-
sidered as possessing two oppositely charged poles (termed
pseudopoles) of strength q = I ·S ·n/l. Expressing the pseu-
dopole strength in units of the Dirac charge gD and the cur-
rent flowing through the solenoids, the solenoids are char-
acterised by 32.4gD and 41.4gD per unit µA, respectively.
The solenoid parameters are described in Table 1 and the
performance of the solenoids is described in Sect. 3.

A fake monopole signal can arise when a highly magne-
tised material passes through the pick-up coils. In this sit-
uation, the measured current does not return to zero when
the material is far from the pick-up coils, thus mimicking
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Fig. 1 Top: schematic
representation of the
magnetometer used in this work.
Bottom: magnetic field
configuration of of pseudopole
near to two superconducting
pick-up coils

Table 1 Description of the calibration solenoids

Calibration coil 1 2

Pseudopole strength/current (gD /µA) 32.4 41.4

Coil length l (mm) 250 250

Number of turns n 2750 7500

Wire diameter (mm) 0.18 0.1

Number of wire layers 2 3

Mean coil area S (mm2) 9.7 4.5

Uncertainty in area 6 % 10 %

the residual current left by monopole. To study this effect,
ferromagnetic rock samples with dipole moments of values
similar to those of the accelerator samples were used. This
is described in Sect. 4.

3 The expected response of the magnetometer to
monopoles

As mentioned in Sect. 2 two approaches are employed to
quantify the expected response of the magnetometer to a
monopole. In one approach, the convolution method, mea-
surements of the current due to the calibration sample are
used. Such measurements are shown as a function of the
longitudinal position z of the sample in Fig. 2. The mea-
sured current rises, reaches a plateau of length roughly that
of the longitudinal extent of the pick-up coil array (∼4 cm),
and falls again. It should be noted that, although the de-
vice measures an induced current due to a change in mag-

Fig. 2 The measured current from the calibration sample as a func-
tion of z. A smoothed form of the spectrum is overlaid. The data are
expressed in units of magnetic moment since the magnetometer cali-
bration is such that the plateau value returns the value of the sample
dipole moment

netic field, normalisation and calibration steps have been
performed such that the value of the plateau region corre-
sponds to the magnetic moment of the sample. The distribu-
tion is thus labelled accordingly.

The superposition principle for magnetic fields implies
that the field from a long thin magnet is equivalent to that of
the sum of individual dipole samples positioned alongside
each other such that the total length would be that of the long
magnet. The distribution in Fig. 2 can therefore be used to
predict the response of the magnetometer to a pseudopole.
To implement this approach, the distribution in Fig. 2 was
smoothed with a spline algorithm and the magnetometer re-
sponse at 18 dipole positions, each separated by 14 mm, was
extracted and summed. This then corresponds to a long thin
bar magnet possessing a pseudopole value of ∼6500gD . The
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Fig. 3 The dependence on z of the induced current for solenoids car-
rying a range of different currents. Also shown is the prediction of the
convolution method (dashed lines) for a given solenoid carrying a cer-
tain value of current. Where two lines and two sets of data points are
shown close together the upper line corresponds to the upper set of data
points and vice versa. The unit of the y-axis is the current expected for
a Dirac monopole (IgD

), as estimated with the convolution method

sum is therefore scaled such that it corresponds to the pseu-
dopole charges associated with the solenoids for a range of
currents, as derived using the solenoid properties in Table 1.
This procedure was performed for a “chained” set of cali-
bration samples at many different values in z.

The predicted induced current is shown (dashed lines) in
Fig. 3 for solenoids carrying different currents. As would be
expected the predicted induced current rises and reaches a
plateau and begins to fall. This corresponds to the “chained”
set of samples moving towards, into and out of the pick-up
coil array. The normalisation of these distributions is such
that the plateau value corresponds to the strength of the mag-
netic pseudopole at the end of the “chain”, which is directly
proportional to the current in a solenoid. The distributions
is expressed in units of IgD

, where IgD
is the predicted in-

duced current from a “chain” carrying the Dirac charge at
the centre of the centre of plateau region (z = 1470 mm).
The assumed current values were: 0.01, 0.1, 1 and 10 µA for
solenoid 2; the solenoid 1 current values were 7 % higher
than those used in the second solenoid.2

