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Abstract The experiments at the Large Hadron Collider
(LHC) are able to discover or set limits on the production
of exotic particles with TeV-scale masses possessing val-
ues of electric and/or magnetic charge such that they be-
have as highly ionising particles (HIPs). In this paper the
sensitivity of the LHC experiments to HIP production is dis-
cussed in detail. It is shown that a number of different detec-
tion methods are required to investigate as fully as possible
the charge-mass range. These include direct detection as the
HIPs pass through either passive or active detectors and, in
the case of magnetically charged objects, the so-called in-
duction method with which magnetic monopoles which stop
in accelerator and detector material could be observed. The
benefit of using complementary approaches to HIP detection
is discussed.

1 Introduction

Highly ionising particles (HIPs) are characterised by an
ionisation energy loss which is at least dozens of times
greater than minimum ionising particles while propagat-
ing through matter. Putative exotic HIPs include magnetic
monopoles [1], particles which carry both magnetic and
electric charges (so-called dyons) [2, 3], and particles which
can carry a high electric charge such as Q-balls [4] and
stable micro black-hole remnants [5]. In this work we will
assume that HIPs are stable thanks to a conserved quan-
tum number (like magnetic charge). If HIPs of accessible
masses exist, they may be produced in pairs during high-
energy collisions through particle-antiparticle annihilation,
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photon–photon fusion, or some more involved process. To
date, no such particles have been found.

Magnetic monopoles and dyons are prominent exam-
ples of HIPs envisaged in the literature. Dirac observed
in 1931 that charge quantisation could be understood as a
consequence of angular momentum conservation if a pole
of magnetic charge existed [6, 7]. This argument still pro-
vides compelling motivation to search for monopoles, in
cosmic rays either trapped in matter [8] or in flight [9–
11], and at colliders at the high energy frontier [12]. The
Dirac argument provides an approximate guideline to the
value of magnetic charge which could be held by a par-
ticle. In SI units the argument yields the following re-
lation between any electric charge qe and any magnetic
charge qm: qeqm = nh/μ0, where h is Planck’s constant,
μ0 is the vacuum permeability, and n is an integer num-
ber. With qe = ze (e being the elementary charge) for elec-
tric charge and qm = gec (c being the speed of light) for
magnetic charge, the squares of the dimensionless quanti-
ties z and g represent the strengths of the corresponding
electromagnetic couplings. Dirac’s relation with n = 1 and
z = 1 defines gD = h/(μ0e

2c) = 68.5. This corresponds
to an electromagnetic coupling typically several thousand
times that of a particle with the elementary charge. While
the Dirac argument prescribes that the minimum fundamen-
tal unit of magnetic charge is gDec, in a general picture
it is allowed—and even expected in the case of a dyon or
if the fundamental electric charge is a fraction of e—to
be higher [1, 2, 13]. Predictions of monopole masses are
more uncertain. Monopoles are general features of all the-
ories where the U(1) group of electromagnetism is a sub-
group of a broken gauge symmetry [14], in which case they
typically have masses of the order of the unification scale.
A large variety of models have been proposed, some of
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which allow for monopole masses in a range accessible to
the LHC [15–17].

The main aim of this paper is to provide a quantitative
overview of the capabilities of the LHC experiments to de-
tect HIPs with a range of electric and magnetic charges
produced in high-energy proton–proton (pp) collisions. Ac-
cordingly this paper is structured as follows. Descriptions of
HIP energy loss and monopole bending are given in Sects. 2
and 3, respectively. HIP detection challenges and methods
at colliders are described in Sect. 4. An overview of LHC
experimental setups which can potentially search for HIPs
is given in Sect. 5. A brief discussion of the existing limits
on HIPs at the LHC is given in Sect. 6. Stopping positions
in LHC detectors as functions of energy, direction, mass and
charge (for both electric and magnetic charges) are deter-
mined in Sect. 7. Detector acceptances as functions of HIP
mass and charge and assuming a production model (with
Drell-Yan as a benchmark) are given in Sect. 8, and stopping
acceptances of monopoles and dyons in LHC beam pipes are
given in Sect. 9. Model dependence is discussed in Sect. 10.
Finally, the sensitivities of the different LHC experiments
are compared and discussed in Sect. 11, before concluding
in Sect. 12.

2 Ionisation energy loss in matter

Massive (m � 200 GeV) HIPs at colliders would be pro-
duced in a velocity regime where they lose energy only
through ionisation. The mean rate of energy loss per unit
length dE/dx1 of a massive HIP carrying an electric charge
qe = ze travelling with velocity β = v/c in a given material
is modelled by the Bethe formula [17]:

−dE

dx
= K

Z
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z2

β2

[
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2mec
2β2γ 2

I
− β2

]
(1)

where Z, A and I are the atomic number, atomic mass
and mean excitation energy of the medium, K = 0.307
MeV g−1 cm2, me is the electron mass and γ = 1/

√
1 − β2.

Higher-order terms are neglected. The uncertainty due to
this approximation is estimated by performing the calcu-
lations with an additional term ±2 inside the brackets, as
the sum of all corrections is expected to be significantly
smaller than this for |z| < 100 [18]. Expression (1) is valid
only down to β ∼ 0.1. Positively charged HIPs are expected
to pick up electrons for 0 < β < 0.1, which reduces their
effective charge and increases their range.2 This generally

1The quantity dx can be taken as the thickness of a thin layer of ma-
terial, often conveniently expressed in g/cm2. Dividing by the material
density gives the thickness in cm.
2The range of a particle in matter is defined as the average distance
before stopping.

only corresponds to the last 100 µm before stopping, a dis-
tance much smaller than a typical detector granularity. For
HIP range calculations the energy loss in this interval is
approximated by a constant, using the value from (1) at
β = 0.1.

For a HIP carrying a magnetic charge qm = gec, the ve-
locity dependence of the Lorentz force causes the cancella-
tion of the 1/β2 factor, changing the behaviour of the dE/dx

at low velocity [19]:
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where Im is approximated by the mean excitation en-
ergy for electric charges I . The Kazama, Yang and Gold-
haber cross section correction and the Bloch correction
are given by K(|g|) = 0.406 (0.346) for |g| = gD (2gD)
and B(|g|) = 0.248 (0.672, 1.022, 1.685) for |g| = gD

(2gD , 3gD , 6gD) [19], and are interpolated linearly to in-
termediate values of |g|. The expression (2) is valid only
down to β ∼ 0.1. For β ≤ 0.01 we use the approximation
−dE/dx = (45 GeV/cm)(g/gD)2β [20] for all materials
(units of GeV cm2/g are obtained by dividing by the mate-
rial density), and in the intermediate region 0.01 < β < 0.1
we interpolate with a second-order polynomial.

