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Abstract

The Standard Model (SM) of particle physics describes the elementary
particles and their interactions. Despite passing a number of high preci-
sion falsification tests, it is nevertheless argued that the SM suffers from
a number of shortcomings. Many Beyond the Standard Model (BSM)
theories have therefore been postulated. Exotic highly ionising particles
such as magnetic monopoles and Highly Electrically Charged Objects
(HECOs), with masses at or above the TeV-scale, are predicted in many
of these theories. Monopoles arise naturally in grand unification theories.
Proposed candidates for HECOs are Q-balls, strangelets and micro-black
hole remnants.

The Large Hadron Collider (LHC) at CERN is the world’s largest and
most powerful particle accelerator, colliding protons at centre-of-mass en-
ergies up to 13 TeV. One of the main purposes of the LHC is to search for
particles beyond the SM. The research presented in this thesis comprises
a search for magnetic monopoles and HECOs at one of the largest of the
LHC detectors, the ATLAS detector. In addition, studies were made on
the performance of the ATLAS trigger system, which is responsible for
making the initial online selection of interesting proton-proton events.

The search for monopoles and HECOs at ATLAS was conducted us-
ing a customized trigger and selection variables optimized for the non-
standard particle signature in ATLAS. The dataset corresponds to an in-
tegrated luminosity of 7.0 fb−1 and the centre-of-mass energy was 8 TeV.
No events were observed and upper limits on production cross-sections
were set for monopoles and HECOs of masses 200-2500 GeV and charges
in the range 0.5 − 2.0 gD, where gD is the Dirac charge, and 10 − 60 e,
respectively.

Magnetic monopoles were also sought in polar volcanic rock using a
SQUID magnetometer at ETH, Zürich. No candidates were found leading
to limits on the monopole density in polar igneous rocks of 9.8·10−5/gram.
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Preface

The field of particle physics has entered a new era in which a large fraction
of the experiments are devoted to searching for new physics, rather then
confirming the correctness of various predictions of the Standard Model
(SM) of particle physics.1 The ATLAS detector at the Large Hadron
Collider (LHC) was primarily designed for Higgs and Beyond Standard
Model (BSM) searches. Among the most important search observables
are stable massive particles (SMP), predicted in many BSM theories. In
this context, “stable” refers to being sufficiently long-lived such that the
particles do not decay during their passage through the ATLAS detec-
tor, that is � 100 ns. The term “massive” here means greater than
O(1 GeV). SMPs are also taken to interact with the detector. This the-
sis concerns the search for SMPs in terms of magnetic monopoles and
Highly Electrically Charged Objects (HECOs), i.e. particles with electric
charges substantially greater than the elementary charge e. HECOs and
monopoles at TeV scale masses have been sought at ATLAS, in collisions
with at that time the worlds highest centre-of-mass energy, 8 TeV. This
thesis also includes a search for monopoles trapped in polar volcanic rocks.

The thesis is organised as follows. In Chapter 1, the reader is introduced
to the theoretical background of the research presented in this thesis.
Earlier search results are also discussed. Chapter 2 describes experimen-
tal observables and the experimental set-ups used in this thesis. The
ATLAS detector at the LHC will be introduced, along with a short in-
troduction to SQUID magnetometers. In Chapter 3, research related to
the ATLAS trigger system is presented. In Chapter 4, the interaction
of monopoles and HECOs with matter is discussed, in preparation for

1The observation of non-zero neutrino masses (through neutrino oscillation experi-
ments) falsify the SM, where the neutrinos are assumed to be massless.

1



2 Preface

Chapter 5, which covers the search for monopoles and HECOs at the AT-
LAS detector. Chapter 6 gives an overview of the search for magnetic
monopoles trapped in volcanic rocks. Chapter 7 gives a short summary
and outlook.

Natural units i.e. ~ = c = 1 are typically used when describing theoretical
topics. Otherwise, units are chosen so as to be appropriate to the context.
For example, metres are used as the unit of length when describing the
size of the ATLAS detector.



Chapter 1

Theory and Previous Research

In this chapter selected theoretical topics relevant to the research pre-
sented in this thesis are outlined. A brief overview of earlier research
findings is also given. The chapter begins by introducing the Standard
Model (SM) of particle physics, discussing fields and Lagrangians, and
continues with experiments which test the predictions of of the SM. This
is followed by a short discussion of theories Beyond the SM (BSM) relat-
ing to my research. A section focusing on magnetic monopoles1 closes the
chapter.

1.1 The Standard Model of Particle Physics

The SM [4, 5, 6] describes the properties and interactions of the fundamen-
tal particles of nature. The SM includes several Quantum Field Theories
(QFTs). Quantum ElectroDynamics (QED) describes the electromag-
netic interaction and ElectroWeak (EW) theory combines electromagnetic
and weak interactions into one unified theory. Quantum Chromo Dynam-
ics (QCD) describes the strong interaction.

Fundamental Particles and Interactions

The SM comprises fermions, which are spin-1/2 particles, and bosons,
which are integer-spin particles. For each elementary particle there is
a corresponding antiparticle with the same mass but opposite electric
charge.

1In this thesis, the term “magnetic monopole”, or just “monopole”, refers to an ob-
ject carrying only magnetic charge. In general, nothing prevents a magnetic monopole
from also carrying non-zero electric charge (a so called dyon).

3



4 Chapter 1. Theory and Previous Research

The fermions and are divided into leptons and quarks, and are listed in
Tab. 1.1. All fermions are weakly interacting and the quarks additionally
carry strong colour charge. With the exception of neutrinos, fermions
are electrically charged and therefore interact electromagnetically. The
fermions are divided into three generations, each containing two quarks
and two leptons. The first generation contains the building blocks of sta-
ble matter. The neutrinos are massless in the SM, in contrast to what
has been observed through the phenomenon of neutrino oscillations. Ex-
perimental data have only been obtained for the mass differences, ∆m2

ij ,
between the mass eigenstates νi, (not coinciding with the flavour eigen-
states). The ∆m2

21 is on the order 10−5 eV2 [7] and the ∆m2
13 and ∆m2

32

are of the order 10−3 eV2 [8, 9].

The SM describes three fundamental interactions: the strong inter-
action, the weak interaction and the electromagnetic (EM) interaction.
Each of these interactions are associated with a spin-1 mediator boson,
see Tab. 1.2. As will be discussed in some more detail later in this section,
the massive SM fermions and bosons acquire their mass from interaction
with the spin-0 Higgs boson. In 2012, the ATLAS and CMS experiment
discovered a particle consistent with the SM Higgs boson [10, 11] and nu-
merous measurements have since then further confirmed the decay prop-
erties and parity and spin to agree with the SM predictions [12, 13, 14].
More data are however needed before non-SM Higgs theories can be ruled
out. The Higgs mass is measured to be ∼125 GeV [7].

Generation I Generation II Generation III Electric charge [e]

Quarks (mass [GeV])

up, u charm, c top, t
+

2

3(2 · 10−3) (1.28) (173.1)
down, d strange, s beauty, b −1

3(45 · 10−3) (0.95) (4.18)

Leptons (mass [GeV])

electron, e− muon, µ− tau, τ− −1
(5.11 · 10−4) (0.106) (1.78)
e neutrino, νe µ neutrino, νµ τ neutrino, ντ 0

Table 1.1: The spin-1/2 particles, fermions, of the SM. The masses are
taken from Ref. [7].
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Figure 1.1: Feynman diagrams representing examples of processes in the
SM. The top diagrams show lepton-quark interactions via the weak in-
teraction. The bottom diagrams show EM lepton scattering and quark
interaction via the strong force.

In Fig. 1.1, examples of the SM interactions are shown, represented
by Feynman diagrams. A Feynman diagram is a representation of one
of several possible processes contributing to a specific interaction, where
an interaction is defined by an initial state and a final state, for example
e−e− → e−e− scattering. A Feynman diagram represents a term in the
expansion of the interaction hamiltonian. The interaction hamiltonian re-
sults in a probability amplitude when combined with an initial and final
state, as discussed later in this section. The so called coupling constant,√
α, of an interaction, is the expansion coefficient of the interaction hamil-

tonian. The number of vertices, nv, gives the order of perturbation of the
specific process represented by the diagram. The bottom left Feynman di-
agram of Fig. 1.1, would correspond to a second order (nv = 2) expansion
term and would thus contribute O(

√
α

2
) to the probability amplitude of

the e−e− → e−e− scattering. The coupling constant is also a measure of
the absolute strength of the interaction and appears in observables as the
interaction rate, cross section etc. These observables are proportional to
the square of the probability amplitude.

The partons of the nucleons are held together by the strong force which
acts on objects carrying colour charge. The strong interaction increases
with distance up to approximately 1 fm, the size of a hadron, which is a
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bound state of quarks. Free quarks have never been observed isolated [7], a
phenomenon referred to as colour confinement. At a distance of∼1 fm it is
energetically favorable for a new quark-antiquark pair to be produced and
hadrons can be formed. This is a typical picture of so called hadronisation
used in models [15]. For small distances, the strong force is weak and
quarks and gluons in a hadron are to some extent free. This is referred
to as asymptotic freedom. At distances & 1 fm, the strong coupling
constant, αS , is > 1, which makes the use of perturbation theory to
calculate interaction rates impossible, and other techniques have to be
used [16].

The weak interaction is short-range, ∼ 10−18 m, and its mediator
bosons are massive, m ∼ 100 GeV. The mediators, the Z and W bosons,
couple to weakly charged particles, which are all the fermions and also
the Z and W bosons themselves. The weak interaction is special in that
it violates Charge conjugation and Parity inversion (CP) for hadronic
interactions. Charge conjugation invariance means that all interactions
involving a set of particles occur at the same rate as the corresponding
interactions for the antiparticles. The parity transformation reverses the
momentum direction but leaves the spin projection unchanged. Parity
invariance implies that a process occurs at the same rate as its mirror
image would. CP violation is a consequence of the experimentally verified
non-zero phase factors in the CKM matrix [7], which translates from
strong force eigenstates to weak force eigenstates for quarks.

Mediator Interaction Charge [e] Mass [GeV] Couples to

photon, γ
electro-

0 0
EM charged

magnetic particles

W+,W−
weak

+1,−1 80.4 weakly charged
Z0 0 91.2 particles

gluon, g strong 0 0 strongly charged
particles

Table 1.2: The SM interactions and their mediators. The masses are
taken from Ref. [7].

The EM interaction is responsible for keeping the atomic nucleus together
with the electrons. It is thus as fundamental to the formation of matter
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as the strong force. The range of the force is infinite and the coupling
constant αEM (q2), where q is the momentum transfer in the process,� 1
(αEM = 1/137 for q → 0) which makes perturbation theory applica-
ble [17].

The interactions - scattering, creation, annihilation - between rela-
tivistic particles are described within the framework of QFT. It is a gen-
eralisation, consistent with the principles of Quantum Mechanics (QM),
of the classical system of particles and fields with which they interact.
The particles are interpreted as quanta of continuous fields. More details
can be found in Refs. [18, 19, 20].

The ideas of QFT grew out of the need for a quantum version of
the classical electromagnetic field with its associated photons. For QED,
an obvious starting point was therefore the classical electrodynamic La-
grangian field theory which was quantised, and subjected to the canonical
commutation relations (bosons) or anticommutation relations (fermions)
of QM. For the weak and strong interactions, no classical counterparts
exist and a Lagrangian was developed from what is known about the in-
teractions. The theory was then tested against measurements. Any QFT
is required to be consistent with the observed symmetries and particles
and also to satisfy some theoretical properties:

• Gauge invariance: Local phase transformation invariance pre-
serves the currents (charges) of the theory.

• Global symmetries:

– Internal symmetries: Global subgroups of gauge groups, for
example electric charge.

– Space-time symmetries: Lorentz invariance and time-and-
space translation.

• Technical requirements:

– Locality: The interactions of the Lagrangian density only in-
volves products of fields at the same point in space, required
for causality.

The weak interaction treats left-handed (L) and right-handed (R) leptons
differently. The left-handed lepton fields, ψL

l and ψL
νl

, are combined into
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a weak isospin doublet, ΨL
l (x):

ΨL
l (x) =

(
ψL
νl

(x)

ψL
l (x)

)
(1.1)

where the index l denotes any of the three lepton families. The free-field
leptonian Lagrangian density, LL0 , is correspondingly written as:

LL0 = i[Ψ̄L
l (x)∂/ΨL

l (x) + ψ̄R
l (x)∂/ψR

l (x) + ψ̄R
νl

(x)∂/ψR
νl

(x)] (1.2)

Here ∂/ = γµ∂µ and the ψ̄ denotes the conjugate field of ψ. The weak
interaction and its vector bosons are introduced to the lepton field by
gauge fields which keep the Lagrangian invariant under local U(1) and
SU(2) gauge transformations. Four gauge fields, Bµ(x) and Wµ

j (x), are
introduced by replacing the ordinary derivatives, ∂µ, by covariant deriva-
tives, Dµ:

DµΨL
l (x) = [∂µ + igτjW

µ
j (x)/2− ig′Bµ(x)/2]ΨL

l (x) (1.3)

DµψR
l (x) = [∂µ − ig′Bµ(x)]ψR

l (x) (1.4)

DµψR
νl

(x) = ∂µψR
νl

(x) (1.5)

where g and g′ are coupling constants and the τj are the Pauli matrices.
The Lagrangian density now reads:

LL = i[Ψ̄L
l (x)D/ΨL

l (x) + ψ̄Rl (x)D/ ψR
l (x) + ψ̄Rνl(x)D/ ψR

νl
(x)] (1.6)

where D/ = γµDµ and LL is called the leptonian Lagrangian density,
including both the free-field leptonian Lagrangian density, Eq. 1.2, and
an interaction term describing the interactions between the leptons and
the gauge bosons. Introducing the non-Hermitian gauge field Wµ(x) (and

its adjoint, W †µ(x)):

Wµ(x) =
1√
2

[W1µ(x)− iW2µ(x)] (1.7)

and also two Hermitian fields Aµ(x) and Zµ(x) defined as:

W3µ(x) = cos θWZµ(x) + sin θWAµ(x) (1.8)

Bµ(x) = − sin θWZµ(x) + cos θWAµ(x) (1.9)

the Lagrangian density can be written in terms of the fields representing
the weak and EM interactions gauge bosons discussed above. The fields
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Wµ(x) and W †µ(x) are the W± boson fields, the Zµ(x) field is the Z boson
field and the Aµ(x) is the photon filed. The θW is referred to as the weak
mixing angle. The Lagrangian density is further complemented by the
bosonian Lagrangian density, LB:

LB =− 1

4
Fµν(x)Fµν(x)− 1

2
F †Wµν(x)FµνW (x)− 1

4
Zµν(x)Zµν(x)

+ gεijkWiµ(x)Wjν(x)∂µW ν
k (x)

− 1

4
g2εijkεilmW

µ
j (x)W ν

k (x)Wlµ(x)Wmν(x) (1.10)

where Fµν(x) is the electromagnetic field tensor , FµνW (x) = ∂νWµ(x) −
∂µW ν(x) and Zµν(x) = ∂νZµ(x) − ∂µZν(x). The first three terms are
the free boson fields and the two last terms represent the bosonic self-
interaction, not present in the photon field.

In the EW theory so far, the fermions and bosons are massless. Masses
are introduced by means of the Higgs mechanism through what is referred
to as spontaneous symmetry breaking. Spontaneous breaking of a sym-
metry of the Lagrangian occurs when this symmetry is broken by the
vacuum state. For the Higgs, the non-zero vacuum expectation value of
the Higgs field, 〈0|φ(x) |0〉 = φ0 6= 0, breaks part of the SM gauge sym-
metry, the SU(2)⊗U(1). For a vanishing expectation value, the symmetry
is preserved. However, this minimum is not stable and the perturbation
is naturally done around the true, degenerate minimum, φ0.

The Higgs field is represented by a scalar field, ΦH(x), and the Higgs
Lagrangian density, LH , is given by:

LH(x) =[DµΦ(x)]†[DµΦ(x)]− µ2Φ†(x)Φ(x)

− λ[Φ†(x)Φ(x)]2 (1.11)

where

DµΦ(x) =[∂µ + igτjW
µ
j (x)/2 + ig′Y Bµ(x)]Φ(x) (1.12)

and where Y is the so called weak hypercharge. For µ2 < 0, λ > 0, this
results in a vacuum expectation value:

〈0|Φ(x) |0〉 = Φ0 =

(
φ0
a

φ0
b

)
=

(
0

v/
√

2

)
(1.13)

with v = (−µ2/λ)1/2 (> 0) and where φ0
a and φ0

b are constants. The last
step comes from choosing specific values for φ0

a and φ0
b corresponding to
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the so called unitary gauge. In the unitary gauge Higgs field is expanded
about the ground state as:

Φ(x) =
1√
2

(
0

v + σ(x)

)
(1.14)

The Higgs field interacts with the fermions through what is referred to as
the Yukawa coupling described by the Lagrangian density, LLH :

LLH(x) =− gl[Ψ̄L
l (x)ψR

l (x)Φ(x) + Φ†(x)ψ̄R
l (x)ΨL

l (x)]

− gνl [Ψ̄L
l (x)ψR

νl
(x)Φ̃(x) + Φ̃†(x)ψ̄R

νl
(x)ΨL

l (x)] (1.15)

where gl and gνl are coupling constants and Φ̃(x) = −i[Φ†τ2]T.

The EW Langrangian density2, LEW , can now be written as a sum
of the leptonian Lagrangian density, LL (Eq. 1.6), the gauge-boson La-
grangian density, LB (Eq. 1.10), the Higgs Lagrangian density, LH (Eq. 1.11),
and the Yukawa Lagrangian density, LLH (Eq. 1.15):

LEW =LB + LH + LL + LLH =

− 1

4
FµνF

µν (1.16)

− 1

2
F †WµνF

µν
W +m2

WW
†
µW

µ (1.17)

− 1

4
ZµνZ

µν +
1

2
m2
ZZµZ

µ (1.18)

+
1

2
(∂µσ)(∂µσ)− 1

2
m2
Hσ

2 (1.19)

+ ψ̄l(i∂/ −ml)ψl + ψ̄νl(i∂/ −mνl)ψνl (1.20)

+ LI

where LI represents all interaction terms of the Lagrangian density. New
mass terms have emerged for the ψl, W

†µ, Wµ, Zµ, but not for the Aµ

field. This is consistent with observations, a massless photon and massive
fermions and W± and Z bosons! The SM assumes mνl = 0 and no right-
handed neutrinos are assumed to exist. Non-zero neutrino masses are
however observed as will be discussed later in this section. There is also a
mass term for the Higgs field, indicating that the Higgs boson is massive.

2The full SM EW Lagrangian density also includes couplings to strong color charged
fields, not discussed in this thesis.
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Eq. 1.19 is the Klein-Gordon Lagrangian density and describes the spin-0
Higgs field. The mass parameters mW , mZ , mH , ml, mνl defined as:

mW =
1

2
vg, mZ = mW /cosθW , mH =

√
−2µ2 (1.21)

ml = vgl/
√

2, mνl = vgνl/
√

2 (1.22)

The masses all free parameters of the SM to be determined by measure-
ments.

The transition amplitude of a specific interaction, such as the anni-
hilation and creation of particles arising in particle collisions is a non-
trivial problem. It amounts to solving the Schroedinger equation for a
time-dependent state vector, |φ(t)〉, for the interaction part, HI, of the
Hamiltonian:

i
d

dt
|φ(t)〉 = HI(t) |φ(t)〉 (1.23)

where the system is expressed in the interaction picture. The S ma-
trix represents the time evolution of a state involved in an interaction:
|φ(t =∞)〉 = S |φ(t = −∞)〉. The probability amplitude for a specific
final state, |f〉 = |φ(t =∞)〉, resulting from a given initial state, |i〉 =
|φ(t = −∞)〉, is:

〈f |S |i〉 = Sfi (1.24)

The S matrix is calculated by solving Eq. 1.23:

|Φ(t)〉 = |i〉+ (−i)
∫ t

−∞
dt1HI(t1) |φ(t1)〉 (1.25)

which can only be done iteratively. This leads to the Dyson expansion
when t→∞:

S =
∞∑
n=0

(−i)n
n!

∫ ∞
−∞

. . .

∫ ∞
−∞

d4x1d
4x2 . . . d

4xnT{HI(x1)HI(x2) . . .HI(xn)}

(1.26)

where HI is the Hamiltonian interaction density used in QFT and the
integrals accordingly are taken over all space. The T{...} is the time-
ordered product, i.e. later times stand to the left of earlier times and
all boson (fermion) fields are treated as though their (anti-)commutators
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vanish. This is a power series in the coupling constant of the theory.
The terms in Eq. 1.26 describe all the possible processes given the in-
teraction HI , each order corresponding to more and more complicated
processes including creation and absorption of virtual particles. The ma-

trix element, S
(n)
fi , gives the probability amplitude for the given order,

n, of perturbation. For most practical uses, the two leading orders are
used.

The cross section for a specific process is obtained by expressing the
matrix element in momentum space, fixing the volume to the scattering
centre and integrating over momentum space. The momentum space is
reduced to what is allowed by the conservation of momentum and the
final state momenta are not all independent variables. The size of the
allowed momentum space is often one of the largest contributions to the
cross section.

Experimental Tests of the Standard Model

The SM has been subject to a large number of tests at many different
experiments and has in many cases been tested to a great precision. Such
measurements have been carried out at colliders eg. LEP and SLC [21],
HERA [22], the Tevatron [23] and the LHC [24], and in non-collider
work [25]. Three such tests are described below.

Electron Magnetic Moment

The SM, and in particular QED, has been experimentally verified to an
accuracy of 1 part in 1012 [26, 7] by measurements of the electron spin
magnetic dipole moment, ~µ:

~µ = −gµB ~S (1.27)

where µB = e/(2me), me is the electron mass, ~S is the electron spin angu-
lar momentum. For the electron, g/2 = 1, if not allowing for interactions
with the vacuum. Deviations from 1 therefore probe these corrections.
The theoretical value of this quantity is [26]:

gtheo
2

= 1.00115965218113(86) (1.28)

and the experimental value is [26]:

gexp
2

= 1.00115965218073(28) (1.29)
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where the uncertainties are given inside the brackets. The agreement
between experimental result and the prediction is impressive.

The Running of the Strong Coupling Constant αS

The strong coupling constant, αS , is an effective coupling constant. As
part of the renormalisation procedure, the divergent contributions associ-
ated with higher order quark loop and gluon self-interactions are absorbed
into an effective charge or coupling constant. This coupling constant then
depends strongly on Q, the momentum scale of a given interaction. The
quark loops contribute positively to the value of αS as a function of Q, and
the gluon loops negatively, leading to an overall decrease in the coupling
constant as a function of Q [17].

QCD αs(Mz) = 0.1185 ± 0.0006

Z pole fit  

0.1

0.2

0.3

αs (Q)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

Sept. 2013

Lattice QCD (NNLO)

(N3LO)

τ decays (N3LO)

1000

pp –> jets (NLO)(–)

Figure 1.2: Measurements of the strong coupling constant αS as a function
of the momentum scaleQ. In brackets are the order of perturbation theory
used in the extraction of αS . The figure is taken from Ref. [7].

Precision measurements of αS have been performed, for example with
the hadronic decay of the tau lepton, jet production rates in e−e+ an-
nihilation, the observed spectra of heavy quarks and deep inelastic scat-
tering [7] and the results are summarised in Fig. 1.2. The running of
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the coupling constant predicted by theory using data taken at the world
average measurement of the Z mass, is also shown and agrees with the
individual measurements at different scales.

ElectroWeak SM Fits

There are many free parameters of the SM, for example the particle
masses, the coupling constants, and the widths of the weak interaction
gauge bosons. These need to be measured in order to determine their val-
ues. Many of these parameters are also related to each other theoretically.
Several independent precision measurements of the parameters and their
associated uncertainties can therefore be combined to determine a set of
parameters by multidimensional fits, so called EW fits. This method has
also been used to validate the consistency between experimental results
and theoretical predictions [27]. In Fig. 1.3 examples of the results (blue,
grey) from EW fits for MW , the W boson mass and mt, the top quark
mass, are given. The experimental values of MW and mt are given as
well (green bands). The fit results show a striking agreement with the
direct measurements, visible in the overlap of the region defined by the
blue and grey contours on one hand, with the region defined by the green
contours on the other hand. In addition, both the fit result without the
Higgs mass, MH , measurement and the direct measurements of the W
mass and top quark mass are consistent with the observed Higgs mass of
∼125 GeV.

Missing Pieces Appealing for New Theories

Despite the great success of the SM, there are however strong indications
of it simply being an effective theory at lower energy scales. One of the
most important manifestations of this is the fact that gravity is not in-
cluded in the SM, and that there is an energy scale, the Planck scale of
order 1019 GeV, at which gravity cannot be neglected in order to describe
a system. QM and Heisenberg’s uncertainty relation, ∆x∆p = 1/2, pre-
dicts that the higher the energy of a photon directed towards an electron
to measure its position, the better the position can be determined since
the energy uncertainty of the system increases. As discussed in the pre-
vious section, QFT introduces the possibility of creation and annihilation
of particles and thus puts a limit on how well we can localise the parti-
cle. When the energy of the incoming photon is larger than than O(2me),
then a new electron-positron pair can be produced, and the position of the
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Figure 1.3: Contours at 68% and 95% CL obtained from scans of the mass
of theW boson, MW , versus the mass of the top quark, mt, as compared to
the direct measurements. A theoretical uncertainty of 0.5 GeV is added
to the direct top mass measurement. The Higgs mass, mH , is related
to the MW and mt as is also marked in the figure. The graph is from
Ref. [27].

first electron is not well-defined anymore. The corresponding limit on the
photon wavelength for determining the position of an arbitrary particle of
mass m, is referred to as the Compton wavelength, λCompton,m = 1/(m),
which then is of the same scale as the minimum uncertainty in position of
the particle. The λCompton,m thus sets the cut-off at which QFT becomes
important.

The Planck mass of a particle corresponds to the mass at which the
λCompton,m coincides with the Schwarzchild radius, rs(m), the radius of
an object of mass m below which the density of mass is so high as to
create a black hole. The Planck mass thus represents the energy scale
at which QFT certainly has to take General Relativity (GR) and gravity
into account. It is problematic to unite GR describing a curved space-time
and QFT. The Planck scale therefore indicates where the SM must break
down, if not before, and at which new physics processes must emerge.
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In the SM, the observable Higgs mass has two contributions, the so-
called bare mass and a term arising from radiative corrections. If the
renormalisation cut-off is taken as the Planck scale, and thus the bare
mass includes corrections from higher energy scales than the Planck scale,
then both contributions are on the order of 1033 and perfectly cancel to
give the observable Higgs mass on the order of 100 GeV. This is by some
regarded as an improbable fine-tuning since it would be expected that
the physics processes below and above the cut-off would not be closely
related [28, 29].

Another striking piece of evidence showing the incompleteness of the
SM is the existence of so called dark matter. Observations of the rota-
tional patterns of galaxies and clusters of galaxies, suggest either that
there are regions of the Universe where the laws of gravity do not hold, or
that there are additional distributions of matter invisible to our instru-
ments [30]. This proposed matter, dark matter, is estimated to make out
26.8% of the energy and matter in the Universe, where only 4.9% is ordi-
nary matter and the rest is so called dark energy [31]. The SM does not
include particles which can account for the observed dark matter [32].

Further, neutrino oscillations would not be possible were the neutrinos
massless, assumed in the SM. The oscillation refers to a change from one
generation to another and is a consequence of the generation eigenstates
not being mass eigenstates. It has been experimentally observed in a
number of experiments [33, 34].

Finally, the SM does not provide any explanation for electric charge
quantisation and thus the apparently identical values of, e.g. electron
and proton electric charge [35]. As this is such a fundamental observation
of particle properties, the absence of a theoretical foundation of this as-
sumption is regarded as a serious shortcoming of the SM and is directly
relevant to the work in this thesis. Dirac addressed this issue by intro-
ducing magnetic monopole charges, as is described in Sec. 1.3. It is also
addressed in Grand Unified Theories (GUT) (see Sec. 1.2) [36].

1.2 Physics Beyond the SM

As discussed in the previous section, new theories Beyond the SM (BSM)
are needed in order to fully describe the phenomena observed in nature.
One of the most popular is the Supersymmetry (SUSY) framework, which
gives rise to a number of different models [37]. SUSY postulates a new
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quantum number, R-parity, a multiplicative symmetry where SUSY parti-
cles have odd R-parity and SM particles have even R-parity. SUSY models
address the fine-tuning problem discussed above by introducing a new set
of particles, supersymmetric partners to the SM particles, resulting in
the cancellation of the large corrections to the Higgs mass. Furthermore,
R-parity conserving SUSY models also provide a dark matter candidate.

Theories of Large Extra Dimensions (LED) [38, 39], introduce one or
several additional dimensions in which gravity can propagate. This allows
for a much stronger gravity coupling than the 4-dimensional effective cou-
pling that is observed, meaning that the Planck scale can be reduced. For
example for an extra dimension of size 1 mm, the Planck scale is reduced
to the TeV scale. In the framework of some models of LED, black holes
could be produced at TeV scale energies, referred to as micro-black holes.
They would instantly decay and the so called micro-black hole remnants
could possibly be observed in a particle detector.

In GUT theories the electroweak and strong interactions are unified
at high energies, typically at the GUT scale, 1015 GeV. The unification is
brought about by one large gauge symmetry represented by a symmetry
group, G(X), containing the other gauge interaction symmetry groups:
G(X) ⊃ SU(3) ⊗ SU(2) ⊗ U(1) [7].

1.3 Highly Ionising Particles

Magnetic Monopoles

Magnetic monopoles are objects with an isolated magnetic charge, in anal-
ogy with the electric charge. Introducing magnetic monopoles into the
SM renders Maxwell’s equations symmetric and addresses charge quan-
tisation, as will be explained below. The equations in the following two
sections are expressed in SI units.
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Maxwell’s Equations

The classical description of an electrodynamical system is represented by
the Maxwell equations:

∇ · ~E =
ρe

ε0
(1.30)

∇ · ~B = 0 (1.31)

∇× ~E = −∂
~B

∂t
(1.32)

∇× ~B = µ0

(
~je + ε0

∂ ~E

∂t

)
(1.33)

where ~B and ~E are the magnetic and electric field, respectively. The ρe

represents the electric charge density and ~je is the electric current. The
parameters ε0 and µ0 are the vacuum permittivity and vacuum perme-
ability, respectively. Assuming that the magnetic densities satisfy the
same form of the continuity equation as the electric densities, magnetic
charge and current densities can be introduced and Eq. 1.31 and Eq. 1.33
would become:

∇ · ~B = µ0ρm (1.34)

∇× ~E = −∂
~B

∂t
− µ0

~jm (1.35)

The ρm and ~Jm parameters are the magnetic charge density and magnetic
current, respectively. Eq. 1.30, Gauss’ law for electric charges, relates an
electric charge density to an electric field. Eq. 1.34 gives an equivalent
equation for magnetic charges. In analogy with Ampere’s law, Eq. 1.33,
Faraday’s law, Eq. 1.32, which gives how changing magnetic fields produce
electric fields, is adjusted by the addition of a magnetic current, as is
presented in Eq. 1.35. For the following duality transformation [40, 41]:

~E′ = ~E cosα+ c ~B sinα (1.36)

c ~B′ = c ~B cosα− ~E sinα (1.37)

and the corresponding transformation of the sources,

cρ′e = cρe cosα+ ρm sinα (1.38)

ρ′m = ρm cosα− cρe sinα (1.39)

the generalized Maxwell equations are invariant under the rotation by α,
where α is a real number. The distinction between electric and magnetic
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charges, electric and magnetic fields, is thus arbitrary with regards to the
laws of nature. By convention α = 0 is taken. Therefore when a monopole
is discussed in the context of a search, what is really meant is that a new
particle with a different magnetic charge to electric charge ratio to the
SM particles is sought.

The Lorentz force law is accordingly modified to include the electro-
magnetic force on a magnetic charge qm:

~F = qe

(
~E + ~v × ~B

)
=⇒ ~F = qe

(
~E + ~v × ~B

)
+ qm

(
~B − 1

c2
~v × ~E

)
(1.40)

The modified Faraday’s law and the Lorenz force law allow searches for
monopoles with the induction method (see Chap. 6) and via a signature
of a particle being accelerated along a magnetic field.

Dirac Charge Quantisation and the Dirac Charge

Dirac showed that magnetic monopoles can be accommodated into the ex-
isting theories of electromagnetism and quantum mechanics [42, 43]. In
this section, a modified version of his argument is presented. The mag-
netic field ~B for a monopole is obtained from Gauss’ law for monopoles,
Eq. 1.34:

~B =
µ0gr̂

4πr2
(1.41)

where g is the magnetic charge of the monopole and where the magnetic
field is radial in analogy with the electric field from an electric charge. In
order to be consistent with electromagnetism, there has to be a magnetic
potential, ~A, satisfying ~B = ∇ × ~A. This is satisfied for the following
magnetic potential:

~A =
µ0g(1− cos θ)

4πr sin θ
φ̂ (1.42)

where the θ is the polar angle and φ the azimuthal angle and spherical
polar coordinates are used, see Fig. 1.4. There is however a singularity at
θ = π. Using the gauge freedom of electrodynamics, this can be solved
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B"

gD#

θ"

φ"

Figure 1.4: Schematic overview of the polar coordinate angles θ and φ

and the boundary B at θ =
π

2
used in the path integrals Eq. 1.45 and

Eq. 1.46. The magnetic monopole is marked as g.

by introducing two different potentials for the two different hemispheres
around a monopole:

~A =


µ0g(1−cos θ)

4πr sin θ φ̂ 0 ≤ θ ≤ π
2

−µ0g(1+cos θ)
4πr sin θ φ̂ π

2 ≤ θ ≤ π
(1.43)

where both satisfy ~B = ∇ × ~A and no singularities exist. From the
quantum mechanical perspective, it is the vector potential ~A that is the
observable, (and not ~B), changing the phase of the wave function of an
electrically charged particle, ψ → ψi∆φ. The phase shift, ∆φ, of a particle
with electric charge q following a path P , is given by :

∆φ =
q

~

∫
P

~A · d~l (1.44)

It therefore needs to be verified that the two potentials in Eq. 1.43 give
the same measurable effect on a particle traveling around the boundary
B, θ = π

2 , see Fig. 1.4. This implies that the difference in phase change,
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∆φupper −∆φlower between the two path integrals at B is required to be
a multiple of 2π:

∆φupper =
q

~

∫
B

~A · d~l =
q

~

∫
B

µ0g(1− cosπ2 )

4πr sin π
2

rdφ =
qµ0g

2~
(1.45)

∆φlower =
q

~

∫
B

~A · d~l =
q

~

∫
B

−µ0g(1 + cosπ2 )

4πr sin π
2

rdφ = −qµ0g

2~
(1.46)

∆φupper −∆φlower =
qµ0g

~
= 2πn→ q =

nh

gµ0
(1.47)

This results in a charge quantisation condition with interesting conse-
quences. If there is one type of magnetic charge in the Universe (i.e. g is
constant) then electric charge quantisation is explained as a consequence
of quantum mechanics. Very few theories address the charge quantisation
problem of the SM.

If the elementary charge e is taken to be the fundamental charge,
Eq. 1.47 states that the magnetic elementary charge (n = 1) is given by:

gD =
h

eµ0
(1.48)

where gD is referred to as the Dirac charge. Other charges are conceivable.
Assuming for example the down quark to carry the fundamental electric
charge results in a minimum magnetic charge of 3 gD. The quantity gD is
however widely utilised as a unit of magnetic charge and will be used as
such in this thesis. It is worth noticing that the electromagnetic properties
of a monopole with charge 1 gD is roughly equivalent to an electrically
charged particle with charge 68 e, meaning that a monopole is strongly
ionising, a signature which is used in the search described in Chap. 4. In
analogy with the electric case, the coupling constant for magnetic charges
would be:

αm =
g2
D

4πµ0~c
∼ 34 (1.49)

The coupling αm is thus too large as to allow a perturbative expansion,
and estimations of monopole production cross sections are difficult to
carry out.

Magnetic Monopoles in BSM Theories

Magnetic Monopoles arise naturally in GUT theories with spontaneous
gauge symmetry breaking, typically with masses of around 1015 GeV [44,
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45]. However, there are scenarios in which lower mass monopoles, O(104) GeV,
are allowed [46, 47, 48]. A recent proposed EW extension to the SM pre-
dicts monopoles with masses < 5.5 TeV [49].

Highly Electrically Charged Objects

Highly Electrically Charged Objects (HECOs) are defined in terms of ex-
perimental observables as massive (> 100 GeV), long-lived objects with
high electric charge (� e). In general, searches for HECOs do not as-
sume any theoretical model and they are regarded as a ”blue skies” search
in this thesis. Examples of proposed objects in the literature are how-
ever Q-balls [50, 51], strangelets [52] and micro-black hole remnants [53].
HECOs suffer from the same problem as monopoles with respect to the
non-perturbative nature of the coupling constant.

1.4 Earlier Searches

Magnetic Monopoles and HECOs have previously been sought in both
collider [36] and non-collider [54] experiments. In colliders, a common
search technique is via measurements of the ionisation energy loss dE/dx
as a function of speed using calorimeters and tracking chambers. The
energy loss as a function of speed depends on the mass and charge of a
particle as is discussed in Chap. 4. The tracking chambers are used to
measure the curvature of the particle, which is a function of its mass,
speed and charge. Combining the two measurements and comparing to
simulations, the mass and charge of the particle can be inferred. Ref. [55]
describes a search using this method.

The particles can alternatively be detected by ionisation damage to
plastic foils placed for example around the beam pipe. Examples of
searches using this technique are found in Refs. [56, 57, 58, 59, 55]. The
low velocity of massive particles with respect to relativistic particles can
also be employed as a detection method by direct time-of-flight (TOF)
measurements, see Refs. [60, 61].

In addition to the aforementioned techniques, which are applicable
to both HECOs and monopoles, there are two methods used to search
for monopoles only. The parabolic track that monopoles will follow in
the s-z-plane, where z points along the magnetic field (often in the beam
direction) and s is the total distance travelled, can be used as a discrim-
inating signal, see Refs. [62, 63]. Due to its very large ionisation rate, a
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monopole with low velocity may stop soon after its production and then
bind to the atoms in the detector material. A second approach is therefore
to search for monopoles trapped in material close to the interaction point.
The monopole can thereafter be detected using a SQUID apparatus, see
Sec. 2.4. This was the procedure for the search for monopoles using the
MoEDAL detector, see Ref. [64].

Previous collider searches have been performed at e+e−, lepton-hadron
and hadron-hadron colliders and the results are summarised in Tab. 1.3.
The mass sensitivity extends up to 1.5 TeV and the charge sensitivity is
≤ 24 gD for monopoles and < 240 e for HECOs. Many monopole searches
are also sensitive to HECOs (1 gD ∼ 68 e) but this is not always exploited
in the data analysis and HECO limits are not always quoted. The only
collider searches quoting limits of HECOs with charges > 2 e is Ref. [65].
Ref. [66] was designed mainly for particles with magnetic charges and
provides a 95% CL limit of 70 pb on the cross section limits in a mass
range of 1- 45 GeV for 1 gD monopoles, and only quote the sensitivity for
HECOs, which is . 240 e. Collider searches for massive particles with
charges < 2 e are given in Ref. [36]. The searches presented in Tab. 1.3
and Ref. [66] are all generic searches where no underlying theoretical pro-
duction model is assumed other than values of mass, electric or magnetic
charge and spin.3

Monopoles and HECOs have in addition to collider experiments been
sought in cosmic rays and as objects bound in matter [54]. A summary
of matter searches are given in Tab. 1.4 where it can be seen that a
variety of materials have been examined. These works are comparable to
the search described in Chap. 6. They assume that stopped monopoles
would become bound to an atomic nucleus. Binding calculations have
been carried out in for example Ref. [67]. Most of these searches use the
induction technique (see Sec. 2.4). The searches for monopoles that are
assumed to have stopped in matter include the possibility of monopoles
having stopped in the ocean bottom [68] and Moon rocks [69]. The results
of these searches were also interpreted within a cosmic ray hypothesis.

Cosmic ray searches do not form part of the research in the thesis and
little emphasis is therefore placed on them here. Owing to difficulties in
calculating monopole interactions, no straightforward connection can be
made between the results of different types of searches (collider, cosmic
ray, and matter). The cosmic ray searches listed in Tab. 1.5 are given to

3It should be noted that any quoted mass limit assumes a specific production model,
and mass limits are thus not presented in this section.
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demonstrate the breadth of the monopole search program. As seen in this
table, the typical techniques are Cerenkov and nuclear track detectors. No
reproducible evidence for the existence of HECOs or monopoles has been
found in either collider, matter or cosmic ray searches.
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√
s Collision Experiment Mass Charge Charge Cross Ref.