Also shown in Fig. 3 are the measurements of induced
current from the different solenoids with the aforemen-
tioned solenoid currents. Runs were performed in which
the solenoids were stepped through the magnetometer. For
each solenoid, runs were also taken with zero solenoid cur-
rent. Data from runs with zero current were subtracted from
the finite current runs to give the distributions in Fig. 3.
Solenoid measurements with a positive pseudopole enter-
ing the sensing region give positive output values and vice

2The difference in current values arose due to the use of different bat-
teries for the various solenoid runs.

versa, and it was verified that there is no significant mag-
netic charge asymmetry in the magnetometer response. The
output is found to be linear over the studied range 0.3gD

to 400gD . Good agreement is observed over several orders
of magnitude of current between the induced currents left by
the solenoids and those predicted by the convolution method
although there is a tendency for the convolution method to
slightly overestimate the solenoid measurements. Uncertain-
ties on the solenoid measurements are not shown and are dis-
cussed below. The convolution method makes predictions at
higher values of z than are possible with the solenoids ow-
ing to hardware limitations in the sample transport system.
A small discrepancy is evident at low values of z for the
lowest value pseudopole charge (∼0.3gD) corresponding to
a weak signal at which the magnetometer accuracy is de-
graded.

Figure 4 allows a more quantitative comparison of the
two methods. This figure shows the ratio of induced cur-
rent at the centre of the plateau region to the pseudopole
strength as a function of pseudopole strength. The pseu-
dopole strengh is calculated using the solenoid parameters
and solenoid current. By construction, the ratio is unity for
the convolution method. The relative uncertainties on the ar-
eas (and therefore pseudopole strength) of solenoid 1 (6 %)
and 2 (10 %) are also shown. The errors on the data points
in Fig. 4 for a given solenoid are thus 100 % correlated
with each other. As can be seen the magnetometer measure-
ments of each solenoid are consistent with each other and
the convolution method. The agreement between the con-
volution method and the solenoid approach is between ∼1
and ∼1.2σ for solenoid 1 and is around 0.6σ for solenoid 2.
At low values of magnetic charge (and thus magnetic field)
∼0.3gD larger fluctuations occur than are seen for the higher
charge measurements.

A detailed error analysis for the convolution method is
not performed here. However, we expect the uncertainties to
be relatively small. Previous studies with with 2G SQUID
magnetometers of the difference in magnetometer output
for chained and long core samples gave differences of up
to ∼10 % [27]. The sample dipole moment is known to an
accuracy of better than 1 %. Repeat measurements of the
calibration sample lead to differences of less than 1 % when
the sample is in the sensing region and the magnetic field
in this region is highest. These differences can rise up to
10 % for the highest and lowest values of z although these
make negligible contributions to the prediction of the criti-
cal plateau value and thus expected monopole response. The
convolution method relies on a number of assumptions. One
such assumption is that the magnetometer output for a mag-
netic field strength corresponding to optimal magnetometer
performance can be linearly scaled such that it predicts the
performance of the magnetometer at significantly lower field
values. A further assumption is that the induced current does
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Fig. 4 The ratio of magnetometer current/pseudopole strength as a
function of pseudopole strength for the two solenoids. The magnetome-
ter current is the value in the plateau region in units. The uncertainties
on each point for a given solenoid are 100 % correlated. Pseudopole
strength values of solenoid 1 at specific values of pseudopole strength
are offset with respect to each other for clarity. In ascending order
of pseudopole strength the clusters of points for solenoid 1 represent
charges at 0.346gD , 3.46gD , 34.6gD and 346gD

not have a strong dependenc on sample position which could
arise due to a position-dependent misalignment of the sam-
ple. Figures 3 and 4 demonstrate that these assumptions are
well founded.

Independently of experimental errors, differences be-
tween the methods can also arise due to the effects of the dif-
ferent cross sectional areas of the calibration sample and the
solenoids. The Maxwell simulation program predicts that
such differences are at most several per cent. Given this, and
the discussion in this section, it can be stated the calibration
of the magnetometer for the passage of a monopole with
charge values between ∼0.3gD to ∼400gD is well deter-
mined by two independent methods to an accuracy in recon-
structed charge of around 10 %. It should, however, be em-
phasised that this represents an ideal performance obtained
with calibration tools. The next section outlines how the per-
formance can potentially be degraded due to machine effects
and highly magnetised samples.