The β dependencies of dE/dx in various materials rel-
evant for particle detectors, obtained from (1) and (2), are
shown in Fig. 1 for an electrically charged particle with
z = 68.5 (left) and a magnetically charged particle with
g = gD = 68.5 (right), respectively. With g = z, at β ∼ 1 the
values of dE/dx coincide. The crucial difference between
electric and magnetic charge is the behaviour at low veloc-
ity. The well-known increase of dE/dx with decreasing β ,
giving rise to a large fraction of the particle’s energy be-
ing deposited near the end of its trajectory (so-called Bragg
peak [21]), can be seen in the electric case. Conversely, for
a magnetic monopole, dE/dx is expected to diminish with
decreasing β .

3 Monopole bending

A monopole with magnetic charge qm in a magnetic field B

experiences a force qmB in the field direction. In vacuum,
with the field aligned along the beam axis (z direction), it
has a parabolic trajectory in the r − z plane [22]:

z(r) − zv = 0.5
qm|B|r2

pT βT c
+ r

tan θ0
(3)

where z(r) is the coordinate of a point on the trajectory at
distance r from the beam (with the particle originating at
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Fig. 1 Calculated ionisation energy loss dE/dx as a function of veloc-
ity β for HIPs possessing electric charge (with |z| = 68.5, left) and
magnetic charge (with |g| = gD , right) in various materials. Equa-

tions (1) and (2) were used. Varying the correction factors by ±2 inside
the brackets of the equations yields a relative uncertainty of 15 % in the
energy loss

Fig. 2 The approximate trajectory of a m = 1000 GeV monopole as-
suming a uniform solenoid magnetic field in the ALICE (B = 0.5 T),
ATLAS (B = 2.0 T) and CMS (B = 3.8 T) detectors at η = 0, for

|g| = gD (left) and |g| = 2gD (right), and corresponding to initial ki-
netic energies for punching through the inner detector: Ekin = 100 GeV
(left) and Ekin = 500 GeV (right)

r = 0 and z = zv), pT and βT are the transverse momentum
and transverse velocity of the monopole and θ0 is its initial
angle with respect to the beam direction. Trajectories esti-
mated using (3) for monopoles with charges |g| = gD and
|g| = 2gD produced at η = 0 with values of initial kinetic
energies chosen such that the monopoles just reach the front
of the EM calorimeters are shown in Fig. 2. The largest pos-
sible displacement in the z direction of a HIP exiting the
inner tracker is 40 cm for a monopole with Ekin = 100 GeV
and |g| = gD in the CMS detector. The EM calorimeter
barrel extends typically up to |z| = 3 m. This illustrates
that it is a reasonable approximation to neglect the bending
of monopoles in solenoid magnetic fields when estimating
monopole ranges in LHC detectors. Bending does not affect
significantly the ability of a monopole with given energy to
reach the EM calorimeter. It may affect monopole track re-
construction efficiency (such considerations are beyond the
scope of this paper). Also, the energy gained or lost by a
monopole due to the force exerted by a magnetic field in

a detector is negligible compared to the ionisation energy
loss.

4 Challenges of HIP detection

Perturbative calculations cannot be performed in the case of
a large coupling, due to divergent terms in the expansion.
This is well known in soft QCD, and the same applies to the
coupling to the photon in the case of large charges (|z| or
|g| � 5). Therefore, it is conservative and prudent to assume
that nothing is known about HIP production mechanisms.
A reliable phenomenological model of high-energy HIP in-
teractions3 could be formulated only if the characteristics of
such interactions were measured using a real signal. In the

3On the other hand, HIP interactions at the atomic scale are fairly well
understood [17] (see Sect. 2) and supported by measurements of heavy
ions propagating in matter.
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absence of such data, nothing can be certain about HIP cross
sections, nor angular and energy distributions, nor their de-
pendence upon the collision energy. Assuming a HIP pro-
duction mechanism such as Drell-Yan is useful as a bench-
mark but does not provide a reliable prediction. Likewise,
searches at different collision energies or in different types
of collisions (such as e+e−, ep, pp̄ and pp) cannot be di-
rectly compared. What motivates searching for HIPs at the
LHC is that a new energy regime is opened. There is always
the possibility that HIP production would be made possi-
ble only in the new energy regime, and certainly there is a
new possibility for probing higher HIP masses than before.
For a given mass and charge, a model-independent way to
present HIP search results is to provide an estimate of the
detector efficiency as a function of HIP production angle and
energy [23]. It can also be useful to set cross section limits
for a well-defined presumed pair production model. While
HIP mass limits may also be quoted accompanied with a
careful description of the chosen cross section, they do not
provide additional information and can be misleading since
this choice is arbitrary. Search results are often interpreted
only for a monopole with the Dirac charge. Considering var-
ious charges within the bounds of the detector capabilities is
more informative and allows for interpolations to interme-
diate values [24]. It is important that experiments try to test
as many mass and charge combinations as possible, in addi-
tion to trying to cover as broad a range as possible in particle
angle and energy.

HIPs can be sought by directly tracking their passage
through an active general-purpose detector and looking
specifically for a highly-ionising signature. Searches were
made recently with the OPAL detector at LEP [25] and
with the CDF detector at the Tevatron [26], interpreted for
monopoles with Dirac magnetic charge (|g| = gD); and with
the ATLAS detector at the LHC [23], interpreted for elec-
trically charged particles in the range 6 ≤ |z| ≤ 17. The
difficulties in these searches come from the fact that the
subdetectors of general-purpose experiments are designed
to detect minimum-ionising particles and not HIPs. Effects
arising from the particle’s low velocity and from the high
density of the energy deposition, such as electronics sat-
uration, light quenching in scintillators, and adjacent hits
from delta electrons, require a non-trivial treatment. The
response of each subdetector to high ionisation cannot be
easily calibrated, and signal efficiency estimates tend to rely
heavily on simulations. To illustrate this point, in the AT-
LAS search, the dominant source of uncertainty comes from
the modelling of the effect of electron–ion recombination
in the liquid-argon calorimeter in the case of a high energy
loss [23, 27].

An approach for dedicated HIP searches which was used
at LEP [28, 29] and the Tevatron [30–32] to set limits in
ranges of both electric and magnetic charges (up to ∼4gD),

is the so-called track-etch technique. In such experiments,
which are run in a passive mode (without electronics), the
interaction point is surrounded by thin plastic sheets. A HIP
would cause permanent damage along its trajectory in the
plastic. After etching the surface of the plastic in a controlled
manner, this would be revealed in the form of etch-pit cones
of micrometer dimensions. The advantages of such a device
include the lack of triggering constraints and the possibility
to easily test its response using ion beams [33]. This tech-
nique will be applied at the LHC with the MoEDAL4 exper-
iment, which consists of an array of plastic track-etch detec-
tors to be deployed around the LHCb interaction point for
14 TeV collision runs [34]. MoEDAL is described in more
detail along with the other relevant LHC detectors in Sect. 5.