[GeV] sensitivity [gD] [e] section
[GeV] limit

[pb]
1960 pp̄ CDF 100-900 1 - 0.2 [55]
1800 pp̄ E882 - 1 - 0.6 [70, 71]

2 - 0.2
3 - 0.07
6 - 0.2

1800 pp̄ M. Bertani et al. < 850 > 0.5 - 200 [72]
56 pp Hoffmann et al. < 30 0.3-3 - 0.1 [73]
63 pp Carrigan et al. < 30 0.2-1.2 - 0.13 [74]

1.2-24 - 0.4
7000 pp ATLAS < 1500 1 - 2× 10−3 [75]
7000 pp ATLAS 200 - 1000 6 - 17 1-12 [65]
25-28 pN Carrigan et al. < 13 0.03-24 - 5× 10−6 [76, 77]
300 ep H1 < 140 1 - 2.2 [78]

2 - 0.18
3 - 0.07
6 - 0.04

88-94 e+e− J.L. Pinfold et al. < 45 1 - 0.3 [79]
< 41.6 2 - 0.3

89-93 e+e− MODAL < 44.9 1 < 240 70 [66]
34 e+e− P. Musset et al. < 16 0.98-5.9 - 0.04 [80]
29 e+e− D. Fryberger et al. 0.29-2.9 < 14 - 0.03 [58, 81]
35 e+e− TASSO ≤ 17 0.15 - 4 [63]

0.44 - 0.04
1 - 0.08

10.6 e+e− CLEO < 5 0.03 - 0.8 [62]
0.07 - 0.24
0.12 - 1.6

Table 1.3: A summary of selected collider searches for HIPs. The centre-
of-mass energy is denoted as

√
s and the symbol “-” denotes that an

experiment did not explicitly quote an acceptance region. The table is
from Ref. [36], with the additions of the searches described in Ref. [75]
and in Ref. [65]. The electric charge quoted for Ref. [66] corresponds to
the sensitivity of the search.
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Technique Material Charge Density Ref.
[gD] limit

[g−1]
induction meteorites and other > 1/3 < 6.9× 10−6 [82]
induction Fe ore > 0.6 < 2× 10−7 [83]
induction deep schist > 0.5 < 4.6× 10−6 [84]
induction manganese nodules > 0.5 < 1.6× 10−6 [84]
induction seawater > 0.5 < 1.3× 10−6 [84]
induction 11 materials > 0.04 < 5× 10−1 [85]
induction Moon rock > 0.05 < 2× 10−4 [69]
scintillation deep-sea sediment < 140 < 6× 10−7 [68]

Table 1.4: Overview over searches for monopoles in matter. The limits
are given as density per gram of the examined material. The table is
taken from Ref. [7].
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Technique Location Velocity range Limit (cm−2sr−1s−1)
induction sea level all β 2·10−13

scintillator underground 10−4 < β < 0.1 2.5·10−16

0.1 < β < 0.5 1.3·10−14

0.5 < β < 1 1.3·10−13

sea level 3 · 10−4 < β < 10−3 7.8·10−13

10−3 < β < 0.5 2.9·10−13

plastic streamer tube underground 10−4 < β < 2 · 10−3 4.6·10−12

gaseous detector underground 10−4 < β < 5 · 10−3 2.8·10−16

5 · 10−3 < β < 1 6·10−15

sea level 10−4 < β < 1 1.4·10−14

nuclear-track detector underground 2 · 10−5 < β < 2 · 10−4 3·10−16

2 · 10−3 < β < 0.02 2·10−16

0.02 < β < 1 10−16

sea level 0.04 < β < 1 5.2·10−15

high altitude 3 · 10−5 < β < 2 · 10−4 3·10−14

0.03 < β < 1 6.5·10−16

ancient mica 4 · 10−4 < β < 0.5 5.5 · 10−20

γ > 2000 5.5 · 10−20

Cherenkov light deep water/ice 0.6 < β < 0.8 5·10−17

0.8 < β < 1 2.3·10−18

Cherenkov radio South Pole 107 < γ < 1013 2·10−19

nucleon decay underground 10−5 < β < 10−2 10−16

deep ice β ∼ 10−3 10−17

sea level 5 · 10−4 < β < 0.05 3·10−12

in the Sun β < 0.1 6 · 10−24
(

β
10−3

)2
old neutron stars galaxy all initial β 10−23

collection (air) sea level stop in atmosphere 4.1 · 10−16

magnetic field survival galaxy all β 10−15

galactic seed all β 1.2 · 10−33M

mass density Universe all β 5.4 · 104 β
M

Table 1.5: Summary of combined flux limits for cosmic ray monopoles
with charges ≥ gD that would reach the detector and possess a velocity
in the given range. The table is from Ref. [54], where the specific as-
sumptions needed for the limits to be valid along with the references to
the searches are given.
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Chapter 2

Experimental Overview

This chapter is intended as an overview of the detectors used for this
thesis; the purpose is to prepare the reader for the discussion of the tech-
niques and results given in subsequent chapters. At the beginning of this
chapter, particle physics experiments in general and the ATLAS detector
at the LHC in particular are discussed. The detector will be reviewed
from the perspective of the particles studied in this thesis or of my tech-
nical studies, and emphasis is placed on the detector components and
systems relevant to the research in this thesis. Finally, a brief description
of how a SQUID magnetometer can be used to search for monopoles is
given.

2.1 Particle Physics Experiments

Particle physics experiments use two main sources of high energy parti-
cles [32]. Electrically charged cosmic rays are largely high-energy protons
and alpha particles emitted by the Sun or originating from outside the
Solar system. By interacting with the atmosphere of the Earth, these cre-
ate so called secondary rays of lighter particles such pions and muons that
can be studied by particle detectors at the Earth [86]. Highly energetic
neutrinos originating from distant cosmological objects and reaching the
Earth without interacting with the atmosphere are also studied [86]. As
an alternative to cosmic rays, high-energy particles may be created by
means of accelerating and colliding particles such as protons or electrons.
The produced particles are then detected directly after their creation.

Particle physics experiments can also be made at low energy scales
via, eg, precision measurements of particle properties and the search for
stopped exotic objects in matter [25].

29
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2.2 The LHC

The Large Hadron Collider (LHC), located at CERN, is the world’s largest
and most powerful particle collider, installed in a 27 km long tunnel 100
meters under ground. Protons are prepared into so called bunches, accel-
erated and then made to collide a number of interaction points. During
2012 LHC was operating at 8 TeV centre of mass energy and at an in-
stantaneous luminosity of 1033 cm−2s−1.

There are four large experiments at the LHC: ATLAS [87, 88], CMS [89],
ALICE [90] and LHCb [91]. The ATLAS and CMS experiments have the
broadest physics programs and use general-purpose detectors. The AL-
ICE and LHCb physics programs are focused, albeit not exclusively, on
heavy ion and flavour physics, respectively. In addition to these, the
LHC is also home to three smaller experiments: Totem [92], LHCf [93]
and Moedal [94]. Totem and LHCf focus on “forward” physics i.e. parti-
cles measured at small angles. Moedal is a dedicated experiment to look
for monopoles and other exotic particles. A discussion of its capabilities
compared with the work in this thesis is given in Chap. 7. The ATLAS
detector is described in Sec. 2.3.

2.3 The ATLAS Detector

As one of the two giant multi-purpose detectors at the LHC, ATLAS has
been providing all sorts of SM and BSM analyses with data, the most
famous one being the search for the Higgs boson [10], resulting in a dis-
covery of a Higgs-like boson the summer of 2012. The detector weighs
7000 tons and extends 45 m in length and 25 m in diameter. The geometry
is cylindrical, with the beam pipe at its longitudinal centre axis, and sub-
detectors covering different radial ranges, see Fig. 2.1. Moving outwards
from the beam pipe, the Inner Detector (ID) is a tracker, submerged in
a 2 T solenoid magnetic field. Next are the calorimeters, designed for
detecting electrons and photons, as well as heavier hadrons. The muon
system is the outermost subsystem, and has its own magnet system to be
able to measure the momenta of the muons. The coordinate system and
the detector subsystems are described in the following sections.

The ATLAS Coordinate System

The ATLAS detector has two coordinate systems with the nominal in-
teraction point (IP), defined as the origin. In the Cartesian right-handed
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Figure 2.1: A cut-away view of the ATLAS detector with its main sub-
systems. The figure is from Ref. [87]

coordinate system, the positive direction of the x-axis is defined as point-
ing from the IP towards the centre of the LHC ring. The positive direction
of y-axis is pointing upwards, and the z-axis is parallel to the beam pipe.
In the polar coordinate system, the radius, R =

√
x2 + y2 and φ is the

azimuthal angle in the x-y plane, starting from the positive x axis. The
angle θ is the angle towards the z axis. The pseudorapidity, denoted as
η, is then defined as:

η = − ln tan(
θ

2
) (2.1)

Along the y and x axes, the pseudorapidity is zero, and parallel to the
beam axis it is infinite.

Transverse Energy and Transverse Momentum

The transverse plane is defined as perpendicular to the beam axis of a
collider experiment. In this plane the total momentum of the system
is zero. Particles that do not interact with the detector, and otherwise
would be undetectable, will leave a trace as a momentum imbalance in
the transverse plane.
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The momentum in the transverse plane, pT , is also interesting from
the perspective that high pT particles are associated with collisions where
a lot of energy has been redistributed in order to change the direction
of the particles. Collisions where a lot of energy is involved is of course
particularly interesting. The pT of an object in ATLAS is defined as the
momentum of a particle in the transverse plane, p · sin(θ), where θ is
the angle between the particle direction and the beam axis, and p is the
momentum of the particle.

Particle masses in ATLAS events are typically on the order of the pion
mass, ∼ 140MeV, and for high energy events, the mass can be neglected
in comparison to the kinetic energy. The measured energy can therefore
be taken as a good approximation of the momentum, allowing the con-
struction of vector-like quantities of the energy deposition. The estimated
energy of an object, projected on the transverse plane is referred to ET ,
and the definition used in ATLAS at different levels of reconstruction is
given later in this section.

ATLAS Subdetectors

The Inner Detector

To obtain precision measurements of the momenta and positions of the
tracks close to the IP, the ID, see Fig. 2.2, provides a high granularity
track reconstruction inside the magnetic field directed along the beam
pipe. The curvature of the track is used for calculating the momentum
and from intersecting tracks, so called vertices, corresponding to particle
interactions and decays, are reconstructed. The ID has a diameter of
1.15 m and a length of 5.5 m and covers |η| < 2.5. It is composed of
three different subsystems, the Pixel detector, the Semiconductor Tracker
(SCT) and the Transition Radiation Tracker (TRT), described in the
paragraphs below. Since 2014, a fourth subdetector, the Insertable B-
layer (IBL) is installed closest to the beam pipe to ensure the tracking
robustness at high luminosities. The IBL was not in use by the time of
the data taking relevant to this thesis.

The relative track momentum resolution deteriorates with increasing
momentum, but is also dependent on the pseudorapidity because of the
increasing amount of non-active material traversed at large values. The
resolution is given by

σ

pT
∼ 0.05% · pT [GeV ]⊕ 1% (2.2)
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Figure 2.2: A schematic drawing of a φ slice of the ATLAS Inner Detector.
The recently installed IBL layer is omitted from this figure. A red line
shows the track of a charged particle. The figure is from Ref. [87].

where the σ is the uncertainty of the pT . More information about the ID
can be found in Refs. [87, 95, 96, 97, 98].

The standard track reconstruction algorithms or ATLAS make use of
all ID subsystems. For HIPs, only the TRT response is well studied and
the standard particle identifications do not apply.

The Pixel Detector The Pixel detector consists of silicon-based semi-
conductor pixels, located at three concentric layers close to the beam pipe.
It provides the highest spatial precision measurement of the track. The
typical pixel size is 50 × 400 µm2 resulting in around 80 million read-
out channels. A track ideally leaves one hit in each of the three layers,
see Fig. 2.2. A HIP would by its extensive ionisation saturate the pixel
detector and no hits would be recorded.

The Semiconductor Tracker The SCT contains four tiled double layers
of silicon microstrips in the barrel and eight double layers in the end-
cap. A particle traversing the SCT will leave up to 8 hits, each with an
accuracy of 17 µm in R−φ and 580 µm in z (barrel) or R (end-cap).
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In contrast to the TRT, see below, the SCT does not record any
information on the energy deposition which makes the TRT a more useful
discriminator for HIPs.

The Transition Radiation Tracker The TRT includes the TRT barrel
at 0 < |η| < 1.06 and end-caps at 0.77 < |η| < 2.15. The TRT is made
out of 4 mm polyamide straw drift tubes filled with a gas mixture of
70% Xe, 27% CO2 and 3% O2, and has 350 000 read-out channels. The
anode is mainly made out of tungsten covered with a thin gold film. The
spatial resolution of the TRT is much lower than for the other tracker
detectors, 130 µm. No positional measurements can be obtained in the
straw direction, which lies along the z-axis in the barrel and along the
radial direction in the end-caps. However, the number of measurements
(the number of TRT straws traversed) per track is large, typically around
35. A particle is required to deposit at least 300 eV in a traversed straw,
resulting in a low threshold TRT (LT TRT) hit. A deposition of 6 keV
results in an additional high threshold TRT (HT TRT) hit. Minimum
ionising particles deposit ∼ 2 keV.

As can be anticipated from its name, the TRT was designed to identify
relativistic particles by transition radiation. Layers of radiator material,
where traversing relativistic particles emit transition radiation, are inter-
leaved with the straws. The extra energy deposition from the transition
radiation photons in addition to the usual ionisation, result in HT hits,
whereas minimum ionising particles only give rise to LT hits.

The high ionisation energy depositions from HIPs result in a large
fraction of HT hits. The combined energy deposition of multiple low-
energy electrons, δ-rays (see Sec. 4.3), will result in additional HT hits. A
δ-ray with a typical 3 MeV kinetic energy is bent in the magnetic field and
has a radius of ∼ 5 mm. This gives rise to a 1-cm-wide region of HT TRT
hits around the HIP path, not present for electrons. The characteristic
signature of a HIP in the TRT is used as a discriminating variable in the
analysis presented in Chap. 5. A validation of the TRT response to HIPs
has been performed.

Calorimetry

The calorimeter system of ATLAS consists of five subsystems as shown
in Fig. 2.3, each based on different technologies to detect the kinetic
energy of incoming particles by letting them shower, see Sec. 2.3. The
electromagnetic calorimeter measures the energy of electrons and photons
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and also contribute to measuring hadrons, while the hadronic calorimeter
is constructed primarily to detect hadrons, which travel further and give
rise to different showering processes. The total energy of an object, such
as a particle, is then formed using information from both detector systems.
The combined calorimeter system covers |η| < 4.9 and 1.4 < r < 4.25.
More information can be found in Ref. [87, 99, 100, 101].

Figure 2.3: A cut-away view of the ATLAS calorimeter system. The
figure is from Ref. [87]

The Electromagnetic Calorimeter The ElectroMagnetic Calorimeter
(EM Calo) is a Liquid Argon (LAr) calorimeter. It consists of an ab-
sorber material, lead plates structured in an accordion shape, and an
active material, liquid argon, filling the gaps between the absorbers, see
Fig. 2.4. Two copper read out electrodes are placed in the middle of the
gap over which a voltage of 2000 V is applied. Electrons from argon atoms
which are liberated by the ionisation of a traversing particle typically drift
the 2.1 mm gap in 450 ns.

Electrons and photons shower in the absorber material. The pair-
produced electrons and positrons ionise the argon and from this the energy
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Figure 2.4: A wedge of the EM Calo barrel, showing the accordion struc-
ture of the absorber material and readout electronics as well as the layout
and granularity of the different layers. The figure is from Ref. [99].

deposition of the particle can be inferred. HIPs do not shower in this way1

and are detected by ionising the argon directly, see Sec. 4.2. The energy
deposition is therefore much more concentrated than for an electron or
photon. This is one of the two characteristic signatures of a HIP in the
ATLAS detector, the other one being the large ionisation in the TRT,
discussed above.

The EM calorimeter consists of two barrels extending over η < |1.475|
and two end-caps covering 1.375 < |η| < 3.2. There are three layers,
EM1, EM2, EM3, of different cell granularity plus a so called presampler
covering |η| < 1.8, installed to estimate the energy losses in the structure
material before the calorimeter, see Fig. 2.4. EM1 has a very fine granu-

1However, for low mass HIPs, the high production of δ-electrons may induce a
shower, see Sec. 4.2.
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larity2 in η: the cells are 0.025/8×0.1 in ∆η×∆φ, while EM2 has a higher
resolution in φ: 0.025× 0.025 in ∆η×∆φ. EM3 has the same granularity
as EM2 in η but is more coarse in φ with a cell granularity of 0.025×0.05
in ∆η × ∆φ. The resolution of the electromagnetic calorimeters is for
showering particles approximately:

σ

E
∼ 10%√

E[GeV ]
⊕ 0.7% (2.3)

where σ is the resolution of the energy. This means the resolution in-
creases with energy. However, this is not true for the Missing transverse
energy (see Sec. 2.3), as is discussed in Sec. 3.3.

The Hadronic Calorimeter The hadronic calorimeter system is com-
posed of the Tile central barrel covering |η| < 1.0, Tile extended barrel at
0.8 < |η| < 1.7, LAr hadronic end-caps covering 1.5 < |η| < 3.2 and the
LAr Forward CALorimeter (FCAL) at 3.1 < |η| < 4.9. In the Tile barrel,
the active material is a plastic scintillator and the absorber material is
iron. The resolution of the Tile barrel calorimeter cells is (0.1− 0.2)× 0.1
in ∆η × ∆φ, and the energy resolution can approximately be expressed
as:

σ

E
=

(
50%√
E[GeV ]

)
⊕+3% (2.4)

where σ is the standard deviation of the energy.

The Muon Spectrometer

The muon system is, together with the ID and the calorimeters, used
to reconstruct the muon tracks. The muon system occupies the largest
and outermost part of the detector, since the high momentum muons
will travel through the other detectors without much interaction. The
muon system covers |η| < 2.7 and is divided into precision measurement
chambers and trigger chambers, as well as barrel and end-cap regions.
The barrel chambers are interleaved with the toroidal magnets while the
end-cap chambers are placed either behind or in front of the toroidal
magnet. The resolution in the bending plane is 60-70 µm. More details
can be found in Refs. [87, 102].

2The numbers given here are for the barrels, and for the |η| < 1.40 range. For
1.40 < |η| < 1.475 and in the end caps, the granularities are somewhat coarser, up to
0.1× 0.1 in ∆η ×∆φ.
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The Cathode Strip Chambers The Cathode Strip Chambers (CSC)
are multi-wire proportional chambers are located in the end-cap region,
2 < |η| < 2.7. They are used in the innermost tracking layer because of
their resistance to high rate radiation and their good time resolution.

The Monitored Drift Tubes The Monitored Drift Tubes (MDT) are
cylindrically shaped gas-filled, pressurised aluminium tubes with a central
anode tungsten-rhenium wire. Particles passing the detector ionize the
gas particles and electrons drift towards the anode, giving the signal. The
MDT covers 0 < |η| < 2.7.

The Magnet Systems

There are two magnet systems in the ATLAS detector. The innermost,
the Solenoid, is a superconducting NbTi wire coil located between the ID
and the calorimeters. It provides the ID with a 2 T field in the longitudinal
direction that deflects charged particles in the transverse plane. The other
magnet system, the Toroid, provides the muon system with a magnetic
field in the φ direction [87].

Object Reconstruction, Data Acquisition and Processing

The design bunch crossing frequency is 40 MHz, which corresponds to
one crossing every 25 ns, is also the read out frequency. Up until and
including 2012, the LHC has been run with 50 ns bunch spacing, giving
20 MHz in crossing rate [103].

The Data Acquisition System (DAQ) is responsible for the buffer-
ing and transferring of data from the detector Read Out System (ROS)
to permanent storage. The trigger system, which will be described in
Sec. 2.3, makes a first selection of interesting events which will be stored
and further processed. The trigger system is divided into three levels,
Level 1 (L1), Level 2 (L2) and the Event Filter (EF).

The DAQ is pipelining the data awaiting the trigger decision. The
events selected by the trigger then proceed to the offline reconstruction
processing, where the full detector information from the event along with
calibration constants is fed into various algorithms to reconstruct the
physics processes of the event. This is for example the energy, the particles
and their properties as well as the vertices in the event. The reconstruc-
tion of energy sums, primary vertices, electrons/photons and hadrons will
be discussed below.
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At each LHC running period during which collisions take place, a so
called trigger menu specifies the set of triggers used at that time. The
triggers are chosen taking into account the requests of the analysis groups
but also considering the limit on the total trigger rate. The total trig-
ger rate is the rate of events that are selected by any of the triggers
in the menu, and is thus the rate of events that needs to be processed
and saved permanently. The trigger signatures relevant to this thesis is
Electron/Photon triggers, also referred to as Egamma triggers and MET
triggers. The other main groups of triggers are muon triggers, jet trig-
gers, tau triggers and B-jet triggers. Each of the triggers have their own
instrumental implementation and software. Both the Egamma and the
MET triggers are calorimeter triggers and will be discussed in Sec. 2.3.

Energy Sums

The energy sums, defined below, are computed differently at L1, (see
Sec. 2.3) compared to EF (see Sec. 2.3) and in the offline reconstruction.
At L1 the energy sums are computed using the energy deposition in so
called jet elements which are collections of calorimeter cells. At EF and
in the offline reconstruction, the full granularity cells are used, but only
the energy of the reconstructed objects are included in the sums, where
calibrations of the energy deposition for different objects have been carried
out. Given below are the definitions of the different energy sums used in
ATLAS. The transverse momentum and energy are explained in Sec. 2.3.

Ex, Ey: using the x, y and z coordinates of each in jet element (cell) in
the detector, a vector, ~e, with |~e| = the total (reconstructed) energy
deposition of that jet element (cell), is defined. Then, Ex =

∑
i ex,i,

Ey =
∑

i ey,i, where ex,i and ey,i, are the x and y components of
~ei for a jet element (cell) i, and the sum goes over all jet elements
(cells) of the detector (associated to a reconstructed object).

ET and MET: for an event, ~ET = (Ex, Ey), and
−−−→
MET = − ~ET . MET

stands for missing ET and corresponds to the imbalance in trans-
verse energy (momentum). If used without any reference to an
object, ET most often refers to the magnitude of this vector, ET =√
Ex

2 + Ey
2 and MET then has the same value. For an object, ET

is defined as ET = E · sin(θ).
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sumET : using the definitions of ex,i and ey,i from above, sumET =∑
i

√
(ex,i2 + ey,i2), where the sum goes over all jet elements (cells)

of the detector (associated to a reconstructed object).

sumE: let ei be the total (reconstructed) energy deposition in a jet
element (cell) i. Then sumE =

∑
i ei, where the sum goes over all

jet elements (cells) of the detector (associated to a reconstructed
object).

Primary Vertex

A vertex finding algorithm is applied to all the tracks of the event to
reconstruct the so called Primary Vertices (PVs). A primary vertex cor-
responds to a primary interaction, that is between any of the components
of the colliding protons.3 At high luminosity, there are many primary
interactions in each event, this is referred to as pile-up. The number of
PV’s depends on the luminosity conditions. For example, for the data
periods used for this thesis, up to around 35 PV’s could be present per
event.

Hadron Signatures

Hadronic Jets In high energy collisions energetic quark-antiquark pairs
are often produced and emitted in different directions. A collection of new
pairs of quarks forming hadrons will be produced through several steps
of hadronisation and each quark will give rise to a so called hadronic jet
in the direction of the original parton. Jets are characteristic of many
particle collision events in ATLAS and are important signatures of many
interesting particle interactions. The jets contain information about the
original parton, but the hadronisation process is complicated to recon-
struct and the algorithms devoted to this are required to be sophisticated.

Hadronic Showers A hadron entering the ATLAS hadronic calorimeter
will “shower”, which means that it will interact strongly with the detector
material and produce new particles through hadronisation. The newly
produced hadrons will continue this interaction and more hadrons will be
produced. The energy deposition of all the particles in the shower are
detected to reconstruct the energy of the incoming hadron.

3A secondary interaction is a decay or interaction of any of the particles produced
in a primary interaction.
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Electron and Photon Signatures

Electromagnetic showering is a process by which an incoming electron or
photon interact with the detector material by Bremsstrahlung, or elec-
tron positron pair production, respectively. The produced photon, or
electron-positron pair, will then continue in the same manner, produc-
ing a so called electromagnetic shower. The shower continues until the
energy threshold for Bremsstrahlung is reached and ionization losses be-
come more important. From the shape of the shower the kinetic energy of
the incoming particle can be inferred. In an electromagnetic calorimeter,
the interactions occur in an absorber material and the magnitude of the
shower is measured for example by the charge created by ionisation in a
so called active material.

In ATLAS, an electron candidate is constructed of a collection of ad-
jacent cells in the electromagnetic calorimeter, a so called cluster4, and a
matching track in the ID. A photon does not leave any track in the ID.
An electromagnetic calorimeter cluster with an ID track vetoed is thus
used to construct a photon candidate.

The Trigger System

Introduction - The Three Level Trigger System

In order to reduce the amount of data permanently stored and processed,
a dedicated system for online (run-time) selection of interesting events
from the huge amount of non-interesting events is used. This is the trigger
system. More detailed information on the ATLAS trigger system can be
found in Refs. [87, 104, 105, 106].

The trigger system loosely classifies the events in terms of different
physics scenarios or including specific objets such as electrons or muons,
that could be of interest. These are referred to as trigger signatures, or
just triggers. Each of the different triggers have their own independent
criteria for an event to be categorized as such or not. If an event passes
any of the triggers employed at that time, it will be saved to perma-
nent storage. The events will be tagged according to which trigger(s)
they passed and saved into corresponding event collections referred to as
streams. An example is the so called Egamma stream including events
which passed any of the electron/photon triggers.

4The construction of clusters in ATLAS is sophisticated and there are several dif-
ferent cluster algorithms at use.
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Figure 2.5: Overview over the trigger system data flow. The figure is
from Ref. [104].

The trigger system consists of three levels of selection and semi-separate
systems, L1, L2 and EF. L1 reduces the event rate to ∼ 75 kHz. The L1
trigger system both makes the initial selection, as well as providing L2
with information for its more refined selection [104]. L2 reduces the event
rate to ∼ 1 kHz. The EF performs the last selection of events using the
offline reconstruction algorithms5 and the full event data, reducing the
event rate to ∼ 400 Hz.

The data flow of this process and the units responsible for each step are
indicated in Fig. 2.5. Reduced granularity information is read out through
trigger-specific on-detector electronics and transferred to L1 purpose-built
hardware processors, which use this information to make the trigger de-
cision, the so called L1 accept or L1 reject. The time it takes for L1 to
deliver the decision to the detector front-end electronics is called the L1
latency and is < 2.5 µs.

5The essential difference between the EF level objects and the ones resulting after
the offline reconstruction is that better tuned calibration constants and information on
dead channels is used in the offline reconstruction.
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The raw data from all the subdetectors are during the L1 latency
stored in pipeline memories, see Fig. 2.5. At L1 accept, this data is
transmitted to the Read Out Drivers (RODs), and further to the Read
Out Buffers (ROBs). The RODs are interfaces between the data format
of the read out system and the DAQ, to which the ROBs belong.

Awaiting the decision of the L2 trigger, the data is next stored in
the ROBs, all accessible to the L2 trigger system. Through a separate
path, Region of Interests (RoIs), are transmitted from the L1 to the L2
system. RoI refers to a region in the calorimeter or muon system where
the criteria of a L1 trigger have been met. Using this information, only
a fraction of the data needs to be accessed from the ROBs in order to
make the L2 decision. The information can if required be full-granularity,
still the geometrical selection reduces the information used at L2 to a few
percent of the full event data, making it possible to keep the L2 latency
within 10 ms.

Upon the L2 accept the data is transmitted to the Event builder sys-
tem, which is where all the data from the event are collected from all
the ROBs, and saved in a single memory. The EF trigger subsequently
processes the event to make the final trigger decision [104].

The Level 1 Trigger System

Input Fig. 2.6 shows the L1 trigger information flow on the large scale.
The two input systems are the calorimeters and the muon system.

The format of the calorimeter information is analog signals from (re-
duced granularity) trigger towers. A trigger tower is a collection of
calorimeter cells and typically covers an area of ∆η × ∆φ = 0.1 × 0.1,
but varies for different calorimeter sections, see Fig. 2.8. This informa-
tion is processed by the calorimeter triggers, that is electron/photon, jet,
tau lepton, MET and sumET triggers.

The muon system, providing the muon trigger with information, has
trigger-specific subdetectors referred to as Trigger chambers: the Resis-
tive Plate Chambers (RPC) in the muon barrel and Thin Gap Chambers
(TGCs) in the end-caps. Both systems detect the muon traversing three
layers of chambers at different pseudorapidity, making use of the measured
curvature of the muon path to estimate the pT .

Processing Calculations on the input data are carried out by calorime-
ter trigger system and the muon trigger system and multipicities of trig-
ger thresholds passed are transmitted to the Central Trigger Processor
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Figure 2.6: Overview over the L1 trigger system data flow. The figure is
from Ref. [87].
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(CTP). Combining all the multiplicities according to the definitions of
the triggers used at that time and comparing to the criteria, the L1 trig-
ger decision is taken. If any of these triggers are fired (passed), a L1
accept is given.

Inherent to the trigger system, is the difficulty to combine the trigger
criteria and the different triggers in such a way that the signal efficiency
is high at the same time as the overall accept rate is kept below the
limit of the data processing and storage infrastructure. To be able to use
more inclusive trigger criteria without exceeding the rate limit, so called
prescaling, is sometimes carried out at the CTP level. This means that
for some high-rate triggers, L1 will only deliver an accept in a certain
fraction of the times this trigger has been passed technically.

Another feature of the CTP is dead time control. Dead time can for
example be imposed if overflow is likely in the front-ends or if L2 is to
saturate.

The time constraint on the CTP has been met by implementing the
CTP as custom-built, pre-programmed hardware, such that no software
is needed. The whole L1 is a system of synchronous processors timed by
the LHC machine clock, a centralized clock used in all LHC experiments,
running at 40 MHz. At every clock tick, one L1 decision is made.

Output As already discussed above the L1 accept and RoIs are sent to
L2. The trigger decision is however also transmitted to the subdetector
front-ends where the data is stored awaiting L1 accept. Upon reception
of an accept, the data is transferred from here to the readout system.

The Level 1 Calorimeter Trigger

On-detector The reduced granularity trigger towers are are built on-
detector, in the Trigger Tower Boards (TBB), where analog signals are
summed for each cell in the tower. The EM Calo energy is converted from
total E to ET in two steps (see Sec. 3.4), where the first approximate
adjustment is carried out here, and the final conversion is performed at
the Receiver. The sums of each tower are then sent in ∼ 7200 individual
cables to the Preprocessor via the Receiver.

The Receiver Data from the different parts of the calorimeter arrive to
the Receiver, see Fig. 2.7, grouped according to the layout of the calorime-
ter. At the Receiver, a remapping is performed whereby the electromag-
netic and hadronic part of the trigger towers are asssociated with each
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resulting hit counts and energy sums are sent to the Central trigger pro-
cessor. The figure is from Ref. [87].
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(a) EM Calo

(b) TileCal

Figure 2.8: Coverage and resolution of the trigger towers in (a) the elec-
tromagnetic and (b) hadronic calorimeters. The φ granularity is shown
in the vertical direction, where for example in (a), the whole barrel has a
trigger tower granularity of ∆φ = 0.1 as well as the barrel layers 1 and 2
in (b). The granularity in η is shown on the horizontal axis. The figures
are from Ref. [104].

other, but still kept seperate. Conversion from E to ET is then carried
out, before transmitting the information to the Preprocessor.

The Preprocessor The outputs of the Receiver are analog differential
signals delivered to the Preprocessor in twisted pair cables. 10-bit ADCs
in the Preprocessor digitize these analog signals. On the digitized signals
Bunch Crossing Identification (BCID) is then carried out.

Conversion from ADC signals to energy are then performed using Look
Up Tables (LUT), which are static dictionaries, and results in 8 bits ET
with a Least Significant Bit (LSB) of 1 GeV. 2000 parallel cables send
this information with 2000 Gbits/s, to the close-by Cluster processor and
Jet/Energy Module, see below. The signals are offset by a value, the
pedestal, by construction to ensure positive signals when the digitisation
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Figure 2.9: Electron/photon and τ lepton trigger algorithm. The figure
is from Ref. [87].

is performed. The pedestal is then subtracted after the digitisation is
done. The LSB of 1 GeV imposes an implicit noise cut, meaning that up
to 1 GeV is removed from all trigger towers. Trigger level noise cuts are
discussed in some more detail in Sec. 3.3.

The Cluster Processor The Cluster processor searches for high pT elec-
trons, photons and tau leptons by reconstructing clusters, collections of
high energy trigger towers, see Fig. 2.9. For all 4 × 4 trigger tower col-
lections, referred to as windows, the four possible two-tower EM Calo
energy sums indicated as “vertical” and “horizontal” of the 2 × 2 core
as indicated in Fig. 2.9 are evaluated and compared to programmable
thresholds. These 2 × 2 inner cores constitute the electron/photon/tau
RoIs. To avoid overlap between clusters, the core is required to be a local
maximum.

For photons/electrons, a (programmable) isolation veto can be im-
posed, either on the EM Calo energy deposition in the 12 towers sur-
rounding the core, or on the energy deposition in the hadronic calorimeter
of the 2× 2 inner core. These two different isolation regions are indicated
in Fig. 2.9 and referred to as the electromagnetic isolation ring and the
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Window 0.6 x 0.6 Window 0.8 x 0.8Window 0.4 x 0.4

Figure 2.10: A schematic view over the jet trigger algorithm. The algo-
rithm is based on 0.2 × 0.2 in ∆φ × ∆η jet elements, shown as squares
in the figure, and aims at finding a jet RoI, shown as shaded areas in
the figure. In the 0.6 × 0.6 window there are four possible RoIs. In the
0.8 × 0.8 case the RoI has to be in the centre position, in order to avoid
two RoIs in the same window. The figure is from Ref. [87].

Hadronic inner Core (HadCore), respectively. A study of triggers using
isolation vetoes are presented in Sec. 3.2. For tau leptons, the four possi-
ble two-tower sums in the hadronic core are instead added to the possible
electromagnetic two-tower sums, and the threshold is imposed on the
combined sum. Two different isolation thresholds for the electromagnetic
and hadronic isolation rings respectively are then imposed.

The Jet/Energy-sum Processor The base of the jet algorithm is the
jet element, a collection of 2 × 2 trigger towers (including both electro-
magnetic and hadronic calorimeter cells). Any of the three types of so
called windows, corresponding to three different algorithms, are nominally
formed around the jet elements, see Fig. 2.10. The ET of each window
is compared to a threshold and a trigger jet candidate is generated if the
threshold is passed and the RoI is a local ET maximum.

In the Jet/Energy Modules (JEMs), which are the physical units of
the Jet/Energy-sum processor, Ex, Ey and ET (see Sec. 2.3) summations
over all the jet elements are then carried out.

The Common Merger Module The Cluster processor and the Jet/Energy-
sum processor are divided into several sub processors. The Common
Merger Modules (CMMs) are responsible for combining the results from
all these sub processors. The multiplicities of clusters/jet candidates pass-
ing the different energy thresholds are added and all Ex, Ey and ET sums
are combined into the total MET and the sumET for the event. The
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sums are compared to eight and four programmable thresholds, respec-
tively. These results, along with 8-bit Ex and Ey are sent to the CTP.

2.4 The SQUID Magnetometer and a Monopole
Signature

This section gives a brief introduction to a Superconducting QUantum
Interference Device (SQUID) [107, 108]. A SQUID is a magnetometer
which, for the purposes of the research in this thesis, measures the cur-
rent induced by a magnetic field as a magnetic sample passes through
a superconducting coil (sense coil). The current induced by a magnetic
dipole field will increase until it reaches a certain plateau when the sample
producing the field is at the centre of the sense coil and and then returns
to zero when it has passed the coil. For monopoles, the current will per-
sist at the plateau even after the sample has passed the coils. The value
of the plateau will be proportional to the magnetic field flux associated
with the monopole.

The above can be understood by considering the generalized Faraday’s
law (see Eq. 1.35):

ε =

∫
loop

~E · d` = − d

dt

∫
S

~B · ~dS − µ0

∫
S

~jM · ~dS (2.5)

where ε is the electromotive force induced in the superconducting coil by
the magnetic field, ~B, from a magnetic sample passing through the coil
and ~E is the induced electric field in the loop. The quantity jM is the
magnetic current, and S is a surface of arbitrary shape bounded by the
loop. Choosing S to be infinitely large, (e.g. like a large expanding bal-
loon) implies that the jM term need not be considered since no magnetic
charge crosses the surface. A current i is induced in the superconducting
loop inducing an electromotive force εint = Ldi

dt = −dφint
dt and a flux, φint,

opposing the magnetic sample, φext = d
dt

∫
S
~B · ~dS. The parameter L is

here the inductance of the loop. No flux is allowed in a superconductor
and the φint must perfectly cancel the flux from the magnetic sample:

L
di

dt
= −(−dφext

dt
) (2.6)

Li = φext (2.7)

Inducing a net flux through the surface S, dipoles will be detectable as a
current in the coils when they pass through them. At large distances from
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the coils the net flux from the dipole is however zero, and as the dipole
moves away from the coils the current recedes and eventually vanishes.
For a monopole, however, the net flux through the surface will remain
non-zero even after having passed the loop, and there will be a detectable
persistent current in the loops. Gauss’ law for monopoles, Eq. 1.34 then
gives the monopole charge:

i =
φext
L

=
µ0g

L
(2.8)

The SQUID is designed as a sensitive magnetometer to measure small
changes of a magnetic field. It can measure field changes as low 5aT i.e.
5× 10−18 T.
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Chapter 3

ATLAS Level1 Trigger Studies

In this chapter my work concerning the ATLAS Level1 trigger system
is presented, parts of which are published in Paper I. The beginning of
the chapter introduces some concepts relevant to the trigger studies I
have made. Following this, the three different research projects I was
involved in are presented in Sec. 3.2, Sec. 3.3 and Sec. 3.4. In each of these
sections the research results will be preceded by an introduction where a
theoretical background or the experimental set-up will be explained.

3.1 Trigger Efficiency and Bootstrapping

A trigger chain is a combination of a specific L1, L2 and EF trigger that
are used together. The combined trigger efficiency of this chain is one
of the components in the total selection efficiency for physics analyses
employing this trigger chain, and is therefore a very important quantity
to measure.

When the number of events measured → ∞, the efficiency, ε, is de-
scribed theoretically as

εtheo = P (T |c) (3.1)

where P (T |c) stands for the probability of triggering on an event, using
the requirements of a trigger, T , given that the event belongs to a set of
interesting events denoted as c, short for the conditions imposed to select
these events.

A trigger efficiency is characterised by a low efficiency for low energy
values, a so called turn-on around the energy threshold of the trigger
criterium where the trigger starts being efficient, and a plateau of high

53
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efficiency reached after the turn-on. Examples of trigger efficiency curves
can be found in Sec. 3.2.

The shape of the turn-on region describes the energy resolution of the
trigger. Theoretically, the trigger is simply a discriminator, which gives
a pass or fail decision. The efficiency would therefore be a step function,
S(x):

S(x) =

{
0 if x < Xthreshold

1 if x ≥ Xthreshold
(3.2)

where Xthreshold is the trigger threshold value, and x is a theoretical prop-
erty of the particle, such as the energy. Adding the effect of the gaussian
distributed calorimeter trigger energy resolution, σ, yields a step func-

tion convoluted by a gaussian, e−
t2

σ2 dt, referred to as the Error function,
erf(x).

erf(x) =
2

σ
√
π

∫ ∞
−∞

S(x− t) · e−
t2

σ2 dt (3.3)

=
2

σ
√
π

∫ x−Xthreshold

−∞
e−

t2

σ2 dt (3.4)

The parameter t represents the measured energy assumed to be centered
around the true value x. Additional smearing arises for trigger efficien-
cies as functions of offline reconstructed observables, since there are large
differences in how the quantities are calculated at trigger level and offline.
For example, at L1, the energy sums are digitized after analog summing
of the trigger tower energies, while in the offline algorithms the digitisa-
tion is performed at cell level before summing. In Sec. 3.3, a double error
function, a linear superposition of two error functions, is used to account
for this. The free parameters are the two different standard deviations
and the effective thresholds of the two distributions respectively.