4 Fake signals

To search for a monopole signal it is not necessary to make
time-consuming repeated positions in different steps in z. In-
stead, a straightforward signal observable the persistent cur-
rent is defined. This is the change in current on the pick-up
coils which occurs when a sample enters the magnetome-
ter and is transported through the pick up coils and along
the axis until the magnetic field in the sensing region aris-
ing from the sample is negligible. Two instrumental effects
have been studied which may induce a fake non-zero persis-
tent current: offset drifts and offset jumps. A third possible

Table 2 Mean and standard deviations (in units of IgD ) of the per-
sistent current distributions in various conditions using samples with
magnetisation similar to the one of the beam-pipe sample. Each entry
is based on 45 to 160 repeated measurements

Positive magnetisation Negative magnetisation

Normal mode μ = 0.024 ± 0.005 μ = −0.038 ± 0.008

σ = 0.048 ± 0.004 σ = 0.053 ± 0.006

Abnormal mode μ = −0.143 ± 0.004 μ = 0.005 ± 0.007

σ = 0.050 ± 0.003 σ = 0.059 ± 0.005

effect, so-called flux jumps [29], did not effect this study.
To investigate the first two effects, two rock samples, which
were assumed not to contain monopoles, were used [30].

Offset drifts were observed to cause the persistent cur-
rent to fluctuate with time, typically at a rate equivalent to
0.1gD per hour. Since the offset drift affects the readings at
all positions, the quantity defined as the last reading minus
the first reading is stable with time. Using this quantity, for
the background subtraction it is not necessary to make fre-
quent empty holder passes in between sample passes since
all empty holder measurements yield consistent values. The
last reading minus first reading after subtracting this unique
value obtained from the empty holder measurements can
thus be regarded as the persistent current, the magnitude
of which would be directly proportional to the candidate
monopole charge.

Offset jumps are sudden shifts of the readings from one
position to the other. Spurious offset jumps can potentially
fake large signals. Such fake signals are easy to dismiss as
they would not appear consistently in multiple passes. How-
ever, in certain conditions, small offset jumps were also ob-
served to happen consistently at every pass. To better quan-
tify this effect, we made a series of passes using rock sam-
ples. The first rock sample, R1, was chosen such that it’s
magnetic moment (4.26 × 10−5 A m2) is similar to those
of the beampipe samples. This sample was passed multi-
ple times into the magnetometer with orientations yield-
ing both positive and negative values of the longitudinal
magnetisation. Such measurements yielded distributions of
the persistent current with mean values very near zero and
very small standard deviation, as reported in the top row
of Table 2. Significant offset jumps were observed after us-
ing another rock sample, R2, with higher magnetic moment
(1.3×10−4 A m2), for which measurements of the persistent
current in the case of a positive longitudinal magnetisation
were consistently observed to be shifted by −0.14gD rela-
tively to empty holder measurements performed in between.
This shift was not observed when the sample was oriented so
as to yield a negative longitudinal magnetisation. New series
of measurements were then performed after demagnetisa-
tion of the R2 sample to give a moment of 1.5 × 10−5 A m2

and then further to 4.5 × 10−6 A m2. The same shift was
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Fig. 5 Left: a photograph of the
plugin module showing the
finger samples. Middle: a
photograph of one of the finger
samples. Right: an X-ray picture
of the plugin module attached to
the CMS beampipe

observed also for the demagnetised sample, as well as for
the R1 sample when measured again. It was concluded that
the magnetometer has entered an abnormal mode in which
any sample with positive longitudinal magnetisation, even
small, systematically provokes a offset jump of magnitude
−0.14gD . The bottom row of Table 2 shows the mean and
standard deviation of the persistent current distribution in
abnormal mode. This abnormal mode was triggered by the
first pass with R2 with a high longitudinal magnetisation. It
was found that the magnetometer could be restored into a
normal mode by manually resetting the current offset to a
value near zero. After resetting, the persistent currents for
R1 and (demagnetised) R2 were again entirely consistent
with the values in the top row of Table 2.