Another complementary approach for monopole searches
is the induction method, in which parts of accelerator and
detector material surrounding the collisions (such as the
beam pipe) are analysed by passing them through a sens-
ing coil coupled to a superconducting quantum interference
device (SQUID). The binding energies of monopoles in nu-
clei with finite magnetic dipole moments are estimated to be
hundreds of keV—much greater than the binding energies
of electrons to atoms and of atoms in solids [35]. Somewhat
more speculatively, as the magnetic field in the vicinity of
the monopole is so strong that it could disrupt the nucleus, it
is thought that binding would even occur to individual pro-
tons and neutrons, even in spin zero nuclei without magnetic
moment. In any case, both 9Be and 27Al, the principal mate-
rials used for beam pipes, have strong nuclear magnetic mo-
ments and should form bound states with monopoles [35].
Hence, in searches with the induction method, it is assumed
to be difficult to dislodge a monopole from the sample once
it has stopped. If a trapped magnetic charge is present in
the sample, a measurable current will appear in the super-
conducting coil by induction and remain after the sample
has passed through. This technique was used at HERA [22]
and the Tevatron [36, 37] and allows the extraction of lim-
its on monopole production in a specific kinematic regime
(low angle and/or low energy) and for magnetic charges up
to very high values. Monopoles that traverse very short dis-
tances (of the order of a few mm) before being trapped can
be detected with the induction method. This is complemen-
tary to searches that involve tracking the particle through
the entire detector. The possible application of the induction
method to search for monopoles in the ATLAS and CMS
beam pipes is discussed in Sect. 9.

An indirect way to search for HIPs is through photon
signatures. With their large electromagnetic coupling, HIPs
may be expected to radiate photons, and also to annihilate
into photons shortly after their production. However, as dis-
cussed above, the non-perturbative processes involved are

4MoEDAL stands for Monopole and Exotics Detector at the LHC.
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impossible to quantify in a reliable way. That does not pre-
vent experiments from looking for such signatures, as in a
search with the D0 detector [38], but it makes interpretations
of the results difficult [39].

5 Description of LHC detectors

Detailed descriptions of the ATLAS, CMS, LHCb, ALICE
and MoEDAL detectors are given in Refs. [34, 40–43], re-
spectively. An overview of their relevant features is given
below.

ATLAS [40] is a multipurpose particle physics detec-
tor with a forward-backward symmetric cylindrical geom-
etry. Inner detector (ID) tracking covers the pseudorapidity5

range |η| < 2.5 and is performed by silicon-based detec-
tors and a transition radiation tracker. A uniform magnetic
field of 2 T along the beam axis is produced by a thin su-
perconducting solenoid surrounding the ID. A liquid-argon
sampling electromagnetic (EM) calorimeter with accordion-
shaped electrodes and lead absorbers surrounds the ID. It
comprises barrel (|η| < 1.475) and endcap (1.375 < |η| <

3.2) components and has two main layers (EM1 and EM2).
Hadronic calorimetry (Had) is provided by a scintillating
tile detector with iron absorbers for |η| < 1.7, and liquid-
argon detectors for 1.5 < |η| < 4.9. Beyond the calorime-
ters, muons are detected with a multi-system muon spec-
trometer. In the forward region (2.5 < |η| < 4.9), the coarse
granularity of the calorimeters and the lack of tracking de-
tectors would make HIP identification difficult. In this work,
it is assumed that ATLAS would be able to efficiently sep-
arate HIPs which penetrate the EM calorimeter from back-
grounds for |η| < 2.5.

CMS [41] is a multipurpose particle physics detector with
a forward-backward symmetric cylindrical geometry. Inner
tracking is performed by silicon pixel and strip detectors in
the pseudorapidity range |η| < 2.5. These are followed by a
lead tungstate crystal EM calorimeter and a brass-scintillator
hadronic calorimeter, which cover the range |η| < 3.0. Sur-
rounding the calorimeters, a superconducting solenoid pro-
vides a uniform magnetic field of 3.8 T along the beam
axis. A steel/quartz-fiber Cherenkov calorimeter extends the
calorimeter coverage to |η| < 5.0. The steel return yoke out-
side the solenoid is instrumented with gas detectors used to
identify muons. As in ATLAS, HIP identification by the in-
ner tracker and EM calorimeter in CMS is assumed to be
efficient in the range |η| < 2.5.

LHCb [42] is a single-arm spectrometer specialised in the
identification of heavy flavoured hadrons. It provides recon-
struction of charged particles in the forward pseudorapid-
ity range 2.0 < η < 4.9. The detector elements are placed

5The pseudorapidity is defined as a function of the polar angle (relative
to the beam axis) θ as: η = − ln(tan(θ/2)).

along the LHC beam line starting with the vertex detector
(VELO), a silicon strip device that surrounds the interaction
region. Track momenta are measured with the VELO along
with a large area silicon strip detector located upstream of
a dipole magnet and a combination of silicon strip detec-
tors and straw drift-tubes placed downstream. The magnet
has a bending power of 4 Tm. Two ring imaging Cherenkov
detectors (RICH1 and RICH2) are used to identify charged
hadrons. Beyond RICH2, at a distance of about 12 m from
the interaction point, the first muon station is followed by
an EM calorimeter, a hadron calorimeter, and the rest of the
muon system. In this work, it is assumed that LHCb would
be able to efficiently separate HIPs which penetrate the EM
calorimeter from backgrounds for 2.0 < η < 4.9.

The first level calorimeter trigger systems [44, 45] of AT-
LAS, CMS and LHCb base their decision on the sum of
the energy deposition in calorimeter towers of fixed size,
with transverse energy thresholds of the order of 30 GeV
for the 2012 LHC runs. Every 25 ns, they must deliver a de-
cision and identify detector regions and a bunch crossing for
further processing by high level triggers. A collision event
where a calorimeter signal arrives later than 25 ns after the
default arrival time of a particle travelling at the speed of
light would be either triggered in the next collision and thus
assigned to the wrong bunch crossing, or rejected if there are
no colliding bunches in the next 25 ns time slot. Recovering
such events in a search is very difficult or impossible. This
limits the range in β for which one can trigger directly on
HIPs and stable massive particles in general [12, 46, 47].
Further higher level trigger requirements are designed by
default to identify objects like jets, electrons and photons.
Although none of the experiments have documented such
developments yet, based on the ATLAS experience [23] it
can be conjectured that specific high level triggers can po-
tentially be implemented for a HIP selection based on the
extremely high density of the energy deposition.