Measuring the trigger efficiency in reality will introduce a bias with
respect to Eq. 3.1. Ideally the trigger efficiency would be measured on
random triggered events, but this can only be done for very low energy
threshold triggers1 such as MET > 20 GeV and in most practical cases
another trigger, S, has to be used to obtain statistical precision:

εmeasured = P (T |S, c) (3.5)

1Only for triggers with low energy thresholds, random triggered event will provide
enough statistical precision in the turn-on region, as most events in ATLAS are of low
energy.
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where εmeasured is the measured trigger efficiency of the trigger T . To
obtain P (T |c) from P (T |S, c), both P (S|c) and P (S|T, c) have to be mea-
sured. Using Bayes’ theorem:

P (T |c) = P (T |S, c) · P (S|c)
P (S|T, c) for P (S|T, c) > 0 (3.6)

Usually P (S|c) can be measured on randomly triggered events, but P (S|T, c)
is less straightforward. If, for example, the trigger S is an electron trigger
and T is a MET trigger, there might not be enough electrons in the events
triggered by T alone. However, the ratio P (S|c)/P (S|T, c) can often be
estimated from simulations or argued theoretically.

For MET triggers, a method called bootstrapping is often applicable.
By requiring S to be a trigger with looser requirements than T , fulfilling:

P (S|T, c) = 1 (3.7)

for all energies, the P (S|T, c) does not have to be measured. If Eq. 3.7
holds, then

P (S|c) = 0 =⇒ P (T |c) = 0 (3.8)

which is important since no information can be obtained from the P (S|c) =
0 region. If the trigger S is chosen such that the difference in energy
thresholds between S and T ensure:

P (S|c) = 1 for all energies where P (T |S, c) > 0 (3.9)

Eq. 3.6 is reduced to:

P (T |c) =

{
P (T |S, c) for P (S|c) > 0

0 for P (S|c) = 0
(3.10)

3.2 L1 Single Electron/Photon Triggers

Introduction

The L1 single electron/photon triggers are among the most inclusive and
widely-used triggers on ATLAS and a high signal efficiency is therefore
very important. As no distinction between electrons and photons are
made at L1, both HLT electron and HLT photon triggers makes use of
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L1 single electron/photon triggers. The study presented in this section
concerns the electron trigger efficiency of the L1 single electron/photon
triggers.

The e22 medium1 trigger chain [109] is one of the most used trigger
chains based on L1 single electron/photon triggers. The e stands for
one electron and 22 for the ET threshold imposed on this electron. The
medium12 represents the level of requirements in the electron identification
algorithm at EF level. The selection variables used at EF are similar to
those used in the offline reconstruction, which are related to the shower
shape in the EM Calo. These cuts are optimised for rejection of the
backgrounds for electron and photon: heavy flavour3, neutral and charged
mesons, typically the π0 decaying into two photons. More details can be
found in Refs. [109, 111].

The e22 medium1 trigger chain was at the beginning of the summer
of 2011 based on L1 EM16. This trigger basically requires a EM Calo
trigger cluster, see Sec. 2.3, with ET > 16 GeV. In general, L1 triggers
requiring an EM Calo cluster are referred to as L1 EM triggers, and the
same nomenclature is used for all L1 EM triggers. For example L1 EM17

and L1 EM18 require a cluster ET > 17 GeV and > 18 GeV, respectively.

The instantaneous luminosity at the LHC restart in March 2011 reached
5 × 1032 cm−2s−1 and it was planned that it would steadily continue
to rise as the LHC was managing to increase the number of protons
per bunch and focus the beam size at the interaction point [112]. In
September the same year, peak instantaneous luminosities on the order of
3×1033 cm−2s−1 were expected, and also expected to continue increasing.
This was also accomplished, see Fig. 3.1. The problem of increasing trig-
ger rates for the e22 medium1 trigger chain that would follow needed to be
solved without compromising the signal efficiency considerably, as would
have happened with the most straightforward solution, simply raising all
thresholds. More subtle methods were required, and I was involved in
two such attempts concerning the L1 electron/photon trigger used in this
chain: pseudorapidity-dependent thresholds and hadronic leakage veto,
as described in the following sections. The combination of the two ap-

2There are loose, medium and tight, where loose refers to the most inclusive
requirements. More information can be found in Ref. [110].

3Hadrons containing charm or bottom quarks, are referred to as being heavy flavour
objects. Some of these may decay to photons and leptons, but which are often close
to a hadronic jet, which can be used for discriminating them from primary interaction
photons/leptons.
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Figure 3.1: Peak instantaneous luminosities for 2010, 2011 and 2012. The
figure is taken from Ref. [113].

proaches was later implemented and will briefly be discussed at the end
of this section.

Tag and Probe

To evaluate the trigger efficiency, a so called tag and probe method was
used in the studies concerning L1 single electron/photon triggers. The
basic idea of the tag and probe method is to “tag” events that are known
to include the object the trigger is to be tested for, by means of identifying
another object in the event. This way the trigger used to select the
events does not bias the measurement. Here, the process Z → e+ + e−

is studied. Events in which this process takes place will include two high
momentum electrons which could pass a L1 single/electron trigger, for
example L1 EM16. By only requiring one electron to fire this trigger, where
this electron is referred to as the “tag” electron, the trigger efficiency can
then be evaluated for the other electron, the “probe” electron.4

Pseudorapidity Dependent Thresholds

The electron trigger efficiency is dependent on pseudorapidity due to the
geometrical layout of the detector. The study presented here concerned

4Since in this case, both the tag and probe are the same object, the case where both
electrons pass the trigger has to be counted twice. This can be realised by identifying
the four possible different configurations 00, 01, 10, 11 of pass and not pass for the
two electrons, where only the last case will be measured as passed, and summing the
probabilities.
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constructing new triggers taking this dependency into account.

Differences in the trigger efficiency between different pseudorapidity
regions are explained by the different amount and type of ID supporting
material and services that an electron has to traverse before reaching the
EM Calo. The electron will interact with the material and lose energy
through Bremsstrahlung. A description of the material in the ID is shown
in Fig. 3.2, where it is expressed in terms of units of radiation lengths.
Fig. 3.2 shows the distribution in material of both “Services” and specific
ID sub-detectors. “Services” here refers to the services and supporting
structure in the envelope enclosing the ID, and the services internal to
the sub-detectors are included in the specific sub-detector contributions.
In the figure, the sudden increase in material at the ID transition region
between barrel and end-cap starting at around |η| = 0.7 can be seen, as
well as a second increase at around |η| = 1.3. This is cooling connections
at the end of the TRT and SCT barrels, TRT electrical connections and
other SCT and TRT services. Also visible in the figure are the ends of
the TRT and SCT end-cap regions, at around 1.7 < |η| < 2.5.
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Figure 3.2: Stacked histograms showing the ID structure in terms of the
radiation length. Services refers to up-holding structure magnets and
other services, external to the sub-detectors. The figure is from [87].

Triggers where this pseudorapidity dependence of the efficiency is
taken into account were constructed and the trigger rate and trigger ef-
ficiency were both being taken into consideration. The rate was to be
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reduced as much as possible without more than a few percent in efficiency
loss.

Fig. 3.3 shows electron trigger efficiencies for the three different L1
electron/photon triggers L1 EM16, L1 EM17 and L1 EM18. Data from the
Egamma stream (see Sec. 2.3) period F - H1 (minus a couple of runs)
were used.5 The efficiency disrtibutions of the various triggers only differ
in the position of the turn-on. Comparing the different pseudorapidity
regions to each other, the most crucial region is where the e22 medium1

has reached its plateau, but where the efficiency is still sensitive to small
changes in the trigger criteria. In Fig. 3.4 the efficiency loss for different
pseudorapidity regions are shown for 25 GeV < ET < 27 GeV and 27 GeV
< ET < 30 GeV, separately. This is the region for which 25 GeV < ET <
30 GeV. Hardware restrictions in the L1 trigger cluster algorithm forced
the pseudorapidity regions to be in steps of 0.4 in η.

As is shown in Fig. 3.4, the difference in efficiency between the triggers
is only of the order of 0.5% in the most central region, 0 < |η| < 0.4, for
25 GeV < ET < 27 GeV and even less for 27 GeV < ET < 30 GeV, for
which this also holds in the 0.4 < |η| < 0.8, 2.0 < |η| < 2.4 and 2.4 < |η|
regions. The difference is of the order of 1% in the 0.4 < |η| < 0.8 and
0.8 < |η| < 1.2 regions as well as in the regions for which |η| > 1.6 for
25 GeV < ET < 27 GeV. The same order of magnitude of the difference
holds for the 27 GeV < ET < 30 GeV in the 0.8 < |η| < 1.2 and 1.8 <
|η| < 2.0 regions. In the 1.2 < |η| < 1.6 region the difference in efficiency
is between 3% and 7% for both ET regions, which is explained by it being
the most material intense, see Fig. 3.2. The transition region between the
EM Calo barrel and end-cap regions at around |η| = 1.375 also contributes
to the efficiency drop in this region.

Using the result in Figs. 3.3 - 3.4, a set of new triggers were designed
and evaluated with respect to trigger rate predictions for instantaneous
luminosity 5 × 1033 cm−2s−1. As mentioned in Sec. 2.3, the L1 trigger
rate limit is 75 kHz. During 2011, 60 kHz was maintained, allowing
for the possibility that the expected increase in instantaneous luminosity
would not be perfectly matched with efficiency improvements of the trig-
gers. The rate is nominally split between the trigger groups, such that
electron/photon, muon and and tau/jet/MET triggers each are allowed
∼ 20 Hz. Given that the single electron/photon trigger being the most

5The LHC collisions and data taking are divided into periods of time where the run
conditions are stable and similar. There were 12 periods during 2012 each divided into
smaller sub periods.
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(a) |η| < 0.4 (b) 0.4 < |η| < 0.8

(c) 0.8 < |η| < 1.2 (d) 1.2 < |η| < 1.6

(e) 1.6 < |η| < 2.0 (f) 2.0 < |η| < 2.4

Figure 3.3: Trigger efficiencies for three L1 single electron/photon triggers
of the different ET thresholds 16, 17 and 18 GeV with respect to offline
electrons for different pseudorapidity ranges.
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(a) 25 GeV < ET < 27 GeV. (b) 27 GeV < ET < 30 GeV.

Figure 3.4: Trigger efficiency loss for three L1 single electron/photon
triggers of the different ET thresholds 16, 17 and 18 GeV for different
pseudorapidity regions for the offline 25 GeV < ET < 27 GeV (left), and
27 GeV < ET < 30 GeV (right). The efficiency is with respect to offline
electrons.

“L1 EM16V 1”

η < 0.8 0.8-1.2 1.2-1.6 1.6-2.0 2.0-2.4

ET,threshold [GeV] 18 17 16 17 18

“L1 EM16V 2”

η < 1.2 1.2-1.6 > 1.6

ET,threshold [GeV] 18 16 18

Table 3.1: Two proposals of the implementation of a trigger L1 EM16V

with pseudorapidity-dependent ET thresholds.
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Rate predictions [kHz]

L1 EM16 28.0

“L1 EM16V 1” 22.6

“L1 EM16V 2” 20.7

Table 3.2: Rate predictions for the two proposals for “L1 EM16V 1” pre-
sented in Tab. 3.1 and for L1 EM16 for an instantaneous luminosity of
5× 1033 cm−2s−1.

important electron/photon trigger, it is allowed to take a large proportion
of that rate. There are of course overlaps between the triggers.

Two proposals of triggers were developed for which the signal efficiency
losses in the region 25 GeV < ET < 30 GeV compared to L1 EM16 is only
on the order of 1% and for which the predicted trigger rate for an instanta-
neous luminosity of 5×1033 cm−2s−1 was decreased with around 3−8 kHz
compared to L1 EM16, giving rates that were satisfactory with respect to
the overall electron/photon trigger rate. The triggers, “L1 EM16V 1” and
“L1 EM16V 2”, are presented in Tab. 3.1 and the corresponding rates are
given in Tab. 3.2. The V refers to variable thresholds.

HadCore Leakage Veto

Electrons and photons will ideally not deposit any energy in the hadronic
calorimeter. A veto on the amount of energy deposited in the HadCore
of a L1 EM cluster, see Sec. 2.3 and Fig. 2.9, can thus be imposed to
improve the rejection efficiency against the hadronic background.

To evaluate the efficiency loss for such an implementation, the L1 EM16

efficiency with three different isolation requirements imposed was inves-
tigated: HadCore energy ≤ 1, 2 or 3 GeV. The data used were from
periods F - G5 of 2011 (minus a couple of runs). The efficiencies are
presented in Fig. 3.5, evaluated with respect to offline medium1 electrons
with ET > 25 GeV, since this is the ET region contributing most to
high rate of the e22 medium1 trigger chain. The different triggers were
called “L1 EM16H 1”, “L1 EM16H 2” and “L1 EM16H 3”, where H refers to
hadronic leakage and 1,2 and 3 are the isolation requirements of 1, 2 and
3 GeV respectively.

As expected from the fact that there is already a hadronic leakage cut
applied offline relative to the electron pT , the efficiency loss is negligible.
Some irregular efficiency drops can be seen for ET > 80 GeV. This is likely



3.2. L1 Single Electron/Photon Triggers 63

(a) (b)

(c) (d)

Figure 3.5: Trigger efficiencies vs the offline ET ((a) and (b)), presu-
dorapidity (c) and number of primary vertices (d) for “L1 EM16H 1”,
“L1 EM16H 2” and “L1 EM16H 3”. Figure (b) is the same as figure (a)
but the y-axis is zoomed in at the interesting region.

an effect of the limited statistical precision of the data sample, since the
momentum distribution of electrons in Z → e+ + e− events is decreasing
exponentially. For higher energy electrons, the efficiency losses might be
larger. For these events, the HadCore veto triggers can be used in com-
bination with a higher threshold (∼ 60 GeV) trigger with no hadronic
leakage veto applied, to obtain high efficiency. The efficiency as a func-
tion of pseudorapidity shows how the hadronic leakage affects different
regions in the detector. The efficiency drops to at most 99.5% outside
the transition regions at around η = 1.375 between the electromagnetic
barrel and end-caps, where it drops to around 99%.

To evaluate the in-time pile-up (several interactions in the same bunch-
crossing, resulting in several high-energy primary vertices), the efficiency
as a function of the offline reconstructed number of primary vertices in an
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Rate predictions [kHz]

L1 EM16 28.0

“L1 EM16H 1” 20.8

“L1 EM16H 2” 22.4

“L1 EM16H 3” 24.0

Table 3.3: Rate predictions for the three different HadCore leakage vetoes
and for L1 EM16 for comparison, at an instantaneous luminosity of 5 ×
1033 cm−2s−1. “EM16H x” refers to a HadCore energy of ≤ x GeV.

event was studied. For the tightest isolation requirement, the HadCore
energy ≤ 1 GeV, the efficiency is slightly in-time pile-up dependent. How-
ever since the overall efficiency drop is so small, on the order of 0.2%, this
effect is small enough not to affect the physics analyses considerably. The
other isolation thresholds have efficiency drops on the order of 0.002%.

Rate predictions for the different HadCore vetoes and the L1 EM16

trigger for an instantaneous luminosity of 5×1033 cm−2s−1 are presented
in Tab. 3.3. Compared to L1 EM16, the HadCore vetoes reduce the trigger
rate with between 4 and 7.2 kHz.

Considering both the insignificant efficiency loss of “EM16H 1” and
the large predicted rate reduction, the conclusion of the study was that
“EM16H 1” constituted the best choice of the investigated triggers.

Conclusions and Further Developments

As part of a coherent program to make the calorimeter triggers more
efficient in preparation for an expected increase in luminosity, two ap-
proaches were studied for single electron/photon triggers. The first study
concerned an implementation of pseudorapidity-dependent energy thresh-
olds and the second concerned a HadCore isolation veto. Proposals for
new triggers were presented in both studies.

The combination of the hadronic leakage veto and pseudorapidity-
dependent thresholds, named L1 EM16VH [109], was implemented from
period L 2011. The HadCore veto used was 1 GeV and the pseudorapidity-
dependent ET thresholds as presented in Tab. 3.1 as EM16V 1. The mea-
sured trigger rates for different instantaneous luminosities for the trigger
chain e22medium6 and the new one e22vh medium1, where L1 EM16 has
been exchanged for L1 EM16VH, are shown in Fig. 3.6. As can be seen in

6An earlier version of e22medium1, comparable in terms of rate.
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Figure 3.6: Measured trigger rates for three different electron trigger
chains. The trigger e22 medium, used together with L1 EM16, was from
period L 2011 replaced by e22vh medium1 used together with L1 EM16VH.
The graph is taken from Ref. [109].

this figure, the trigger rate of e22vh medium1 is significantly lower than
for the e22medium.

3.3 Performance of the MET Significance Trigger

Introduction

This section concerns the performance of the MET significance trigger,
referred to as the XS trigger, which is a development of the MET trigger,
introduced in Sec. 2.3. Along with the increasing instantaneous luminosi-
ties of 2011, pile-up was expected to increase, as discussed in Sec. 3.2.
The pile-up can be represented by the Poisson parameter µ, defined as
the average number of collisions per bunch crossing. When µ increases,
the average energy deposition increases and the sumET and MET trigger
rates increase more rapidly than linearly. The shape of the sumET distri-
bution for different values of µ is shown in Fig. 3.7 and it is shown how
the sumET distribution also broadens with increasing pile-up. The MET
triggers will be affected due to the fact that the fake MET, described in
the next section, scales with sumET . To avoid losing the lower energy
thresholds important for higher energy trigger studies and for the sensi-
tivity of many beyond SM searches which typically include a weakly only
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Figure 3.7: EF level sumET distributions for various values of the average
interaction per bunch crossing, µ, for a random triggered collision data.
The figure is from Ref. [1].

interacting particle the need for a more intelligent trigger was consider-
able.

In preparation for a possible future implementation, the performance
of the XS trigger was studied to make sure it was stable and well-understood.
I studied the signal trigger efficiency using W → e + ν and W → µ + ν
events. In the latter case trigger and offline XS related quantities were
also studied and trigger efficiencies for collision data were also compared
to simulated data. An implementation of the XS trigger in the trigger
hardware and software was simulated.

Before presenting the results, the reader will be introduced to the re-
search motivating the XS trigger, the operational definitions and hardware
simulation and, finally, calorimeter noise cuts affecting the distributions.

MET and Fake MET

The quantity MET (see Sec. 2.3) is an observable representing particles
that do not interact with the detector. So called fake MET is defined
as MET which does not originate from a non-detectable particle. The
fake MET has two contributions: finite calorimeter resolution and a real
imbalance in the transverse energy measurement. This imbalance can for
example arise from hardware problems, mismeasured jets or cosmic rays.
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The contributions to fake MET vary between different types of pro-
cesses. For low momentum transfer scatterings, which are the most com-
mon processes in events in ATLAS, fake MET arises from finite detector
resolution only. This detector resolution can be modelled as is described
in the next paragraph. These interactions make out the largest portion of
events with low fake MET (of the order of 1−20 GeV). The largest contri-
bution to high fake MET is instead high momentum transfer interactions
resulting in two high pT jets, which are also common in ATLAS events.
For these interactions, mismeasurements of the total energy deposition of
each jet, for example different fractions of EM conversions, gives rise to
fake MET.

Modelling of sumET and Fake MET

As mentioned above, the dominant contribution to fake MET at low to
moderate values is low momentum transfer scatterings which result in
uniformly distributed energy in the calorimeter, and the finite calorimeter
resolution gives rise to fake MET. An analytical model for the calorimeter
detector resolution for these interactions has been developed and shows
that it is dependent on the sumET only.7 The fake MET can therefore
for these interactions be parametrised as a function of sumET as will be
described in this section.

For random triggered events, the dominant contribution to the MET

is fake MET. Fig. 3.8 shows Ex
miss, the x component of the

−−−→
MET , for

random triggered events for two different
√

sumET intervals. The Ex
miss

(Ey
miss) is gaussian distributed around zero and with a standard devia-

tion linear in
√

sumET . This proportionality is independent of µ, provided
the calorimeter cell calibration is constant. Since the fake MET compo-
nent distributions for fixed sumET are gaussians, the fake MET for the
same sumET is a Rayleigh distribution, R:

R(METfake;σ) =
METfake

σ2
exp

(
−

MET2
fake

2σ2

)
(3.11)

7The energy resolution of the total energy measurement of the calorimeter is to
first order ∼

√
Nσ, where N is the total number of energy depositions (assumed to be

of the same order of magnitude), and σ is the individual energy uncertainty of each
measurement, also assumed of be the same for each energy measurement. Thus fake
MET originating from the finite calorimeter resolution ∼ N ∼ sumET .



68 Chapter 3. ATLAS Level1 Trigger Studies

 / ndf 2χ  63.52 / 22

Constant  7.204e+01± 3.455e+04 

Mean      0.0070± 0.8186 
Sigma     0.01±  4.17 

 [GeV]xEL1 

-50 -40 -30 -20 -10 0 10 20 30 40 50

 E
ve

nt
s/

G
eV

-110

1

10

210

310

410

510

610

710
 / ndf 2χ  63.52 / 22

Constant  7.204e+01± 3.455e+04 

Mean      0.0070± 0.8186 
Sigma     0.01±  4.17  5.25≤ T EΣ5 < 

ATLAS Preliminary
 = 7 TeVs = 7 TeVs

(a) 5 <
√

sumET < 5.25

 / ndf 2χ  66.77 / 66
Constant  0.570± 5.411 
Mean      1.3434± -0.0103 
Sigma     1.76± 16.71 

 [GeV]xEL1 

-50 -40 -30 -20 -10 0 10 20 30 40 50

 E
ve

nt
s/

G
eV

-110

1

10

210

310
 / ndf 2χ  66.77 / 66

Constant  0.570± 5.411 
Mean      1.3434± -0.0103 
Sigma     1.76± 16.71  17.75≤ T EΣ17.5 < 

ATLAS Preliminary

 = 7 TeVs = 7 TeVs

(b) 17.5 <
√

sumET < 17.75

Figure 3.8: L1 Ex
miss distributions from randomly triggered collision data

for two specific
√

sumET intervals, together with the gaussian fits. The
figures are from Ref. [114].

where the parameter σ is the standard deviation of the component distri-
butions and is parametrized as follows:

σ = a · (
√

sumET − b) (3.12)

The parameters a and b are constants obtained from fits to data. The
parameter σ is referred to the resolution.

The MET Significance Trigger

The XS trigger was developed so as to improve the low to moderate
fake MET rejection efficiency while maintaining high signal efficiency by
considering the fake MET distribution as a function of sumET , as dis-
cussed in the previous section. The MET significance is defined as the
MET in units of standard deviations of the fake MET distribution, us-
ing the specific sumET of the event. The MET significance is accord-
ingly by construction robust with respect to background rejection even
for increasing pile-up, keeping the rates down at increasing instantaneous
luminosity [115].

Theoretical Definition

Using Eq. 3.11, the probability for the fake MET, METfake, to be larger
than a measured MET value t can be obtained by integration:

P (METfake > t|sumET ) = exp

(
− t2

2σ2

)
(3.13)
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In effect, this expression gives the probability that the MET that is mea-
sured originates from resolution effects only. The statistical significance,
Z, is now defined as the number of standard deviations corresponding to
the probability 1 − P for a gaussian distribution, G(x, σgauss) with the
same mean:

Z = Φ−1[P (METfake ≤ t|sumET )] = Φ−1[1− exp

(
− t2

2σ2

)
] (3.14)

= Φ−1[1− exp

(−Y 2

2

)
] (3.15)

where Φ−1 is the inverse of the cumulative of the gaussian distribution,
giving x/σgauss. The quantity Y = t/σ asymptotically approaches Z, and
the relation can be linearly approximated as Z = 1.07(Y − 0.879). The
theoretical MET significance, XStheo, is then defined to be Y :

XStheo = Y =
MET

σ(
√

sumET )
(3.16)

Operational Definition

Fits to randomly triggered events such as the ones shown in Fig. 3.8
give the constants a and b in Eq. 3.12. This allows for an up-to-date
operational definition of the XS trigger. For the studies in this report,
the operational L1 XS definition was:8

XSL1 =
MET

1.12 · (√sumET − 1.28)
(3.17)

and the L2 has the same operational definitions since the same values of
Ex and Ey are used. At EF level, the XS was defined as:

XSEF =
MET

0.46 · (√sumET − 0.5)
(3.18)

Here the MET and the sumET are the measured values at L1 and EF,
respectively.

8The values of a and b vary between runs and were changed once during 2011, as a
compromise between accurate values and the effort to minimise changes in the trigger
settings.
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Hardware Implementation Simulation

L1 XS To emulate an implementation of the XS trigger in the trigger
hardware and software, part of the current implementation had to be
emulated as well, as only some of the intermediate steps of the calculations
of the trigger system are saved to data. As discussed in Sec. 2.3, the Ex
and Ey components of each jet element are summed at the JEMs, and
the sums are then transmitted to the CMMs. The quadratic sum is here
performed by LUTs to retrieve the MET value. To obtain precision at
low values, four different LUTs for four different energy ranges are used.
The values are then sent into the LUT in 8 bits, the first two giving the
energy range it belongs to, and the resulting MET is on the same format.
(The least significant bits exceeding 6 were dropped.) This was emulated
in the code with bit masking. The MET significance was next calculated
according to Eq. 3.17, with the following additions.

• Automatic rejection if any of these are fulfilled:

• √sumET > 63 GeV

• √sumET < 3 GeV

• MET < 11 GeV

• Automatic acceptance if any of these are fulfilled:

• Ex/Ex too large for the LUT

• MET > 63 GeV

The automatic rejections/acceptances are due to hardware constraints at
L1, which use 6 bit words for expressing

√
sumET and MET (in GeV1/2

and GeV respectively). A very large
√

sumET (low MET) means a low
XS value and automatic rejection is therefore imposed in this case. Auto-
matic acceptance is instead imposed for very large MET. To avoid division
by zero, the

√
sumET value must be above a minimum. Automatic ac-

ceptance overrides automatic rejection.

L2 XS The same values for Ex and Ey as for L1 are used at L2. The
improvement in resolution comes from the calculation of MET which is
calculated analytically. The XS values of L1 and L2 do still not differ
significantly. The atomatic rejection and acceptance rules are the same
as for L1, except for the one related to the LUT, which is not present at
L2.
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EF XS The values of Ex and Ey are more precise at EF, and so the
resolution is different, as is reflected in Eq. 3.18. The automatic rejection
and acceptance scheme is the same at EF as for L2.

Offline XS and MET and sumET Algorithms

There are several offline reconstruction energy sum algorithms. Out of
these, the topo and base algorithms, giving MET topo (sumET topo) and
MET base (sumET base), respectively, are closest to the trigger energy
sums [116]. As for the trigger, no muon spectrometer information is in-
cluded in and the difference in detector response with respect to electro-
magnetic and hadronic energy depositions are not accounted for [117].

In the topo algorithm, so called topological clusters [118] are used.
The topological cluster algorithm starts with calorimeter cells, referred to
as seeds, with energy |Ecell| > 4× RMSnoise, where RMSnoise is the root
mean square of the signal expected from electronic noise. Next it adds
all adjacent cells with |Ecell| > 2×RMSnoise and finally all neighbouring
cells. Only the energy from these clusters are then used to build the
MET.

Less subtle and therefore less accurate, but more similar to the trigger
energy sums, is the base algorithm. The same algorithms are also used
for constructing offline sumET . The offline XS is defined as:

XS =
MET

0.5 · (√sumET )
(3.19)

where MET (sumET ) is MET topo (sumET topo) or MET base (sumET base).

Noise Cuts in the Trigger and Offline Affecting the Relative
Values of Energy Sums

This section is written as a background to the discussions of the results
presented later in this section. The electronic noise is mostly gaussian
(or double gaussian) distributed around a mean value, referred to as the
pedestal value. The pedestal value is subtracted from all cell (trigger
tower) signals at both trigger and offline level. For individual cells the
values after subtraction can be slightly different to the true energy de-
position, but the discrepancies largely average out for the total energy
sums.
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A so called noise cut is also applied to veto against cells containing
pure noise and this differs between different trigger levels and also com-
pared to offline. At L1, L2 and EF, only cells with Etrigger tower > Ecut

(L1) or Ecell > Ecut (HLT) are used in the energy sums. Etrigger tower

and Ecell are the energy depositions in a trigger tower or cell, and Ecut

is the noise cut. This type of noise cut is a 1-sided cut. A 2-sided cut,
|Ecell| > Ecut is instead used in the offline reconstruction. A negative
energy deposition can be measured in a cell arising, for example, from
negative electronic noise, undershooting tails from signals from earlier
events or from negative filter coefficients used in TileCal. At L1, the
Ecut ≈ 1 GeV for all trigger towers, see Sec. 2.3. At EF-level the cut
value corresponds to three standard deviations of the noise distributions,
and the number varies as a function of pseudorapidity between ∼ 10 MeV
and 1 GeV. Finally, there is an additional noise cut at L1 for the cells in
the FCAL, to account for the differences in the noise distribution.

There are several competing contributions to the difference in the
energy sums at trigger level and offline, due to these different noise cuts.
Firstly, using a 1-sided noise cut will introduce a positive bias because
only the positive tail of the noise distribution is included. With a 2-sided
noise cut, the negative part of the tail will also be included and the two
contributions will cancel each other on the average. Secondly, even if
both L1 and EF use 1-sided noise cuts, these will contribute differently to
the energy sums compared to the offline value. Thirdly, occasional, very
large measured negative energy depositions can, if included in the sums,
cancel the energy of a lot of other cells, which will greatly underestimate
the total energy sums. In the offline reconstruction, where 2-sided noise
cuts are applied, most of the occasional large negative energy values are
taken care of by other “cleaning” cuts, as well as in the analysis cuts
of a specific physics analysis. The relative impact of the noise cuts also
strongly depend on the nature of the energy deposition in a specific event.

W → e+ ν Enriched Data

Electron/photon triggered events (Egamma stream) enriched with W →
e+ ν processes, where the neutrino gives rise to real MET, were used to
study the XS and MET trigger efficiencies. The offline selections were a
tight electron with pT > 25 GeV and the transverse mass, mT > 40 GeV.
The mT is related to the mass of the W and defined using the MET of
the event, the electron transverse energy, ET and the electron transverse
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momentum:9

mT =
√

(MET + ET )2 − (METx + px)2 − (METy + py)2 (3.20)

Here px and py (METx and METy) are the x and y components of the

electron momentum (
−−−→
MET ). The sumET was required to be > 16 GeV to

veto against the occasional large negative energy values in offline energy
sums, see Sec. 3.3. Jet cleaning, a procedure for reducing the fake jets
in the event, arising for example from hardware problems, non-collision
background and cosmic rays, was used [119]. The results showed no sig-
nificant difference between the topo and base algorithms, and MET topo

(sumET topo) alone was therefore used as the main offline MET (sumET )
reference.

Like the XS trigger, the electron/photon trigger makes use of the EM
calorimeter, thus possibly biasing the XS efficiency. It was however not
possible to choose an electron/photon trigger, S, such that Eqs. 3.7 and
3.9 were fulfilled and what is measured is P (T |S, c) where T is the XS
trigger and c are the offline selections. The trigger efficiency measured
in this way should anyhow give an estimate of the signal efficiency with
respect to real MET.

It should also be pointed out that the electron/photon trigger and the
W → e+ν selections might enhance a multijet background. A pion falsely
detected as an electron often contribute to fake MET by mismeasurement
in the energy of the fake electron.

In Fig. 3.9 efficiencies for L1 and EF XS triggers with different thresh-
olds are shown. The different triggers correspond to different XS value
thresholds, XS = 2.0, 2.5, 3.0, 3.5 and 4.0, denoted as XS20, XS25, XS30,
XS35 and XS40, respectively. The EF efficiency curves are steeper and
reach the plateau faster, which is reasonable when taking into account
that the MET Topo is much closer to the EF MET than to L1 MET. The
plateaus are stable and > 99.5% for all thresholds, which is the most
important feature of the trigger efficiency. The occasional large negative
energies at offline allowed by the 2-sided offline noise cut discussed in
Sec. 3.3, possibly explains why the plateaus does not reach 100%. This
results in that even though the MET can be high at L1 (EF), the XS can
still be much smaller than for offline due to the larger sumET , and thus
not pass the L1 (EF) XS threshold.

9The distribution looks slightly different from the full invariant mass distribution,
which is why the cut interval is shifted to lower energies compared to what we would
expect from just considering the W mass.
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(a)

(b) Close-up

(c)

(d) Close-up

Figure 3.9: Trigger efficiency for various L1 ((a) and (b)) and EF ((c) and
(d)) XS triggers vs MET topo for W → e+ ν enriched 2011 data events
from the Egamma stream. Double error functions are fitted to data. The
figures (b) and (d) are a close-ups of the high XS region of figures (a) and
(d), respectively. The different XS triggers shown are described in the
text.
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W → µ+ ν Enriched Data

The most detailed study of XS and MET triggers, where collision data
were also compared to simulated data, was carried out on events where
selections were optimized for choosing W → µ+ ν events, with real MET
arising from the neutrino. This study contributed to results in the at-
tached paper [1]. The events used in this study are muon triggered events.
The muon triggers do not make use of the same parts of the detector as
the MET triggers. The two types of triggers are thus assumed to be in-
dependent, so that P (T |c) = P (T |S, c), where T denotes a MET trigger,
in this case an XS trigger, and S denotes the muon trigger. Periods G -
M of 2011 collision data were used in this study and the selections were
the following:

• EF mu18 MG medium [120]. A trigger chain requiring an EF muon
with pT > 18 GeV.

• A PV with at least three tracks. This is a standard PV cut.

• Jet cleaning.

• LarNoise. Cells in EM Calo known to be problematic are removed.

• Exactly one so called Staco muon [121] (Staco is a offline muon
reconstruction algorithm) with standard quality cuts and the fol-
lowing properties is required:

– pT > 20 GeV.

– |η| < 2.5. This corresponds to the coverage of the ID which is
used in the offline muon reconstruction algorithm.

– Not overlapping within ∆R =
√

∆φ2 + ∆η2 = 0.1 with any
AntiKt4LCTopo [122] jet. The AntiKt4LCTopo is an offline
jet reconstruction algorithm.

– 40 GeV < mT < 90 GeV. The transverse mass, mT , is defined
in the previous section.

In Fig. 3.10 L1 XS, MET and sumET together with the offline corre-
sponding values are presented, and in Fig. 3.11, the corresponding EF
values are shown. The offline XS are in these figures calculated by means
of the MET Topo and sumET Topo, explained in Sec. 3.3. In that section,
is also the terminology used in explaining these distributions terminology
explained.
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Both the L1 XS (Fig. 3.10a), MET (Fig. 3.10b) and sumET (Fig. 3.10c)
show weak correlations centered around y = x with respect to their of-
fline values. A significant contribution to the large differences in these
quantities between the L1 and offline values is that the triggers are using
reduced granularity, trigger towers, while the offline uses full granularity,
calorimeter cells. In addition, the L1 is using analog summing of the
energy in the cells, while EF and the offline reconstruction is summing
after digitisation. For EF on the other hand, the correlations are much
stronger. The EF sumET (Fig. 3.11c) values are offset by ∼ 60 GeV, pos-
sibly from the 1-sided noise cut overestimation at EF. This is constant
with respect to sumET since it is mostly due to electronic noise and is
therefore roughly independent of the real energy deposited. The EF MET
distribution (Fig. 3.10b) is centred around y = x. The overestimation of
the EF sumET is also clearly visible in the EF XS distribution (Fig. 3.11a)
as an underestimation of EF XS, but since this is a constant offset, the
effect is most noticeable in the low value region. There are no events in
the region below L1 and EF XS ∼ 0.7. This is due to the XS calculation
automatic rejections.

Fig. 3.12 shows L1 and EF XS distributions for collision and simulated
data. The agreement between data and simulation is good. Efficiency
curves for various combinations of MET triggers chains for collision data
compared to simulation are shown in Fig. 3.13. For each of the figures,
the turn-on can be seen to start at the EF level threshold as expected.
The data and simulation show good agreement.
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(a) XS (b) MET

(c) sumET

Figure 3.10: L1 XS (a), MET (b) and sumET (c) vs topo offline values
of the same quantity for W → µ+ ν enriched 2011 collision data.
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(a) XS (b) MET

(c) sumET

Figure 3.11: EF XS (a), MET (b) and sumET (c) vs topo offline values
of the same quantity for W → µ+ ν enriched 2011 collision data.
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Conclusions and Further Developments

The XS trigger was simulated and studied for events enriched inW → e+ν
and W → µ + ν, where real MET from the neutrino is present. It was
shown to be stable, showing good signal efficiency and behaving as ex-
pected. The turn-ons were positioned at places expected with respect to
the different thresholds, and the plateaus showed high efficiency. As ex-
pected, EF trigger efficiencies were higher than L1 efficiencies, and the EF
quantities showed better correspondence with the offline values compared
to L1 quantities.

In Ref. [1] the XS trigger is shown to behave robustly even for the
highest pile-up conditions of 2011. Fig. 3.14 shows the trigger rate per
bunch crossing as a function of µ for MET and XS triggers. It is apparent
that the XS triggers are mostly independent of pile-up for large µ values,
whereas MET triggers show a strong dependence on µ.
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Figure 3.14: Comparison of trigger rates as a function of the average
number of interactions µ per bunch crossing for periods G - M during
2011. The left plot shows MET triggers and the right shows XS triggers.
The thresholds are given in the figures, to the left of the data points. The
figures are taken from Ref. [1].

With increasing pile-up the sumET and fake MET from soft scatter-
ings increase and fake MET from multijets events with high pT as well
as any real MET will become less and less important in contributing to
the XS value. This means that the effective MET threshold for real MET
(and high fake MET) will increase, which is visible in Fig. 3.14 where the
trigger rates even decrease for high XS thresholds as a function of µ.

The XS trigger chains XS30, XS45, XS60, XS75 and XS100, where
the number indicates the EF XS threshold × 10, were introduced in 2011
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and XS triggers have also been used in combination with other triggers.
The low threshold MET triggers had to be kept, since the effective MET
threshold for XS triggers increase with pile-up, as discussed above.

3.4 L1 Trigger Upgrade Studies

Background and Setup

The sensitivity of the sumET and MET triggers to in-time pile-up, moti-
vates the evaluation of new trigger variables. Studying the behavior of var-
ious final-states at different levels of pile-up in the plane of sumET+MET
vs sumE, it was found that the data points of one specific (fake) MET
topology follow a straight line as a function of pile-up, see Fig. 3.15. The
offset of these lines are different but the slope is close to constant. A new
variable is then constructed out of the linear combination of sumE and
sumET+MET corresponding to the vector which is orthogonal to these
lines. This variable would then be pile-up independent.

Figure 3.15: Profile histogram of offline sumET+ MET vs sumE for simu-
lated data of different (fake) MET topologies and collision data, together
with fitted linear functions.

Taking this a step further and studying this variable in terms of the
trigger variable XS, will give a surprisingly good separation for generic
topologies that would mix terribly as a function of just sumE, sumET or
MET.



3.4. L1 Trigger Upgrade Studies 83

For these new trigger variables to be implementable, sumE would also
have to be accessible at L1 (an overview over the L1 calorimeter trigger
and all its components is given in Sec. 2.3). This was at the time of
this study (and is presently still) not the case. For the electromagnetic
calorimeter, the conversion of the energy, E, to transverse energy, ET ,
is carried out in two steps. An approximate adjustment happens at the
calorimeter front-end where the gain is altered between 1 and 3.5, de-
pending on the trigger tower pseudorapidity. A more precise correction
is then made at the Receiver, where the final amplification is carried out.
For the hadronic calorimeter the ET conversion will be performed only
by the Receiver.

In this study I investigated how an inclusion of sumE to L1 could
be done by implementing a ET → E conversion in the JEMs, where
the sumET and MET sums are built. Other approaches to solving this
problem had been discussed before. However since the hardware setup is
optimized for the present information flow, and conversion to E means
larger values, all solutions involve precision losses of the energy. The first
conversion to transverse energy for the electromagnetic energy happens
in the Layer Sum Boards (LSB), located on the calorimeter front-ends,
where the conversion is carried out by adjustable resistors. Next the
(still analog) signals are transmitted to the TBBs. Were one for example
to remove the conversion here, and send the total energy instead of the
transverse energy, the Receiver would not be able to maintain the present
precision, since it is built for the energies in the ET range. To keep the
precision, pseudorapidity-dependent Receivers would then be required.

Transforming from transverse to full energy at the JEMs, where sumE
could then be built, would also infer that the loss of precision of 1 GeV
in ET , would propagate to a loss of up to 3 GeV in E for η = 3.2 (max-
imal pseudorapidity for the calorimeter), but would not require any new
hardware to be implemented.