The resolution of the magnetometer for highly magne-
tised samples is dominated by offset jumps and can be con-
sidered as being the typical deviation of the persistent cur-
rent from zero for samples where there is no monopole. Us-
ing the repeated rock sample measurements, it is found that
in normal mode, the resolution is 0.04gD , and in the case
where the magnetometer enters an abnormal mode, it is at
least as large as 0.14gD .

5 Beampipe samples

Seven material samples (so-called fingers), made of a
copper-beryllium alloy were used in this work. These sam-
ples were part of a plugin module attached to the CMS
beampipe and used to maintain the beampipe’s structural
integrity upon changes in temperature. Pictures of the plu-
gin module with attached fingers, one of the finger samples,
and an X-ray image of the the plugin module mounted in the
beampipe are shown in Fig. 5. The finger samples were re-
placed prior to luminosity running in 2012 since they were
found to have been erroneously mounted and hung in the
vacuum region. All material that has been part of the ac-
celerator gets irradiate to some extent so safety procedures
were necessary for the removal of these fingers. Radioac-
tivity tests indicated that samples were safe for use in this
study.

The sample length of an individual finger sample is
around 8.5 cm and the thickness is ∼0.8 mm. The sam-
ples were located at a position of 18 m along the colliding
beam axis. The nominal polar angle acceptance range with
respect to the CMS interaction point is between 179.936 and
179.943 degrees. A monopole produced within this angular
range would stop inside the sample if produced with an en-
ergy below a certain punch-through energy, which is a func-
tion of its mass and charge. The Bethe formula for mag-
netic charges [10] was used to simulate the energy loss of
monopoles in small steps inside the sample material and es-
timate its range. The same approach was used as was em-
ployed in Ref. [17]. The results of these calculation are
shown in Fig. 6. The effective thickness of the samples is
around 8 times larger than the actual thickness owing to
the angle in which the samples lay. In addition, a monopole
should have a minimum kinetic energy such that the 3.8 T
CMS magnetic field has a negligible effect on its trajectory.
For masses above several hundred GeV this minimum en-
ergy is estimated to be of the order of 0.1 GeV. Given the
limited range of samples currently available, the intention
of this work is not to produce a limit on the production of
monopoles. An analysis of the effects of the uncertainties of
the size and positions of the samples is therefore not per-
formed.

6 Beampipe sample measurements

The sample holder used for the beampipe sample runs was
a 50 cm long carbon-fibre hollow tube. The seven beampipe
samples were wrapped into paper so that they would tightly
fit into a slit on the tip of the sample holder. At the starting
position of each run, the sample holder was inside the mag-
netometer with its tip protruding on the side opposite to the
holder arm. In this position, a beampipe sample could be at-
tached to the tip of the sample holder. Measurements were
then performed in steps until the sample had passed entirely
through the magnetometer. At the end position, nothing re-
mained inside the magnetometer and the sample could be
retrieved on the away side. Most measurements were per-
formed with 48 steps to precisely map the magnetisation
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Fig. 6 Kinetic energy below which a monopole incident upon the beampipe sample would stop inside the sample, as a function of mass and
magnetic charge. The plot on the right shows only the charges below 3gD with a better precision and with a linear vertical scale

of the sample at each position. Each beampipe sample was
measured at least twice, in 48 steps. Frequent empty holder
measurements were made for background subtraction be-
tween beampipe samples measurements. Beampipe sample
number 4 was measured six times, of which three had a dif-
ferent number of steps (96, 24 an 4).

The magnetisation of the beampipe samples can be quan-
titatively studied by measuring the peak induced current, i.e.
that value occurring when the beampipe samples are near
the centre of the pick-up coil system. The peak currents are
shown in Fig. 7. As can be seen the currents are typically
many orders of magnitude greater than that expected for a
Dirac monopole. As mentioned in Sect. 2 offset jumps are
expected for strongly magnetised samples. As a test to re-
duce the magnetisation, one sample (beampipe sample 2)
was demagnetised with an oscillating magnetic field. This
reduces the magnetisation by more than an order of mag-
nitude, albeit at the possible risk of dislodging a trapped
monopole. This risk should, however, be minimal since the
binding energy of a monopole in material is thought to be
large [6]. Should offset jumps represent a limiting effect for
further studies demagnetisation may be necessary.