ALICE [43] is a general-purpose detector which spe-
cialises in the reconstruction of hadrons, electrons, muons,
and photons produced in the collisions of heavy ions, up
to high multiplicities and down to low momenta. It is also
capable of collecting pp collision events at low instanta-
neous luminosity. It comprises a central barrel in the range
|η| < 0.9 and a forward muon spectrometer. The central bar-
rel is interesting for HIP searches thanks to its low material
budget. Its detectors are located inside a 0.5 T solenoidal
magnet. The Inner Tracking System (ITS) consists of sili-
con detectors surrounding the beam pipe at radial positions
between 3.9 cm and 43.0 cm. The time projection chamber
(TPC) is a cylindrical drift volume of 250 cm outer radius,
used for tracking as well as particle identification via a mea-
surement of the ionisation energy loss (dE/dx) in the de-
tector gas. Beyond the TPC, further detection is performed
by the transition radiation detector (TRD), the time-of-flight
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detector (TOF), and finally two EM calorimeters which do
not cover the full angular acceptance. In pp collision mode,
two VZERO detectors are used for triggering. They consist
of scintillator arrays and cover the pseudorapidity ranges
−3.7 < η < −1.7 and 2.8 < η < 5.1. The minimum bias
(MB) trigger combines information from the VZERO de-
tectors and the ITS to trigger on inelastic collisions with an
efficiency of 86.4 % [48]. In this work, it is assumed that
ALICE has the capability to efficiently trigger on (using the
MB trigger) and identify events where at least one HIP tra-
verses the TPC.

Material budgets of the various detector components are
provided in Refs. [40–43] and reported in Table 1 for inner,
intermediate, and EM parts of the ATLAS, CMS, LHCb and
ALICE detectors. This information is used in this work to
compute HIP ranges and fractions of HIPs which reach the
sensitive parts of the detectors (EM calorimeter for ATLAS,
CMS and LHCb, end of TPC for ALICE). Uncertainties due
to approximations made for thicknesses (given in radiation
lengths in the original references) and exact types of mate-
rial in complex detector parts were estimated. For instance,
the ATLAS and CMS inner tracking systems comprise vari-
ous elements such as silicon, aluminium, copper and carbon,
and an average was used. The resulting relative uncertainty
in the detector thicknesses given in Tables 1 and 2 is 20 %.

The MoEDAL detector is made of thin sheets of two
types of polymers: type one (CR39) is sensitive to particles
with dE/dx corresponding to z/β ≥ 5 (see (1)), and type
2 (lexan and makrofol) is sensitive to z/β ≥ 50 [34, 49].
The standard MoEDAL detector array described in the ex-
periment’s technical design report [34] consists of stacks of
three 0.5 mm thick type-one sheets, three 0.5 mm thick type-
two sheets, and three 0.2 mm thick type-two sheets, with 1
mm thick aluminum front and end plates. This array will be
deployed on the walls of the LHCb VELO cavern, cover-
ing the pseudorapidity range where it does not overlap with
LHCb (−5.0 < η < 1.5). As indicated in Table 2, in this
range, the LHCb VELO detector and its housing (in front of
MoEDAL) are responsible for an amount of material typ-
ically comparable with or larger than that of the ATLAS
and CMS inner trackers (shown in Table 1). There is a re-
cent proposal [49] for adding a thinner detector array called
very high charge catcher (VHCC). The VHCC consists of
three 0.1 mm thick type-two sheets encased in a 0.025 mm
thick aluminium foil envelope. It will be deployed around
the VELO vacuum chamber, and also on the front and rear
faces of the LHCb RICH1 detector. Thus, it will cover the
area in front of the VELO tracking system (1.5 < η < 4.9)
which amounts for an average thickness of only 4.2 g cm−2.
Being so thin, the VHCC will not disturb the normal LHCb
operation. On the other hand, being entirely made of type-

Table 1 Typical depth d (from the interaction point to the exit of the
detector) and thickness dx (in g cm−2) for components of the ATLAS,
CMS, LHCb and ALICE detectors, in pseudorapidity ranges for which

they have near 100 % geometrical acceptance. The values are obtained
from Refs. [40–43]

Detector Pseudorapidity range Inner tracker Services/other EM calorimeter

d (mm) dx (g cm−2) d (mm) dx (g cm−2) d (mm) dx (g cm−2)

ATLAS |η| < 0.9 1080 11.0 1300 20.8 1970 264.5

CMS |η| < 0.9 1290 9.6 − − 1520 190.1

ALICE |η| < 0.9 2500 2.8 4000 10.5 4800 127.4

ATLAS 0.9 < |η| < 1.5 2330 28.8 2800 38.8 4240 287.5

CMS 0.9 < |η| < 1.5 2780 40.8 − − 3270 190.1

ATLAS 1.5 < |η| < 2.5 3700 24.0 3800 20.8 4350 431.3

CMS 1.5 < |η| < 2.5 2900 28.8 3300 19.1 3700 182.0

LHCb 2.0 < η < 3.9 1000 4.2 12230 36.7 12400 159.3

Table 2 Typical geometrical
acceptance and thickness dx

of materials in front of the
MoEDAL detectors for various
pseudorapidity ranges.
The values are obtained from
Refs. [34, 49]

Pseudorapidity range Geometrical acceptance dx (g cm−2)

Standard MoEDAL (z/β ≥ 5) VHCC (z/β ≥ 50)

1.5 < η < 5.0 0 % 95 % 4.2

0.8 < η < 1.5 50 % 70 % 72

−3.2 < η < 0.8 60 % 40 % 14

−4.2 < η < −3.2 90 % 60 % 96

−5.0 < η < −4.2 90 % 90 % 7.2



Eur. Phys. J. C (2012) 72:1985 Page 7 of 18

Table 3 Average and integrated luminosities at the ATLAS, CMS,
LHCb and ALICE interaction points corresponding to what can
roughly be expected from 7–8 TeV pp collisions by the end
of 2012 [50]

Interaction point L (cm−2 s−1)
∫

Ldt (fb−1)

ATLAS 5 × 1033 20

CMS 5 × 1033 20

LHCb/MoEDAL 5 × 1032 2

ALICE 1030 0.004

two sheets, it will only be sensitive to high ionisation energy
loss, corresponding to z/β ≥ 50.

Finally, Table 3 gives estimates of LHC experiment lu-
minosities for pp collision runs. In 2011, the ATLAS and
CMS experiments each accumulated around 5 fb−1 of inte-
grated luminosity. In 2012, the LHC is expected to collide
protons at 8 TeV and deliver 15 fb−1 more to ATLAS and
CMS [50]. The integrated luminosities at the LHCb and AL-
ICE interaction points are typically 10 times and 5000 times
lower, respectively [42, 43, 50]. After the planned shutdown
in 2013, the LHC is expected to start running with 14 TeV
pp collisions in 2014, with similar relations between the lu-
minosities at the different interaction points, and where the
LHCb luminosity will also apply to MoEDAL.