L1 Hardware Emulation

To evaluate the performance of the new trigger variable, a hardware sim-
ulation of a ET → E conversion in the JEMs was carried out. The input
to the JEMs are 9 bit jet elements, in GeV counts. This means that the
LSB represents 20 = 1 GeV. These values are available in the data from
ATLAS as integers. For each jet element, a conversion from ET → Ex/Ey
is carried out using the η and φ from the jet element. For cosine and sine
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factors, 12 bit integer data types are used to approximate floating num-
bers (32 bits). The largest integer number that can be represented with
12 bits is 4095 and the cosine and sine factors, which will have values
between 0 and 1, are mapped to values between 0 and 4095.

In the emulation, a floating point data type was used for these cosine
and sine factors. The Ex and Ey values are represented as 14 bit numbers
with 0.25 GeV counts. To emulate this, the Ex/Ey were truncated to a
precision of 0.25 GeV.

At this stage, the proposed ET → E conversion would take place. The
following procedure was emulated, where the new proposed procedures are
given in italics:

• For each JEM:

– Summing of Ex, Ey and ET , excluding FCAL.10

– L1 hardware reduces the 14 bit Ex and Ey to 12 bits, giving
1 GeV/count instead of 0.25 GeV/count.

– Converting of ET to E using float type conversion factors.

– In preparation for transferring the Ex/Ey/ET signals to the
CMMs, a quadlinear compression11 is carried out.

– In preparation for transferring the E signals to the CMMs, a
quadlinear compression is carried out.

– Transferring the Ex/Ey/ET value to the corresponding CMM.

– Transferring the E value to the corresponding CMM.

• For each CMM:

– Summing of Ex/Ey/ET (over JEMs) is performed.

– Summing of E (over JEMs)

10FCAL covers the forward region η > 3.2 of the electromagnetic calorimeter where
thus pseudorapidity is large and the conversions factors accordingly are too. The η
precision is much worse here than in the rest of the calorimeter, because FCAL is using
another custom placeholder coordinate for the trigger tower, which does not have to
coincide with the trigger tower centre. (Some towers span up to 1.5 in η). Since the
uncertainty of the energy obtained from conversion from ET obviously is very much
larger than for the rest of the calorimeter, FCAL was chosen to be excluded in this
study.

11The quadlinear compression was emulated by Alan Watson.
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The L1 hardware calculates MET by inserting Ex and Ey values into
a LUT. The simulation of this procedure is described in Sec. 3.3. If Ex or
Ey overflow the LUT input values, the sumET + MET is set to 5500 GeV,
to be able to identify these events.

Results

In Fig. 3.16 the simulated of L1 sumET + MET and L1 sumE for 2011
collision data enriched in various different final states. W → e+ ν events
are selected from the Egamma stream by requiring precisely one offline
tight electron with pT > 25 GeV and transverse mass mT constructed
with the MET, such that mT > 40 GeV. Randomly triggered events
were used to get minimum bias events. The minimum bias trigger chain
used was EF rd0 filled NoAlg (EF level), L2 rd0 filled NoAlg (L2),
L1 RD0 FILLED (L1). More information on minimum bias triggers can be
found in Ref. [123].

To obtain events including one or more high pT jets, events passing
single high pT jet trigger chains or high pT multi-jet triggers, were chosen.
The trigger chains used are presented in Tab. 3.4. The nomenclature is
that for example for the EF 3j30 a4tc EFFS trigger, 3 jets with pT >
30 GeV are required at EF level. This trigger is proceeded by L1 3J10

at L1, which requires 3 jet candidates (see Sec. 2.3) with ET > 10 GeV
and sends RoIs (see Sec. 2.3) to L2, where the L2 trigger uses a more
sophisticated algorithm to identify jet candidates. If 3 such candidates
with ET > 25 GeV are found, the L2 3j25 is passed. At the EF level, a
full scan (EFFS) of the RoIs is performed. Topological clusters [118] (tc)
(see Sec. 3.3) of calorimeter cells are used as input to the so called anti-kT
algorithm [122] with distance parameter R = 0.4 (a4). More information
about the trigger algorithms can be found in Ref. [124]. For all data,
tight jet cleaning and removal of events with jets in transition regions
were imposed.

A simple qualitative interpretation of Fig. 3.16a can be summarized
as follows. There is a close to linear behaviour for minimum bias and
W → e+ν triggered events for sumE < 900 GeV and sumE < 1500 GeV,
respectively, possibly with the same slope. For high pT jet triggers, it is
not clear from this figure whether any linearity exists, which is also the
case for multijet triggered events shown in Fig. 3.16b. A possible linearity
could also exist but be characterized by different slopes in different sumE
regions.
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(a) W → eν, minimum bias and single high jet pT events selected as described
in the text.

(b) W → eν, minimum bias and several high pT multi-jets events. In the label,
it says from the top: “W → eν”, “Min. Bias”, “EF 3j30 a4tc EFFS”, “EF 4j30
a4tc EFFS”, “EF 5j30 a4tc EFFS”, “EF 6j30 a4tc EFFS”, “EF 4j55 a4tc EFFS
or EF 3j75 a4tc EFFS”. The triggers are described in the text.

Figure 3.16: Simulated L1 SumET + MET vs sumE for differents types
of events. The figures are profile histograms. The data used is described
in the text.
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Single high pT jet triggers

EF trigger L2 trigger L1 trigger

EF j100 a4tc EFFS L2 j95 L1 J75

EF j75 a4tc EFFS L2 j70 L1 J50

EF j55 a4tc EFFS L2 j50 L1 J30

High pT multi-jet triggers

EF 3j30 a4tc EFFS L2 3j25 L1 3J10

EF 4j30 a4tc EFFS L2 4j25 L1 4J10

EF 5j30 a4tc EFFS L2 5j25 L1 5J10

EF 6j30 a4tc EFFS L2 6j25 L1 6J10

EF 4j55 a4tc EFFS L2 4j50 L1 4J30

or EF 3j75 a4tc EFFS L2 3j70 L1 3J50

Table 3.4: Trigger chains used to select high pT jet events. The top
table presents triggers requiring one high pT jet and the bottom requires
several. The nomenclature is described in the text.

There is a visible separation between W → e + ν triggered events
and high pT jet and multijet triggered events. To be able to quantify the
results, more statistical precision would be needed.

Summary and Further Development

An implementation of sumE into L1 hardware and software has been
emulated. A first check evaluation of the possible separation of differ-
ent event topologies in the plane of sumE and sumET+MET, as well as
a possible linearity, earlier seen at offline reconstruction level, has also
been carried out. The results were not convincing enough to lead to an
implementation or further evaluation at the time of the study.
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Chapter 4

Highly Ionising Particle
Detector Response

4.1 HIPs in the ATLAS Detector

HIPs have distinct measurable signatures in ATLAS. As described in
Sec. 2.3 the HIPs will give rise to a large number of HT TRT hits. In
the EM Calo, the HIP ionisation of the detector material results in a
very concentrated energy deposition, unlike that of showering particles
like electrons. The HIPs will saturate the Pixel detector. The saturated
pixels were by the time of the data-taking of the research presented in
this thesis not read out and this signature could accordingly not be used.

4.2 Energy Deposition

HIPs in the energy regime of the search presented in this thesis deposit
energy in a medium they traverse dominantly through ionisation or exci-
tation of the atoms of the medium. In a particle detector, this energy is
for example measured through the liberated electrons or the scintillation
light emitted by the excited material [125]. HIPs may also collide with
the atomic nuclei in a material and loose energy through what is referred
to as Non-Ionising Energy Loss (NIEL) [126]. The NIEL is however also
negligible in comparison to the ionisation loss in particle detectors [36].

The mean ionisation or excitation energy deposition per unit length
in the energy and velocity range relevant to the HIPs sought in this the-
sis, depends on the charge and speed of the HIP and the properties of

89
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the material1, but is independent of the HIP mass. Eqs. 4.1 [7] and
4.2 [127, 128, 129] below give the mean energy deposition of HECOs and
monopoles, respectively. For HECOs the equations are valid in the range
0.1 . βγ . 1000, and for monopoles in the range 0.1 . βγ . 100.

−dE
dx

= K
Z

A

z2

β2

[
ln

2mec
2β2γ2

I
− β2 − δ(βγ)

2

]
(4.1)

−dE
dx

= K
Z

A
g2

[
ln

2mec
2β2γ2

I
+
k(g)

2
− 1

2
− δ(βγ)

2
−B(g)

]
(4.2)

where k is the KYG correction :

k(g) =

{
0.406, |n| ≤ 1

0.346, |n| ≥ 1.5
(4.3)

and B is the Bloch correction:2

B(g) =

{
0.248, |n| ≤ 1

0.672, |n| ≥ 1.5
(4.4)

The HECO charge is denoted by z, and the monopole charge by g, giv-
ing the multiples of the elementary charge e and the Dirac charge gD,
respectively. The parameter β is defined as β = v/c where v is the speed
of the particle and c is the speed of light and γ is the Lorentz factor of
the HIP. The atomic number of the material is represented by Z and the
atomic mass by A. The constant K = 0.307 MeV mol−1 cm2 and mec

2

is the electron mass in MeV. The mean excitation energy of the material,
I, is a constant, given in eV, and values for different materials are given
in Ref. [130]. The δ(βγ) is referred to as the density correction and is
described below. The equations are expressed in MeV cm2g−1.

Other parametrizations are required when the HIP speed approaches
those of orbital electrons, βγ . 0.1. For HECOs, the model used is
described in Ref. [131]. The energy loss of monopoles is in this region is
monotonically increasing with velocity and in this search an interpolation

1The dependence on the material is weak, as Z/A is ∼ 0.5 for most materials.
Exceptions are hydrogen and very heavy materials [125].

2The k and B corrections are in the references given for charges gD and 2 gD and
has here been generalised to fractional charges by using the values for gD also for 0.5 gD
and the values for 2 gD for 1.5 gD.
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Figure 4.1: Mean energy deposition per unit length of positive muons
traversing copper as a function of βγ. Solid curves indicate the total stop-
ping power. Data below the break at βγ ≈ 0.1 are taken from Ref. [131],
and data at higher energies are from Ref. [132]. Vertical bands indicate
boundaries between different approximations. The short dotted lines la-
beled µ− illustrate the “Barkas effect” the dependence of stopping power
on projectile charge at very low energies [133]. dE/dx in the radiative
region is not simply a function of βγ. This figure is taken from Ref. [7].

between the value of the energy loss at βγ = 0 and at βγ = 0.1 is
used [128]. At high velocities, βγ & 100 for monopoles and βγ & 1000 for
HECOs, radiative effects such as Bremsstrahlung need to be taken into
account [128, 7]. This velocity regime is however outside the energy range
of the HIPs produced in the search presented in this thesis. For example,
a HIP of mass 200 GeV would have to have a kinetic energy of 20 TeV to
reach βγ = 100.

In Fig. 4.1, the mean energy deposition for muons in copper (Eq. 4.1)
is shown for a large range of βγ. The energy loss is characterised by a
decrease in ionisation ∼ 1/β2 until a minimum is reached at βγ ∼ 3,
whereafter a logarithmic rise begins. Along with a higher particle kinetic
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Figure 4.2: Mean ionisation (excitation) energy loss for HECOs (left) and
monopoles (right) as a function of the speed β for different materials as
marked in the figure.

energy, its transverse electric field is extended, which means more and
more distant collisions play a role, causing this so-called relativistic rise.
The density effect correction, δ, is introduced to describe the polarisation
of the media limiting this effect [134]. It is dependent on the particle
energy as well as the material.3

For monopoles, the mean energy deposition formula has been com-
puted using different techniques for close-collision and distant-collisions.
The close-collision monopole energy loss has been computed by using the
Dirac equation for an electron moving in the magnetic field resulting from
a fixed monopole [135]. The distant-collision contribution was computed
with a semi-classical approach using classical macroscopic electrodynam-
ics [136].

Comparing Eq. 4.1 and Eq. 4.2, the properties of the mean ionisation
(excitation) energy deposition of monopoles is strikingly different from
that of HECOs. This can also be seen4 by comparing the left graph in
Fig. 4.2, showing the energy loss for HECOs of charge 68.5 e, to the right
graph in the same figure, showing the energy loss for a monopole of charge
1 gD. Firstly it can be noted that the energy loss for monopoles increases
for the whole range of β. This is due to the fact the Lorentz force for a
monopole affected by an electric field increases with the monopole speed,
see Eq. 1.40. Secondly, the ionisation for HECOs and monopoles with the

3This is more important for liquids and solids than for gases.
4Features like the logarithmic rise and position of the minimum are only visible

when studying the energy loss as a function of βγ and thus not visible in Fig. 4.2.
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same strength of the coupling are only comparable in magnitude for high
velocities β & 0.8.

The theory of energy deposition described above is implemented as
part of the GEANT [137] package to describe HECO and monopole in-
teractions in the ATLAS detector.

4.3 δ-ray Production

δ-rays are low-energy inner shell electrons that are liberated from the
atoms of the detector material. Being the result of close-collision interac-
tion they carry a non-negligible amount of kinetic energy. The δ-electrons
account for up to 30% of the HIP energy deposition [138]. The δ-ray pro-
duction is modelled within Equations. 4.1 and 4.2.

The maximum energy of a δ-electron, Eδ,max, is given by [7] :

Eδ,max = 2me
EHIP,kin
mHIP

(
EHIP,kin
mHIP

+ 2

)
(4.5)

Inserting the values for a monopole withmHIP = 1000 GeV and EHIP,kin =
1000− 1500 GeV for which is the acceptance for the search described in
Chap. 5 is high, a maximum energy of 3 − 5 MeV is obtained. At such
energies, electrons will not emit any transition radiation. Electrons starts
yielding HT TRT hits through transition radiation at around 1 GeV in
the TRT [139]. However the combined energy deposition of several δ-
electrons through ionisation will result in HT TRT hits, typically in a
1-cm-wide region along the HIP path, see Sec. 2.3. Since the fraction of
HT TRT hits is used as a discrimination variable in the search described
in Chap. 5, the modelling of the contribution of δ-rays and its interaction
with TRT is important for this search. The Geant4 [137] response of
the TRT has been validated.

In the EM Calo, δ-rays will ionise the argon directly and thus con-
tribute to the energy deposition. If their energies are high enough, they
could in addition shower and thus compromise the distinct narrow energy
deposition of HIPs in the EM Calo. For a monopole of mass 200 GeV
and and EHIP,kin = 1000 GeV, Eδ,max = 35 MeV which in the regime
where the Bremsstrahlung cross section exceeds that of ionisation [7]. As
described in Sec. 5.3, a degradation of the discriminating variable w is
seen for low mass HIPs.
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4.4 Recombination and HIP Correction to Birks’
Law

HIPs traversing the EM Calo ionise the liquid argon atoms and the lib-
erated electrons are detected. As HIPs give rise to a very high ionisation
density, electron-ion pairs may recombine and the electron and the preced-
ing energy deposition by the HIP is left undetected. This recombination
is described by Birks’ law [140, 141, 142, 143, 144, 145]:

Evis = E0
1 +A′k/ED

1 + k/(ρED)dE/dx
, (4.6)

relating E0, the true deposited energy, to Evis, the detected, visible en-
ergy. Here dE/dx is the energy deposited per unit length, and ρ is the
density of the liquid argon. The voltage of the drift electric field, ED, is
assumed to be a uniform 10 kV/cm. Birks’ constant, k, is taken to be
k = 0.0486 (kV/cm)(g/cm2)(1/MeV).5 The parameter A′ = 1.51 is a nor-
malisation parameter obtained by comparing the ATLAS simulation to
test beam electron and pion data [146, 147].

The recombination effect is smaller for a large drift electric field strength,
as a larger electric field accelerates the electrons and ions away from each
other. A higher energy deposition, which is a measure of the ion density,
results in a larger recombination.
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Figure 4.3: The HIP correction to Birks’ law, kHIP , as a function of
dE/dx for various heavy ions for ED =7 kV/cm, where ED is the voltage
of drift electric field.

5The value of k is measured by the ICARUS TPC collaboration [144] using cosmic-
ray muons and protons.
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Eq. 4.6 requires a correction for particles with large dE/dx values, for
which the recombination effects are otherwise overestimated. In Ref. [138]
it is described how this correction, kHIP , was obtained by comparing pub-
lished heavy-ion data to a Geant4 [137] simulation of heavy ions in a
liquid argon calorimeter. Using the correction factor kHIP a corrected
visible energy for HIPs, E′vis = kHIP ·Evis is obtained. The δ-ray energy
deposition is unaffected by recombination effects. The ratio of the visi-
ble energy to the true energy of δ-electrons and the HIPs, respectively,
must therefore be separated in the simulation. Fig. 4.3 shows the applied
correction.6 Birks’ law as given Eq. 4.6 and the HIP correction to it was
implemented in the ATLAS simulation 2010.

4.5 Magnetic Field Deviation

HIPs are bent in the 2 T magnetic field present in the ID of the AT-
LAS detector, see Sec. 2.3. This is a substantial effect for low masses
and high charges. A considerable bending compromises the HIP’s nar-
row energy deposition in the EM Calo. The energy lost or gained by a
HIP by the magnetic field is however negligible compared to that due to
ionisation [148].

The magnetic field is directed along the beam axis, which means that
a HECO will be deviated in the r-φ-plane only, where it makes a circular
motion. The monopole will instead be accelerated in the z-direction, see
Eq. 1.40, following a parabola in the r-z-plane [78, 36]:

z(r)− zv = 0.5
g20.54|B|r2

2pTβT
+

r

tan θ0
(4.7)

where g is the charge of the monopole in units of the Dirac charge, zv is the
vertex position, pT and βT are the transverse momentum and transverse
velocity and θ0 is the angle between the monopole’s initial direction and
the z-axis. The trajectories of HIPs is simulated by Geant4.

6The correction is taken as constant for dE/dx > 12000 MeV/cm, as a result of low
statistical precision in the experimental data used to obtain the correction.
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Chapter 5

Search for Magnetic
Monopoles and HECOs at
ATLAS

This chapter concerns the research given in Paper II. First, a short in-
troduction to the analysis will be given. The simulations, the event se-
lection and the signal efficiency will then be discussed. This is followed
by an overview of the systematic uncertainties and a discussion of the
background estimation. The statistical procedure will then be presented,
and finally the results will be given. While this chapter aims to give
an overview of the full analysis, most emphasis is placed on those parts
for which I had a major responsibility. These were event generation of
HECOs, the pT cuts for event generation based on the trigger efficiency,
an algorithm finding high signal efficiency (so called fiducial) regions, cut-
flows and the statistical procedure for limit setting.

5.1 Introduction

Stable massive particles are important observables in the search for new
physics, as they are predicted by many BSM models. This search is for
two types of particles in the mass range of 200 GeV - 2500 GeV: monopoles
and HECOs, see Sec. 1.3. Monopoles and HECOs are collectively referred
to as Highly Ionising Particles (HIPs), due to the high electromagnetic
energy loss that both types of particles suffer when interacting with de-
tector material, see Sec. 4.2. The search has been conducted using a 2012
ATLAS dataset of proton-proton collisions at 8 TeV corresponding to an
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integrated luminosity of 7.0 fb−1. A representation of a simulated ATLAS
event of a monopole is given in Fig. 5.1.

Figure 5.1: A simulated ATLAS event of a single monopole of mass
1000 GeV and charge 1.0 gD. The brown diagonal line represents the
beam line and the green towers represent the energy deposits in the EM
Calo. The white dots are LT TRT hits and the red points aligned with
the large EM energy deposition are the HT TRT hits hits associated with
the monopole trajectory.

5.2 Simulations

Simulated samples were used in this analysis to study signal acceptances
and background signatures. A full detector simulation has been developed
for this search in Geant4 [137, 149], based on work done for the previous
monopole search at ATLAS [75]. The simulation describes the interaction
of the HIPs with the magnetic field and includes special routines relating
to the propagation of monopoles (see Sec. 4.5).

Energy loss, which is dominated by ionisation in the detector material,
is modelled using theoretical predictions described in Secs. 4.2 - 4.4. It
includes δ-ray production and recombination effects. A pile-up simulation
reproducing the collision data conditions was also included.

Two types of samples were produced. Due to the non-perturbative
nature of the HIP coupling to the photon, production models suffer from
large uncertainties (see Sec. 1.3) motivating the production of a set of
single particles (SP) for setting model-independent limits, see Sec. 5.4
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Figure 5.2: A Feynman diagram for the production of a monopole-
antimonopole pair via a Drell-Yan-like mechanism. The (anti)monopole
is denoted as m (m̄), the protons as p, the (anti)quark as q (q̄), the virtual
photon as γ∗ and the couplings as αem and αmm for the electromagnetic
coupling between the quarks and the photon and the coupling between
the photon and monopoles, respectively.

and Sec. 5.8. The set was produced assuming a flat distributions in pseu-
dorapidity, η, and kinetic energy, Ekin, and in the ranges |η| < 3.0 and
10 GeV < Ekin < 3000 GeV. The other type of dataset was produced us-
ing a simplified (leading order, photon-coupling only) Drell-Yan-like (DY)
pair-production model [2], see Fig. 5.2, in order to obtain a different kine-
matic distribution.

Both sets of samples were produced with all combinations of HIP
masses of 200, 500, 1000, 1500, 2000 and 2500 GeV, and HIP charges of
0.5, 1.0, 1.5 and 2.0 gD for monopoles and charges 10, 20, 40, and 60 e
for HECOs. The DY and SP samples contain 20 000 and 50 000 events,
respectively.

To study the distributions of selection observables, two sets of back-
ground events were used. Electroweak samples, produced with

Powheg [150] and Pythia8 [151], consist of p + p → W → eν + X,
p + p → γ → e+e− + X and p + p → Z → e+e− + X processes. Jet
production samples, produced with Pythia8, contain two jets with a
total pT cut-off at 1000 GeV and only account for a fraction of the multijet
background in our data, which is dominated by events with lower pT . The
background samples are therefore only used to help to understand the
possible processes which contribute to the background. To estimate the
background in the signal region, a data-driven technique is used.
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Signal Event Generation

The Monte Carlo (MC) matrix element calculator and event genera-
tor MadGraph5 [152] was used to generate DY signal samples, with
CTEQ6L1 [153] parton distribution functions and Pythia8.175 [154,
151] for hadronisation and modelling of the underlying event.

Event generation validation was carried out using kinetic distributions
of the observables relevant to this work. Fig. 5.3 shows distributions of
transverse momentum, kinetic energy, speed β as well as the pseudora-
pidity, for DY HECOs of charge 40 e and various masses, where cuts
on pT (described in the next section) have been applied. The cuts are
clearly visible in the transverse momentum distributions, where it also
can be seen that the higher masses in general have a larger pT and lower
velocity. The pseudorapidity distributions show that HECOs with larger
masses are more central, as expected.

Figure 5.3: Generator-level observables for DY-produced HECOs of
charge 40.0 e and different masses, where pT cuts have been applied. Dis-
tributions are shown of transverse momentum pT , kinetic energy Ekin,
speed β and pseudorapidity η distributions.
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Generator Level pT Cuts

To increase the simulation efficiency, that is to minimise the fraction
of events containing HIPs which lie outside the range of acceptance,
generator-level cuts on the HIP pT were applied to the DY samples. The
cuts were based on the visual inspection of trigger efficiency (see Sec. 5.3)
distributions for single particles, the trigger being the dominant contri-
bution to the topology of the signal efficiency. Examples of pT cuts are
given in Tab. 5.1. The corresponding set of trigger efficiency distributions,
representative for all samples, are shown in Fig. 5.4 and are explained in
Sec. 5.3.

Charge [e] pT threshold [GeV]

10 200

20 150

40 200

60 300

Charge [gD] pT threshold [GeV]

0.5 150

1.0 250

1.5 350

2.0 650

Table 5.1: Generator-level pT thresholds for DY HECOs (left) and DY
monopoles (right) of mass 1000 GeV and various charges.

5.3 Event Selection

Introduction

The HIP signature is described in Chap. 4 and in Sec. 2.3. It is different
from the well known signatures reconstructed in ATLAS such as those
due to electrons or jets, and requires a dedicated search with a bespoke
HLT HIP trigger and custom selection variables. A HIP candidate is in
this analysis represented by a calorimeter cluster (trigger RoI) and an
associated region in the TRT. The analysis selections will be imposed on
these objects.

The HIP trigger will be introduced in the next section, followed by
the so called preselection, aiming at making a finer selection of candidates
in the events selected by the trigger. Next, selections on for example the
EM Calo cluster energy and the pesudorapidity will be described, and
finally the final discrimination variables associated with the HIP signa-
ture in the EM Calo and TRT will be presented. Cut-flows for HIPs of
mass 1000 GeV and various charges are shown in Figs. 5.7 and 5.8. The
selections given in the figures are described in the following sections.
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Possible backgrounds are high-pT electrons or multijet processes. The
L1 trigger used in this search is designed to find electrons. Ultra-relativistic
electrons also result in a high number of HT TRT hits. High-pT jets can
give a similar signature in the EM Calo, since pions in the jet can mimic
electrons through π0 → γγ resulting in an EM Calo cluster which could
be associated with a track in the inner detector from any of the charged
particles in the jet. The multijet background firing the HIP trigger can
in addition to electrons result in a HT TRT fraction because of random
combinations of HT TRT hits from different particles within the jet.

Trigger

A general description of the ATLAS trigger system is given in Sec. 2.3. A
custom made HLT (L2 and Event Filter) trigger, EF_g_nocut_hiptrtL2 [2],
has been developed. It has three principal advantages increasing the sensi-
tivity significantly in comparison with using a full electron-photon trigger
chain which would be the best alternative in the absence of a bespoke
trigger. In contrast to the HLT electron/photon trigger, the HIP trigger
cluster reconstruction does not require energy deposition in the second
EM Calo layer, it has a lower energy threshold and also makes use of
TRT hit information.

Since no track information is available at L1, the HIP trigger could
only be developed for HLT. The HLT HIP trigger is seeded from an L1
electron/photon trigger, L1_EM18VH, which was the lowest unprescaled
electron/photon trigger during 2012. It has variable ET thresholds be-
tween 18 and 20 GeV and a veto against energy deposition of > 1 GeV
in the HadCore (see Sec. 2.3). The development of its predecessor is de-
scribed in Sec. 3.2. At least one RoI has to fulfil these requirements for
the L1_EM18VH to be fired, but all L1 RoIs in a L1 triggered event are
considered in the EF_g_nocut_hiptrtL2 algorithm.

Extending from the IP, a wedge of ±0.015 rad in φ is built around an
L1 EM Calo RoI, defining an associated region in the TRT. The number
of LT TRT hits, NLT,trig and HT TRT hits, NHT,trig, are counted in
this region and the following requirements are imposed on the NHT,trig

and the fraction of high threshold hits, fHT,trig, in order to fire the HIP
trigger:

• NHT,trig > 20

• NHT,trig/(NHT,trig +NLT,trig) = fHT,trig > 0.37
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The acceptance of the L1_EM18VH is the dominant contribution to the
overall acceptance of the EF_g_nocut_hiptrtL2 (see Fig. 5.4). Two basic
effects drive the L1_EM18VH trigger efficiency for HIPs. HIPs are required
to reach the EM Calo to be able to fire the trigger and HIPs traversing
the EM Calo into Tile can fire the hadronic veto. The rise of the trigger
efficiency is governed by the first factor and the fall-off by the second.
In general, higher charges ionise more and therefore need more energy to
travel through the ID material and reach the EM Calo, or penetrate the
EM Calo and reach the Tile. This is visible in all the trigger efficiency dis-
tributions, showing later turn-ons and longer plateaus for higher charges.
HIPs reaching the end-caps have traversed more material and thus more
energy is required to reach the EM Calo, see Sec. 3.2. This is however
not visible in the distributions in Fig. 5.4 since the x-axes show trans-
verse momentum and not the total momentum, even if the general loss
in efficiency compared to the barrel region for a specific mass and charge
can be seen.

Monopoles of charge 0.5 gD and HECOs of charge 20 e, which are com-
parable in the amount of energy they lose due to ionisation, show similar
properties with some exceptions. The HECOs have a wider plateau, pos-
sibly due to the high ionisation energy loss at the end of their path where
they are at low speed. No velocity information is however available after
the HIPs have been produced and comparing monopoles and HECOs is
not straightforward.

Comparing the bottom left distribution in Fig. 5.4 to Fig. 5.5, where
the latter shows an example of the trigger efficiency with a hadronic veto
emulating that of the trigger applied offline, suggests that the modelling
of the veto in the trigger simulation is unsatisfactory1. This is used to
explain the efficiency peaks after the fall-offs, visible for low charges. To
model the efficiency correctly, an offline hadronic veto is used in the se-
lection requirements, see Sec. 5.3.

Preselection

The preselection aims at selecting HIP candidates in an
EF_g_nocut_hiptrtL2 triggered event, and does not reject any events.
Preselection candidates are constructed from an offline reconstructed topo-
logical calorimeter cluster [118] and an associated region in the TRT. The
topological cluster algorithm is described in Sec. 3.3.

1Since the trigger information in reconstructed data is limited, the hadronic veto
applied offline is an approximation of that applied in the L1 trigger.
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Figure 5.4: EF_g_nocut_hiptrtL2 trigger efficiency vs HIP truth pT for
the EM Calo barrel (left) and end-cap (right) regions, respectively. The
figures show the efficiencies for single HECOs (top) and monopoles (bot-
tom) of mass 1000 GeV for various charges.
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Figure 5.5: EF_g_nocut_hiptrtL2 trigger efficiency with hadronic veto
applied offline vs HIP truth pT for the EM Calo barrel. The figure show
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The first step of defining the associated TRT region is common for
both barrel and end-cap regions. A wedge of width ∆φ = ±0.05 rad is
defined with respect to the φ position of the cluster. Within the wedge,
a distribution of the φ positions of all HT TRT hits is built. An average,
φavg, is computed with respect to hits in the region of ±0.01 rad around
the peak of this distribution.
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Figure 5.6: Construction of a preselection road in the TRT barrel as
described in Sec. 5.3, for a simulated monopole. The LT TRT hits are
shown in green and the HT TRT in black. The blue lines define the
∆φ = ±0.05 rad wedge and the black lines are the final ±4 mm road. To
the right is a zoomed-in view of the same event as is shown in the left
figure.

In the barrels, where the TRT straws are parallel to the beam axis
and no z information is available, a road in the x-y plane is then defined
as ±4 mm with respect to φavg. This is shown in Fig. 5.6. This definition
is chosen as it encompasses two TRT straws, enough to collect δ-rays, but
narrow enough to make the pile-up dependence insignificant. Using the
z position of the calorimeter cluster, the TRT region is restricted to one
of the two TRT barrels (z > 0 or z < 0), with an exception if |η| < 0.1,
where hits from both barrels are counted.

In the end caps, the straws are oriented radially, and thus no r position
can be retrieved. The region is here a wedge defined by ∆φ = ±0.006 rad
with respect to φavg, as it corresponds to two straws at the inner radius
of the end-cap.
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The number of HT and LT TRT hits, NHT,presel and NLT,presel, re-
spectively, are counted in the associated TRT region. The fraction of
high threshold hits, fHT,presel, is then calculated and the following re-
quirements are imposed on a preselection candidate:

• Calorimeter cluster ET > 16 GeV

• NHT,presel > 9

• NHT,presel/(NHT,presel +NLT,presel) = fHT,presel > 0.4

Further Selections

After ensuring no candidates share the same TRT region, a set of require-
ments described in this section are applied to each of the preselection
candidates. Finally, in case of multiple candidates in the same event,
only one candidate is selected. These requirements are summarised be-
low and described in the text that follows. The quantities Epre (ET,pre)
and EEMX (ET,EMX) represent the (transverse) energy of the calorimeter
cluster deposited in the EM Calo presampler and EMX, where X = 1,2,3.
The Ehad represents the cluster energy deposited in the hadronic barrel
and extended barrel. The variable fHT , which is a refined version of the
fHT,presel, mentioned above, will be described in the next section.

• Overlap removal: If several clusters are associated to same TRT
region (from the preselection), the cluster with the highest Epre +
EEM1 is chosen.

• EM Calo cluster transverse energy: ET,pre+ET,EM1+ET,EM2+
ET,EM3 > 16 GeV.

• EM Calo layer energies: Epre > 5 GeV or EEM1 > 5 GeV.

• Pseudorapidity: 0 < |η| < 1.375 or 1.52 < |η| < 2.0.

• Offline hadronic veto: Ehad < 1 GeV.

• Single candidate: The candidate with the highest fHT value is
kept.

Several clusters could be associated with the same TRT region due to
noise or inefficiencies in the cluster algorithm. An overlap removal is ap-
plied to select one cluster per TRT region. This has no effect on the
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signal efficiency as shown in Figs. 5.7 and 5.8. A transverse energy cut on
the calorimeter cluster is applied, since the preselection energy cut was
applied to the total energy, including energy in the hadronic calorimeter.
A HIP reaching the second EM Calo layer must have traversed the pre-
vious layers. To protect against noise and cosmic radiation, the cluster is
required to have a considerable energy deposit in either the presampler or
the first EM Calo layer. The selection variable, w, described in the next
section, is defined with respect to EM Calo cell information. To ensure
the reliability of w over the full range of pseudopradity covered here, the
EM Calo barrel-end-cap transition region is excluded. The pseudorapid-
ity range is also confined to that of the TRT. As mentioned in Sec. 5.3, an
offline hadronic veto is applied, imposing a maximum value of the energy
deposition in the hadronic calorimeter.
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Figure 5.7: Event level cut-flow showing event selections for simulated
single particle HIPs of mass 1000 GeV and various charges. The first
four bins show the effect of the L1 trigger (L1 EMVH18), HIP trigger
(EF g nocut hiptrtL2), described in Sec. 5.3 and the preselection, de-
scribed in Sec. 5.3, where the corresponding bin labels are given in paren-
thesis. Bins five to ten show the further selections, explained in Sec. 5.3:
Overlap removal, EM Calo cluster transverse energy (EM Et > 16 GeV),
EM Calo layer energies (pre E OR EM1 E > 5 GeV), pseudorapdity (0
< |η| < 1.375 OR 1.53 < |η| < 2.0), offline hadronic veto (Hadronic veto)
and single candidate (Max fHTTRT cluster). The last two bins corre-
spond to the final discrimination variable selections w ≥ 0.94 (w avg >=
0.94) and fHT ≥ 0.7 (fHTTRT >= 0.7) as described in Sec. 5.3.
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Figure 5.8: Event level cut-flow showing event selections for simulated
single particle HIPs of mass 1000 GeV and various charges. The bin
labels are the same as in Fig. 5.7 and are described in the caption of that
figure.
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Final Selections

The two discriminating variables, fHT and w, represent the characteristic
features of the HIP signature: a large fraction of HT TRT hits and a
narrow EM Calo cluster, as described in Chap. 4.

The quantity fHT is a refinement of the fHT,presel variable, taking into
account the transition regions in the TRT:

• If the EM Calo cluster satisfies |η| < 0.1, fHT = max(f+
HT , f

−
HT , f

±
HT )

where +, − and ± stands for positive z, negative z TRT barrel, or both,
respectively.

• If the EM Calo cluster satisfies 0.77 < |η| < 1.37,
fHT = max(fBHT , f

EC
HT , f

B+EC
HT )

where B and EC stand for TRT barrel and endcap.

The wi variables, where i = presampler, EM1 or EM2, are the frac-
tions of energy in the 2 (presampler), 4 (EM1) or 5 (EM2) most energetic
cells of the EM Calo cluster. The difference in the numbers of most en-
ergetic cells between the different layers is a consequence of the differing
granularity of the EM Calo layers. The w variable is an average of the
layer-specific variables, where only layers with a considerate energy depo-
sition is included in the average to avoid including noise:

• w = 1
n

∑
(wi), for all i = presampler, EM1, EM2 for which the

energy of that layer, Ei > 5 GeV, and n =
∑
i.

In Fig. 5.9, DY HIP distributions of fHT are shown for several signal
samples and simulated background samples (see Sec. 5.2) together with
collision data. The fHT variable is very sensitive to the HIP charge,
resulting in considerable signal contamination in control region C, (see
Sec. 5.7) defined as w > 0.94, fHT < 0.7, for charges ≤ 20 e or ≤ 0.5 gD.
The signal leakage in percentages for all samples are given in Tab. 5.2.

Example w distributions for DY HIPs are shown in Fig. 5.10 together
with data and simulated background. In general, the w variable has a very
good discrimination power. A degradation of the w variable is observed
as a consequence of the bending in the magnetic field or showering δ-rays
for some samples resulting in signal contamination into control region B
(w < 0.94, fHT ≥ 0.7) as can be seen in Tab. 5.2. As expected, low mass
and high charge correlate with the signal leakage into B. It can also seen
that monopoles are more affected than HECOs, which is due to the fact
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Figure 5.9: Distributions of the fHT variable for a set of simulated DY
HECOs of mass 1000 GeV (left) and DY monopoles of mass 500 GeV
(right) of various charges, together with simulated background and data.
On both data and the MC predictions, trigger, preselection and the fur-
ther selections were imposed. For data, the signal region was blinded.
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Figure 5.10: Distributions of the w variable for a set of simulated DY
HECOs of mass 1000 GeV (left) and DY monopoles of mass 500 GeV
(right) of various charges, together with simulated background and data.
On both data and the MC predictions, trigger, preselection and the fur-
ther selections were imposed. For data, the signal region was blinded.
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that the monopole bending is in the η direction, where the granularity
of the EM Calo is finer in the presampler and EM1 compared to φ, in
which the HECOs are deflected. In addition, lower mass HIPs of high
kinetic energy can produce δ-rays (see Sec. 4.3) with an energy in the
Bremsstrahlung regime in the EM Calo, possibly causing cascades. The
fHT and w variables show robustness to pile-up for all signal samples.
Events with at least one candidate fulfilling the following requirements
are selected:

• w ≥ 0.94

• fHT ≥ 0.7

The selection thresholds were determined by optimising s/
√
s+ bg, where

s stands for simulated signal yield and bg for the background yield.

Sample b c d
10.0 e
200 GeV - - -
500 GeV - - -
1000 GeV - - -
1500 GeV - - -
2000 GeV - - -
2500 GeV - - -
20.0 e
200 GeV 1.2 48 0.3
500 GeV 0.6 36 0.2
1000 GeV 0.4 35 0.2
1500 GeV 0.2 37 0.1
2000 GeV 0.2 37 0.2
2500 GeV 0.5 36 0.1
40.0 e
200 GeV 0.4 4.3 0.0
500 GeV 0.1 1.5 0.0
1000 GeV 0.1 1.0 0.0
1500 GeV 0.1 0.9 0.0
2000 GeV 0.0 1.3 0.0
2500 GeV 0.0 1.6 0.0
60.0 e
200 GeV 2.4 3.6 0.0
500 GeV 0.3 2.1 0.0
1000 GeV 0.1 1.1 0.0
1500 GeV 0.1 1.0 0.0
2000 GeV 0.1 0.8 0.0
2500 GeV 0.1 0.6 0.0

Sample b c d
0.5 gD
200 GeV 1.6 2.3 0
500 GeV 1.2 4.3 0
1000 GeV 0.6 20 0.1
1500 GeV - - -
2000 GeV - - -
2500 GeV - - -
1500 GeV 0.3 27 0
2000 GeV 0.5 31 0
2500 GeV 0.8 26 0.2
1.0 gD
200 GeV 8.9 3.3 0.1
500 GeV 0.7 1.6 0
1000 GeV 0.2 0.8 0
1500 GeV 0.1 0.9 0
2000 GeV 0.1 1.4 0
2500 GeV 0.1 1.9 0
1.5 gD
200 GeV 8.0 2.6 0.1
500 GeV 0.5 1.6 0
1000 GeV 0.1 0.9 0
1500 GeV 0.1 0.6 0
2000 GeV 0.1 0.7 0
2500 GeV 0.1 0.7 0
2.0 gD
200 GeV 19 1.4 0.2
500 GeV 0.4 1.6 0.0
1000 GeV 0.1 0.6 0.0
1500 GeV 0.1 0.3 0.0
2000 GeV 0.1 0.4 0.0
2500 GeV 0.0 0.5 0.0

Table 5.2: Leakages (a, b, c and d) of the signal into the background
control regions B −D in percentages, for single HECOs (left) and single
monopoles (right).
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5.4 Single Particle Selection Efficiency and Fiducial
Regions

As discussed in Sec. 1.3, predictions of HIP production models are lim-
ited by the non-perturbative nature of the HIP coupling to the photon.
Single particle samples are used to determine kinematic regions where
the search presented here has high and uniform sensitivity, called fiducial
regions, and limits are estimated with respect to these regions. These lim-
its are model-independent in the sense that no specific production model
was assumed, and are intended to be combined with any model of which
the kinematic distributions can be calculated. Comparing the number of
expected number of events of that model in the fiducial regions to the
corresponding limit, the extent to which this model is already probed by
this search can be inferred.