The measurement of induced current for one run made
with beampipe sample 3 is shown in Fig. 8, after subtracting
the values obtained with an empty sample holder from a run
performed immediately afterwards. The empty-holder sub-
traction corrects for the offset, and also for the very slight
remnant magnetisation of the sample holder while it is still
inside the magnetometer. The sum of the beampipe sam-
ple measurements and a solenoid measurement with pseu-
dopole equivalent to 4.14gD is shown as a dashed line su-
perimposed to the beampipe sample measurements in Fig. 8,
demonstrating that a sample with a trapped monopole would
yield a very distinct (and reproducible) signature.

The persistent current for all beampipe sample runs are
shown in Fig. 9, after subtracting the value obtained from
empty holder measurements. Values of persistent current

Fig. 7 Peak currents associated with different beampipe samples

Fig. 8 The measured current from beampipe sample 3 as a function
of z. Also shown (dashed line) is the signature which would be ex-
pected should the beampipe sample carry a magnetic charge of 4.14gD

range from 0 to ∼0.35IgD
which is consistent with observa-

tions made with the rock samples (Table 2). When making
the measurements it was observed that offset jumps of mag-
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Fig. 9 Persistent current left by the beampipe samples

nitude ∼0.15gD took place. Sample number 4 suffered sev-
eral consecutive offset jumps which accounts for the higher
currents observed for two of the measurements made with
this sample giving the highest current readings.

7 Summary and conclusions

Monopoles and dyons with specific ranges of magnetic
charge would be trapped in the beampipes of the LHC ex-
periments and could be observed by measurements of the
magnetic properties of the beampipe material. In this work,
the expected response of a magnetometer to monopoles has
been quantified using several calibration methods. The pos-
sibility for fake signals to arise was studied with rock sam-
ples. As part of the preparations for a search with mate-
rial from the LHC, tests were made on obsolete accelera-
tor material. The production kinematics of monopoles which
would have stopped in the samples were also evaluated. The
work indicates that monopoles possessing at least one third
of the Dirac charge could be observed in a search using the
apparatus employed here.

Acknowledgements As for any experimental undertaking at the
LHC, this work would not have been possible without the aid of a large
number of people. The authors wish to thank Austin Ball, Stephane
Bally and Martin Gastal from the CMS collaboration for their help
and support. We are also grateful to the TE, DGS, EN and GS depart-
ments at CERN. In particular we wish to thank Gerhard Schneider from
the TE-VSC-LBV group, who undertook the maintenance work which
allowed the beampipe samples to become available. Abderrahim Er-
rahhaoui performed essential radioactivity tests prior to the release of
the samples. Machining work on the samples was carried out by Jacky
Tonoli. Stephanie Krattinger performed the work which allowed the
samples to be transported out of CERN.

This work was supported by a grant from the Swiss National Sci-
ence Foundation.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

1. G. ’t Hooft, Magnetic monopoles in unified gauge theories. Nucl.
Phys. B 79, 276 (1974)

2. J. Preskill, Magnetic monopoles. Annu. Rev. Nucl. Part. Sci. 34,
461 (1984)

3. P.A.M. Dirac, Quantised singularities in the electromagnetic field.
Proc. R. Soc. A 133, 60 (1931)

4. P.A.M. Dirac, The theory of magnetic poles. Phys. Rev. 74, 817
(1948)

5. M. Fairbairn et al., Stable massive particles at colliders. Phys. Rep.
438, 1 (2007). arXiv:hep-ph/0611040

6. K.A. Milton, Theoretical and experimental status of magnetic
monopoles. Rep. Prog. Phys. 69, 1637–1712 (2006). arXiv:
hep-ex/0602040

7. Particle Data Group Collaboration, Review of particle physics.
J. Phys. G 37, 075021 (2010)

8. J.S. Schwinger, Magnetic charge and quantum field theory. Phys.
Rev. 144, 1087 (1966)

9. D. Zwanziger, Exactly soluble nonrelativistic model of particles
with both electric and magnetic charges. Phys. Rev. 176, 1480
(1968)

10. S. Ahlen, Stopping-power formula for magnetic monopoles. Phys.
Rev. D 17, 229 (1978)

11. S. Ahlen, Theoretical and experimental aspects of the energy loss
of relativistic heavily ionizing particles. Rev. Mod. Phys. 52, 121
(1980)