6 Current limits on HIPs at the LHC

To date, the only bounds on HIPs at LHC collision energies
(7 TeV pp collisions) were obtained at the ATLAS experi-
ment in an early search for direct production of particles in
the electric charge range 6 ≤ |z| ≤ 17 and mass range 200 ≤
m ≤ 1000 GeV [23]. This search makes use of an electron
trigger which requires an inner detector track matched to
an EM energy deposition with a relatively low (10 GeV)
transverse energy threshold, relying on the signature of a
HIP stopping inside the EM2 calorimeter layer. Using the
equations described in Sect. 2 for energy loss calculations
(see Fig. 1), the possibility of an interpretation of this search
within a monopole scenario can be investigated. Due to the
lack of a Bragg peak, monopoles are less likely than elec-
trically charged particles to stop and deposit large amounts
of energy in a given detector layer. For instance, while the
energy loss of a monopole with |g| = gD/4 is equivalent
to that of a |z| = 17 particle at high β , such a monopole
would not deposit enough energy to induce a trigger while
slowing down and stopping in the ATLAS EM calorimeter.
It would also need to possess a low (<100 GeV) initial ki-
netic energy to avoid punching through the EM calorime-
ter, which means that the signal would also likely arrive
too late for a reliable first level trigger. A monopole with
|g| = gD/2 or higher would satisfy the trigger energy and

time criteria upon reaching the EM calorimeter. However,
such a monopole would be expected to produce more delta-
electrons in the tracker than a |z| = 17 particle, thus affect-
ing tracking and track-matching related efficiencies—which
is the cause of the |z| ≤ 17 bound in the ATLAS search [23].
The conclusion of this study is that, even without consider-
ing possible tracking inefficiencies due to monopole bend-
ing in the solenoid field, the initial ATLAS search results
cannot be extrapolated to magnetic charges. Hence, at the
time of writing this paper, magnetic monopoles remain un-
constrained by direct LHC searches for highly ionising par-
ticles.

7 The stopping of HIPs at LHC experiments

Using the tools described in Sect. 2, the loss of energy dE

at a given step dx along the HIP trajectory is estimated and
the position in the detector at which the energy is zero is
recorded. This range is computed as a function of the pseu-
dorapidity η, charge z (or g), mass m, and initial kinetic en-
ergy Ekin. For ATLAS, CMS and ALICE, the results of these
calculations for a HIP with m = 1000 GeV traversing the
central region of the detector (around η = 0) are shown in
Fig. 3 for electrically (left) and magnetically (right) charged
HIPs. The calculations are also performed—but not shown
in this figure—for the LHCb and MoEDAL setups, and for
a broad interval of masses and various relevant η values in
all detectors. With the same initial conditions, the range of
a magnetic monopole is systematically longer than that of
an electrically charged particle with charge |z| = |g|. This is
due to the lower energy loss of monopoles at low β in (2)
(see Fig. 1).

One notable difference between ATLAS and CMS, which
affects significantly the range for high charges (see top and
middle plots in Fig. 3), is the location of the solenoid mag-
net: beyond the hadronic calorimeter in CMS and just be-
yond the inner detector in the case of ATLAS. The ATLAS
solenoid and its cryogenic system add 20.8 g cm−2 of extra
material (almost twice as much as the whole inner detector)
before the HIP reaches the calorimeters. This feature gives
an advantage to CMS since a HIP which stops prior to the
EM calorimeter would not be able to trigger the event. In-
deed, as mentioned in Sect. 5, first level triggers used cur-
rently in both ATLAS and CMS (LHCb as well) are based
on either an energy deposition in the calorimeters or a track
in the muon spectrometer [44].

Thanks to the lower material budget of ALICE, the
charge scale extends further in the bottom plots in Fig. 3,
for comparatively lower Ekin values. This allows ALICE to
cover more phase space than the other experiments: for in-
stance, a monopole with charge 3gD and Ekin = 100 GeV at
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Fig. 3 Two-dimensional histograms showing the range in meters (with
scale indicated by the stripes on the right of the plots) as a func-
tion of HIP initial kinetic energy (horizontal axis) and charge (verti-
cal axis), for HIPs with m = 1000 GeV at η ∼ 0, for electric (left) and

magnetic (expressed in units of gD = 68.5, right) charges. The area for
which the early ATLAS search is sensitive, corresponding to particles
stopping in EM2, is indicated by a white line on the top left plot, using
the |qe| and Ekin ranges quoted in Ref. [23]

η = 0, which would always be stopped and lost before it can
reach the sensitive parts of the other detectors, would still
traverse the ALICE TPC. The disadvantages of the ALICE
detector are the low luminosity in pp collisions (see Table 3)
and the limited pseudorapidity coverage (|η| < 0.9).

To present a direct comparison between the potential per-
formances of the various experiments, and to illustrate the
mass and η dependencies of the HIP ranges, punch-through
energies of HIPs of various masses for reaching the sen-
sitive parts of the detectors are plotted in Fig. 4 as func-
tions of electric (left) and magnetic (right) charges, for η ∼ 0
(top), η ∼ 1.4 (middle) and η ∼ 2.0 (bottom). In the barrel

region (|η| < 1.5), for a given charge, the energy required
to reach the CMS EM calorimeter is typically half the one
needed in ATLAS. The difference is much less pronounced
in the endcaps (1.5 < |η| < 2.5), where the ATLAS solenoid
does not stand in the way. ALICE has the lowest thresh-
olds in the region it covers (|η| < 0.9). In the more forward
region, MoEDAL has the lowest thresholds, especially for
η ≥ 1.5 thanks to the VHCC. LHCb has thresholds compa-
rable to those of ATLAS and CMS in the region it covers
(2.0 < η < 4.9). As expected, for electric charges the en-
ergy loss is higher (shorter range) for higher masses (lower
β), while it is the opposite for magnetic charges.
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Fig. 4 Minimum initial kinetic energies required for HIPs to reach
the sensitive parts of the detectors (front of the EM calorimeters
for ATLAS, CMS and LHCb, end of TPC for ALICE, plastic sheets
for MoEDAL), as functions of electric charge (left) and magnetic
charge (right). The curves correspond to ATLAS (solid lines), CMS

(dashed lines), MoEDAL (dashed dotted lines), ALICE (dotted lines in
the top plot), and LHCb (dotted lines in the bottom plot), for 1000 GeV
(thin) and 2000 GeV (thick) masses, at angles corresponding to η ∼ 0
(top), η ∼ 1.4 (middle) and η ∼ 2.0 (bottom)