The L1 trigger acceptance is the dominating contribution to the overall
selection acceptance, as is discussed in Sec. 5.3. This is also clearly visible
in the cut-flows in Figs. 5.7 and 5.8. A HIP will be undetected if it stops
before the EM Calo and thus not fire the L1 trigger, or if it reaches
the hadronic calorimeter and fires the L1 hadronic veto. In addition, the
energy deposition in the EM Calo has to ensure a cluster ET of at least 18
GeV. The HIP ionisation energy loss per unit of length is governed by its
charge and speed as well as by the properties of the detector material, see
Chap. 4. For a HIP with a given mass and charge, the factors determining
if it will be within the acceptance or not are therefore the initial kinetic
energy and the amount and type of material traversed. Maps of kinetic
energy vs pseudorapidity were therefore used to define fiducial regions,
separately for each mass and charge point. The large number of mass
and charge points and the complexity of the problem of finding a fiducial
region for each of these motivate the need for an algorithm with a simple
approach that could be used for all points.

Fiducial regions are sought in the EM Calo barrel (|η| < 1.475) and
the EM Calo end-cap (1.375 < |η| < 3.2) separately. The barrel-endcap
cryostat transition region (1.375 < |η| < 1.52) as well as the region outside
the TRT coverage (|η| > 2.0) are also excluded. Due to the truncation of
the generated initial energy, a sinus shaped edge is present on efficiency
maps to the right (left) of which no events were generated. Moreover,
there is a noticeable efficiency drop in the TRT barrel-endcap transition
region (0.63 < |η| < 1.06) most visible for the lower HIP charges. As a
result, two separate pseudorapidity ranges are considered when searching
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for fiducial regions in the EM Calo barrel region. The three pseudo-
rapidity ranges are in this text referred to as Aη (0 < |η| < 1.0), Bη
(1.0 < |η| < 1.375) and Cη (1.52 < |η| < 2.0). The separation into three
ranges was a compromise between keeping the algorithm simple, i.e. not
introducing more complicated fiducial region shapes, and not omitting
too much of the high efficiency region. The bin size used is 25 GeV in
kinetic energy and 0.05 in pseudorapidity.

The complexity is to a large extent reduced if the shapes of the fiducial
regions can be constrained to rectangles. By taking into account how the
material in the detector is oriented (along z axis in the barrel and in x-
y-plane in the endcaps), the kinetic energy observable could be modified
to account for the angle dependence of the penetration power.

The |ηmin| and |ηmax| define the start and end of the fiducial region
in |η| and Ekinmin and Ekinmax give the start and end of the region in terms
of kinetic energy, Ekin. The algorithm identifies the rectangle with the
largest area, where the area is defined as 2·(|ηmax|−|ηmin|)·(Ekinmax−Ekinmin),
fulfilling the following properties:

• εavg > εmin, where εavg = 1
N

∑N
i=1 εi and εi is the efficiency of bin i.

The sum goes over all N bins in the rectangle.

◦ εmin = 0.9.

• σε < σεmax , where σε is the standard deviation of the average effi-

ciency defined as σε =
√

1
N

∑N
i=1(εi − εavg)2.

◦ σεmax = 0.12.

The values of εmin and σεmax , representing the requirements on minimum
average efficiency and maximum standard deviation of the efficiency over
the fiducial region, respectively, were chosen taking into account the per-
formance of the algorithm for all samples. As the efficiency in the centre
of a high efficiency region is > 95%, the choice of εmin mostly affects the
edges of the region, where irregularities preventing a region from having
perfect rectangular shape can be accounted for by allowing some lower
efficiency bins. The σεmax was introduced to be able to quantify this de-
viation and protect against too large deviations. Occasionally, there are
bins with no event information.2 A fiducial region containing two or more
such bins adjacent to each other, is not considered by the algorithm, since

2The bin size was set as a compromise between gaining knowledge of the distribu-
tion’s shape and having good statistical precision in the bin contents.
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it is regarded as resulting in a too large uncertainty. This also protects
against including part of the phase space to the right of the “truncation
edge”. A single bin without any information surrounded by bins with
information is however allowed and its efficiency value is taken as the
average of those of the surrounding bins.

The algorithm is divided into two intermediate steps, “Step I” and
“Step II”, outlaid below, and they consider each of the three η-ranges
separately. Step II is the part of the algorithm that by far requires the
most computing resources. The functionality of Step I is to reduce the
region that Step II has to operate on. This greatly greatly reduces the
overall computing time of the algorithm.

The outcome of Step I is a so called start region, defined as Ekinmin,SR <

Ekin < Ekinmax,SR in terms of kinetic energy, and where SR represents start
region. Step I does not constraint the pseudorapidity range, and the start
region will therefore have the full η-range of Aη, Bη or Cη.

Step I: A first estimate of the interval of high efficiency in kinetic
energy

1. For all η bins, in increasing order of η, starting at the lowest value of
η, the following procedure is applied:

1 a) Scan all Ekin bins in increasing order of Ekin, starting from
the bin corresponding to Ekin = 0 (η bin is fixed).

– If εi ≥ εmin for 3 consecutive bins (75 GeV), save the Ekin
value corresponding to the first of these bins as Ekinmin,η,
where η is the pseudorapidity value of the current bin.

– Otherwise, repeat the above process on the next η bin.

2. Take the smallest Ekinmin,η found as Ekinmin,SR.

3. For all η bins, in increasing order of η, starting at the lowest value of
η, the following procedure is applied:

3 a) Scan all Ekin bins in decreasing order of Ekin starting from the
bin corresponding to Ekin = 3500 (η bin is fixed).

– If εi ≥ εmin for 3 consecutive bins, (75 GeV), save the Ekin
value corresponding to the first of these bins as Ekinmax,η,
where η is the pseudorapidity value of the current bin.

– Otherwise, repeat the above process on the next η bin.
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4. Take the largest Ekinmax,η found as Ekinmax,SR.

Step II: Finding the largest rectangle with εavg > εmin and σε <
σεmax

1. For all possible rectangles within the start region in order of decreasing
area. (Regions with equal area are ordered in terms of increasing
Ekinmin,SR):

1 a) Calculate the εavg and σε

– If εavg > εmin and σε < σεmax , the fiducial region is found.
Otherwise, continue.

The algorithm computing time of Step II 1 a) is greatly reduced by reusing
information from the start region, which then is the only region for which
the average efficiency has to be calculated explicitly. For each of the
regions considered in Step II 1, to obtain the average efficiency of the
region, information about the number of bins and the total sum of their
contents are extracted only from the residual regions with respect to the
start region and then subtracted from the corresponding quantities for
the start region.

Examples of fiducial regions for monopoles of mass 1000 GeV and
charge 1.0 gD and HECOs of mass 1000 GeV and charge 40 e are presented
in Fig. 5.11. The complete set of regions are listed in Tabs. 5.8 - 5.11. The
size and position of the fiducial regions vary between different samples.
In general, the kinetic energy value where the acceptance region starts
represents the minimum kinetic energy needed to reach the EM Calo,
while the upper kinetic energy threshold is due to the hadronic veto of
the L1 trigger.

As can be seen in Fig. 5.11, both the minimum and maximum Ekin
for a fiducial region increase with charge, q, as the HIP ionisation is
proportional to q2. A high ionisation results in a larger probability of
stopping before reaching the EM Calo or the hadronic calorimeter. In
Tabs. 5.8 - 5.11 a mass dependence of the efficiency can also be seen. For
HECOs, a larger mass means lower speed and more ionisation and both
the minimum and maximum Ekin increases with mass.

For monopoles, the ionisation energy loss increases with speed. The
acceptance is more complicated and the mass dependence varies more
with the charge. For high kinetic energy, the resulting high speed which
contributes to a high ionisation competes with the fact that a high kinetic
energy allows it to penetrate further into the detector. The kinetic energy
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threshold required to reach the EM Calo possibly represents the point
where the penetration power effect gets more important than the high
ionisation. For the high charges of 1.5 gD and 2.0 gD, the minimum
Ekin decreases with increasing mass as the speed decreases and the point
where the penetration power is more important is reached earlier. The
kinetic energy threshold for reaching the hadronic calorimeter is for these
charges in general larger than the maximum generated kinetic energy and
the maximum Ekin value given in Tab. 5.11 do not represent this value,
but depend more on the shape of the acceptance at low Ekin values.

For charges 1.0 gD and 0.5 gD, the threshold for reaching the EM Calo
is less dependent on mass. The deviations seen in Tab. 5.10 are due to
differences in the acceptance close to the transition regions. On the other
hand, a mass dependence can be seen for the maximum Ekin value for a
fiducial region, which here represents the kinetic energy required to reach
the hadronic calorimeter.

When no fiducial region of high efficiency is found for a given mass and
charge, no model-independent cross-section limit can be determined for
that sample. This is the case for several mass and charge points where
the acceptance in general is very low, for example for HIPs with low
charges since these might not ionise enough to fire the L1 trigger where
18 GeV EM Calo energy deposition is required, even though they do reach
the EM Calo. The kinetic energy threshold for reaching the hadronic
calorimeter and firing the hadronic veto is also very low, resulting in
a minimal region in kinetic energy between reaching the EM Calo and
reaching the hadronic calorimeter. No fiducial region of high efficiency
was found for HECOs of charge 10 e, nor for monopoles of charge 0.5 gD
and mass 1500 GeV−2500 GeV. For monopoles of charge 0.5 gD and
mass 500 GeV and 1000 GeV, regions of high efficiency were found in
the Bη only, and Bη and Cη ranges only, respectively. This difference
between low and high masses monopoles is possibly due to the reversed
ionisation energy loss dependence on velocity for monopoles, as discussed
above. HECOs of charge 20 e also have low sensitivity, as can be seen
in Fig. 5.11, and in Bη and Cη, no fiducial regions are found. With a
very high ionisation energy loss, the HIP may stop before reaching the
EM Calo in the whole kinetic energy range considered. For monopoles of
charge 2.0 gD and mass 200 GeV, no region is found for Cη.
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Figure 5.11: Examples of fiducial regions in the barrel (left) and end caps
(right) regions found by the algorithm described in Sec. 5.4 imposed on
analysis selection efficiency maps of initial kinetic energy and pseudora-
pidity. The top six figures show efficiencies for simulated HECOs of mass
1000 GeV and various charges, and the bottom two show efficiencies for
monopoles of mass 1000 GeV and charge 1.0 gD. The y-axis title ab-
breviations stand for Ekin sin θ and Ekin cos θ, respectively. A white bin
corresponds to either no information or zero efficiency.
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Selection Candidates Rel. Events Rel.
efficiency efficiency

All — — 20000 —
L1_EM18VH — — 6319 0.32
EF_g_nocut_hiptrtL2 — — 4481 0.71
Preselection 6487 — 4432 0.99
Overlap removal 6262 0.97 4432 1.0
EM Calo cluster transverse energy 6244 1.0 4431 1.0
EM Calo layer energies 6230 1.0 4421 1.0
Pseudorapdity 5800 0.93 4072 0.92
Offline hadronic veto 5782 1.00 4071 1.00
Single candidate 4071 0.7 4071 1.00
w ≥ 0.94 4065 1.00 4065 1.00
fHT ≥ 0.7 4018 0.99 4018 0.99

Table 5.3: Candidate (event) cut-flow for simulated DY HECOs of mass
1000 GeV and charge 40 e. The selections are defined in the text. The
relative efficiency gives the fraction of candidates (events) passing the
selection out of those passing the previous selection.

5.5 Drell-Yan Signal Selection Efficiency

The kinetic energy distributions for DY HIPs peak at low values, see
Fig. 5.3. In general, the acceptance is therefore low and very model de-
pendent, since it is based on low statistical precision in the tails of the
kinetic energy distribution. This is especially pronounced for high charges
for which the kinetic energy required to reach the EM Calo is high, as
discussed in the previous section. The acceptance correlates negatively
with charge, with the exception of 10 e and 0.5 gD, for which the ac-
ceptance is very low in general. For HECOs a higher mass means that
higher kinetic energy is required for high acceptance, and the efficiency
generally decreases with mass. For monopoles, lower masses also have
lower efficiency as the higher speed means more ionisation.

DY models with an acceptance < 1% are excluded from this search.
The excluded models are all monopoles with charge 2.0 gD as well as those
with charge 1.5 gD and mass 200 GeV and HECOs of charge 60 e and
mass 2500 GeV.

Example event and candidate cut-flows are given in Tabs. 5.3 - 5.4.
The tables show that, as for the single particles, the L1_EM18VH trigger
has the lowest signal efficiency, followed by the EF_g_nocut_hiptrtL2

trigger. The other event selections have high signal efficiency (≤ 99%)
with the exception of the pseudorapdity cut.
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Selection Candidates Rel. Events Rel.
efficiency efficiency

All — — 20000 —
L1_EM18VH — — 7962 0.4
EF_g_nocut_hiptrtL2 — — 6526 0.82
Preselection 11253 — 6503 1.00
Overlap removal 10877 0.97 6503 1.0
EM Calo cluster transverse energy 10794 0.99 6503 1.0
EM Calo layer energies 10787 1.00 6503 1.0
Pseudorapdity 10310 0.96 6242 0.96
Offline hadronic veto 10286 1.00 6242 1.0
Single candidate 6242 0.61 6242 1.0
w ≥ 0.94 6224 1.00 6224 1.0
fHT ≥ 0.7 6195 1.00 6195 1.0

Table 5.4: Candidate (event) cut-flow for simulated DY monopoles of
mass 1000 GeV and charge 1.0 gD. The selections are defined in the text.
The relative efficiency gives the fraction of candidates (events) passing
the selection out of those passing the previous selection.

5.6 Systematic Uncertainties

Sources of systematic uncertainties affecting the signal efficiency have
been identified and estimated. The uncertainty on the luminosity was
obtained from Ref. [155]. The other systematic uncertainties have been
calculated using two different procedures.

Some have been estimimated using dedicated samples in which simula-
tion parameters relating to HIP detector interaction have been modified.
These samples each contain 5000 events. The systematic uncertainties
are obtained from comparing the efficiency for nominal samples to those
modified to model the effect of the systematic uncertainty source, and are
expressed as relative uncertainties with respect to to the nominal efficien-
cies. They are estimated for each sample separately.

The other systematic uncertainties were estimated using the SP (50 000
events) and DY (20 000) samples with nominal simulation settings. For
these, the effects of the systematic uncertainty could be estimated by
making modifications to the data analysis.

For each of the different sources, the uncertainty is averaged over all
particles with the same charge, since no mass dependence was seen and
differences between them are regarded as of statistical nature. The sys-
tematic uncertainties for single particles, used when setting fiducial limits,
were estimated using events within the fiducial regions only. All system-
atic uncertainties are regarded as independent and added in quadrature.
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Charge MC Det. G4 Birks’ Birks’
Stat. material range cut high low

20 e ±3.9 ±13 −10 −6.7 −15
40 e ±0.44 ±0.08 +0.02 −0.27 +0.01
60 e ±0.25 ±0.07 +0.18 +0.36 −0.10

Charge δ−ray TRT EM Calo Total Total
occ. cross-talk (UP) (DOWN)

20 e ±0.35 +6.4 −1.6 +15 −24
40 e ±0.35 +0.74 −0.87 +3 −3
60 e ±0.06 +0.62 −2.3 +3 −4

Table 5.5: Relative uncertainties on the signal efficiencies in percentages
for single HECOs in fiducial regions. The total relative uncertainties
are calculated as quadratic sums of the individual relative uncertainties
including the 2.8% uncertainty on the luminosity measurement. Note that
the δ-ray and material density uncertainties are taken as symmetric.

The systematic uncertainties for single particles are given in Tabs. 5.5 and
5.6, for HECOs and monopoles, respectively.

TRT occupancy: The accuracy of the pileup description affects the
TRT occupancy, which is important for the fHT variable. The sim-
ulated TRT occupancy is underestimated for low values of recon-
structed vertices while it is overestimated for high values. This was
corrected for at analysis level using the ratio of number of LT TRT
between MC and data.

Cross-talk in the EM Calo: Cross-talk, referring to a set of different
noises induced by neighbouring cells in the EM Calo, can affect the
cluster width important for the w variable. All of the different cross-
talk sources are already accounted for in the simulations, except for
the inductive cross-talk in φ which was required to be implemented
on analysis level.

Detector material density: As explained in Sec. 5.4, the properties of
the detector material play a major role in determining the efficiency.
To estimate the uncertainty in the description of the material in
the simulations, a different material model to the one used in the
analysis was used, the ATLAS-GEO-21-06-01, with 5− 15% increase
in the material in the ID.
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Charge MC Det. G4 Birks’ Birks’
Stat. material range cut high low

0.5 gD ±1.9 ±3.6 −1.2 −1.2 −0.27
1.0 gD ±0.29 ±0.43 +0.42 +0.52 +0.11
1.5 gD ±0.23 ±0.24 +0.27 +0.42 −0.02
2.0 gD ±0.43 ±0.85 −0.36 +0.32 −0.78

Charge δ−ray TRT EM Calo Total Total
occ. cross-talk (UP) (DOWN)

0.5 gD ±0.35 +1.37 −1.58 +5 −5
1.0 gD ±0.06 +0.67 −3.2 +3 −4
1.5 gD ±0.33 +0.53 −2.6 +3 −4
2.0 gD ±0.27 +0.46 −4.2 +3 −5

Table 5.6: Relative uncertainties on the signal efficiencies in percentages
for single monopoles in fiducial regions. The total relative uncertainties
are calculated as quadratic sums of the individual relative uncertainties
including the 2.8% uncertainty on the luminosity measurement.

Correction to Birk’s law: Birk’s law and the correction to it are de-
scribed in Sec. 4.2. Uncertainties in the experimental heavy ion data
limit the precision of this correction. The correction was varied ac-
cording to Fig. 4.3.

Delta-ray production model: As explained in Sec. 4.3, δ-rays repre-
sent up to ∼ 30% of the energy deposition of HIPs. High energy
δ-rays could possibly also cascade in the EM Calo, widening the
EM Calo cluster, affecting the w variable efficiency. They can also
affect the distribution of the fHT variable. The geant4 model
has a 3% associated uncertainty on δ-ray production. The uncer-
tainty was estimated by suppressing the production by this amount.
The systematic uncertainties for HECOs were estimated using the
monopole uncertainties: 0.5 gD for HECOs of charge of 10, 20 and
40 e and 1.0 gD for 60 e.

geant4 range cut: When the δ-electrons are simulated, the displace-
ment that the δ-electron is estimated to cover in the interval between
two “time steps” in the simulation is calculated. If this estimated
displacement is below a certain value, referred to as the range cut,
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the δ-electrons are not propagated explicitly, and their energy de-
position is instead added to the energy of the HIP. As for the δ-ray
production model, the range cut can affect the w variable and the
fHT variables. The range cut was decreased from 50 µm to 25 µm
in the ID.

Luminosity: The uncertainty in to the luminosity measurement is ob-
tained from a calibration of the luminosity scale derived from beam-
separation scans performed in November 2012 and is 2.8% [155].

The δ-ray systematic uncertainty is very small, less than ±0.5%, for
HIPs of all charges. The TRT occupancy and G4 range cut systematic
uncertainties are also small, less than ±1.5% for all charges except for
the HECO of the lowest charge, 20 e, for which the fHT variable has
less discrimination power and thus the 20 e HECO is more sensitive to
these systematic uncertainties. The systematic uncertainties due to the
correction to Birks’ law are small, less than ±1.5% for all HIPs except for
the 20 e HECOs. The detector material density systematic uncertainty
is less than 1% for all HIPs except for the 20 e and 0.5 gD HIPs. The
systematic uncertainty due to EM cross-talk is on the order of a few
percent for all HIPs.

In general, the efficiency for the lowest charges is low as discussed
in Sec. 5.4. They are thus in general more sensitive to the systematic
uncertainties.

5.7 Background Estimation

In the absence of simulated background samples that fully model the SM
background, a purely data driven approach called the ABCD method is
employed. The ABCD method exploits three control regions, referred to
as regions B, C and D, to estimate the background yield in the signal
region, referred to as region A. The regions are defined with respect to
a plane of two observables, as can be seen in Fig. 5.12, and the method
relies on the two observables being largely uncorrelated for the background
population. The event yield for the background in the different regions,
NA, NB, NC and ND are then related as NA/NB = NC/ND.

The final selection observables, w and fHT , are sufficiently indepen-
dent, meaning that their slight correlation can be modelled within the
ABCD method, to be used as the ABCD variables defining the signal
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and control regions. The correlation and the modelling of it will be ex-
plained below. As discussed in Sec. 5.3 there are for some samples con-
siderable signal contamination into the control regions. A more sophisti-
cated ABCD method using a likelihood is therefore used to make model-
dependent background estimates, taking the correlation, signal leakage
and also the systematic uncertainty of the signal efficiency for each model
separately into account. The likelihood is also integrated into the limit-
setting procedure, which is discussed in Sec. 5.8. As a cross-check, the
simple ABCD method background estimate was calculated:

nA,est =
nBnC
nD

= 0.41± 0.24(stat.) (5.1)

where nB, nC and nD are the observed number of events in the B, C
and D regions given in Tab. 5.7. The parameter nA,est is the estimated
background yield in the signal region A.

Definition of Regions and Data Yield

Figure 5.12: Distribution of the discriminating variables fHT and w
for 2012 data (“rainbow colours”) and simulated DY monopole of mass
1000 GeV charge gD (black dots). In the figure, the definition of the
regions A,B,C and D are superimposed as red lines and green labels.

The control and signal regions are defined as follows:



5.7. Background Estimation 125

A: (signal region) fHT ≥ 0.7, w ≥ 0.94

B: (control region) fHT ≥ 0.7, 0.83 < w < 0.94

C: (control region) fHT < 0.7, w ≥ 0.94

D: (control region) fHT < 0.7, 0.83 < w < 0.94

The number of observed events are given in Tab. 5.7 and in Fig. 5.12
the definition of the regions is given graphically. As can be seen in this
figure, the bulk of the data is populating the B and D regions. The sig-
nificant differences in statistical precision in the different control regions
is problematic when using a likelihood method, since the background es-
timation will be much more sensitive to a variation in τB than in τC . This
introduces a correlation between these two parameters, as discussed be-
low. The B and D regions were reduced to the region close to the control
region, starting from w = 0.83, to make this difference less significant.

Region: A B C D

Number of observed events: 0 618 3 4539

Table 5.7: The observed number of events in the signal region (A) and
the control regions (B, C and D).

Likelihood

A likelihood, L, is constructed assuming Poisson distributed event yields
in each of the regions A,B,C and D:

L = P (nA, nB, nC , nD | µ, µU , τB, τC) =
∏

i=A,B,C,D

e−µiµnii
ni!

. (5.2)

where nA, nB, nC and nD are the observed events in each of the regions,
and Eq. 5.2 gives the probability of the observed data given the param-
eters µ, µU , τB and τC . The parameters µi, the averages of the Poisson
distributions for each of the regions i, are modelled in terms of µ, µU , τB
and τC as follows:

µA = εsig · µ+ µU ,

µB = εsig · bµ+ µUτB,

µC = εsig · cµ+ µUτC ,

µD = εsig · dµ+ µUτBτC · κ (5.3)
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The parameter of interest, µ, represents the number of signal events in
the signal region A. The nuisance parameter µU represents the number
of background events in this region. The constants b − d give the signal
contamination and are expressed as the ratio of expected signal in any of
the regions B-D, to that in the signal region A. The signal contaminations
are given in Tab. 5.2 for each mass-charge signal point separately.

Parameters τi, where i = B,C,D, denote the ratios of the number
of background events, µi,bg, in the control regions i, to the parameter
µU , the number of background events in the signal region A. The τi
parameters thus fulfill τi = µi,bg/µ

U . Using µU/µC,bg = µB,bg/µD,bg, the
τD parameter can be expressed in terms of τB and τC :

τD = µD,bg/µ
U

τBτC = (µB,bg/µ
U ) · (µC,bg/µU )

= (µD,bg/µC,bg) · (µC,bg/µU ) = µD,bg/µ
U = τD (5.4)

The systematic uncertainties on the signal efficiency is represented by εsig.
The modelling of the systematic uncertainties is described in more detail
below.

The possible correlation between the discriminating variables used
in the ABCD method is taken into account in the likelihood as a cor-
rection to the assumption that the yields in the different regions re-
late as µU/µC,bg = ·µB,bg/µD,bg by introducing a correction, κ, where
µU/µC,bg = κ · µB,bg/µD,bg. This correction, κ, is modelled in the likeli-
hood as a constant factor of κ = 0.6, κ = 1 or κ = 1.4 in the D region
Poisson factor, where the background yield is given by µUτBτC · κ. The
different values of κ will be discussed below.

Finally, the µ, µU , τB, τC , εsig are free3 fit parameters, which are
determined by maximising the likelihood function Eq. 5.2 with respect to
to the observed events given in Tab. 5.7.

Correlation of Discrimination Variables

The fHT and w show a slight correlation which is geometrical in origin.
The w variable is sensitive to the granularity of the EM Calo, which
is different for different pseudorapidity ranges. The fHT is sensitive to
ionisation energy loss, which in turn depends on the speed of the HIP,

3The fits are performed within a range in the parameter space, sufficiently large so
as not to to introduce a bias in the fit result.
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which is affected by the amount of material passed before reaching the
TRT.

To evaluate the impact of the correlation on the background estimate
and correct for it, the κ parameter, defined above, is introduced. The
statistical precision of the data close to the signal region is low and in the
absence of background MC samples, the correlation in and close the signal
region can only be approximated. Therefore, a range of possible values of
κ is estimated and taken into account in the limit-setting procedure.

In Fig. 5.13, possible values of κ are presented. For each specific w
bin (indexed i), nBi/nDi is computed, where nBi (nDi) is the observed
number of events in region B (D) within the w interval corresponding to
bin i. The nBj/nDj in any other w bin with a higher w (indexed j), could
be regarded as a possible nA/nC value. By comparing the numbers in all
w bins to the right of any specific w bin, correlation corrections κi,j are

obtained: κi,j =
nAj /nCj
nBi/nDi

. The correction factor for a given w bin, κi, is

a weighted average over all κi,j : κi =
∑
Wi,jκi,j∑
Wi,j

where the sum goes over

all bins j and Wi,j = 1
(σκi,j)2

i.e. the weight is the reciprocal of the sta-

tistical uncertainty on κi,j . The average over all κi is very close to 1 and
the maximum deviation from 1 is of the order of 40%, as can be seen by
inspecting inspecting Fig. 5.13. The value and variation of κ = 1.0± 0.4
is regarded to constitute a good envelope for the possible ranges of κ.

Modelling of Systematic Uncertainties

The systematic uncertainty εsig represents the effect of systematic uncer-
tainties on the signal efficiency, as described in Sec. 5.6. The εsig is in
turn modelled as a function of the source of systematic, αs, such that:

εsig = εsig(αs) (5.5)

The εsig parameter has values εsig = 1 for αs = 0, εsig = ε+sig for αs = 1

and εsig = ε−sig for αs = −1, where the ε+sig (ε−sig) correspond to the
estimated total positive (negative) systematic effects on the efficiency for
all samples separately, as given in Tabs. 5.5 and 5.6.

Note that the source, αs, is in this case not directly interpretable
as a the very physical source of the variation, since there are several
sources, the effect on the efficiency of which are added in quadrature to
obtain the total positive and a total negative effect. Piecewise exponential
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Figure 5.13: Possible values of correlation correction factor κ (here de-
noted as “c”). The value of κ in a given w bin i is denoted κi is computed
as the weighted average of all possible κi,j for j bins above i, as described
in the text.

interpolation as described in Ref. [156], is used to model the function
Eq. 5.5 between and beyond ε+sig (ε−sig).

A constraint factor, Cε(a | αs), is added to the likelihood Eq. 5.2
which now becomes:

L =
∏

i=A,B,C,D

e−µiµnii
ni!

· Cε(a | αs) (5.6)

where a is a so called auxiliary measurement, denoting the nominal value
for αs, and the function Cε(a | αs) is assumed to be Gaussian, G(a | αs, 1).
In this search, the αs parameter represents the signal efficiency and the
value of a is the measured value of the signal efficiency. In this case,
this nominal efficiency is normalized to εsig = 1, giving a = 0, and the
observed value of the signal efficiency is then combined with the limit on
the number of events in calculating the limit on the cross section

The αs is a likelihood parameter and the µi depend on αs, according
to Eq. 5.3. It is thus allowed to float when the likelihood is maximised.
The C term in Eq. 5.6 this way constrains the possibles fit value of the
systematic uncertainties, represented by αs.
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5.8 Statistical Procedure for Limit Setting

The CLs Method

The CLs method [157] is a frequentist statistical procedure for setting
exclusion limits. Using a profile likelihood test statistic, q̃µ, described in
more detail below, the observed p-value is calculated for a specific signal
strength µ and is referred to as pµ:

pµ =

∫ ∞
q̃µ,obs

f(q̃µ)dq̃µ (5.7)

where f is the distribution of q̃µ for the signal + background assump-
tion obtained from pseudo experiments with both signal and background
events, and q̃µ,obs is the test statistic value for observed data.

The p-value for the background only hypothesis, p0, is then calculated
in the same way from pseudo experiments where zero signal strength is
assumed, that is with µ = 0. One then defines a ratio, p′µ, of the p-values
as:

p′µ =
pµ
p0

(5.8)

This procedure is repeated with increasing signal strength until a µ = µup
satisfying p′µup = 5% is reached. The upper limit on the signal strength µ
is taken as µup. This way of putting a limit on the ratio of the power and
the size of the test, is by construction protecting against putting a too
conservative limit in case of possible downwards fluctuations of the data.

The Test Statistic

The CLs method test statistic q̃µ [158] is based on the likelihood ratio
λ̃(µ), defined as:

λ̃(µ) =


L(µ,

ˆ̂
θ(µ))

L(µ̂,θ̂)
if µ̂ ≥ 0,

L(µ,
ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

if µ̂ < 0

(5.9)

where L(µ, θ) is the likelihood function for the specific analysis, in this
case given by Eq. 5.6. The parameter θ represents all the nuisance pa-
rameters of the likelihood, that is µU , τB, τC defined in Eq. 5.3 and αs
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defined in Eq. 5.5. Both the nuisance parameters θ and the parameter of
interest, µ, occur in terms of the best fit values (maximising the likelihood
for given (pseudo) data) assuming all other parameters to be left floating,
as θ̂ and µ̂, respectively. This is referred to as profiling [159]. The con-
ditional Maximum Likelihood Estimators (MLE) of θ for a given µ are

denoted as
ˆ̂
θ(µ). For data where µ̂ < 0, µ = 0 is used in the denominator

as it is the best fit value of µ that is physical. The test statistic q̃µ is then
defined as:

q̃µ =


0 if µ̂ > µ,

−2 ln λ̃(µ) if µ̂ ≤ µ
=


0 if µ̂ > µ,

−2 ln L(µ,
ˆ̂
θ(µ))

L(µ̂,θ̂)
if 0 ≤ µ̂ ≤ µ,

−2 ln L(µ,
ˆ̂
θ(µ))

L(0,
ˆ̂
θ(0))

if µ̂ < 0

(5.10)

where also the upwards fluctuation case µ̂ > µ has been separated, since
when setting an upper limit, one would not regard data with µ̂ > µ as
representing less compatibility with µ than data with µ̂ = µ. Note that
the test statistic is always evaluated with respect to a given (pseudo)
data. Note also that q̃µ is a function of µ and the distribution of q̃µ for
both background only, background + signal pseudo data and observed
data will depend on µ.

Full Frequentist Procedure

The full frequentist CLs procedure is based on pseudo experiments. In the
pseudo experiment generation, the background and signal event yields in
both the signal region and the control regions are randomized, whereas the
nuisance parameters are fixed to their MLE with respect to observed data
and the µ that is hypothesized. When evaluating the test statistic, the
nuisance parameters are however let floating. The auxiliary measurement
a appearing in the constraint term Eq. 5.6 is also randomized, defining a
so called unconditional ensemble of pseudo experiments.

Correction of Correlation Between Discrimination Variables

As is described in Sec. 5.7, a systematic uncertainty, κ, is introduced to
account for the possible correlation between the discrimination variables.
As κ is highly correlated with τC when modelled in the likelihood as an
extra nuisance parameter, another procedure was chosen so as to ensure
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the robustness of the fits. The limit-setting procedure was repeated for
κ = 0.6, 1.0 and 1.4, respectively, for each sample. The most conservative
limit is then chosen. For the same model, the limits with different values
of κ typically varied a few percent, with a few varying up to 18%.

Investigations of Statistical Integrity

The CLs method is computationally intensive and the limit setting pro-
cedure was performed by the standardized RooStats [160] framework. In
order to check the robustness of the results, involving construction of the
likelihood, generation of pseudo experiments and a large number of eval-
uations of the test statistic involving multidimensional fits, a number of
checks were made.

Investigations of Test Statistic Distributions and p-value Distributions

The test statistic pseudo experiment distributions provide an insight into
the likelihood construction and the fits. The general features of the distri-
butions, see Fig. 5.14, can be understood as follows. The background only
distribution (blue) is located to the right of the signal + background dis-
tribution (red), since data that is more compatible with the background
only hypothesis than the signal + background hypothesis and thus the
background only events have larger values of q̃µ. As the signal µ increases,
the two distributions are moreover seen to be more and more separated
as the difference between the two hypotheses grows. The observed data
(black line) is located within the background only distribution as expected
since no signal events are observed. The pµ value (red-shaded integral)
can be seen to become smaller and smaller for the increasing values of
µ, as the hypothesised µ is less and less consistent with data, whilst the
p0 (blue-shaded integral) remains fairly constant, as is gives a measure
of how consistent data is with the background hypothesis which does not
depend on the signal strength to first order. There is a peak at zero
for the signal + background distribution, associated with to the upwards
fluctuation of pseudo data, µ̃ > µ.

The multiple maxima of the distributions, are due to the discreteness
of the event yields as a consequence of the low statistical precision in
the signal region A (0 observed events) and control region C (3 observed
events). Every region is effectively modelled as a Poisson distribution,
and a Poisson distribution with average 3 has already a probability as
low as 3% for a yield of ≥ 7 events. The most frequent combinations of
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Figure 5.14: Examples of test statistic distributions of background only
(blue) and background + signal (red) as described in the text for 10 000
pseudo experiments where the signal model is a monopole of mass 1000
GeV and charge 0.5 gD. The black line represents the data value of the
test statistic. The value of µ starts at 0 at the top left figure (this special
case can be neglected as it is not part of the limit setting procedure) and
increases (from left-to-right and then row-wise) to µ = 20 at the bottom
right plot.

event yields in these regions are thus fairly few and are visible as peaks in
the distributions. To test this hypothesis, the limit-setting was repeated
with statistical precision in the order of 100 events in region A and C,
whereby the distributions became smooth.

The existence of nuisance parameters such as systematic uncertain-
ties with a large allowed range adds more degrees of freedom to the test
statistic. This is seen when comparing test statistic distributions with
low systematic uncertainties to those with larger systematic uncertain-
ties, where the samples with higher systematic uncertainties show more
smooth distributions.

A p-value scan is a graph which shows the p0 value and pµ as a function
of the hypothesized µ. In 10 % of the models, a slight discontinuity in the
expected p-value scan is visible. In a couple of those, the discontinuity
was close to the region where the limit was set. In order to make sure
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that this feature did not affect the result, all p-value scans showing this
feature was investigated and it was verified that the p0 and the pµ values

both varied, in a way such as to preserve the ratio p′µ =
pµ
p0

. In Fig. 5.15,

two p-vaue scans are shown, one with a fluctuation in the p0-value and
one without. In the figures, the p0 and pµ are denoted CLb and CLs+b,
respectively. The p′µ is denoted as CLs. It is visible how in the left figure,
the pµ-value is varying by the same relative amount as the p0, and the
deviation is thus not reflected in the result, the CLs limit.
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Figure 5.15: So called p-value scans for single monopoles of charge 1.5 gD
and mass 1500 GeV (left) and 2000 GeV (right), respectively. The y-axis
shows the p-value, as defined in Eqs. 5.7 and 5.8, for background only
(CLb), signal + background (CLs+b) and the ratio (CLs = CLs+b/CLb).
The x-axis shows the hypothesised value of the parameter if interest, µ.
The red line at 0.05 denotes where the limit is set, that is at CLs = 5%.
The green and yellow bands show the 1 (green) and 2 (yellow) standard
deviations of the expected values of CLs in case of that the observed
events would equal the expected background, and the median is shown as
a dashed line.

Impact of Systematics and Signal Contamination on Limits

The effect of the systematic uncertainties on the limit is quantified in
Fig. 5.16, where the limit is given as a function of the value of the positive
and negative systematic uncertainties, respectively. The general feature
of the figure is that for systematic uncertainties larger than 10 − 15%,
the limits vary on the order of 10− 20%. A larger systematic uncertainty
increases the phase space allowing for larger variations in the fit values of
both µ and the nuisance parameters, thus allowing for a larger variation of
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the limit. A significant increase in the limit is also visible for the mass and
charge point of large negative systematic uncertainty. A large negative
systematic uncertainty allows for a low signal efficiency. A larger signal
strength is then required to give the event yield needed for a separation of
the background only and background + signal hypothesis corresponding
to CLs = 5%.

For some models, the signal contamination into the control regions
C or B is considerate, see Tab. 5.2. A leakage of the signal into a con-
trol region could theoretically decrease the limit setting power for any
given observed data (in the absence of discovery), since the signal then
hypothetically could be fitted also to data in the control regions. The
signal contamination into region C ranges from 35% to 48% for the single
particle HECOs of charge 20 e. For single monopoles, the signal leakage
into region B is large for models of mass 200 GeV and charges ≥ 1.0 gD.
No significant difference in the limits between HECOs of charge 20 - 60 e
exists, nor between the mass 200 GeV and charges ≥ 1.0 gD monopoles
and the other monopole samples, see Fig. 5.17.

Robustness of the Fits and Correlations Between Nuisance
Parameters

Due to the relative complexity of the likelihood, with several nuisance
parameters and, for some models, a large systematic uncertainty, the cor-
relation between the parameters were investigated to make sure they were
understood. The nuisance parameters µU and τB are highly correlated
(the correlation coeffcienct > 0.9). Since the background estimate, µU

is given by the yields in the control regions, it is more or less inherent
to the ABCD method that µU is correlated with the τ parameters. The
large difference in statistical precision between the control regions B and
D on one hand and the control region C on the other hand, makes the
background estimate much more dependent on the yields in the regions
B and D, which is reflected in the correlation between µU and τB (used
in the modelling of the D region as well). To verify this hypothesis, the
fits were repeated with input values where the statistical precision in the
B, C and D regions were more similar, and the correlation between µU

and τB accordingly decreased and the correlation between µU and τC in-
creased. In addition, all the fits performed in the limit setting procedure
were checked to converge.
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Figure 5.16: Limits on the number of signal events vs positive (y-axis)
and negative (x-axis, where the values are shown as negative) systematic
uncertainty on the signal efficiency. The data points are shown in black
on top of a coloured surface connecting the points. The data in the plot
are for correction factor κ = 1 and for all the mass and charge points
for which limits were set, including DY-produced HIPs and DY-produced
spin-0 monopoles.

Results

Upper limits (at 95% CL) were set on the production cross section of
magnetic monopoles and HECOs in regions of high and uniform accep-
tance as defined in Tabs. 5.8 - 5.11. The limits are shown in Fig. 5.17 and
are ∼ 0.5 fb for all HIP mass and charges. The limits were set on HECOs
in the mass range 200 - 2500 GeV and charge range of 20 - 40 e. On
monopoles, the limits were set in the same mass range as HECOs and in
a charge range of 0.5 - 2.0 gD with the exception of monopoles of charge
0.5 gD, where limits could only be set on monopoles with masses ≤ 1000
GeV.

Limits were also set on Drell-Yan produced HIPs, in the mass range
200 - 2500 GeV and the charge range 10 - 60 e and 0.5 - 1.5 gD, with
the exception of HECOs of mass 2500 GeV and charge 60 e as well as
monopoles of mass 200 GeV and charge 1.5 gD. These limits are shown
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in Fig. 5.18. The limits are driven by the acceptance, which varies between
different mass and charge points, as is described in section Sec. 5.5. Limits
were also set on Drell-Yan produced HIPs with a spin-0 interpretation, as
presented in Ref. [2].