12. MoEDAL Collaboration, Technical design report of the Moedal
experiment. CERN-LHCC-2009-006; MOEDAL-TDR-001
(2009)

13. J.L. Pinfold, Searching for the magnetic monopole and other
highly ionizing particles at accelerators using nuclear track detec-
tors. Radiat. Meas. 44, 834 (2009)

14. ATLAS: detector and physics performance technical design re-
port, vol. 2. CERN-LHCC-99-15, ATLAS-TDR-15 (1999)

15. G. Aad et al. (ATLAS Collaboration), Search for massive long-
lived highly ionising particles with the ATLAS detector at the
LHC. Phys. Lett. B 698, 353–370 (2011). arXiv:1102.0459 [hep-
ex]

16. Search for magnetic monopoles in
√

s = 7 TeV pp collisions with
the ATLAS detector. ATLAS-CONF-2012-062 (2012)

17. A. De Roeck, A. Katre, P. Mermod, D. Milstead, T. Sloan, Sensi-
tivity of LHC experiments to exotic highly ionising particles. Eur.
Phys. J. C 72, 1985 (2012). arXiv:1112.2999 [hep-ph]

18. L. Alvarez, P. Eberhard, R. Ross, R. Watt, Search for magnetic
monopoles in the lunar sample. Science 167, 701–703 (1970)

19. L. Alvarez, M. Antuna, R. Byrns, P. Eberhard, R. Gilmer et
al., A magnetic monopole detector utilizing superconducting el-
ements. Rev. Sci. Instrum. 42, 326–330 (1971)

20. G.R. Kalbfleisch, K.A. Milton, M.G. Strauss, L. Gamberg, E.H.
Smith, W. Luo, Improved experimental limits on the production
of magnetic monopoles. Phys. Rev. Lett. 85, 5292 (2000)

21. G.R. Kalbfleisch, W. Luo, K.A. Milton, E.H. Smith, M.G. Strauss,
Limits on production of magnetic monopoles utilizing samples
from the D0 and CDF detectors at the Tevatron. Phys. Rev. D 69,
052002 (2004). arXiv:hep-ex/0306045

22. A. Aktas et al. (H1 Collaboration), A direct search for stable mag-
netic monopoles produced in positron–proton collisions at HERA.
Eur. Phys. J. C 41, 133–141 (2005). arXiv:hep-ex/0501039 [hep-
ex]

23. 2g enterprises homepage. http://www.2genterprises.com, accessed
June 2012

24. Maxwell SV, version 9.0, Ansys Inc.
25. R.L. Parker, Calibration of the pass-through magnetometer, I: the-

ory. Geophys. J. Int. 142, 371–383 (2000)

http://arxiv.org/abs/arXiv:hep-ph/0611040
http://arxiv.org/abs/arXiv:hep-ex/0602040
http://arxiv.org/abs/arXiv:hep-ex/0602040
http://arxiv.org/abs/arXiv:1102.0459
http://arxiv.org/abs/arXiv:1112.2999
http://arxiv.org/abs/arXiv:hep-ex/0306045
http://arxiv.org/abs/arXiv:hep-ex/0501039
http://www.2genterprises.com


Eur. Phys. J. C (2012) 72:2212 Page 9 of 9

26. M. Jackson et al., Deconvolution of u channel magnetometer data:
experimental study of accuracy, resolution, and stability of differ-
ent inversion methods. Geochem. Geophys. Geosyst. 11, Q07Y10
(2010)

27. R. Weeks et al., Improvements in long-core measurement tech-
niques: applications in palaeomagnetism and palaeoceanography.
Geophys. J. Int. 114, 651–662 (1993)

28. H. Chen, Note on the magnetic pole. Am. J. Phys. 33, 563–565
(1965)

29. L.-P. Levy, Magnetism and Superconductivity (Springer, Berlin,
2004)

30. Basalt volcanic rock samples R1 (PRR-6165) and R2 (PRR-6166).
http://bprc.osu.edu/rr/, accessed June 2012

http://bprc.osu.edu/rr/

	Development of a magnetometer-based search strategy for stopped monopoles at the Large Hadron Collider
	Introduction
	Experimental apparatus and tools
	The expected response of the magnetometer to monopoles
	Fake signals
	Beampipe samples
	Beampipe sample measurements
	Summary and conclusions
	Acknowledgements
	References