8 LHC detector acceptances

The quantity defined as acceptance is the probability (per
event) that a HIP with given mass and charge would enter
a sensitive region of the detector. Given that a HIP is inside
the detector acceptance, the quantity called efficiency is de-
fined as the probability that the event would further satisfy
an offline selection. The efficiency depends on the selection
criteria and on specific details of detector hardware and soft-
ware performance such as visible energy, saturation, timing,
noise, and reconstruction. It can also depend on the bending
of the HIP in the solenoid magnetic field, which depends on

the nature of the HIP charge. As these issues would best be
addressed by the concerned detector collaborations, only ac-
ceptance is considered here. For ATLAS, CMS and LHCb,
the acceptance is the fraction of events that produce a can-
didate for a first level trigger, for which a minimum require-
ment is that at least one HIP reaches the EM calorimeter
where it must deposit 30 GeV or more. Note that in this
definition the HIP can stop anywhere beyond that point (by
contrast, in the ATLAS search [23], an implicit veto on the
hadronic energy deposition at higher level trigger forces the
HIP to stop in the EM calorimeter, which lowers the effec-
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Fig. 5 Drell-Yan (solid lines) and isotropic (dashed lines) pair pro-
duction kinematics for pp collisions at 14 TeV centre-of-mass energy.
Distributions of absolute value of pseudorapidity (top, left), kinetic en-
ergy (top, right) and velocity (bottom, left) are shown for 200 (thin),

1000 (medium) and 2000 (thick) GeV masses. A scatter plot of kinetic
energy versus pseudorapidity is shown for the 1000 GeV case for Drell-
Yan (bottom, right). These distributions are based on 50000 generated
events

tive energy spectrum of HIP candidates). An additional con-
straint is that the calorimeter signal should not be delayed
by more than the window around the proton bunch crossing
time (of length 25 ns) with respect to a β = 1 particle [45].
To model this loss, a linear decrease of acceptance from one
to zero is assumed for delays of the time of arrival at the EM
calorimeter between 10 and 20 ns. In the cases of MoEDAL
and ALICE, there is no such timing constraint, and the ac-
ceptance is assumed to be the probability that at least one
HIP traverses one of the MoEDAL track-etch detectors (with
sufficient z/β to produce an etch-pit cone) and the ALICE
TPC, respectively.

The acceptance depends on the HIP energy and pseudo-
rapidity distributions (kinematics). The Drell-Yan process
qq̄ → γ ∗ → XX̄ is traditionally used as a benchmark model
of kinematics of heavy spin-1/2 HIP pair production. To
model such production in pp collisions, we use the PYTHIA
Monte-Carlo generator [51]. We conservatively use a centre-
of-mass energy of 7 TeV to model LHC pp collision data
prior to 2013, even though 8 TeV are planned for the 2012
runs. Pseudorapidity, kinetic energy and velocity distribu-
tions using 50000 events for a centre-of-mass energy of
14 TeV are shown in Fig. 5. It must be stressed, however,
that HIP kinematics in nature may turn out to be different

(see discussion in Sect. 4). To test the effect of the arbi-
trary choice of kinematics, a model of isotropic production
of a HIP pair and two scattered protons in the centre-of-
mass frame is also considered. Such events were generated
with the Genbod Monte-Carlo generator [52]. These events
are represented by the dashed lines in Fig. 5. The energy
distribution in the isotropic model peaks at ∼√

s/4 and ex-
tends up to ∼√

s/2. Model dependence is further discussed
in Sect. 10.

For a Drell-Yan fermion-pair production process at pp

collision centre-of-mass energies of 7 and 14 TeV, accep-
tances as functions of mass and charge are shown in Figs. 6
and 7 respectively, for electrically (left) and magnetically
(right) charged HIPs, for the ATLAS (top), CMS (middle,
top), LHCb (middle, bottom) and ALICE (bottom) detec-
tors. Acceptances for the MoEDAL detector for the Drell-
Yan process at 14 TeV centre-of-mass energy are shown in
Fig. 8. In general-purpose detectors, an increase of accep-
tance with increasing mass is expected due to an increasing
tendency for the particles to be produced in a more central
region in the chosen production model. This is counterbal-
anced by a decrease at high mass due to a shift of the kinetic
energy spectrum towards lower energies, which reduces the
HIP range and thus the acceptance. In the case of electri-
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Fig. 6 Acceptances as functions of HIP mass and charge, for electric
(left) and magnetic (right) charges, for the ATLAS (top), CMS (middle,
top), LHCb (middle, bottom) and ALICE (bottom) detectors, assuming
a Drell-Yan pair production mechanism with 7 TeV pp collisions. The

area for which limits were set in the ATLAS search [23] is indicated by
a white line in the top left plot. Note that the vertical axis scale is dif-
ferent for ALICE. The relative binwise uncertainties in the acceptance
a are 15 % (systematics) and (1000 · a)−1/2 (statistics)
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Fig. 7 Acceptances as functions of HIP mass and charge, for electric
(left) and magnetic (right) charges, for the ATLAS (top), CMS (middle,
top), LHCb (middle, bottom) and ALICE (bottom) detectors, assuming
a Drell-Yan pair production mechanism with 14 TeV pp collisions.

Note that the vertical axis scale is different for ALICE. The relative
binwise uncertainties in the acceptance a are 15 % (systematics) and
(1000 · a)−1/2 (statistics)
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Fig. 8 Acceptances as functions of HIP mass and charge, for electric
(left) and magnetic (right) charges, for the MoEDAL detector, assum-
ing a Drell-Yan pair production mechanism with 14 TeV pp collisions.
The two regions of high acceptance observed in these plots correspond
to the two different track-etch modules to be used in MoEDAL: one

is most sensitive to low charges and high mass, while the other (the
VHCC) is sensitive to high charges. The relative binwise uncertainties
in the acceptance a are 15 % (systematics) and (1000 · a)−1/2 (statis-
tics)

cally charged particles, a lower velocity also causes the en-
ergy loss to increase and reduces the HIP range (while the
reverse is true for magnetically charged particles). In AT-
LAS, CMS and LHCb the timing requirement for a first level
calorimeter trigger affects the high (m � 1000 GeV) masses.
This constraint is especially limiting for LHCb due to the
large distance (12 meters) to the EM calorimeter. CMS fea-
tures an acceptance ∼10 % higher than ATLAS thanks to the
absence of solenoid magnet in front of the EM calorimeter
barrel. The charge corresponding to >1 % acceptance in AT-
LAS, CMS and LHCb lies around z < 200 or g < 4gD . For
ALICE and MoEDAL, it is around z < 500 or g < 10gD .