Monopoles with charges higher than 1 gD and HECOs with charges
higher than 17 e were for the first time probed at the LHC. The mass
range for monopoles was increased to > 1500 GeV for the first time for
any collider search. The search was conducted using the highest collision
energies ever at use at a collider. In Fig. 5.19, the limits of this search are
compared to earlier collider searches for monopoles, as given in Tab. 1.3.
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Figure 5.17: Upper limits (at 95% CL) using the CLs method for single
HECOs (left) and monopoles (right). The DY limits are set with respect
to different models parametrized by mass (200, 500, 1500, 2000 and 2500
GeV) and charge as given in the figure. The lines shown are interpolations
between models.
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charge = 20 e

mass Aη Bη Cη

200
0.3< |η| <0.45 - -

150 < EkinT < 200 - -

500
0.1< |η| <0.4 - -

175 < EkinT < 325 - -

1000
0.15< |η| <0.55 - -

225 < EkinT < 425 - -

1500
0.15< |η| <0.6 - -

375 < EkinT < 450 - -

2000
0.25< |η| <0.45 - -

375 < EkinT < 550 - -

2500
0.15< |η| <0.5 - -

450 < EkinT < 600 - -

Table 5.8: Fiducial regions for HECOs of charge 20 e and various masses,
given in GeV. The values of EkinT and EkinL are also given GeV.The symbol
”-” denotes a region in η where no fiducial region of high efficiency was
found.
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charge = 40 e

mass Aη Bη Cη

200
0.0< |η| <0.7 1.0< |η| <1.35 1.55< |η| <1.95

300 < EkinT < 775 200 < EkinT < 650 475 < EkinL < 750

500
0.0< |η| <0.75 1.0< |η| <1.35 1.55< |η| <2.0

275 < EkinT < 850 225 < EkinT < 700 500 < EkinL < 875

1000
0.0< |η| <0.7 1.05< |η| <1.35 1.55< |η| <2.0

325 < EkinT < 1050 375 < EkinT < 825 600 < EkinL < 1025

1500
0.0< |η| <0.7 1.1< |η| <1.35 1.55< |η| <2.0

400 < EkinT < 1175 350 < EkinT < 900 650 < EkinL < 1150

2000
0.0< |η| <0.7 1.1< |η| <1.35 1.55< |η| <2.0

450 < EkinT < 1300 475 < EkinT < 1000 750 < EkinL < 1225

2500
0.0< |η| <0.7 1.15< |η| <1.35 1.55< |η| <1.95

500 < EkinT < 1425 525 < EkinT < 1050 800 < EkinL < 1325

charge = 60 e

mass Aη Bη Cη

200
0.0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <2.0

500 < EkinT < 1625 350 < EkinT < 1450 725 < EkinL < 1650

500
0.0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <2.0

450 < EkinT < 1675 400 < EkinT < 1525 775 < EkinL < 1725

1000
0.0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <2.0

550 < EkinT < 1850 475 < EkinT < 1525 950 < EkinL < 1875

1500
0.0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <2.0

650 < EkinT < 1950 525 < EkinT < 1525 1075 < EkinL < 2050

2000
0.0< |η| <0.85 1.0< |η| <1.35 1.55< |η| <2.0

725 < EkinT < 2225 600 < EkinT < 1525 1150 < EkinL < 2200

2500
0.0< |η| <0.8 1.0< |η| <1.35 1.55< |η| <2.0

800 < EkinT < 2325 675 < EkinT < 1525 1375 < EkinL < 2350

Table 5.9: Fiducial regions for HECOs of charge 40 e and 60 e and various
masses, given in GeV. The values of EkinT and EkinL are also given GeV.
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Monopoles of charge 0.5 gD
mass Aη Bη Cη

200
0.0 < |η| < 0.8 1.0 < |η| < 1.3 1.6 < |η| < 1.7

125 < EkinT < 400 150 < EkinT <400 325 < EkinL < 425

500
0.0 < |η| < 0.65 1.05 < |η| < 1.25 -

125 < EkinT < 325 225 < EkinT < 325 -

1000
0.15 < |η| < 0.55 - -
200 < EkinT < 275 - -

Monopoles of charge 1.0 gD
mass Aη Bη Cη

200
0.0< |η| <1.0 1.0< |η| <1.35 1.6< |η| <1.95

350 < EkinT < 1525 350 < EkinT < 1300 900 < EkinL < 1825

500
0.0< |η| <1.0 1.0< |η| <1.35 1.6< |η| <1.95

275 < EkinT < 1750 275 < EkinT < 1500 825 < EkinL < 1700

1000
0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <1.95

275 < EkinT < 1525 275 < EkinT < 1500 850 < EkinL < 1450

1500
0.0< |η| <1.0 1.0< |η| <1.35 1.6< |η| <1.95

450 < EkinT < 1375 325 < EkinT < 1325 725 < EkinL < 1350

2000
0.0< |η| <0.7 1.0< |η| <1.35 1.55< |η| <1.95

275 < EkinT < 1325 400 < EkinT < 1275 750 < EkinL < 1225

2500
0.0< |η| <0.7 1.05< |η| <1.35 1.6< |η| <1.95

350 < EkinT < 1250 450 < EkinT < 1225 800 < EkinL < 1225

Table 5.10: Fiducial regions for monopoles of charge 0.5 gD and 1.0 gD
and various masses, given in GeV. The values of EkinT and EkinL are also
given GeV. The symbol ”-” denotes a region in η where no fiducial region
of high efficiency was found.
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Monopoles of charge 1.5 gD
mass Aη Bη Cη

200
0.15< |η| <1.0 1.0< |η| <1.35 1.75< |η| <1.9

825 < EkinT < 1800 775 < EkinT < 1500 1700 < EkinL < 2625

500
0.0< |η| <0.9 1.0< |η| <1.35 1.55< |η| <1.95

600 < EkinT < 2175 650 < EkinT < 1500 1675 < EkinL < 2775

1000
0.0< |η| <0.95 1.0< |η| <1.35 1.55< |η| <1.95

525 < EkinT < 2100 575 < EkinT < 1525 1450 < EkinL < 2775

1500
0.0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <1.95

500 < EkinT < 2025 525 < EkinT < 1525 1525 < EkinL < 2775

2000
0.0< |η| <1.0 1.0< |η| <1.35 1.55< |η| <1.95

500 < EkinT < 2025 500 < EkinT < 1525 1325 < EkinL < 2775

2500
0< |η| <0.8 1.0< |η| <1.35 1.55< |η| <1.95

425 < EkinT < 2300 500 < EkinT < 1500 1325 < EkinL < 2775

Monopoles of charge 2.0 gD
mass Aη Bη Cη

200
0.25< |η| <0.6 1.0< |η| <1.2 -

1200 < EkinT < 1625 1425 < EkinT < 1725 -

500
0.1< |η| <0.7 1.0< |η| <1.3 1.75< |η| <1.85

1150 < EkinT < 2450 1250 < EkinT < 1600 2575 < EkinL < 2850

1000
0.05< |η| <0.8 1.0< |η| <1.3 1.75< |η| <1.85

1075 < EkinT < 2325 1150 < EkinT < 1600 2525 < EkinL < 2850

1500
0.0< |η| <0.75 1.0< |η| <1.3 1.8< |η| <1.95

950 < EkinT < 2375 1050 < EkinT < 1600 2325 < EkinL < 2850

2000
0.0< |η| <0.75 1.0< |η| <1.3 1.75< |η| <1.95

875 < EkinT < 2375 1000 < EkinT < 1600 2275 < EkinL < 2850

2500
0.05< |η| <0.75 1.0< |η| <1.35 1.75< |η| <1.95

850 < EkinT < 2400 975 < EkinT < 1525 2150 < EkinL < 2850

Table 5.11: Fiducial regions for monopoles of charge 1.5 gD and 2.0 gD
and various masses, given in GeV. The values of EkinT and EkinL are also
given GeV. The symbol ”-” denotes a region in η where no fiducial region
of high efficiency was found.
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Figure 5.18: Upper limits (at 95% CL) using the CLs method for Drell-
Yan produced HECOs (left) and monopoles (right). The limits are set
with respect to different models parametrized by mass (200, 500, 1500,
2000 and 2500 GeV) and charge as given in the figure. The lines shown
are interpolations between models.
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Figure 5.19: Overview over upper limits on production cross section for
HIPs at colliders of different centre of mass energies (

√
s). The searches

for which the limits are given are listed in Tab. 1.3, together with the mass
and charge ranges for which the limits are valid. For searches with several
different limits quoted for different charges, the most stringent limit is
shown in the figure. The limit corresponding to the search presented in
this thesis is marked with “ATLAS 2012”.



Chapter 6

Search for Magnetic
Monopoles in Polar Volcanic
Rocks

This chapter concerns the search for magnetic monopoles described in
Paper III. A short review of the analysis will be given and a more de-
tailed discussion of the calibration of the SQUID magnetometer, which
I was responsible for, follows. I was also responsible for the major part
of the data taking and also made general editorial contributions to the
attached paper [3]. At the end of the chapter the results will be presented.

6.1 Introduction

Magnetic monopoles are predicted by many GUT theories as described
in Sec. 1.3. Introducing magnetic monopoles would through the Dirac
argument explain the electric charge quantisation problem, as discussed
in Sec. 1.3. In addition, Maxwell’s equations would become symmetric,
as described in the same section. The open question is therefore why they
have not been seen. A possible explanation could be that they are too
heavy to be produced at a collider. Colliders are sensitive to monopoles
with masses up to the TeV scale [55, 75]. Alternatively, their density
could be low so as to escape certain searches in matter.

This work explores the hypothesis that monopoles were present at
the formation of the Earth, for example in stardust, and would have be-
come trapped in the early molten Earth. Such monopoles would, through
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Figure 6.1: A schematic overview of the experimental setup with the
SQUID detector. Samples are measured at different positions in the z
direction, in this picture along the conveyor belt. It should be noted that
the SQUID used in this study did not operate with a conveyor belt but
instead a setup with a sample holder fixed to a rod moving along the
z-axis was employed. The figure is from from Ref. [78].

geomagnetic processes, be most likely observed in polar regions, as is ex-
plained below. There are non-relativistic quantum calculations suggesting
that monopoles could bind to atomic nuclei [161]. Given the chemical dif-
ferentiation of the Earth, the possible existence of monopoles trapped
inside the Earth would then be most likely close to the core of the Earth.
Paleomagnetic data indicate that the Earth has had a magnetic dipole
field since at least ∼ 3.5 billion years [162, 163, 164]. This would imply
that magnetic forces on the monopoles were competing with the grav-
itational forces, and that monopoles would be more likely to be found
along the magnetic field axis of the Earth. The equilibrium position,
which depends on the mass and the charge, can range all the way up
to the mantle. Volcanic rocks from “hotspots”, places where the mantle
is believed to contain material from deep regions, have therefore been
examined. The volcanic regions are also required to be of high latitude.
Under the given assumptions these samples are likely to contain magnetic
monopoles.
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Experimental Procedure

The aim of the experiment was to measure the magnetisation of the
volcanic rocks by means of a magnetometer which is able to discern a
monopole magnetic field from a dipole magnetic field. Samples of crushed
volcanic rocks, placed into plastic containers to fit the experimental de-
vice, were used. A brief outline of how a SQUID magnetometer can
be used in monopole searches can be found in Sec. 2.4 and a schematic
overview is presented in Fig. 6.1. A rock sample is moved along the z axis
of the detector, through the pick-up coils (the superconducting loops).
The current in the pick-up coils are measured at three different z posi-
tions of the sample: before, inside and on the other side of the pick-up
coils.

Calibration of the SQUID Detector

A calibration of the SQUID was carried out during the same data taking
period as the one where volcanic rocks were measured. It was performed
by measuring the response of the detector for a set of solenoids with
known currents so as to produce dipole fields with known magnitudes.
A long solenoid is equivalent to a magnetic dipole with plus and minus
charges at each end. Naively the magnetic moment p = g · d where g is
the pseudocharge and d is the dipole length. For a solenoid, p = NIS,
where I is the current, S is the surface area and N is the number of turns.
For a given solenoid p is thus well known allowing g to be determined.
The solenoid used in this study and their corresponding currents and
pseudocharges are given in Tab. 6.1.

The result of the calibration is shown in Fig. 6.2, where output cur-
rent amplitudes are shown as a function of the z position of the calibra-
tion sample. As can be seen, the magnetometer is not sensitive to the
gD = 0.115 pseudocharge field. This does not constitute a problem since
the search does not intend to probe regions of such low charge. Since it is
the plateau value that is proportional to the magnetic field, a finer gran-
ularity in z was used than for the volcanic rock samples, where the main
purpose of the measurements was to find a possible persistent current of
significant amplitude. Had such a current been found, a more detailed
measurement had been carried out on that sample. The background was
estimated through measurements on empty plastic containers, and sub-
tracted from the calibration measurements. Fig. 6.3, shows a linear fit to
the plateau values. The uncertainties for sample 2 and 3 are not visible in
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Calibration sample 1 2 3 4

Solenoid current [µA] 0.01 0.1 1.0 10

Pseudocharge [gD] 0.115 1.15 11.5 115

Table 6.1: The solenoid calibration samples used in this study, with cur-
rents and corresponding magnetic dipole pseudocharges, g, as described
in the text.

Calibration sample 2 3 4

Plateau value [arb] 4 · 10−7 4 · 10−6 3.6 · 10−5

Uncertainty 1 · 10−7 0.2 · 10−6 0.1 · 10−5

Table 6.2: Plateau values and uncertainties for the three calibration sam-
ples used in the calibration.

the graph because of their small values relative to the scale of the figure,
but the plateau values and the corresponding uncertainties are instead
given in Tab. 6.2. The uncertainties were estimated as the largest differ-
ence between a pair of measurements in the plateau region. In the linear
fit, only samples 2, 3 and 4 were used. The χ2/k, where k is the number
of degrees of freedom, of the fit was 0.07. The calibration shows that the
magnetometer response is linear in the sensitive region of the search.

Data Taking and Analysis

The magnetisation of rock samples from 14 different “hotspots”, in total
23.4 kg, was measured. Fig. 6.4 shows the persistent current expressed
in units of corresponding monopole charge gD. The top graph shows the
currents for all samples in the search. In the range from−0.1 to 0.1 gD, the
distribution is Gaussian and has a mean value of −0.002±0.002 gD. There
are small non-Gaussian tails outside this range. The bottom figure shows
the current for five samples for repeated measurements. These were the
only samples out of the total 678 for which the measured monopole charge
deviate more than ±0.25 gD from zero. The largest values correspond to
candidate 1 and 2, and are 0.8 gD and 1.6 gD, respectively. However, these
samples have a total magnetisation equivalent to a magnetic charge >
105 gD, which is close to the limit beyond which measurements are known
to be unreliable, 1.5 · 105 gD. Repeating the measurements for different
orientations relative to the SQUID apparatus yielded results consistent
with the zero magnetic monopole charge hypothesis. Given the above, it
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Figure 6.2: Magnetometer response (current amplitude in arbitrary units)
to calibration samples with known magnetic dipole strength as presented
in Tab. 6.1, as function of z position. The different figures correspond to
calibration sample 1 (a), 2 (b), 3 (c) and 4 (d), respectively.
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Figure 6.3: Linear fit to calibration sample plateau values as described in
the text.

is clear that no reproducible evidence for monopoles were found in these
samples.

Results

Limits on the monopole density in polar igneous rocks of 9.8 · 10−5/gram
were set at 90% confidence level. In a simple model this gives a limit of
1.6 · 10−5/gram in the matter averaged over the whole Earth. A compa-
rable limit was quoted for a search with meteorites which also has some
sensitivity to the existence of monopoles at the Earth’s formation [82]. In
this search, 112 kg of meteorite samples were examined to give a concen-
tration limit of < 2.1× 10−5/gram at 90% confidence level.



6.1. Introduction 149

candidate number
1 2 3 4 5

)
D

p
e
rs

is
te

n
t 
c
u
rr

e
n
t 
(g

2

1.5

1

0.5

0

0.5

1

1.5

2

Figure 6.4: Measurements of persistent current for all samples volcanic
rocks included in the search. The top figure shows the persistent current
shown in terms of the corresponding monopole charge for all samples in
the search. The bottom figure shows the persistent current for repeated
measurements of the persistent current for five samples with high values.
The current is expressed in units of corresponding monopole charge gD.
The figure is from the attached paper [3].



150



Chapter 7

Summary and Outlook

Magnetic monopoles arise naturally in many GUT theories and address
several open questions in particle physics of today, such as the quan-
tisation of electric charge. HECOs are conceivable within many BSM
theories, for example as Q-balls. As the EM coupling constants for HIPs
are too large as to allow perturbative expansion, estimations of monopole
production cross sections are difficult to carry out. In addition, this also
makes any estimations of their abundance in the Early Universe unre-
liable, along with the annihilation rate and thus the abundance in the
Universe of today. This motivates searching for HIPs using both collid-
ers, cosmic rays and matter. The research presented in this thesis includes
a search for HIPs in ATLAS, LHC, and a search for monopoles in volcanic
polar rocks.

The search for monopoles and HECOs at ATLAS was conducted us-
ing a customized trigger and selection variables optimized for the non-
standard particle signature in ATLAS. The dataset corresponds to an
integrated luminosity of 7.0 fb−1 and a centre-of-mass energy os 8 TeV.
No events were observed and 95% CL upper limits on production cross-
sections were set for monopoles and HECOs of masses 200-2500 GeV and
charges in the range 0.5 - 2.0 gD and 10 - 60 e, respectively.

Magnetic monopoles were also sought in polar volcanic rocks using
a SQUID magnetometer at ETH, Zürich. No candidates were found,
leading to limits on the monopole density in polar igneous rocks of 9.8×
10−5/gram.

Future searches for HIPs at the LHC experiments with higher centre-
of-mass energies could probe masses up to 6000 GeV [148]. The different
experiments, ATLAS, CMS, LHCb, MoEDAL and ALICE have different
sensitivities in terms of charge, due to different designs of the detectors.
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Early estimates of the sensitivities (assuming 14 TeV centre-of-mass en-
ergy) are summarised in Fig. 7.1. The MoEDAL [94] detector is a ded-
icated monopole and exotic particle detector located directly near the
LHCb intersection point of the LHC and can thus record HIPs which
would otherwise have stopped in supporting structure or even the beam
pipe of the larger detectors. A new addition to the MoEDAL, the Very
High Charge Catcher, will increase its sensitivity for high charges. ALICE
has a low budget supporting structure and does accordingly also show a
good sensitivity for high charge. By extracting the beam pipe, monopoles
of very high charge that could have stopped here can be detected, and
beam pipe experiments are thus sensitive to much higher charges than
the detectors [165].

In the search for HIPs at ATLAS presented in this thesis, the major
constraint in terms of sensitivity was the L1 trigger, where no track in-
formation is available and thus a electron/photon trigger had to be used.
Including track information at the L1 is planned for the so called Phase-2
of LHC, scheduled for around year 2024 - 2026. This would allow for a
customized HIP trigger at all levels, which could increase the sensitivity
for high mass and high charge HIPs significantly. Another possibility to
investigate would be to use the LAr timing to estimate the TOF, which
for HIPs can be used as a discriminator, as is described in Sec. 1.4. At the
time of the data-taking of the research presented in this thesis, no infor-
mation could be read out from saturated Pixel detector channels, which
otherwise possibly could have been used as a discriminator for HIPs. In
the current system, this information is available both in collision data
and in the simulation. It is difficult to quantify the increase in sensitivity
with these approaches since a full simulation including the new techniques
would be needed.

Matter searches for monopoles will continue to constitute an impor-
tant complement to collider and cosmic ray searches for monopoles. Natu-
rally, every time a new material is found which can be assumed to contain
monopoles, it must be examined.
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Figure 7.1: HIP pair production cross section sensitivities for obtain-
ing 10 events with at least one HIP inside the detector acceptance, as
a function of HIP magnetic (left) and electric (right) charge, assuming
m = 1000 GeV and a Drell-Yan pair production mechanism with 14 TeV
pp collisions. Integrated (instantaneous) luminosities are taken as 20 fb−1

(5× 1033 cm−2s−1) for ATLAS and CMS, 2 fb−1 (5× 1032 cm−2s−1) for
LHCb and MoEDAL and 0.004 fb−1 (5× 103 cm−2s−1) for ALICE. The
figures are from Ref. [148].



154



Svensk sammanfattning

Elementarpartikelfysik är vetenskapen om universums minsta best̊ands-
delar och hur de växelverkar med varandra. Standardmodellen är namnet
p̊a den modell som framg̊angsrikt beskriver detta. Vid upprepade tillfällen
har standardmodellens förutsägelser blivit bekräftade av experimentella
observationer. Överensstämmelsen har ofta visat imponerande hög pre-
cision. Lika viktigt att framh̊alla är dock att standardmodellen inte kan
vara en komplett teori, d̊a den t ex misslyckas med att förklara källan till
viktiga observationer som förekomsten av det som kallas mörk materia,
samt inte p̊a n̊agot framg̊angsrikt sätt lyckas att förena kvantmekanik med
Einsteins allmänna relativitetsteori som beskriver gravitationen. Stan-
dardmodellen inneh̊aller inte heller n̊agon förklaring till varför elektrisk
laddning är kvantiserad.

Som ett resultat av standardmodellens ofullständighet har många nya
teorier framkommit, s̊a kallade bortom standardmodellen-teorier. Exper-
imentell partikelfysik handlar idag om att, förutom att med bättre pre-
cision mäta standardmodellens observabler, verifiera eller falsifiera före-
komsten av de partiklar som de nya teorierna förutsäger. I m̊anga fall
handlar det om att begränsa parameterrummet, i form av t ex massa och
laddning, för de nya teoriernas partiklar. I flera bortom standardmodellen-
teorier förekommer magnetiska monopoler samt partiklar med hög massa
och hög elektrisk laddning (HECO-partiklar). Existensen av monopoler
skulle ha m̊anga intressanta implikationer, t ex förklaras kvantiserin-
gen av den elektriska laddningen. En annan tilltalande konsekvens är
att Maxwells ekvationer, som beskriver klassiska elektromagnetiska fält,
skulle bli symmetriska i och med införandet av monopoler.

The Large Hadron Collider (LHC) är världens största partikelaccel-
erator och generar masscentrumsenergier p̊a 13 TeV. Genom att kollid-
era protoner med denna energi kan nya partiklar bildas och detekteras.
LHCs största detektorer heter ATLAS och CMS och är byggda för att
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kunna mäta m̊anga olika sorters elementarpartiklar. I juli 2014 upptäcktes
Higgs-partikeln med hjälp av dessa detektorer.

I forskningen som redovisas i denna avhandling, handlar tv̊a projekt
om ATLAS-detektorn. Det första handlar om triggern, som är ett selek-
tionssystem för att välja intressanta kollisioner medan detektorn är ig̊ang.
Detta är väldigt viktigt ur synpunkten att de flesta kollisioner som sker
inte är av intresse för vidare fysikanalys, och att spara alla kollisioner
skulle ta oerhörda mängder av lagringsutrymme i anspr̊ak, samt ställa
enorma krav p̊a dataöverföringsinfrastruktur. Min forskning handlade
om att utveckla de d̊avarande triggrarna som ett led i förberedelserna för
den ökade luminositeten som var att vänta 2012. Triggersysyemet är in-
delat i tre niv̊aer och jag undersökte triggers p̊a första niv̊an, Level-1 (L1).
Mitt första projekt handlade om att utveckla en elektron-fotontrigger som
tar detektorns geometri med i beräkningen. Högre energitrösklar kunde
införas för vissa geometriska regioner där en partikel som rör sig genom
detektorn behövt interagera med en mindre mängd material och därmed
förlorat mindre energi, i jämförelse med en annan geometrisk region. P̊a
detta sätt kunde antalet kollisioner som valdes ut av triggern minskas
medan effektiviteten i stort bibehölls. Mitt andra projekt handlade om
en ny trigger som väljer ut kollisioner med stor rörelsemängdsobalans i
planet vinkelrätt mot str̊alröret. En s̊adan obalans kan t ex uppkomma
d̊a partikar bildas som inte interagerar med detektorn, s̊asom neutriner
eller hypotetiska mörk materiapartiklar. Den nya triggern använder sig
av en modell för hur rörelsemängdsobalansen ser ut för kollisioner där
en ickeinteragerande partikel inte förekommer, och kollisionen allts̊a inte
är intressant. Genom att använda sig av denna information kunde trig-
gern göras mer effektiv för de intressanta kollisionerna. Mitt sista projekt
ang̊aende triggern handlade om en vidareutveckling av denna nya trigger,
där jag även utvärderade en h̊ardvaruutveckling som skulle behövas för
att implementera denna.

Det andra projektet vid ATLAS-detektorn handlade om att leta efter
magnetiska monopoler och HECO-partiklar (HIP-partiklar). HIP st̊ar för
Highly Ionising Particles, högjoniserande partiklar, och definieras av sin
höga laddning, ≥ 0.5 gD eller ≥ 10 e, och stora massa, ≥ 200 GeV. Dira-
claddningen gD är en enhet för magnetisk laddning. För att åstadkomma
detta krävdes en noggrann utredning av HIP-partikarnas interaktion med
detektorn, eftersom HIP-partiklarna inte tillhör de standardsignaturer
s̊asom fotoner eller myoner som de flesta analyser använder, och som
därmed är väl studerade. En specialutformad trigger som använder sig
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av HIP-partiklarnas sp̊ar i en av sp̊ardetektorerna, TRT, användes för att
göra en första selektion av kollisioner. De tv̊a effektivaste och därmed vik-
tigaste selektionsvariablerna använder sig av HIP-partiklarnas speciella
signatur i TRT-detektorn samt i den elektromagnetiska kalorimetern. I
TRT-detektorn, ger HIP-partiklarna upphov till m̊anga högtröskelträffar,
som annars bara orsakas av relativistiska partiklar som elektroner genom
överg̊angsstr̊alning. I HIP-partiklarnas fall är det deras höga joniser-
ing som ger upphov till högtröskelträffarna. Den första selektionsvari-
abeln är förh̊allandet mellan hög- och l̊agtröskelträffar i TRT-detektorn.
I den elektromagnetiska kalorimetern joniserar HIP-partiklarna atomerna
i detektormaterialet i sin närmaste omgivning, men ger till skillnad fr̊an
elektroner och fotoner, inte upphov till n̊agon elektromagnetisk skur.
Denna specifika signatur används i den andra selektionsvariabeln, som
bygger p̊a bredden av det s̊a kallade kluster som joniseringen ger up-
phov till i den elektromagetiska kalorimetern. Jag var bl a ansvarig för
att generera simulerad kollisionsdata för HECO-partiklar, göra triggeref-
fektivitetsgrafer, utveckla en algoritm för att hitta högacceptansregioner
för olika HIP-partikelmodeller samt för den statistiska behandlingen av
data som innebar att övre gränser p̊a de olika HIP-partiklarnas produk-
tionsgränssitt sattes. Gränserna p̊a tvärsnitten är 0.5 fb för alla HIP-
partiklar, med avvikelser p̊a n̊agra procent. Gränser p̊a tvärsnittet sattes
p̊a HECO-partiklar i massintervallet 200 - 2500 GeV och med laddning
20 - 40 e. För monopoler sattes gränser p̊a partiklar med samma massor
som HECO-partiklar, och med laddningar 0.5 - 2.0 gD, med undantag
av monopoler med laddningen 0.5 gD, där tvärsnittsgränser bara kunde
sättas för partiklar med en massa ≤ 1000 GeV.

Det tredje forskningsprojektet som presenteras i denna avhandling
berör ocks̊a magnetiska monopoler. Istället för att söka efter dem i par-
tikelkollisioner, undersöktes vulkaniska stenar, vars atomer monopoler an-
tas ha kunnat binda till i ett tidigt stadium av jordens historia. Om
monopoler fanns i den materia som jorden bildades av, skulle de pga av
sin höga massa kunna antas vara belägna nära jordens innersta kärna.
P̊a grund av sin magnetiska laddning, skulle dock jordens magnetfält
kunna föra monopolen närmare jordens yta om den befann sig nära mag-
netfältets axel. Stenar fr̊an vulkaner nära polaromr̊adena undersöktes
därför i en magnetometer som kan skilja mellan dipol- och monopolfält.
Inga monopoler hittades och en övre gräns p̊a densiteten av monopoler i
polarvulkaniska stenar, 9.8 · 10−5/gram, sattes.
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[3] K. Bendtz, D. Milstead, H. P. Hächler, A. M. Hirt, P. Mermod, P. Michael, T. Sloan,
C. Tegner, and S. B. Thorarinsson, “Search for Magnetic Monopoles in Polar Volcanic
Rocks,” Phys. Rev. Lett. 110 no. 12, (2013) 121803, arXiv:1301.6530 [hep-ex].

[4] S. L. Glashow, J. Iliopoulos, and L. Maiani, “Weak Interactions with Lepton-Hadron
Symmetry,” Phys. Rev. D 2 (Oct, 1970) 1285–1292.
http://link.aps.org/doi/10.1103/PhysRevD.2.1285.

[5] A. Salam, “Weak and Electromagnetic Interactions,” Conf. Proc. C680519 (1968)
367–377.

[6] S. Weinberg, “A Model of Leptons,” Phys. Rev. Lett. 19 (Nov, 1967) 1264–1266.
http://link.aps.org/doi/10.1103/PhysRevLett.19.1264.

[7] Particle Data Group Collaboration, K. A. Olive et al., “Review of Particle Physics,”
Chin.Phys. C38 (2014) 090001.

[8] T2K Collaboration, K. Abe et al., “Precise Measurement of the Neutrino Mixing
Parameter θ23 from Muon Neutrino Disappearance in an Off-Axis Beam,” Phys. Rev.
Lett. 112 no. 18, (2014) 181801, arXiv:1403.1532 [hep-ex].

[9] MINOS Collaboration, P. Adamson et al., “Combined Analysis of νµ Disappearance
and νµ → νe Appearance in MINOS Using Accelerator and Atmospheric Neutrinos,”
Phys. Rev. Lett. 112 (2014) 191801, arXiv:1403.0867 [hep-ex].

[10] ATLAS Collaboration, G. Aad et al., “Observation of a New Particle in the Search for
the Standard Model Higgs Boson with the ATLAS Detector at the LHC,” Phys. Lett.
B716 (2013) 1–29, arXiv:1207.7214 [hep-ex].

[11] CMS Collaboration, S. Chatrchyan et al., “Observation of a New Boson at a Mass of
125 GeV with the CMS Experiment at the LHC,” Phys. Lett. B716 (2013) 30–61,
arXiv:1207.7235 [hep-ex].

159

https://cds.cern.ch/record/1647616
http://dx.doi.org/10.1103/PhysRevD.93.052009
http://link.aps.org/doi/10.1103/PhysRevD.93.052009
http://dx.doi.org/10.1103/PhysRevLett.110.121803
http://arxiv.org/abs/1301.6530
http://dx.doi.org/10.1103/PhysRevD.2.1285
http://link.aps.org/doi/10.1103/PhysRevD.2.1285
http://dx.doi.org/10.1103/PhysRevLett.19.1264
http://link.aps.org/doi/10.1103/PhysRevLett.19.1264
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1103/PhysRevLett.112.181801
http://dx.doi.org/10.1103/PhysRevLett.112.181801
http://arxiv.org/abs/1403.1532
http://dx.doi.org/10.1103/PhysRevLett.112.191801
http://arxiv.org/abs/1403.0867
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235


160 References

[12] ATLAS and CMS Collaboration, “Measurements of the Higgs boson Production and
Decay Rates and Constraints on its Couplings from a Combined ATLAS and CMS
Analysis of the LHC pp Collision Data at

√
s = 7 and 8 TeV,” Tech. Rep.

ATLAS-CONF-2015-044, CERN, Geneva, Sep, 2015.
https://cds.cern.ch/record/2052552.

[13] ATLAS Collaboration, “Evidence for the Spin-0 Nature of the Higgs Boson Using
ATLAS Data,” Physics Letters B 726 no. 1-3, (2013) 120 – 144.
http://www.sciencedirect.com/science/article/pii/S0370269313006527.

[14] ATLAS Collaboration, “Measurements of Higgs Boson Production and Couplings in
Diboson Final States with the ATLAS Detector at the LHC,” Physics Letters B 726
no. 1-3, (2013) 88 – 119.
http://www.sciencedirect.com/science/article/pii/S0370269313006369.

[15] B. R. Webber, “Fragmentation and hadronization,” Int. J. Mod. Phys. A15S1 (2000)
577–606, arXiv:hep-ph/9912292 [hep-ph]. [,577(1999)].

[16] W. P. Ford and J. W. Van Orden, “Regge Model for Nucleon-Nucleon Spin-Dependent
Amplitudes,” Phys. Rev. C 87 (Jan, 2013) 014004.
http://link.aps.org/doi/10.1103/PhysRevC.87.014004.

[17] M. Thomson, Modern Particle Physics. Cambridge University Press, Cambridge,
United Kingdom, 3rd ed. ed., 2013.

[18] F. Mandl and G. Shaw, Quantum Field Theory. A Wiley-Interscience publication.
John Wiley & Sons, 2010.

[19] M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory.
Advanced book program. Westview Press Reading (Mass.), Boulder (Colo.), 1995.
http://opac.inria.fr/record=b1131978. Autre tirage : 1997.

[20] J. Sakurai, Modern Quantum Mechanics. Addison-Wesley Publishing Company,
Revised ed., 1994.

[21] ALEPH, CDF, D0, DELPHI, L3, OPAL, SLD, L. E. W. Group, T. E. W. Group,
S. E. W. Group, and H. F. Group, “Precision Electroweak Measurements and
Constraints on the Standard Model,” arXiv:arXiv:08114682 [hep-ex].

[22] ZEUS Collaboration, H. Abramowicz et al., “Deep Inelastic Cross-Section
Measurements at Large y with the ZEUS Detector at HERA,” Phys. Rev. D90 no. 7,
(2014) 072002, arXiv:1404.6376 [hep-ex].

[23] M. Wobisch, “Recent QCD Results from the Tevatron,” Nucl.Phys.Proc.Suppl.
222-224 (2012) 204–215, arXiv:arXiv:12020205 [hep-ex].

[24] A. Dimitrievska, “Precision Measurements of Standard Model Parameters with the
ATLAS Detector,”. https://cds.cern.ch/record/2039169.

[25] H. V. Klapdor-Kleingrothaus and A. Staudt, “Non-accelerator Particle Physics. ISBN
0-7503-0305-0,” Astronomische Nachrichten 317 no. 2, (1996) 156–156.
http://dx.doi.org/10.1002/asna.2113170212.

[26] D. Hanneke, S. Fogwell Hoogerheide, and G. Gabrielse, “Cavity Control of a
Single-Electron Quantum Cyclotron: Measuring the Electron Magnetic Moment,”
Phys. Rev. A 83 (May, 2011) 052122.

https://cds.cern.ch/record/2052552
http://dx.doi.org/http://dx.doi.org/10.1016/j.physletb.2013.08.026
http://www.sciencedirect.com/science/article/pii/S0370269313006527
http://dx.doi.org/http://dx.doi.org/10.1016/j.physletb.2013.08.010
http://dx.doi.org/http://dx.doi.org/10.1016/j.physletb.2013.08.010
http://www.sciencedirect.com/science/article/pii/S0370269313006369
http://dx.doi.org/10.1142/S0217751X00005334
http://dx.doi.org/10.1142/S0217751X00005334
http://arxiv.org/abs/hep-ph/9912292
http://dx.doi.org/10.1103/PhysRevC.87.014004
http://link.aps.org/doi/10.1103/PhysRevC.87.014004
http://opac.inria.fr/record=b1131978
http://arxiv.org/abs/arXiv:08114682
http://dx.doi.org/10.1103/PhysRevD.90.072002
http://dx.doi.org/10.1103/PhysRevD.90.072002
http://arxiv.org/abs/1404.6376
http://dx.doi.org/10.1016/j.nuclphysbps.2012.03.021
http://dx.doi.org/10.1016/j.nuclphysbps.2012.03.021
http://arxiv.org/abs/arXiv:12020205
https://cds.cern.ch/record/2039169
http://dx.doi.org/10.1002/asna.2113170212
http://dx.doi.org/10.1002/asna.2113170212
http://dx.doi.org/10.1103/PhysRevA.83.052122


References 161

[27] M. Baak, , et al., “The Global Electroweak Fit at NNLO and Prospects for the LHC
and ILC,” Eur. Phys. J. C74 (2014) 3046, arXiv:1407.3792 [hep-ph].

[28] G. ’t Hooft and M. Veltman, “Regularization and Renormalization of Gauge Fields,”
Nuclear Physics B 44 no. 1, (1972) 189 – 213.
http://www.sciencedirect.com/science/article/pii/0550321372902799.

[29] G. F. Giudice, “Naturally Speaking: The Naturalness Criterion and Physics at the
LHC,” arXiv:0801.2562 [hep-ph].

[30] A. H. G. Peter, “Dark Matter: A Brief Review,” arXiv:1201.3942 [astro-ph.CO].

[31] Planck Collaboration, P. A. R. Ade et al., “Planck 2013 Results. I. Overview of
Products and Scientific Results,” Astron. Astrophys. 571 (2014) A1, arXiv:1303.5062
[astro-ph.CO].

[32] B. Martin and G. Shaw, Particle Physics. Manchester Physics Series. Wiley, 2008.

[33] A. B. Balantekin and W. Haxton, “Neutrino Oscillations,” Prog.Part.Nucl.Phys. 71
(2013) 150–161, arXiv:nucl-th/1303.2272 [nucl-th].

[34] G. J. Feldman, J. Hartnell, and T. Kobayashi, “Long-Baseline Neutrino Oscillation
Experiments,” Adv. High Energy Phys. 2013 (2013) 475749, arXiv:1210.1778
[hep-ex].

[35] J. P. Bowes, R. Foot, and R. Volkas, “Electric Charge Quantization from Gauge
Invariance of a Lagrangian: A Catalog of Baryon Number Violating Scalar
Interactions,” Phys.Rev. D54 (1996) 6936–6943, arXiv:hep-ph/9609290 [hep-ph].

[36] M. Fairbairn, A. C. Kraan, D. A. Milstead, T. Sjostrand, P. Z. Skands, and T. Sloan,
“Stable Massive Particles at Colliders,” Phys. Rept. 438 (2007) 1–63,
arXiv:hep-ph/0611040 [hep-ph].

[37] S. P. Martin, “A Supersymmetry Primer,” arXiv:hep-ph/9709356 [hep-ph]. [Adv.
Ser. Direct. High Energy Phys.18,1(1998)].

[38] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, “The Hierarchy Problem and New
Dimensions at a Millimeter,” Phys. Lett. B429 (1998) 263–272, arXiv:hep-ph/9803315
[hep-ph].

[39] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, “Phenomenology, Astrophysics and
Cosmology of Theories with Submillimeter Dimensions and TeV Scale Quantum
Gravity,” Phys. Rev. D59 (1999) 086004, arXiv:hep-ph/9807344 [hep-ph].

[40] D. J. Griffiths, Introduction to Electrodynamics; 4th ed. Pearson, Boston, MA, 2013.
https://cds.cern.ch/record/1492149.

[41] J. D. Jackson, Classical electrodynamics. Wiley, New York, NY, 3rd ed. ed., 1999.
http://cdsweb.cern.ch/record/490457.

[42] P. A. M. Dirac, “Quantized Singularities in the Electromagnetic Field,” Proc. Roy.
Soc. Lond. A133 (1931) 60–72.

[43] P. A. M. Dirac, “The Theory of Magnetic Poles,” Phys. Rev. 74 (Oct, 1948) 817–830.
http://link.aps.org/doi/10.1103/PhysRev.74.817.

[44] G. ’t Hooft, “Magnetic Monopoles in Unified Gauge Theories,” Nucl. Phys. B 79
(1974) 276.

http://dx.doi.org/10.1140/epjc/s10052-014-3046-5
http://arxiv.org/abs/1407.3792
http://dx.doi.org/http://dx.doi.org/10.1016/0550-3213(72)90279-9
http://www.sciencedirect.com/science/article/pii/0550321372902799
http://arxiv.org/abs/0801.2562
http://arxiv.org/abs/1201.3942
http://dx.doi.org/10.1051/0004-6361/201321529
http://arxiv.org/abs/1303.5062
http://arxiv.org/abs/1303.5062
http://dx.doi.org/10.1016/j.ppnp.2013.03.007
http://dx.doi.org/10.1016/j.ppnp.2013.03.007
http://arxiv.org/abs/nucl-th/1303.2272
http://dx.doi.org/10.1155/2013/475749
http://arxiv.org/abs/1210.1778
http://arxiv.org/abs/1210.1778
http://dx.doi.org/10.1103/PhysRevD.54.6936
http://arxiv.org/abs/hep-ph/9609290
http://dx.doi.org/10.1016/j.physrep.2006.10.002
http://arxiv.org/abs/hep-ph/0611040
http://arxiv.org/abs/hep-ph/9709356
http://dx.doi.org/10.1016/S0370-2693(98)00466-3
http://arxiv.org/abs/hep-ph/9803315
http://arxiv.org/abs/hep-ph/9803315
http://dx.doi.org/10.1103/PhysRevD.59.086004
http://arxiv.org/abs/hep-ph/9807344
https://cds.cern.ch/record/1492149
http://cdsweb.cern.ch/record/490457
http://dx.doi.org/10.1098/rspa.1931.0130
http://dx.doi.org/10.1098/rspa.1931.0130
http://dx.doi.org/10.1103/PhysRev.74.817
http://link.aps.org/doi/10.1103/PhysRev.74.817
http://dx.doi.org/10.1016/0550-3213(74)90486-6
http://dx.doi.org/10.1016/0550-3213(74)90486-6


162 References

[45] H. Minakata, “Magnetic Monopoles in Supersymmetric Grand Unification,” Phys. Lett.
B155 (1985) 352.

[46] T. G. Rizzo and G. Senjanovic, “Can There Be Low Intermediate Mass Scales in
Grand Unified Theories?,” Phys. Rev. Lett. 46 (1981) 1315.

[47] J. Preskill, “Magnetic Monopoles,” Ann. Rev. Nucl. Part. Sci. 34 (1984) 461–530.

[48] E. J. Weinberg, D. London, and J. L. Rosner, “Magnetic Monopoles with Z(n)
Charges,” Nucl. Phys. B236 (1984) 90.

[49] J. Ellis, N. E. Mavromatos, and T. You, “The Price of an Electroweak Monopole,”
arXiv:1602.01745 [hep-ph].

[50] S. R. Coleman, “Q Balls,” Nucl. Phys. B 262 (1985) 263.

[51] A. Kusenko and M. E. Shaposhnikov, “Supersymmetric Q-Balls as Dark Matter,”
Phys. Lett. B 418 (1998) 46, arXiv:9709492 [hep-ph].

[52] E. Farhi and R. L. Jaffe, “Strange Matter,” Phys. Rev. D 30 (1984) 2379.

[53] S. Dimopoulos and G. L. Landsberg, “Black Holes at the LHC,” Phys. Rev. Lett. 87
(2001) 161602, arXiv:0106295 [hep-ph].

[54] S. Burdin, M. Fairbairn, P. Mermod, D. Milstead, J. Pinfold, T. Sloan, and W. Taylor,
“Non-Collider Searches for Stable Massive Particles,” Phys. Rept. 582 (2015) 1–52,
arXiv:1410.1374 [hep-ph].

[55] CDF Collaboration, A. Abulencia et al., “Direct Search for Dirac Magnetic Monopoles
in pp̄ Collisions at

√
s = 1.96 TeV,” Phys. Rev. Lett. 96 (2006) 201801,

arXiv:hep-ex/0509015 [hep-ex].

[56] S. Cecchini et al., “Search for Intermediate Mass Magnetic Monopoles and Nuclearites
with the SLIM Experiment,” Radiat. Meas. 40 (2005) 405–409, arXiv:hep-ex/0503003
[hep-ex].

[57] MOEDAL Collaboration, J. L. Pinfold, “Searching for Exotic Particles at the LHC
with Dedicated Detectors,” Nucl. Phys. Proc. Suppl. 78 (1999) 52–57.

[58] K. Kinoshita, P. B. Price, and D. Fryberger, “Search for Highly Ionising Particles in
e+e− Collisions at

√
s = 29 GeV,” Phys. Rev. Lett. 48 (1982) 77.

[59] J. L. Pinfold et al., “Detector for Magnetic Monopoles at OPAL,” Nucl. Instrum.
Meth. A302 (1991) 434–442.

[60] CDF Collaboration, F. Abe et al., “Limits on the Production of Massive Stable
Charged Particles,” Phys. Rev. D 46 (Sep, 1992) R1889–R1894.
http://link.aps.org/doi/10.1103/PhysRevD.46.R1889.

[61] CDF Collaboration, D. Acosta et al., “Search for Long-Lived Charged Massive
Particles in p̄p Collisions at

√
s = 1.8 TeV,” Phys. Rev. Lett. 90 (2003) 131801,

arXiv:hep-ex/0211064 [hep-ex].

[62] T. G. Cleo et al., “Search for Magnetically Charged Particles Produced in e+e−

Annihilations at
√
s =10.6 GeV,” Phys. Rev. D 35 (Feb, 1987) 1081–1084.

http://link.aps.org/doi/10.1103/PhysRevD.35.1081.

http://dx.doi.org/10.1016/0370-2693(85)91586-2
http://dx.doi.org/10.1016/0370-2693(85)91586-2
http://dx.doi.org/10.1103/PhysRevLett.46.1315
http://dx.doi.org/10.1146/annurev.ns.34.120184.002333
http://dx.doi.org/10.1016/0550-3213(84)90526-1
http://arxiv.org/abs/1602.01745
http://dx.doi.org/10.1016/0550-3213(85)90286-X
http://dx.doi.org/10.1016/S0370-2693(97)01375-0
http://arxiv.org/abs/9709492
http://dx.doi.org/10.1103/PhysRevD.30.2379
http://dx.doi.org/10.1103/PhysRevLett.87.161602
http://dx.doi.org/10.1103/PhysRevLett.87.161602
http://arxiv.org/abs/0106295
http://dx.doi.org/10.1016/j.physrep.2015.03.004
http://arxiv.org/abs/1410.1374
http://dx.doi.org/10.1103/PhysRevLett.96.201801
http://arxiv.org/abs/hep-ex/0509015
http://dx.doi.org/10.1016/j.radmeas.2005.01.008
http://arxiv.org/abs/hep-ex/0503003
http://arxiv.org/abs/hep-ex/0503003
http://dx.doi.org/10.1016/S0920-5632(99)00522-8
http://dx.doi.org/10.1103/PhysRevLett.48.77
http://dx.doi.org/10.1016/0168-9002(91)90356-U
http://dx.doi.org/10.1016/0168-9002(91)90356-U
http://dx.doi.org/10.1103/PhysRevD.46.R1889
http://link.aps.org/doi/10.1103/PhysRevD.46.R1889
http://dx.doi.org/10.1103/PhysRevLett.90.131801
http://arxiv.org/abs/hep-ex/0211064
http://dx.doi.org/10.1103/PhysRevD.35.1081
http://link.aps.org/doi/10.1103/PhysRevD.35.1081


References 163

[63] TASSO Collaboration, W. Braunschweig et al., “A Search for Particles With Magnetic
Charge Produced in e+e− Annihilations at

√
s = 35-GeV,” Z. Phys. C38 (1988) 543.

[64] K. Bendtz, A. Katre, D. Lacarrère, P. Mermod, D. Milstead, et al., “Search in 8 TeV
Proton-Proton Collisions with the MoEDAL Monopole-Trapping Test Array,”
arXiv:1311.6940 [physics.ins-det].

[65] ATLAS Collaboration, G. Aad et al., “Search for Massive Long-lived Highly Ionising
Particles with the ATLAS Detector at the LHC,” Phys. Lett. B698 (2011) 353–370,
arXiv:1102.0459 [hep-ex].

[66] K. Kinoshita, R. Du, G. Giacomelli, L. Patrizii, F. Predieri, P. Serra, M. Spurio, and
J. L. Pinfold, “Search for Highly Ionizing Particles in e+e− Annihilations at

√
s = 91.1

GeV,” Phys. Rev. D46 (1992) 881–884.

[67] K. A. Milton, “Theoretical and experimental status of magnetic monopoles,” Rept.
Prog. Phys. 69 (2006) 1637–1712, arXiv:hep-ex/0602040 [hep-ex].

[68] H. H. Kolm, F. Villa, and A. Odian, “Search for Magnetic Monopoles,” Phys. Rev. D4
(1971) 1285.

[69] R. R. Ross, P. H. Eberhard, L. W. Alvarez, and R. D. Watt, “Search for Magnetic
Monopoles in Lunar Material Using an Electromagnetic Detector,” Phys. Rev. D8
(1973) 698.

[70] G. R. Kalbfleisch, K. A. Milton, M. G. Strauss, L. P. Gamberg, E. H. Smith, and
W. Luo, “Improved Experimental Limits on the Production of Magnetic Monopoles,”
Phys. Rev. Lett. 85 (2000) 5292–5295, arXiv:hep-ex/0005005 [hep-ex].

[71] G. R. Kalbfleisch, W. Luo, K. A. Milton, E. H. Smith, and M. G. Strauss, “Limits on
Production of Magnetic Monopoles Utilizing Samples from the D0 and CDF Detectors
at the Tevatron,” Phys. Rev. D69 (2004) 052002, arXiv:hep-ex/0306045 [hep-ex].

[72] M. Bertani et al., “Search for Magnetic Monopoles at the Tevatron Collider,”
Europhys. Lett. 12 (1990) 613–616.

[73] H. Hoffmann, G. Kantardjian, S. Di Liberto, F. Meddi, G. Romano, and G. Rosa, “A
New Search for Magnetic Monopoles at the CERN ISR with Plastic Detectors,” Lett.
Nuovo Cim. 23 (1978) 357–360.

[74] R. A. Carrigan, B. P. Strauss, and G. Giacomelli, “Search for Magnetic Monopoles at
the CERN Intersecting Storage Rings,” Phys. Rev. D 17 (Apr, 1978) 1754–1757.
http://link.aps.org/doi/10.1103/PhysRevD.17.1754.

[75] ATLAS Collaboration, “Search for Magnetic Monopoles in
√
s = 7 TeV pp Collisions

with the ATLAS Detector,” Phys. Rev. Lett. 109 (2012) 261803, arXiv:1207.6411
[hep-ex].

[76] R. Carrigan, F. Nezrick, and B. . Strauss, “Search for Magnetic-Monopole Production
by 300 GeV Proton,” Phys. Rev. D 8 (Apr, 1973) 3717.

[77] R. A. Carrigan, Jr., F. A. Nezrick, and B. P. Strauss, “Extension of Fermi National
Accelerator Laboratory Magnetic Monopole Search to 400 GeV,” Phys. Rev. D10
(1974) 3867.

[78] H1 Collaboration, A. Aktas et al., “A Direct Search for Stable Magnetic Monopoles
Produced in Positron-Proton Collisions at HERA,” Eur.Phys.J. C41 (2005) 133–141,
arXiv:hep-ex/0501039 [hep-ex].

http://dx.doi.org/10.1007/BF01624358
http://arxiv.org/abs/1311.6940
http://dx.doi.org/10.1016/j.physletb.2011.03.033
http://arxiv.org/abs/1102.0459
http://dx.doi.org/10.1103/PhysRevD.46.R881
http://dx.doi.org/10.1088/0034-4885/69/6/R02
http://dx.doi.org/10.1088/0034-4885/69/6/R02
http://arxiv.org/abs/hep-ex/0602040
http://dx.doi.org/10.1103/PhysRevD.4.1285
http://dx.doi.org/10.1103/PhysRevD.4.1285
http://dx.doi.org/10.1103/PhysRevD.8.698
http://dx.doi.org/10.1103/PhysRevD.8.698
http://dx.doi.org/10.1103/PhysRevLett.85.5292
http://arxiv.org/abs/hep-ex/0005005
http://dx.doi.org/10.1103/PhysRevD.69.052002
http://arxiv.org/abs/hep-ex/0306045
http://dx.doi.org/10.1209/0295-5075/12/7/007
http://dx.doi.org/10.1007/BF02776247
http://dx.doi.org/10.1007/BF02776247
http://dx.doi.org/10.1103/PhysRevD.17.1754
http://link.aps.org/doi/10.1103/PhysRevD.17.1754
http://dx.doi.org/10.1103/PhysRevLett.109.261803
http://arxiv.org/abs/1207.6411
http://arxiv.org/abs/1207.6411
http://dx.doi.org/10.1103/PhysRevD.10.3867
http://dx.doi.org/10.1103/PhysRevD.10.3867
http://dx.doi.org/10.1140/epjc/s2005-02201-6
http://arxiv.org/abs/hep-ex/0501039


164 References

[79] J. L. Pinfold, R. Du, K. Kinoshita, B. Lorazo, M. Regimbald, and B. Price, “A Search
for Highly Ionizing Particles Produced at the OPAL Intersection Point at LEP,” Phys.
Lett. B316 (1993) 407–411.

[80] P. Musset, M. Price, and E. Lohrmann, “Search for Magnetic Monopoles in
Electron-Positron Collisions at 34 GeV CM Energy,” Physics Letters B 128 no. 5,
(1983) 333 – 335.
http://www.sciencedirect.com/science/article/pii/0370269383902708.

[81] D. Fryberger, T. E. Coan, K. Kinoshita, and P. B. Price, “Search for Highly Ionizing
Particles in e+e− Collisions at

√
s = 29 GeV,” Phys. Rev. D29 (1984) 1524.

[82] H. Jeon and M. J. Longo, “Search for Magnetic Monopoles Trapped in Matter,” Phys.
Rev. Lett. 75 (1995) 1443–1446, arXiv:hep-ex/9508003 [hep-ex]. [Erratum: Phys.
Rev. Lett.76,159(1996)].

[83] T. Ebisu and T. Watanabe, “Squid Fluxmeter Search for Magnetic Monopoles Trapped
in Old Iron Ores,” Phys. Rev. D36 (1987) 3359–3366.

[84] J. M. Kovalik and J. L. Kirschvink, “New Superconducting Quantum Interface Device
Based Constraints on the Abundance of Magnetic Monopoles Trapped in Matter: An
Investigation of Deeply Buried Rocks,” Phys. Rev. A33 (1986) 1183–1187.

[85] Carrera, The use of Superconducting Shields for Generating Ultra-Low Magnetic Field
Regions - and Several Related Experiments. PhD thesis, 1975.

[86] Particle Data Group Collaboration, K. Olive et al., “Cosmic Rays Mini Review -
Review of Particle Physics,” Chin.Phys. C38 (2014) 090001.

[87] ATLAS Collaboration, G. Aad et al., “The ATLAS Experiment at the Large Hadron
Collider,” JINST 3 (2008) S08003.

[88] ATLAS Collaboration, G. Aad et al., “Expected Performance of the ATLAS
Experiment - Detector, Trigger and Physics,” arXiv:0901.0512 [hep-ex].

[89] CMS Collaboration, S. Chatrchyan et al., “The CMS Experiment at the CERN LHC,”
JINST 3 (2008) S08004.

[90] ALICE Collaboration, K. Aamodt et al., “The ALICE Experiment at the CERN
LHC,” JINST 3 (2008) S08002.

[91] LHCb Collaboration, A. A. Alves, Jr. et al., “The LHCb Detector at the LHC,”
JINST 3 (2008) S08005.

[92] TOTEM Collaboration, G. Anelli et al., “The TOTEM Experiment at the CERN
Large Hadron Collider,” JINST 3 (2008) S08007.

[93] LHCf Collaboration, O. Adriani et al., “The LHCf Detector at the CERN Large
Hadron Collider,” JINST 3 (2008) S08006.

[94] MoEDAL Collaboration, J. Pinfold et al. Tech. Rep. CERN-LHCC-2009-006.
MoEDAL-TDR-001, CERN, Geneva, Jun, 2009. http://cds.cern.ch/record/1181486.

[95] A. Bing, “The ATLAS TRT and its Performance at LHC,” Journal of Physics:
Conference Series 347 no. 1, (2012) 012025.
http://stacks.iop.org/1742-6596/347/i=1/a=012025.

http://dx.doi.org/10.1016/0370-2693(93)90346-J
http://dx.doi.org/10.1016/0370-2693(93)90346-J
http://dx.doi.org/http://dx.doi.org/10.1016/0370-2693(83)90270-8
http://dx.doi.org/http://dx.doi.org/10.1016/0370-2693(83)90270-8
http://www.sciencedirect.com/science/article/pii/0370269383902708
http://dx.doi.org/10.1103/PhysRevD.29.1524
http://dx.doi.org/10.1103/PhysRevLett.75.1443
http://dx.doi.org/10.1103/PhysRevLett.75.1443
http://arxiv.org/abs/hep-ex/9508003
http://dx.doi.org/10.1103/PhysRevD.36.3359
http://dx.doi.org/10.1103/PhysRevA.33.1183
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://arxiv.org/abs/0901.0512
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1088/1748-0221/3/08/S08002
http://dx.doi.org/10.1088/1748-0221/3/08/S08005
http://dx.doi.org/10.1088/1748-0221/3/08/S08007
http://dx.doi.org/10.1088/1748-0221/3/08/S08006
http://cds.cern.ch/record/1181486
http://stacks.iop.org/1742-6596/347/i=1/a=012025


References 165

[96] ATLAS Collaboration, G. Aad et al., “The ATLAS Inner Detector Commissioning and
Calibration,” Eur.Phys.J. C70 (2010) 787–821, arXiv:1004.5293 [physics.ins-det].

[97] ATLAS TRT Collaboration, V. A. Mitsou, “The ATLAS Transition Radiation
Tracker,” arXiv:hep-ex/0311058 [hep-ex].

[98] M. Capeans et al., “ATLAS Insertable B-Layer Technical Design Report,” Tech. Rep.
CERN-LHCC-2010-013. ATLAS-TDR-19, CERN, Geneva, Sep, 2010.
https://cds.cern.ch/record/1291633.

[99] ATLAS Collaboration, N. Nikiforou, “Performance of the ATLAS Liquid Argon
Calorimeter After Three Years of LHC Operation and Plans for a Future Upgrade,” in
Proceedings, 3rd International Conference on Advancements in Nuclear
Instrumentation Measurement Methods and their Applications (ANIMMA 2013).
2013. arXiv:1306.6756 [physics.ins-det].
http://inspirehep.net/record/1240499/files/arXiv:1306.6756.pdf.

[100] ATLAS LAr Collaboration, H. Wilkens, “The ATLAS Liquid Argon Calorimeter: An
overview,” Journal of Physics: Conference Series 160 no. 1, (2009) 012043.
http://stacks.iop.org/1742-6596/160/i=1/a=012043.

[101] ATLAS Collaboration, ATLAS Liquid-Argon Calorimeter: Technical Design Report.
Technical Design Report ATLAS. CERN, Geneva, 1996.
https://cds.cern.ch/record/331061.

[102] ATLAS Muon Collaboration, E. Diehl, “ATLAS Muon Detector Commissioning,” in
Particles and fields. Proceedings, Meeting of the Division of the American Physical
Society, DPF 2009, Detroit, USA, July 26-31, 2009. 2009. arXiv:0910.2767

[physics.ins-det].
http://inspirehep.net/record/834063/files/arXiv:0910.2767.pdf.

[103] A. Negri, “Evolution of the Trigger and Data Acquisition System for the ATLAS
Experiment,” Journal of Physics 012033 no. 396, (2012) .

[104] ATLAS Collaboration, ATLAS level-1 trigger: Technical Design Report. Technical
Design Report ATLAS. CERN, Geneva, 1998. https://cds.cern.ch/record/381429.

[105] ATLAS Collaboration, C. M. Herrera, “Commissioning of the ATLAS Electron,
Photon and Tau Trigger Selection,” IEEE Nucl.Sci.Symp.Conf.Rec. 2010 (2010)
1277–1281.

[106] ATLAS Collaboration, A. Sidoti, “The ATLAS Trigger System: Performance and
Evolution,” Nucl.Instrum.Meth. A718 (2013) 251–252.

[107] J. Clarke and A. Braginski, The SQUID Handbook. WILEY-VCH, 2004.

[108] H. e. Weinstock, SQUID Sensors: Fundamentals, Fabrication and Applications. Kluver
Academics, Dordrecht, The Netherlands, 1996.

[109] ATLAS Collaboration, “Performance of the ATLAS Electron and Photon Trigger in
pp Collisions at

√
s = 7 TeV in 2011,” Tech. Rep. ATLAS-CONF-2012-048, CERN,

Geneva, May, 2012.

[110] H. J. Kim, “Electron and Photon Identification Performance in ATLAS,” in
Proceedings, 34th International Conference on High Energy Physics (ICHEP 2008).
2008. arXiv:0810.3415 [hep-ex].
http://inspirehep.net/record/799950/files/arXiv:0810.3415.pdf.

http://dx.doi.org/10.1140/epjc/s10052-010-1366-7
http://arxiv.org/abs/1004.5293
http://arxiv.org/abs/hep-ex/0311058
https://cds.cern.ch/record/1291633
http://dx.doi.org/10.1109/ANIMMA.2013.6728060
http://dx.doi.org/10.1109/ANIMMA.2013.6728060
http://arxiv.org/abs/1306.6756
http://inspirehep.net/record/1240499/files/arXiv:1306.6756.pdf
http://stacks.iop.org/1742-6596/160/i=1/a=012043
https://cds.cern.ch/record/331061
http://arxiv.org/abs/0910.2767
http://arxiv.org/abs/0910.2767
http://inspirehep.net/record/834063/files/arXiv:0910.2767.pdf
https://cds.cern.ch/record/381429
http://dx.doi.org/10.1109/NSSMIC.2010.5873972
http://dx.doi.org/10.1109/NSSMIC.2010.5873972
http://dx.doi.org/10.1016/j.nima.2012.11.028
http://arxiv.org/abs/0810.3415
http://inspirehep.net/record/799950/files/arXiv:0810.3415.pdf


166 References

[111] ATLAS Collaboration, “Performance of the Electron and Photon Trigger in p-p
Collisions at

√
s = 7 TeV,” Tech. Rep. ATLAS-CONF-2011-114, CERN, Geneva, Aug,

2011. https://cds.cern.ch/record/1375551.

[112] M. Lamon et al., Accelarators and Colliders: Accelerator Operations. Springer, 2013.

[113] G. Unal and L. Fiorini, “ATLAS Experiment Public Results - Luminosity.”
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults,
September, 2013.

[114] A. Mincer, “ATLAS experiment - Public Results. Missing Energy Trigger..” https:

//twiki.cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults,
November, 2013.

[115] G. Lewis, “New ATLAS Triggers Based on the Missing Et Significance,”.
https://cds.cern.ch/record/1345767.

[116] ATLAS Collaboration, “The ATLAS missing Et trigger Performance with Initial LHC
Runs at

√
s = 900 GeV,” Tech. Rep. ATLAS-CONF-2010-026, CERN, Geneva, Jul,

2010. http://cds.cern.ch/record/1277658.

[117] ATLAS Collaboration, G. Aad et al., “Performance of Missing Transverse Momentum
Reconstruction in Proton-Proton Collisions at 7 TeV with ATLAS,” Eur. Phys. J. C72
(2012) 1844, arXiv:1108.5602 [hep-ex].

[118] ATLAS Collaboration, G. Aad et al., “Topological Cell Clustering in the ATLAS
Calorimeters and its Performance in LHC Run 1,” arXiv:1603.02934 [hep-ex].

[119] ATLAS Collaboration Collaboration, “Data-Quality Requirements and Event
Cleaning for Jets and Missing Transverse Energy Reconstruction with the ATLAS
Detector in Proton-Proton Collisions at a Center-of-Mass Energy of sqrts = 7 TeV,”
Tech. Rep. ATLAS-CONF-2010-038, CERN, Geneva, Jul, 2010.
https://cds.cern.ch/record/1277678.

[120] ATLAS Collaboration Collaboration, “Performance of the ATLAS Muon Trigger in
2011,” Tech. Rep. ATLAS-CONF-2012-099, CERN, Geneva, Jul, 2012.
http://cds.cern.ch/record/1462601.

[121] S. Hassani, L. Chevalier, E. Lancon, J. F. Laporte, R. Nicolaidou, and A. Ouraou, “A
Muon Identification and Combined Reconstruction Procedure for the ATLAS Detector
at the LHC Using the (MUONBOY, STACO, MuTag) Reconstruction Packages,” Nucl.
Instrum. Meth. A572 (2007) 77–79.

[122] M. Cacciari, G. P. Salam, and G. Soyez, “The Anti-k(t) Jet Clustering Algorithm,”
JHEP 04 (2008) 063, arXiv:0802.1189 [hep-ph].

[123] R. E. Kwee, “Minimum Bias Trigger in ATLAS,” Tech. Rep.
ATL-DAQ-PROC-2010-055, CERN, Geneva, Dec, 2010.
https://cds.cern.ch/record/1312194.

[124] for the ATLAS collaboration Collaboration, I. Hristova, “The Evolution and
Performance of the ATLAS Calorimeter-Based Triggers in 2011 and 2012,” Tech. Rep.
ATL-DAQ-PROC-2012-051, CERN, Geneva, Oct, 2012.
https://cds.cern.ch/record/1485638.

[125] D. H. Perkins, Introduction to High Energy Physics. Cambridge University Press,
2000. https://books.google.se/books?id=e63cNigcmOUC.

https://cds.cern.ch/record/1375551
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LuminosityPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MissingEtTriggerPublicResults
https://cds.cern.ch/record/1345767
http://cds.cern.ch/record/1277658
http://dx.doi.org/10.1140/epjc/s10052-011-1844-6
http://dx.doi.org/10.1140/epjc/s10052-011-1844-6
http://arxiv.org/abs/1108.5602
http://arxiv.org/abs/1603.02934
https://cds.cern.ch/record/1277678
http://cds.cern.ch/record/1462601
http://dx.doi.org/10.1016/j.nima.2006.10.340
http://dx.doi.org/10.1016/j.nima.2006.10.340
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189
https://cds.cern.ch/record/1312194
https://cds.cern.ch/record/1485638
https://books.google.se/books?id=e63cNigcmOUC


References 167

[126] A. Chilingarov, D. Lipka, J. Meyer, and T. Sloan, “Displacement Energy for Various
Ions in Particle Detector Materials,” Nucl. Instrum. Meth. A449 (2000) 277–287.

[127] S. P. Ahlen, “Monopole-Track Characteristics in Plastic Detectors,” Phys. Rev. D 14
(1975) 2935.

[128] S. P. Ahlen, “Stopping-Power Formula for Magnetic Monopoles,” Phys. Rev. D 17
(1978) 229.

[129] S. P. Ahlen, “Theoretical and Experimental Aspects of the Energy Loss of Relativistic
Heavily Ionizing Particles,” Rev. Mod. Phys. 52 (1980) 121.

[130] J. Lindhard and M. Scharff, “Stopping Powers for Electrons and Positrons,” ICRU. 37
(1993) . http://physics.nist.gov/PhysRefData/.

[131] J. Lindhard and M. Scharff, ““Stopping Powers and Ranges for Protons and Alpha
Particles,” ICRU. 49 (1984) .

[132] D. E. Groom, N. V. Mokhov, and S. Striganov, “Muon Stopping-Power and Range
Tables: 10 MeV–100 TeV,” Atomic Data and Nuclear Data Tables 78 (2001) 183–356.
http://pdg.lbl.gov/AtomicNuclearProperties/.

[133] W. H. Barkas, W. Birnbaum, and F. M. Smith, “Mass-Ratio Method Applied to the
Measurement of L-Meson Masses and the Energy Balance in Pion Decay,” Phys. Rev.
101 (1956) 778.

[134] R. M. Sternheimer, “The density effect for the ionization loss in various materials,”
Phys. Rev. 88 (Nov, 1952) 851–859.
http://link.aps.org/doi/10.1103/PhysRev.88.851.

[135] Y. Kazama, C. N. Yang, and A. S. Goldhaber, “The Density Effect for the Ionization
Loss in Various Materials,” Phys. Rev. D. 15 (1977) 2287.

[136] L. D. Landau and E. M. Lifshitz, Electrodynamics of Continuous Media.
Addison-Wesley, 1960.

[137] GEANT4 Collaboration, S. Agostinelli et al., “GEANT4: A Simulation Toolkit,”
Nucl.Instrum.Meth. A506 (2003) 250–303.

[138] S. Burdin, M. Horbatsch, and W. Taylor, “A Correction to Birks’ Law in Liquid Argon
Ionization Chamber Simulations for Highly Ionizing Particles,” Nucl. Instrum. Meth. A
664 (2012) 111.

[139] A. Beddall, “ATLAS Experiment Public Results - Public TRT Plots for Collision
Data.” https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TRTPublicResults,
June, 2015.

[140] J. B. Birks, “Scintillations from Organic Crystals: Specific Fluorescence and Relative
Response to Different Radiations,” Proc. Phys. Soc. A64 (1951) 874.

[141] J. B. Birks Proc. Phys. Soc. A64 (1951) 511.

[142] J. B. Birks, Theory and Practice of Scintillation Counting. Pergamon Press, 1964.

[143] J. D. Birks, “Theory of the Response of Organic Scintillation Crystals to Short-Range
Particles,” Phys. Rev. 86 (1952) 569.

http://dx.doi.org/10.1016/S0168-9002(99)01303-0
http://dx.doi.org/10.1103/PhysRevD.14.2935
http://dx.doi.org/10.1103/PhysRevD.14.2935
http://physics.nist.gov/PhysRefData/
http://pdg.lbl.gov/AtomicNuclearProperties/.
http://dx.doi.org/10.1103/PhysRev.88.851
http://link.aps.org/doi/10.1103/PhysRev.88.851
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/j.nima.2011.10.044
http://dx.doi.org/10.1016/j.nima.2011.10.044
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TRTPublicResults


168 References

[144] ICARUS Collaboration Collaboration, S. Amoruso et al., “Study of Electron
Recombination in Liquid Argon with the ICARUS TPC,” Nucl.Instrum.Meth. A523
(2004) 275–286.

[145] K. J. Grahn, ATLAS Calorimetry: Hadronic Calibration Studies. Licentiate thesis,
2008.

[146] M. Aharrouche et al., “Measurement of the Response of the ATLAS Liquid Argon
Barrel Calorimeter to Electrons at the 2004 Combined Test-beam,”
Nucl.Instrum.Meth. A614 (2010) 400–432.

[147] The ATLAS Collaboration, “Response and Shower Topology of 2 to 180 GeV Pions
Measured with the ATLAS Barrel Calorimeter at the CERN Test-beam and
Comparison to Monte Carlo Simulations,”. https://cds.cern.ch/record/1263861.

[148] A. De Roeck, A. Katre, P. Mermod, D. Milstead, and T. Sloan, “Sensitivity of LHC
Experiments to Exotic Highly Ionising Particles,” Eur.Phys.J. C72 (2012) 1985,
arXiv:1112.2999 [hep-ph].

[149] J. Allison et al., “Geant4 Developments and Applications,” IEEE Transactions on
Nuclear Science 53 no. 1, (Feb, 2006) 270–278.

[150] S. Alioli, P. Nason, C. Oleari, and E. Re, “NLO Vector-Boson Production Matched
with Shower in POWHEG,” JHEP 0807 (2008) 060, arXiv:0805.4802 [hep-ph].
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Abstract

The transverse momentum triggers of the ATLAS experiment at the CERN Large Hadron
Collider are designed to select collision events with non-interacting particles passing through
the detector and events with a large amount of outgoing momentum transverse to the beam
axis. These triggers use global sums over the full calorimeter so are sensitive to measurement
fluctuations and systematic changes anywhere in the detector. During the 2011 data-taking
period, the LHC beam conditions for proton-proton collisions went through considerable
evolution, starting with an average number of interactions per bunch crossing in a run, 〈µ〉,
of about 3, increasing to typical values of 7 to 15, and even including one run with 〈µ〉 of
about 30. These changes were accompanied by changes in the bunch structure, including the
number of filled bunches, how these were spaced, and the intensity of individual bunches.
An increase in µ results in an increase of both the average energy deposit in the calorimeter
and the energy-measurement fluctuations. Changes in beam conditions in turn necessitated
changes in the calorimeter noise-suppression schemes used at various trigger levels. Trans-
verse momentum distributions and trigger rates were impacted by all of these changes. This
note contains a description of the transverse momentum triggers, the challenges faced in the
2011 data-taking period, the strategies used to deal with changes in the beam and detector,
and characterization of the trigger performance in 2011. Even under these conditions, the
trigger behavior was close to what was expected and allowed robust collection of data used
for physics studies.
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1 Introduction

In 2011, the ATLAS Experiment [1] at the CERN Large Hadron Collider (LHC) collected 5.25 fb−1

of data for proton-proton collisions at
√

s = 7 TeV and 158 µb−1 of data for lead-lead collisions with
nucleon-pair center of mass energy

√
sNN = 2.76 TeV (prior to any data quality cuts). The goal of the

ATLAS missing transverse momentum (Emiss
T ) triggers [2, 3] is to select events with an imbalance in

the total measured momentum due to the presence of particles invisible to the detector. These include
neutrinos, which are produced in the decay chains of Standard-Model particles such as the W and Z,
heavy quarks, and the Higgs boson. Such events can also arise from the presence of non-interacting
particles predicted by theories Beyond the Standard Model, such as the lightest SUSY particle. In offline
analysis the full detector information can be accessed to get an optimum determination of Emiss

T . At the
trigger level, however, both computing time and access to the detector information is limited. In 2011,
the ATLAS trigger used calorimeter cell positions and the energies they measured in an event to obtain a
good approximation of the measurable missing total transverse momentum in that event. In this approach,
the components of the missing transverse momentum vector, Emiss

T
, are defined as 6Ex = −ΣiEisin θi cos φi

and 6Ey = −ΣiEisin θi sin φi where the sum is over all calorimeter cells i (or grouping of cells i, depending
on the granularity of information available at the trigger level in which the calculation is being done), Ei

is the energy measured in cell i, θi is the angle between the cell i position unit vector ~vi (which points
from the center of the ATLAS detector to cell i) and the beam axis, and φi is the angle between the
projection of ~vi onto the plane perpendicular to the beam axis and the horizontal axis pointing towards

the center of the LHC ring. Emiss
T is defined as

√
( 6Ex)2 + ( 6Ey)2 and is used to select candidate events for

further study.
The scalar sum of the calorimeter cell energies times the projection of their position unit vectors onto

the plane perpendicular to the beam axis, ΣET = ΣiEisin θi, can be used as an indication of a hard scatter
having taken place, and is therefore also potentially a useful quantity with which to detect interesting
events.

Emiss
T and ΣET are both determined by summing over the full calorimeter. Even in events where there

are no non-interacting particles produced, imperfect calorimeter resolution will give rise to non-zero
values of Emiss

T . Greater energy deposit in the calorimeters results in larger ΣET and larger calorimeter
fluctuations, yielding more events passing ΣET and Emiss

T trigger thresholds. For large bunch densi-
ties, multiple proton-proton interactions occur in a single bunch crossing, each depositing energy in the
calorimeters. LHC beam luminosity for proton-proton collisions increased during 2011, so that 〈µ〉, the
average over a fill of the Poisson mean number µ of beam interactions per bunch crossing, typically
varied from about 7 to 15, but started at about 3 in early 2011 and went as high as 30 in one fill (though
the latter had beam conditions very different than was typical for 2011). As this “pileup” contribution to
the calorimeter energy measurement increases, in the absence of other modifications to mitigate this ef-
fect, the Emiss

T trigger thresholds must be raised or prescales (the inverse of the fraction of passing events
retained) increased to keep trigger rates below the maximum that the system can record. A new type
of trigger, using missing transverse momentum significance (XS), was therefore introduced in 2011 to
accept some events with signal Emiss

T below that of the Emiss
T trigger threshold. In XS triggers, the Emiss

T
resolution in an event is parameterized as a function of ΣET in that event, and the trigger criterion is the
ratio of Emiss

T to its resolution.
The following sections describe the transverse momentum triggers and assess their performance in

the 2011 data-taking period. The largest fraction of LHC proton-proton events are collisions without
large momentum transfer, followed by two-jet events from hard parton scatters. The Emiss

T trigger rate is
dominated by mismeasurement of these events, even though they do not have real Emiss

T . Trigger behav-
ior for event samples selected with minimal requirements is therefore one aspect of trigger performance
studied here. Samples rich in W decays to lepton and neutrino events are used to determine the efficiency
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of the trigger to select events with real invisible particles. Other characterizations of performance include
how well the quantities calculated by the triggers match the respective offline quantities, how well the
trigger performance matches what is expected from simulations, and how pileup affects the signal effi-
ciency and background rejection. These triggers were stable and robust, even in the highest 2011 pileup
conditions, though some threshold and prescale adjustments had to be done for the higher luminosities.
The 2011 data showed that, in the absence of other changes, further luminosity increase would require
unacceptably high thresholds or rates. The 2011 data were used to identify the critical issues that needed
to be addressed to improve performance under the higher luminosity conditions of 2012 and beyond.

2 Data selection and simulation

The ATLAS trigger system [4] consists of three levels, called Level 1 (L1), Level 2 (L2) and Event Filter
(EF). Starting with collisions between particle bunches in the LHC which can be separated by as little
as 25 ns (but typically 50 ns in 2011), the trigger selects about 300 Hz of events for permanent storage.
The 2011 ATLAS data are divided into data-taking periods, labeled A through N, during each of which
conditions of the detector were kept fairly constant.

Events selected by a random trigger on colliding bunches, used throughout 2011, provide the sam-
ple used to study the bulk of the transverse momentum triggers, and are referred to as the “zero-bias”
data sample. Two sets of events rich in leptonic W decays are used to study trigger efficiency for events
with real Emiss

T . W → eν events are selected with triggers requiring electron candidates with transverse
momentum of at least 14 GeV at L1 and 20 GeV at L2 and EF, or 16 GeV at L1 and 22 GeV at L2
and EF. Offline cuts require the electron candidate to be isolated, in the well-instrumented calorime-
ter region (|η| < 2.47 excluding 1.37 < |η| < 1.52), and to have transverse momentum greater than
25 GeV. The events must have at least one primary vertex with at least 3 tracks and the electron can-
didate track must come within 10 mm of a primary vertex. The mass of the reconstructed W candidate
4-vector in the transverse plane (mW

T ) is required to be greater than 80 GeV, where mW
T is defined as√

2pl
T Emiss

T [1 − cosφ(pl
T , E

miss
T )], pl

T is the lepton transverse momentum, and φ(pl
T , E

miss
T ) is the angle in

the transverse plane between pl
T and Emiss

T
. The W → µν candidate events are selected by triggering on

a muon candidate with transverse momentum of at least 11 GeV at L1 and 18 GeV at L2 and EF. A pri-
mary vertex with at least 3 good tracks is required and mW

T must be from 40 to 95 GeV. The W selection
criteria are chosen to minimize the background when comparing data with simulated events, which do
not contain background. In particular, the mW

T cut is set high for W → eν candidate events in order to
suppress QCD background, which is significant in this channel.

Events are simulated with the ATLAS simulation framework [5] using the PYTHIA6 [6] program
for event generation. Minimum-bias events, which simulate the bulk of the inelastic proton-proton inter-
actions, are used to compare with the zero-bias data sample. The ATLAS MC11 AMBT2B CTEQ6L1
tune [7] with the CTEQ6L parton distribution functions [8] is used for minimum-bias events. W events
are simulated using the the ATLAS MC11 AUET2B MRST LO** tune [7]. The GEANT4 [9] software
package is used to simulate the passage of particles through the ATLAS detector.

Selection criteria identical to those imposed on the data are applied to the simulated W events. How-
ever, some differences between measured and simulated distributions are likely to arise from background
events surviving the data event-selection cuts. Comparisons are therefore done for the two different W
decay modes, as the electron and muon samples will have very different backgrounds.
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3 The transverse momentum triggers

The L1 ATLAS calorimeter trigger uses firmware on custom electronics to determine ΣET, 6Ex and 6Ey

from summed coarse-grained calorimeter elements called trigger towers (summing over projective re-
gions of approximate size ∆η × ∆φ = 0.2 × 0.2 for |η| < 2.5 and larger and less regular in the more
forward region [4]) and compare the values with thresholds for the XE (Emiss

T ), TE (ΣET), and XS trigger
thresholds. The nomenclature is such that L1 XS30 means a Level 1 XS threshold of 3.0 while L1 XE30
and L1 TE500 have Level 1 thresholds of 30 GeV for Emiss

T and 500 GeV for ΣET, respectively. The L2
and EF level triggers are software based and run on computer farms. Bandwidth limitations and the high
granularity of the cell level information make it impossible to access the complete fine-grained cell-level
data from the ATLAS calorimeters at the Level 2 trigger. For this reason, in 2011 the L1 information was
retrieved and used at L2. Except for some minor differences in implementation (for example, whereas
L1 uses a look-up table to determine from the x and y momentum sums whether the Emiss

T threshold was
passed, L2 uses the square root of the sum of the components squared) the L2 results shown below use
the L1 values, and L1 and L2 will refer, for the most part, to the same algorithm and values.

The 2011 EF algorithm used the full granularity of the ∼188 000 calorimeter cells. Muon infor-
mation is available at both L2 and EF but was not used in active 2011 triggers. The best ATLAS of-
fline determination of transverse momentum includes muons as well as hadronic calibration to correct
for the difference in calorimeter response to energy deposit by electromagnetic and hadronic processes
[10, 11, 12, 13]. As the trigger quantities used in 2011 did not include such corrections, their performance
is evaluated by comparing them with offline quantities not including these corrections.