There are four dominant contributions to the systematic
uncertainty in the calculated acceptances: detector material
budget, computation of dE/dx ((1) and (2)), bending in the
magnetic field, and limited statistics of the simulated events.
Varying the detector thicknesses within their uncertainties
of 20 % produces changes in the HIP ranges, which in turn
affect the acceptance by up to 10 %. Neglecting higher-
order terms in the computation of dE/dx also results in up
to 10 % uncertainty in the acceptance. Monopole bending
can affect the acceptance mostly in two ways: it can change
the path length to the EM calorimeter and thus the amount
of traversed material, and it can cause a monopole to cross
the edge of the detector geometrical acceptance. As it can
impact the acceptance in both directions depending on the
sign of the monopole charge, the overall effect of bend-
ing is less than 5 %. When added in quadrature, the three
contributions result in a 15 % relative uncertainty. A large
number of events N (usually N = 1000) is simulated for
each bin of mass and charge, among which n events have
at least one HIP inside the detector acceptance. The relative
uncertainty in the acceptance a = n/N due to simulation
statistics (significant only for bins with low acceptance) is
n−1/2 = (Na)−1/2.

9 Monopole stopping acceptances

The ATLAS and CMS central beam-pipe sections are very
likely to be replaced during the LHC shutdown scheduled
for 2013 [53–56]. The reason of the replacement is to make
room to allow for new layers of pixel detectors to be in-
serted. It also offers the possibility for an early search for
monopoles trapped in the obsolete beam pipes with the in-
duction technique. A replacement of the whole ATLAS and
CMS pixel detectors may occur around 2018 [54, 55, 57],
which would also allow to search for stopped monopoles in
the pixel detectors. Here we investigate the potential stop-
ping of monopoles inside the ATLAS and CMS beam pipes.
The pipe prior to the replacement (for both ATLAS and
CMS) is a beryllium cylinder of length 4 m, inner radius
29 mm and thickness 0.8 mm (or 0.148 g cm−2) [40]. Due
to the poisoning hasard of beryllium and its possible acti-
vation, the handling of the beam pipes to produce samples
suitable for analysis with a SQUID apparatus may be ex-
pensive. There is a precedent of similar handling of the D0
beryllium beam pipe at the Tevatron [36, 37].

The propagation of magnetically charged particles is sim-
ulated in beam-pipe material using the same machinery as
described in the previous sections. The kinetic energy be-
yond which a HIP of given mass and charge punches through
the beam pipe depends strongly on its angle of incidence. In
the left plot of Fig. 9 it can be seen that monopoles produced
at low |η| need to possess low energies in order not to punch
through. The upper bound in |η| is limited to 5 by the length
and radius of the pipe. The right plot of Fig. 9 shows the
same punch-through energy, with η = 0 and m = 1000 GeV,
but where the HIP is allowed to be a dyon, i.e., possess an
electric charge in addition to its magnetic charge.

The acceptance of an analysis of the ATLAS or CMS
beam pipes with the induction method is defined as the prob-
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Fig. 9 Energy below which magnetically charged particles stop in the ATLAS or CMS beam pipe, as a function of pseudorapidity for various
magnetic charges and masses (left) and as a function of magnetic and electric charge for dyons with m = 1000 GeV at η = 0 (right)

Fig. 10 Acceptance as a function of mass and charge, for magnetic
monopoles (top) and dyons with electric charge z = 100 (bottom),
stopping in the ATLAS or CMS beam pipe, assuming a Drell-Yan pair
production mechanism with 7 TeV pp collisions. The right plots show
the low-g region with high statistics per bin (note that the acceptance

scales are different). The relative binwise systematic uncertainty in the
acceptance a is 15 % in all plots. The relative binwise uncertainty from
statistics is (1000 · a)−1/2 for the left plots and (50000 · a)−1/2 for the
right plots

ability (per event) that a magnetically charged particle with
given mass and charge would stop inside the beam pipe.
Acceptances as functions of mass and magnetic charge are
shown in Figs. 10 and 11 for Drell-Yan kinematics in 7 TeV
and 14 TeV pp collisions, respectively. The same material

thickness is used for 14 TeV collisions as for 7 TeV colli-
sions. Above |g| � 20gD , all monopoles stop in the beam
pipe and the acceptance is unity. The decrease of acceptance
with mass at low mass is explained both by the fact that
slower monopoles undergo lower dE/dx (see Fig. 1) and by
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Fig. 11 Acceptance as a function of HIP mass and charge, for mag-
netic monopoles stopping in the ATLAS or CMS beam pipe, assuming
a Drell-Yan pair production mechanism with 14 TeV pp collisions,
using the same pipe thickness as for 7 TeV collisions. The right plot
shows the low-g region with high statistics per bin (note that the accep-

tance scale is different). The relative binwise systematic uncertainty in
the acceptance a is 15 % in both plots. The relative binwise uncertainty
from statistics is (1000 · a)−1/2 for the left plot and (50000 · a)−1/2 for
the right plot

the shift of the η spectrum towards more central directions
(see top left plot in Fig. 5), and the increase of acceptance
with mass at large mass comes from the shift of the Drell-
Yan energy spectrum towards lower energies (see top right
plot in Fig. 5). For |g| = gD , less than one event in a thou-
sand is expected to produce a monopole which stops in the
beam pipe. However, dyons with |g| = gD and a high elec-
tric charge can still be easily stopped, as illustrated by the
bottom plots in Fig. 10 with |z| = 100 for the dyon electric
charge. The large acceptance increase at large dyon mass is
due to the high dE/dx at low velocity for an electric charge.

To conclude this section about trapped monopoles, we in-
vestigate what are the highest and lowest magnetic charges
one could possibly discover. The upper bound may come ei-
ther from the monopole acceleration along the beam axis
before reaching the beam pipe, or from saturation of the
SQUID. A calculation with (3) shows that drifting in the
CMS experiment’s magnetic field causes monopoles to be
lost in the beam pipe vacuum for extremely high charges,
|g| > 10000gD . Concerning the SQUID dynamic range, in
principle, there is no upper limit to the current which can
be measured, but in practice there are limitations depending
on the specifications of the apparatus. Currents correspond-
ing to magnetic charges in the range gD ≤ |g| ≤ 100gD can
be observed with SQUID models which are typically used
in geomagnetic studies [22]. Very high magnetic charges
|g| � 1000gD might saturate such a SQUID at every pass.
Such a behaviour would make the sample interesting enough
to motivate a dedicated experiment with a less sensitive coil
which would withstand higher currents. Finally, as discussed
above, the lowest magnetic charge a search can hope to de-
tect is limited by the acceptance for monopoles, but not for
dyons. In principle, for a dyon with a high electric charge,
one could detect low magnetic charges by passing a given

sample through the SQUID multiple times: backgrounds
from magnetic dipoles would cancel out, while the perma-
nent current induced by a tiny magnetic charge would build
up, so that particles with |g| = 0.1gD would be seen with
this method [58].

10 Model dependence

The acceptances shown above rely on the assumption of
Drell-Yan kinematics. If a model of isotopic HIP production
is chosen instead (see Fig. 5), the LHC detector acceptance
becomes higher due the higher HIP energy, which leads to
a higher probability for at least one HIP to punch through
the inner parts of the detectors. The acceptance still dies out
sharply for HIP charges above a certain threshold. In fact, at
η ∼ 0, above the charges 6gD in ATLAS and LHCb, 10gD

in CMS, 16gD in MoEDAL, and 20gD in ALICE, the ac-
ceptance is always zero regardless of the model, as energies
higher than the collision energy minus the HIP pair mass are
required to reach the sensitive parts of the detectors. Con-
versely, the probability for stopping in a thin part of the
detector such as the beam pipe is lower in the case of the
isotropic model than for Drell-Yan.

It must also be stressed that, in addition to the energy
spectrum, the HIP angular distribution has a large impact
on the acceptance. Drell-Yan kinematics predict that the
HIPs are produced centrally (see top left plot in Fig. 5),
which is an advantage for ATLAS, CMS and ALICE. In the
isotropic model, the centrality is even greater, and the an-
gular distribution does not depend on the HIP mass, which
reduces the mass dependence of the acceptance. Conversely,
a model where the HIPs are mostly produced in the forward
regions would favour using LHCb and looking for trapped
monopoles in the ATLAS and CMS beam pipes.
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11 Sensitivity and complementarity

Contours corresponding to regions of more than 5 % mono-
pole detection acceptance for all detectors considered in this
work are shown in Fig. 12 for the Drell-Yan production
model with 7 TeV (left) and 14 TeV (right) collisions. The
sensitivity in charge depends on the amount of material to
be traversed before reaching the sensitive parts of the detec-
tor and is highest for ALICE, followed by MoEDAL, CMS
and ATLAS. The sensitivity in mass is best for ALICE and
for the induction method with the ATLAS and CMS beam
pipes, and worst for LHCb due to the timing constraint.
However, these curves are not weighted with luminosity, nor
with the number of events needed for an unambiguous dis-
covery.

In order to get a benchmark of the discovery potential
of each experiment, the HIP pair production cross section
needed to have 10 events with at least one HIP inside the
detector acceptance is estimated. These estimates are based
on the integrated luminosities indicated in Table 3, corre-
sponding to ATLAS and CMS each collecting 20 fb−1 of
both 7–8 TeV and 14 TeV pp collisions. The results are
shown in Fig. 13 as a function of HIP charge in the case of
m = 1000 GeV and assuming a Drell-Yan production mech-
anism. Although the efficiency is not included, the ATLAS
results [23] suggest that it can be between 50 % and 90 % for
a well-designed search. ATLAS and CMS would have the
best sensitivity for charges in the range |z| < 150 or |g| <

3gD thanks to a comparatively higher luminosity in pp col-
lisions. To probe high electric charges (150 < |z| < 500) and
moderately high magnetic charges (3gD < |g| < 4.5gD),
MoEDAL or ALICE would be needed, with MoEDAL be-
ing sensitive to cross sections lower by more than two orders
of magnitude. The induction method applied to the ATLAS
and CMS beam pipes would offer the best performance for

very high magnetic charges (|g| > 4.5gD). The LHCb ex-
periment, despite its poor suitability for detecting very mas-
sive object, is complementary to ATLAS, CMS and ALICE
in that it can probe the forward regions up to η = 4.9 (the
ATLAS and CMS trackers are limited to |η| < 2.5)—this is
important as the event kinematics are unknown.

12 Conclusions

Since spring 2010, the LHC has been colliding protons with
the unprecedented centre-of-mass energy of 7 TeV. HIPs
carrying a high electric charge or a magnetic charge with
masses around or above 1 TeV (beyond the reach of previ-
ous experiments) can potentially be produced and observed
by the LHC experiments. The only dedicated HIP search
carried out so far at the LHC [23] is limited in scope and
cannot be interpreted for monopoles. In this article, sensi-
tivities for HIP detection at LHC experiments are quantified
and it is shown how best to exploit this potential by combin-
ing various techniques, which allow to explore complemen-
tary regions of phase space.

The acceptance of the general purpose detectors for the
observation of HIPs has been studied, and their strengths
and weaknesses have been discussed. Centrally produced
HIPs with modest charge (|g| � 2gD) can be probed by di-
rect detection in the ATLAS and CMS detectors, which are
exposed to the highest luminosity. This is assuming that a
non-negligible fraction (>5 %) of the HIPs are produced
with sufficient energy to reach the calorimeters, which is the
case with Drell-Yan like kinematics. ATLAS has a lower
sensitivity than CMS owing to its solenoid coil absorbing
high-charge or low-energy HIPs before they can penetrate
the calorimeters. Centrally produced HIPs with high charges
(|g| � 9gD) or low energies could be probed in ALICE

Fig. 12 Contours corresponding to 5 % acceptance in various detec-
tors, as functions of monopole mass and charge, assuming a Drell-Yan
pair production mechanism with 7 TeV (left) and 14 TeV (right) pp

collisions. The analysis of ATLAS or CMS beam pipe material with

the induction technique (dashed line) is sensitive to charges above the
curve (particles with high charges stop in the beam pipe), while all
other detectors are sensitive to charges below the corresponding curves
(particles with high charges stop before they can reach the detectors)
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Fig. 13 HIP pair production cross sections for obtaining 10 events
with at least one HIP inside the detector acceptance, as a function
of HIP electric (top) and magnetic (bottom) charge, assuming m =
1000 GeV and a Drell-Yan pair production mechanism with 7 TeV

(left) and 14 TeV (right) pp collisions. Integrated luminosities are from
Table 3, corresponding to the full expected dataset at the end of the
2012 runs or about two years of 14 TeV runs. Cross section limits from
ATLAS [23] are also indicated as triangles in the top left plot

thanks to a lower material budget, but at the cost of a lu-
minosity more than three orders of magnitude lower than in
ATLAS and CMS for pp collisions. MoEDAL and ALICE
have no constraints on the time of arrival of the HIPs and can
thus probe masses up to half the centre-of-mass energy. HIPs
produced in the forward regions (up to η = 4.9) can poten-
tially be searched for in MoEDAL and LHCb. MoEDAL,
which will operate with 14 TeV collisions at the LHCb lu-
minosity (ten times lower than ATLAS and CMS), has the
unique advantages of a full angular coverage and a well-
understood detection technique. A promising complemen-
tary method for probing the forward regions and very high
charges in the whole angular range is the analysis of beam
pipe material with a SQUID apparatus, to look for trapped
magnetic monopoles or dyons. Monopoles with charge up to
|g| = 10000gD would be accessible with such a technique.
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