Figure 1 compares the L1 and EF Emiss
T and ΣET distributions for events selected in 2011 by a random

trigger during beam crossings with a simulated sample of minimum-bias events of similar 〈µ〉. The peaks
of the distributions, which account for the bulk of events, agree well with the data, but the spread in the
data distributions are significantly higher, especially for ΣET. There are several possible reasons for these
differences. A previous ATLAS study [10] has found that PYTHIA6 does not fully describe the observed
offline ΣET and Emiss

T high-energy tails and that these are better matched in PYTHIA8. Another source of
more high Emiss

T and ΣET events than expected from simulation are occasional noisy cells that give large
signals. Individual bad cells can be flagged and removed at EF level, but not at L1. Events where a large
number of cells give spurious energy can be detected offline, but affect the trigger distributions shown
here. Finally, the measured ΣET distributions are sensitive to the precise shape of calorimeter pulses, the
details of the pileup structure, and the noise suppression scheme used.

When the luminosity increases, there are, on average, more interactions in a bunch crossing, adding
more energy to the calorimeters and causing both average calorimeter energy deposit and fluctuations in
energy deposit to increase; this is called “in-time” pileup. In order to meet the necessarily strict signal
timing requirements while also optimizing cell energy determination, calorimeter pulses are shaped by
differentiation and integration, producing a quickly-rising pulse followed by a long opposite-sign tail
[14]. The pulses last longer than the time between bunch crossings, so that calorimeter energy in past
bunches can add positive or negative signal to energy measured in the current bunch crossing, thereby
changing average cell energies and increasing measurement fluctuations; this is called “out-of-time”
pileup.

A uniform threshold of about 1 GeV was used for all trigger towers at L1 in 2011. The granularity
at which L1 energy was measured was also about 1 GeV, as is visible in some of the distributions shown
below. At EF level, in order to protect against possible spurious large negative values in individual cells,
the 2011 EF algorithm did not include in the calculation of Emiss

T and ΣET any cells with energy less
than 3 times the cell noise distribution width, σcell. Rejection of all cells or towers with negative noise
fluctuations while retaining those with large positive fluctuation causes an offset in the ΣET distribution
but has negligible impact on the Emiss

T distribution. This offset strongly depends on the detailed shape

3
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Figure 1: L1 Emiss
T (top left), L1 ΣET (top right), EF level Emiss

T (bottom left) and EF level ΣET (bottom
right) distributions for events triggered on random colliding bunches compared with expectations from
simulation.

of the noise distributions and hence also on the in-time and out-of-time pileup. The parameters used
for determining calorimeter signals at L1 can in principle be tuned for the particular µ at which data is
recorded, but the non pileup values were used for L1 throughout 2011. At EF level, the trigger has access
to cell energies determined in Digital Signal Processors with sophisticated algorithms using pulse-shape
information. In order to deal with the increasing µ, in the middle of 2011 the constants used in shape
parameterization were changed and the σcell definitions were modified to include a pileup-dependent
term. Like the energy deposit due to pileup, the resulting σcell values vary significantly with cell position.
For example, for µ = 8, the hadronic calorimeter σcell ranges from tens of MeV in the central part of
the calorimeter, to hundreds of MeV at |η| ∼ 2 to several GeV at |η| ∼ 4. These changes in turn caused
differences in the measured Emiss

T and ΣET distributions. Figures 2 and 3 compare the measured EF level
transverse momentum distributions for empty bunch crossings and zero-bias events in data from runs in
two different data-taking periods, F and G, with almost identical 〈µ〉 =7.0, before and after parameter
changes were made.

As mentioned above, calorimeter signals include effects of both in-time and out-of-time pileup. For
calorimeter signals from bunch crossings in the middle of a bunch train, the average of positive energy
signals and opposite-sign tails due to pileup roughly cancel. However, this cancellation does not occur
for the first bunches in a train, which have fewer negative-signal tails contributing and therefore have a
positive signal bias that increases as pileup becomes larger. The first bunches in a train therefore also
have a larger fraction of events with high Emiss

T and ΣET. Figures 4 and 5 show the dependence of the
Emiss

T and ΣET distributions on the bunch position in the train. The events in these figures were selected
with a random trigger on filled bunch crossings. Distributions are compared for events with the same
number of detected primary vertices, to reduce any differences due to different bunches in a train having
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Figure 2: EF level Emiss
T (left) and ΣET (right) distributions for empty bunch crossings compared for

data recorded in two different periods. The cell signal parameterization and noise distribution width σcell
were modified to include pileup effects in period G.
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Figure 3: EF level Emiss
T (left) and EF ΣET (right) distributions for events triggered on random colliding

bunches compared for data recorded in two different periods. In both cases 〈µ〉 =7.0, but the cell signal
parameterization and noise distribution width σcell were modified to include pileup effects in period G.

different instantaneous luminosities. The increase in Emiss
T and ΣET for the first few bunches in a group

are clearly visible in most of these figures. The simulation used here did not include the detailed bunch
structure and its changes during the course of the 2011 data-taking period.

For the reasons discussed above, the EF level energy determination is less sensitive than that of L1
to the various effects described. The tails of the simulated EF distributions are seen in Figure 1 to agree
much better with the data than those of the L1 simulation.

Figures 6 and 7 compare the Emiss
T and ΣET distributions of data events containing candidate W’s

decaying leptonically with those of the corresponding simulated event samples. The selections used to
obtain these events are described in Section 2. Note that, since muons are not included in Emiss

T and
ΣET, the electron and muon distributions should be different. Much of the Emiss

T here is due to neutrinos
escaping the detector rather than from resolution effects. Simulated Emiss

T distributions agree well with
the measured ones. QCD background contributes to the excess in electron-decay data events at low Emiss

T .
As is the case for zero-bias events, the data have a longer ΣET tail. The Emiss

T peak at about 40 GeV for
W → eν events, as compared with the steeply falling distribution for zero-bias events shown in Figure 1,
is a good illustration of the type of event feature that makes the Emiss

T trigger useful for selecting events
with real missing transverse momentum.

That the cause of non-zero Emiss
T in the bulk of events is due to fluctuations in calorimeter measure-
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Figure 4: L1 (top) and EF (bottom) Emiss
T (left) and ΣET (right) distributions for events triggered on

random colliding bunches. Events are selected by requiring 4 primary vertices detected by the tracking
system. Distributions are compared for events in the first 3 bunches of a train (line) and events in all
other bunches (shaded).

ment of transverse momentum can be seen by looking at the event-by-event correlation between Emiss
T

and ΣET. Figure 8 shows the x and y components of Emiss
T at L1 and EF plotted as a function of

√
ΣET

for zero-bias events, which should have little real Emiss
T . As shown in Figure 9, for narrow ranges of

ΣET the central part of the Emiss
T distribution is approximately Gaussian. Figure 10 shows the standard

deviation of 6Ex and 6Ey as a function of
√

ΣET. For the same ΣET, the Emiss
T resolution at the EF level is

seen to be much better than that at L1. The approximately linear dependence illustrated in these figures
allows simple parameterization of the Emiss

T component resolution as a function of ΣET by fitting it to
a function of the form a + b

√
ΣET, where a and b are defined so that the resolution has dimensions of

energy. Although a quadratic function would better fit the L1 data, no advantage was found to doing so
for trigger purposes. Note that for the ATLAS offline Emiss

T analysis [10, 11], which focused on events
with particles escaping the detector, it was found sufficient to use a single constant in a parameterization
of the form k

√
ΣET. The Emiss

T significance, XS, is then defined as the dimensionless ratio of Emiss
T to

this resolution. Triggering on XS allows selection of events whose Emiss
T is unlikely to have arisen from

overall calorimeter energy measurement fluctuation. As shown in Section 5 below, since it takes the
fluctuations from ΣET into account, the XS trigger rate is also much less sensitive to pileup effects than
the Emiss

T triggers.
In order to prevent artificially large or small values of XS arising from small energy deposits or
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Figure 5: L1 (top) and EF (bottom) Emiss
T (left) and ΣET (right) distributions for events triggered on

random colliding bunches. Events are selected by requiring 10 primary vertices detected by the tracking
system. Distributions are compared for events in the first 3 bunches of a train (line) and events in all
other bunches (shaded).

energy overflows it was found useful to implement several additional criteria in the XS trigger decision.
Regardless of the calculated XS value, minimum values of Emiss

T (typically 10 GeV) and minimum and
maximum values of ΣET (typically about 16 GeV and 4 TeV respectively) are imposed for an event to
pass an XS trigger. At L1, events automatically pass the XS trigger if there is an overflow in the sums
that give 6Ex or 6Ey, and automatically fail if there is an overflow in ΣET. Finally, to preserve efficiency for
large Emiss

T , an event automatically passes the XS trigger if Emiss
T is greater than some value, typically set

10 or 20 GeV higher than the lowest threshold unprescaled XE trigger. These settings, which preserve
efficiency and control the rate of false triggers, result in cutoffs in some of the distributions shown in the
figures below.

Figure 11 shows the distribution of XS at L1 and EF for events selected with a trigger firing on
random bunch crossings and compares them with simulated minimum-bias events. The agreement is
reasonable, with differences arising from the Emiss

T and ΣET differences seen in Figure 1. Figure 12
compares the XS distributions for runs in two periods with different EF level characterizations of pulse
shape and σcell as described above. Some differences are visible, as would be expected from the Emiss

T
and ΣET behavior shown in Figure 3.

Figures 13 and 14 compare the XS distribution at L1 and EF for simulated W → eν and W →
µν events with the candidate data events selected as described above. Agreement between data and
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Figure 6: Level 1 Emiss
T (top left), L1 ΣET (top right), EF level Emiss

T (bottom left) and EF ΣET (bottom
right) distributions for candidate W → eν events compared with expectations from simulation.

simulation, for these events in which Emiss
T arises from true event characteristics rather than fluctuations,

is quite good, though not perfect. QCD background contributes to the excess in electron-decay data
events at low XS.

The XS value is an indication of how likely it is for the Emiss
T in an event to arise from the imperfect

measurement resolution of the total energy deposited in the calorimeter in that event. However, the
approximation of a single Gaussian behavior for distributions such as those in Figure 9 is only appropriate
for the central region of these plots, for which XS is low. For example, most of the transverse energy
in QCD two-jet events is likely to be localized in two back-to-back regions of the calorimeter, and jet-
energy resolution will give rise to large XS more frequently than the Gaussian

√
ΣET model would

predict. Therefore, XS alone cannot easily be used to separate such events from signal events containing
true Emiss

T . As a result, while triggers with low XS thresholds are useful in event selection to enhance the
signal to background fraction, high-XS-threshold triggers do not provide similar advantages.

The standalone transverse-momentum triggers are those which accepted events solely based on Emiss
T ,

ΣET, or XS passing some threshold. The main standalone triggers used in 2011 are listed in Tables 1, 2
and 3. A large range of thresholds were used to insure that, regardless of beam luminosity, some Emiss

T and
ΣET triggers could always run unprescaled. As discussed in the previous paragraph, it was not useful to
set XS-trigger thresholds to high values, and these triggers almost always had to be prescaled. Except for
signatures using the L2 FEB algorithm (discussed below) the L2 and L1 algorithms were almost identical,
so typically the thresholds were set to the same value. However, because of the limited available number
of L1 firmware thresholds, L2 thresholds were sometimes varied to allow more intermediate threshold
values or to reduce rates when the highest L1 threshold was used. A number of combined triggers, which
put requirements on both transverse-momentum and other event characteristics, were also used in 2011.
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Figure 7: Level 1 Emiss
T (top left), L1 ΣET (top right), EF level Emiss

T (bottom left) and EF ΣET (bottom
right) distributions for candidate W → µν events compared with expectations from simulation. The
transverse momentum of muons is not included in these determinations of Emiss

T and ΣET.

For example, a W trigger using electrons can use a lower electron transverse-momentum threshold when
it is combined with an XS requirement.

Signature Thresholds [GeV] Comments
L1 L2 EF

xe20 10 10 20 Prescaled
xe30 20 20 30 Prescaled
xe40 30 30 40 Prescaled
xe50 35 35 50 Prescaled
xe60 40 40 60 Prescaled only at high luminosity
xe70 50 50 70 Prescaled only at high luminosity
xe70 tight 60 60 70 Not prescaled
xe80 60 60 80 Not prescaled
xe90 60 70 90 Not prescaled

Table 1: Definition of the main standalone Emiss
T trigger signatures used in 2011. The suffix “tight” indi-

cates that the lower level thresholds were higher than the nominal ones for the same EF level threshold.
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Figure 8: Level 1 6Ex (top left), L1 6Ey (top right), EF level 6Ex (bottom left) and EF 6Ey (bottom right)
plotted versus the respective level ΣET for random triggers on colliding bunches.

Signature Thresholds [GeV] Comments
L1 L2 EF

te550 180 250 550 Prescaled
300 350 550 Prescaled; settings used at high luminosity

te700 300 350 700 Not prescaled; settings in very early data collection period
300 300 700 Prescaled; settings used most of 2011
500 500 700 Prescaled; settings used at high luminosity

te900 500 500 900 Not prescaled; settings in very early data collection period
400 400 900 Prescaled; settings used most of 2011
700 700 900 Prescaled; settings used at high luminosity

te1000 500 500 1000 Not prescaled; settings used most of 2011
800 800 1000 Not prescaled; settings used at high luminosity

te1100 600 600 1100 Not prescaled; settings used much of 2011
500 600 1100 Not prescaled; settings used in later part of 2011
800 900 1100 Not prescaled; settings used at high luminosity

te1200 700 700 1200 Not prescaled; settings used much of 2011
500 700 1200 Not prescaled; settings used in later part of 2011
800 1000 1200 Not prescaled; settings used at high luminosity

Table 2: Definition of the standalone ΣET trigger signatures used in 2011. For each signature, Leve1 1
and Level 2 thresholds varied during 2011 as specified in the comments, but only one configuration was
active for each signature at a given time.
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Figure 9: 6Ex distributions for Level 1 (top) and EF level (bottom) as determined from the sum over the
full set of calorimeter trigger towers (for Level 1) or calorimeter cells (for EF level) for events selected
with a random trigger on colliding bunches. These are shown for two different calorimeter ΣET ranges,
and are compared with Gaussian fits to the distributions. The results from these fits to the peak region
data points (with statistical errors as shown in the figure) are used to determine the event-by-event Emiss

T
expected from calorimeter energy measurement fluctuations.

Signature Thresholds Comments
L1 L2 EF

xs30 1.5 1.5 3.0 Prescaled. In later periods used L1 XE10 instead of L1 XS15.
xs45 3.0 3.0 4.5 Prescaled
xs60 4.5 4.5 6.0 Prescaled
xs75 5.0 5.0 7.5 Prescaled
xs100 6.0 6.0 10.0 Unprescaled at low luminosity, prescaled at high luminosity

Table 3: Definition of the standalone XS trigger signatures used in 2011.
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Figure 10: Standard deviation of 6Ex (left) and 6Ey (right) for L1 (top) and EF (right) as determined from
the sum over the full set of calorimeter trigger towers (for Level 1) or calorimeter cells (for EF level)
for events selected with a random trigger on colliding bunches. A linear fit to the standard deviation as
a function of the square root of the total calorimeter ΣET is used to determine the event-by-event Emiss

T
expected from calorimeter energy measurement fluctuations. The error bars are the statistical errors on
the standard deviation determined from a Gaussian fit to the individual 6Ex and 6Ey distributions for each
ΣET bin. The non-linearity at Level 1 means that fewer events than predicted by the line will fluctuate
above any given 6Ex or 6Ey value.
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Figure 11: Level 1 (left) and EF level (right) XS distributions for events selected with a random trigger
on colliding bunches compared with expectations from simulation.
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Figure 13: Level 1 (left) and EF level (right) XS distributions for simulated W → eν events compared
with data.
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Figure 14: Level 1 (left) and EF level (right) XS distributions for simulated W → µν events compared
with data. The transverse momentum of muons is not included in these determinations of XS.
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4 Comparison of trigger and offline measurements

In general, the offline analysis uses more sophisticated algorithms than are possible to implement at trig-
ger level. The degree to which the trigger level transverse momentum quantities reproduce offline ones
[10, 11] is a measure of how effective these triggers are in selecting events which would be used in anal-
ysis while rejecting those that will be thrown out. As discussed in the previous section, the 2011 trigger-
level determinations of transverse momentum used only the calorimeter and did not include hadronic
calibration. The offline determination chosen for comparing with the trigger is therefore one using the
calorimeter only, and no hadronic calibration. The cluster algorithm it uses provides a determination of
transverse momentum which is closer than that of the trigger to the best offline determination.

Figure 15 compares the trigger and offline measurements of Emiss
T and ΣET for events obtained with

a random trigger. The correlation is very poor for L1 Emiss
T , since in these events Emiss

T is mainly due
to energy mismeasurement, which is different in the L1 trigger-tower algorithm from that used offline.
Correlation between L1 and offline measurements can more easily be seen for the larger valued ΣET.
The EF level measured quantities, on the other hand, show strong correlation with offline values. The
EF level ΣET is offset at low energies from the offline ΣET, by about 20 GeV for the run shown in these
plots. This is mainly due to the one-sided noise cut used at EF level, which adds an offset compared with
the offline two-sided cut.
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Figure 15: Level 1 (top) and EF Level (bottom) Emiss
T (left) and ΣET (right) compared with the offline

calculated values for events collected with a trigger firing on random bunch crossings for run 183081
with peak µ = 6.9.

The trigger behavior for events with real Emiss
T is studied using the W samples obtained as described

in Section 2. Figure 16 compares the trigger and offline measurements of Emiss
T and ΣET for W → eν

candidate events. Figure 17 compares the trigger and offline measurements of Emiss
T and ΣET for W → µν

candidate events. For all of these events, the transverse momentum quantities are likely dominated by
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true values larger than the fluctuations. The EF quantities still show better correlation with the offline
variables than do the L1 ones, but even the L1 ones show good correlation for these events. The EF level
ΣET offset from offline at low offline ΣET visible in these plots arises from a complex combination of
the event selection cuts and kinematics, in addition to the cell-energy cut effects described for zero-bias
events.
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Figure 16: Level 1 (top) and EF Level (bottom) Emiss
T (left) and ΣET (right) compared with the offline

calculated values for W → eν candidate events.
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Figure 17: Level 1 (top) and EF Level (bottom) Emiss
T (left) and ΣET (right) compared with the offline

calculated values for candidate W → µν events. The transverse momentum of muons is not included in
these determinations of Emiss

T and ΣET.

5 Stability of the triggers and the impact of pileup

At high luminosities there are multiple proton-proton interactions in a single bunch crossing. Figure
18 shows the development in 2011 of the number of interactions per bunch crossing at the LHC. The
maximum value of µ in a day increased from an initial value of about 3 to a typical value of about 10 to
15 and as high as 30 for one special run (not shown in this plot).

As µ increases, so does the average energy deposited in the calorimeter. This results in a shift in the
ΣET distribution, as shown in the left panel of Figure 19. Since the ΣET distribution is roughly a falling
exponential, the rates of TE triggers, which fire when ΣET is above some threshold, increase much more
quickly than linearly with increasing µ (Figure 19 right). Since TE triggers are very sensitive to pileup,
they were used in 2011 primarily to provide an unbiased Level 1 trigger for heavy ion collisions, by
setting the threshold to a very low value.

For low to moderate Emiss
T values, the bulk of Emiss

T triggers are due to calorimeter measurement
fluctuations in events without real Emiss

T . As ΣET increases with pileup, the Emiss
T resolution function

broadens in proportion to
√

ΣET. Emiss
T therefore becomes larger with increasing µ (Figure 20 left) and

the Emiss
T trigger rates grow much more quickly than linearly with µ (Figure 20 top right). On the other

hand, for high thresholds other processes, such as mismeasurement of jet energies in QCD two-jet events,
become more important than resolution in determining the trigger rate. As Figure 20 bottom right shows,
for such thresholds the trigger rates are linear with µ.

As discussed in Section 3, changes in the LHC such as in bunch structure configuration result in
differences in calorimeter response, so that trigger rates per bunch crossing are not identical at different
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Figure 18: The maximum mean number of events per beam crossing versus day. The online luminosity
measurement is used for this calculation. Only the maximum value during stable beam periods is shown.
In this plot both the maximum pileup for any bunch is shown in green, as well as the maximum pileup
averaged over all the colliding bunches (shown in blue).
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Figure 19: The figure on the left shows EF level ΣET distributions for various values of the average
number of interactions per bunch crossing µ for a random trigger on colliding bunches. The figure on the
right shows the rates of ΣET triggers with thresholds of 700, 900, 1000, 1100, and 1200 GeV (corrected
for prescales used) for data recorded from 13 July to 30 October 2011 as a function of the number of
interactions per bunch crossing. Each dot represents an average over about 8 minutes of data.

periods even for bunches with the same µ. The low to moderate Emiss
T threshold rates are particularly

sensitive to beam conditions and detector effects (such as noisy cells), so, as seen in Figure 20, there are
large variations in Emiss

T rate for the same µ. This can be seen more clearly in Figure 21, which shows
that while in general the rates versus µ lie along a single curve, there are discontinuities in rates for some
run periods. As seen in these figures, this is less true for high threshold triggers.

Since most of the pileup energy is deposited at a small angle from the collision axis, pileup particu-
larly impacts the forward region of the calorimeter. Increasing the noise widths σcell for zero-suppression
in this part of the calorimeter was found to be helpful in controlling trigger rates. Figure 22 compares
the trigger rates as a function of µ for data recorded before and after including pileup in the noise cuts.
For the same µ, there is a reduction in rate by over a factor of 3 for the 20 GeV threshold trigger, and by
about a third for one with a threshold of 80 GeV. As mentioned above, the thresholds were changed once
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Figure 20: The figure on the left shows EF level Emiss
T distributions for various values of the average

number of interactions per bunch crossing µ for a random trigger on colliding bunches. The figures on
the right show how the rates per bunch crossing (corrected for prescales used) of Emiss

T triggers change
as a function of µ. The top right figure shows the rates of Emiss

T triggers with thresholds of 20, 30 and
40 GeV for data recorded from 14 April to 30 October 2011. The bottom right figure shows the rates of
Emiss

T triggers with thresholds of 60, 70, 80 and 90 GeV for data recorded from 13 July to 30 October
2011. Each dot represents an average over about 8 minutes of data. The earlier period data uses different
zero suppression, but was included in the top plot because the 30 GeV threshold trigger was turned off

afterwards.

at EF level during 2011, but were kept fixed at L1. While increasing the value of the forward calorimeter
cutoff for zero-suppression led to improvements in rate without severely affecting Emiss

T resolution, stud-
ies showed that completely eliminating the forward region of the calorimeter from the Emiss

T calculation
at either L1 or EF would result in poorer agreement with the offline value. The trigger therefore always
used the full calorimeter.

To the extent that the XS triggers correctly model the Emiss
T resolution, the XS trigger rate per bunch

crossing for events with Emiss
T arising from calorimeter mismeasurements should be independent of µ.

However, changes in bunch structure or other variations can change XS behavior just as they do that of
XE triggers. To study these effects, XS parameters are separately extracted for several runs, using the
fitting method described in Section 3 and shown in Figure 10 for the data recorded in periods G through
M. The properties of the individual runs used here are listed in Table 4. These runs vary in the average
number of events per bunch crossing, the time between consecutive filled bunches, and in whether cell
zero suppression and calorimeter pulse shapes were tuned for higher pileup. Table 5 presents the Emiss

T
resolution parameters obtained from the fits. The two fit parameters are strongly anti-correlated, with
correlation coefficients ranging from -0.94 to -0.99, so for comparison between periods with different
conditions it is useful to determine the resulting resolution at a few values of

√
ΣET. Table 6 lists the
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Figure 22: Comparison of Emiss
T trigger rates (corrected for prescales used) as a function of µ for data-

taking periods E and F, with the rates for periods G and H. For the latter periods, the cell signal parame-
terization and noise model included pileup effects. Each dot represents an average over about 8 minutes
of data.

calculated Emiss
T resolutions at ΣET=16 GeV, the minimum ΣET used in the fits and required for events

to pass XS, and 125 GeV, a middle range of ΣET for data used in the fits. The uncertainties in this table
are determined by propagating errors using the covariance matrix of each fit.

Several conclusions can be drawn from the results in Table 6. The L1 resolutions all agree to about
5%. The 6Ex and 6Ey and run-to-run variations are all at about this level, so it is difficult to make any
conclusions beyond this regarding L1. The L1 resolutions are significantly worse than those at EF,
which is expected given the finer spatial binning and better energy resolution at EF.
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Run Run Peak Bunch Increased Zero
Number Period µ Spacing Suppression
177986 B 5.7 75 ns No
178044 B 8.3 75 ns No
182424 F 6.2 50 ns No
182486 F 7.3 50 ns No
183081 G 6.9 50 ns Yes
183130 G 5.0 50 ns Yes
190256 L 15.6 50 ns Yes
191190 M 16.7 50 ns Yes

Table 4: Characteristics of data runs used in XS parameter fitting.

Run Component L1 Fit Parameters EF Fit Parameters
Number a [GeV] b [GeV0.5] a [GeV] b [GeV0.5]
177986 6Ex −2.172 ± 0.260 1.213 ± 0.055 −0.776 ± 0.036 0.428 ± 0.005

6Ey −1.778 ± 0.248 1.104 ± 0.053 −0.666 ± 0.040 0.416 ± 0.005
178044 6Ex −1.707 ± 0.061 1.143 ± 0.012 −0.723 ± 0.015 0.428 ± 0.002

6Ey −1.534 ± 0.059 1.081 ± 0.012 −0.733 ± 0.015 0.430 ± 0.002
182424 6Ex −1.718 ± 0.068 1.149 ± 0.014 −0.713 ± 0.016 0.422 ± 0.002

6Ey −1.719 ± 0.068 1.119 ± 0.014 −0.726 ± 0.016 0.423 ± 0.002
182486 6Ex −1.676 ± 0.061 1.132 ± 0.012 −0.748 ± 0.022 0.425 ± 0.002

6Ey −1.608 ± 0.060 1.101 ± 0.012 −0.749 ± 0.023 0.426 ± 0.002
183081 6Ex −1.624 ± 0.053 1.130 ± 0.011 −0.609 ± 0.014 0.502 ± 0.002

6Ey −1.602 ± 0.052 1.094 ± 0.011 −0.577 ± 0.015 0.500 ± 0.002
183130 6Ex −1.665 ± 0.085 1.139 ± 0.018 −0.595 ± 0.020 0.501 ± 0.003

6Ey −1.581 ± 0.083 1.077 ± 0.017 −0.597 ± 0.020 0.504 ± 0.003
190256 6Ex −1.997 ± 0.050 1.185 ± 0.008 −0.554 ± 0.022 0.481 ± 0.002

6Ey −1.855 ± 0.040 1.152 ± 0.008 −0.551 ± 0.022 0.482 ± 0.002
191190 6Ex −1.953 ± 0.037 1.183 ± 0.007 −0.606 ± 0.022 0.487 ± 0.002

6Ey −1.876 ± 0.037 1.156 ± 0.007 −0.522 ± 0.023 0.480 ± 0.002

Table 5: L1 and EF XS parameterization extracted from runs with different characteristics.

For both trigger levels, resolution at low ΣET values is better than what would be expected from a
straight line fit to high ΣET values constrained to go through the origin, demonstrating the need for a
non-zero constant offset a in the fit to trigger data. It is likely that this is because at low ΣET the energy
comes mainly from the fluctuations in the large number of cells remaining after zero suppression, so
that the direction-weighted sum of these energies cancels out to a large degree. On the other hand, for
high ΣET energy is typically deposited by particles, so it is distributed in fewer cells and measurement
fluctuations are more likely to result in measured Emiss

T . In fact, the EF fit predicted resolution of about
1 GeV at ΣET of 16 GeV for period F matches well the 1.2 GeV Emiss

T peak in period F data for empty
bunch crossings shown Figure 1, for which ΣET has a peak at about 17 GeV.

The resolutions for runs with identical conditions are as consistent as their own 6Ex and 6Ey differences
at both trigger levels. For Level 1, the resolutions in the two runs with 75 ns bunch spacing are roughly
consistent with each other and with the 50 ns bunch spacing runs. At EF Level, the resolutions in the
75 ns runs are consistent with those of the early 50 ns runs which had the same zero-suppression settings.

At EF Level, for which zero-suppression settings were modified once during 2011, there is a signif-
icant change in the 6Ex and 6Ey resolution dependence on ΣET after the implementation of increased zero
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Run Component L1 Resolution [GeV] EF Resolution [GeV]
Number ΣET=16 GeV ΣET=125 GeV ΣET=16 GeV ΣET=125 GeV
177986 6Ex 2.68 ± 0.05 11.39 ± 0.36 0.94 ± 0.02 4.02 ± 0.03

6Ey 2.64 ± 0.05 10.56 ± 0.35 1.00 ± 0.02 3.99 ± 0.03
178044 6Ex 2.87 ± 0.02 11.07 ± 0.08 0.99 ± 0.01 4.06 ± 0.01

6Ey 2.79 ± 0.02 10.55 ± 0.07 0.99 ± 0.01 4.07 ± 0.01
182424 6Ex 2.88 ± 0.02 11.12 ± 0.09 0.98 ± 0.01 4.01 ± 0.01

6Ey 2.76 ± 0.02 10.80 ± 0.09 0.97 ± 0.01 4.00 ± 0.01
182486 6Ex 2.85 ± 0.02 10.98 ± 0.08 0.95 ± 0.01 4.01 ± 0.01

6Ey 2.80 ± 0.01 10.70 ± 0.08 0.96 ± 0.01 4.01 ± 0.01
183081 6Ex 2.90 ± 0.01 11.01 ± 0.07 1.40 ± 0.01 5.00 ± 0.01

6Ey 2.77 ± 0.01 10.63 ± 0.07 1.42 ± 0.01 5.01 ± 0.01
183130 6Ex 2.89 ± 0.02 11.07 ± 0.11 1.41 ± 0.01 5.01 ± 0.02

6Ey 2.73 ± 0.02 10.46 ± 0.11 1.42 ± 0.01 5.04 ± 0.02
190256 6Ex 2.74 ± 0.01 11.25 ± 0.05 1.37 ± 0.01 4.82 ± 0.01

6Ey 2.75 ± 0.01 11.02 ± 0.05 1.38 ± 0.01 4.84 ± 0.01
191190 6Ex 2.78 ± 0.01 11.27 ± 0.04 1.34 ± 0.01 4.84 ± 0.01

6Ey 2.75 ± 0.01 11.05 ± 0.04 1.40 ± 0.01 4.84 ± 0.01

Table 6: Calculated L1 and EF 6Ex and 6Ey resolution in GeV for various ΣET values using fits for different
run periods. As discussed in the text, the zero-suppression was increased, at EF Level only, between runs
182486 and 183081.

suppression. As seen in the right side of Figure 3, there was a large decrease in ΣET after the increase
in zero suppression, with the peak of the distribution on random triggers dropping from about 135 GeV
to about 65 GeV. The calculated resolution at the peak thus improves at EF level from about 4.2 GeV to
about 2.8 GeV. As discussed above and shown in Figure 22 this was accompanied by a significant de-
crease in the Emiss

T trigger rate, especially for low thresholds for which measurement fluctuations are the
main source of triggers. On the other hand, the calculated resolution at the same value of ΣET increases
after increased zero suppression. This is likely because with more randomly-distributed calorimeter
noise removed the same ΣET must arise from events with more real energy deposit. With fewer cells
contributing to ΣET there will be less directional cancellation and the resulting variation of the measured
Emiss

T will be larger.
After the increase in zero suppression at EF Level, resolutions remained mainly unchanged as a

function of ΣET even when µ doubled, except for what appears to be a small statistically significant
improvement in resolution for high ΣET values. The goal of a pileup-independent determination of Emiss

T
fluctuations is thus largely achieved with this parameterization.

As just discussed, for fixed conditions there was little change over time in measured resolution.
Because of the need to quickly implement the trigger before a full, detailed study could be done, the
XS trigger constants actually used in the trigger in 2011 were initially set to a = −1 and b = 1 for L1
and L2, and a = −0.48 and b = 0.4 for EF. As it is undesirable to make frequent changes in trigger
settings, these parameters were changed only once in 2011, after increase in pileup and modification in
EF zero-suppression settings, to a = −1.43 and b = 1.12 for L1 and L2 and a = −0.23 and b = 0.46 for
EF. The resulting resolutions disagree by at most 15% from the values in Table 6.

The µ dependence of XS is further studied in Figure 23. The left plot in this figure shows XS
distributions for several values of µ. These appear almost unchanged even as µ changes by a factor of
4. On the other hand, as resolution becomes worse with increasing µ, the effective Emiss

T threshold for a
fixed XS increases, so efficiency for events with true Emiss

T goes down. At high XS values, where Emiss
T
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is dominated by sources other than ΣET measurement fluctuations, the trigger rate can actually go down
with pileup. These effects can be seen in the right-side plot of Figure 23.
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Figure 23: The figure on the left shows the Event Filter level XS distributions for various values of the
average number of interactions per bunch crossing µ for a random trigger on colliding bunches. The
figure on the right shows the dependence on µ of rates per bunch crossing (corrected for prescales used)
of XS triggers with thresholds of 3.0, 4.5, 6.0 and 7.5 for data recorded 27 May to 30 October 2011 Each
dot represents an average over about 8 minutes of data.

As an illustration of how effects that can be removed offline must be dealt with by the trigger, note
the excess of events at XS between 5 and 10 for µ = 8 in the left-side plot of Figure 23. Figure 24
shows the same plot after removing events identified offline as having calorimeter noise bursts or badly
measured jets. Here the µ = 8 curve lies between those of higher and lower µ values, as expected.
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Figure 24: The Event Filter level XS distributions for various values of the average number of interactions
per bunch crossing µ for a random trigger on colliding bunches. Events identified offline as having
calorimeter noise bursts or badly measured jets were removed from the data samples used.

The decision to use XE or XS triggers as a function of µ is therefore one of choosing between
the limitations of each trigger: XE has close to constant efficiency at any threshold but the increase in
rates with µ means that its threshold or prescale must be raised to maintain the same rate, while the XS
threshold and prescale can be kept at the same values with increasing µ but its efficiency goes down as
µ increases. In practice, the unprescaled chains for Emiss

T used in 2011 were of the XE type. The L1 and
EF initial thresholds, initially set at 40 and 60 GeV respectively, had to be increased by about 10 GeV
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as luminosity increased. Prescales of lower threshold XE signatures had to be increased as luminosity
increased. The primary use of XS in 2011 was for combined triggers using transverse momentum in
addition to other event properties, such as the presence of lepton candidates.

6 Trigger efficiency

As the amount of computing time and detector information available to calculate variables at various
trigger levels is limited, the precision with which they are determined cannot match that of the offline
calculation. The performance of the trigger is studied here by determining the fraction of events that pass
a trigger threshold T on variable V as a function of offline value of V . A trigger perfectly duplicating the
offline value would have zero efficiency for V < T and 100 % efficiency for V ≥ T . Resolution effects
smear out this curve, and the bigger the spread between the trigger and offline variable, the slower the
rise of this “turn-on curve”. As the efficiency depends on the nature of energy deposit in the calorimeter,
the precise behavior may depend strongly on the particular events of interest. Here we study efficiencies
for W decays since they provide a good example of events with non-interacting particles producing real
Emiss

T .
Figures 25 through 27 show the turn-on curves for various XE thresholds for candidate W → eν

decay events compared with the simulated efficiency. The thresholds for each of these trigger signatures
at the various trigger levels are given in Table 1. The EF level and combined curves agree to within a few
GeV, showing that the various resolution effects are reasonably consistent with what is expected. The
L1 agreement is less good, especially near the bumps of about 40 GeV. These arise from the cut on mW

T ,
which is calculated from offline reconstructed quantities rather than the ones determined at trigger level.

Figures 28 through 30 show the turn-on curves for various XS thresholds for candidate W → eν
decay events compared with the simulated efficiency. The thresholds for each of these trigger signatures
at the various trigger levels are given in Table 3. Since what is of interest in analysis is the dependence of
efficiency on Emiss

T , the efficiency is presented as a function of offline Emiss
T rather than offline XS. As XS

depends both on on Emiss
T and the less well-modeled ΣET distributions, the simulated XS turn-on curve

agreement with data is somewhat worse than for XE. In particular, the larger high ΣET tail in data causes
XS efficiency to be lower for any value of Emiss

T than would be expected from the simulation.
Figure 31 shows the turn-on curves for various XE thresholds for candidate W → µν decay events

compared with the simulated efficiency. As muons are not included in the Emiss
T calculation, the kinemat-

ics of these events at any value of Emiss
T is quite different than that of W → eν events.
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Figure 25: Comparison of measured and simulated Level 1 trigger efficiency for various XE triggers for
W → eν events. Because it involves a sum over the full calorimeter, the efficiency behavior may vary
significantly for different event samples. The structure near 40 GeV offline Emiss

T in some of these plots
arises from the cut on the mW

T used in selecting these events to reduce QCD background.
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Figure 26: Comparison of measured and simulated EF level trigger efficiency for various XE triggers for
W → eν events. Because it involves a sum over the full calorimeter, the efficiency behavior may vary
significantly for different event samples.
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Figure 27: Comparison of measured and simulated combined all-level trigger efficiency for various XE
triggers for W → eν events. Because it involves a sum over the full calorimeter, the efficiency behavior
may vary significantly for different event samples.
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Figure 28: Comparison of measured and simulated Level 1 trigger efficiency for various XS triggers for
W → eν events. Because it involves a sum over the full calorimeter, the efficiency behavior may vary
significantly for different event samples. The structure near 40 GeV offline Emiss

T in some of these plots
arises from the cut on the mW

T used in selecting these events to reduce QCD background.
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Figure 29: Comparison of measured and simulated EF level trigger efficiency for various XS triggers for
W → eν events. Because it involves a sum over the full calorimeter, the efficiency behavior may vary
significantly for different event samples. The structure near 40 GeV offline Emiss

T in some of these plots
arises from the cut on the mW

T used in selecting these events to reduce QCD background.
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Figure 30: Comparison of measured and simulated combined all-level trigger efficiency for various XS
triggers for W → eν events. Because it involves a sum over the full calorimeter, the efficiency behavior
may vary significantly for different event samples. The structure near 40 GeV offline Emiss

T in some of
these plots arises from the cut on the mW

T used in selecting these events to reduce QCD background.
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Figure 31: Comparison of measured and simulated combined all-level trigger efficiency for various XE
triggers for W → µν events. The transverse momentum of muons is not included in these determina-
tions of Emiss

T . Because it involves a sum over the full calorimeter, the efficiency behavior may vary
significantly for different event samples.
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7 Lessons for running at higher luminosity

As discussed above, pileup with µ of about 15 required relatively high thresholds for transverse momen-
tum triggers of L1 XE50 and EF xe70. XS triggers allowed recording some events with lower Emiss

T , but
it was clear that further increase in luminosity would force thresholds so high that sensitivity to much
of the interesting physics would be lost. Based on these findings, several changes were implemented in
order to improve the trigger in 2012. Only one of these is described here, as it was tested during the 2011
data-taking period.

As mentioned above, the Level 2 algorithm used only the coarse L1 information in 2011. It was
clear that a better L2 algorithm needed to be put in place for 2012. At the EF level, the full calorimeter
information is read out and used to calculate Emiss

T , but this is not feasible at L2 due to bandwidth
limitations. Instead, the firmware of the calorimeter front-end electronics board (FEB) was modified to
provide just a sum over all (up to and mostly 128) cells in each board. Only cells above a certain noise
threshold were used in this sum, mimicking the EF-level algorithm. This reduced energy information
was made available to the L2 through software modifications to the data acquisition system. Figure 32
shows the gain in resolution achieved by using this FEB information at Level 2 in a test run at the end
of 2011. Adopting at Level 2 an algorithm such as this one, which returns values of Emiss

T , ΣET and XS
closer to those determined at Event Filter Level, results in sharper turn-on curves for all of these triggers
and therefore better trigger efficiency for the corresponding signal events.
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Figure 32: Event-by-event difference between the L2 algorithm and the EF algorithm calculation of Emiss
T

for an L2 algorithm using L1 value (red) and for the FEB-based (black) L2 algorithm.

8 Summary and conclusion

In 2011, the ATLAS transverse momentum triggers were used to record proton-proton collision data
with 〈µ〉 ranging from about 3 to 30 and as a minimally-biased trigger for heavy ion collisions. The large
change in pileup during the proton-proton data-taking period required tuning of the noise suppression
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scheme and changes in the prescales of Emiss
T and ΣET triggers. The qualitative behavior of these triggers

as µ increased, with large changes in Emiss
T and ΣET triggers, but much smaller changes in XS, were

as expected from their definition and design. Because of rate limitations, the lowest unprescaled Emiss
T

thresholds had to be raised by 10 to 20 GeV as µ increased. Low threshold trigger rates varied greatly
with beam conditions, whereas higher threshold ones had a more regular dependence on µ. Introduction
of the XS trigger allowed collecting samples of events with Emiss

T too low to be recorded with the high
threshold Emiss

T triggers. The performance and efficiency of the various triggers were mostly consistent
with what is expected based on simulations, though various effects led to differences in tails of distribu-
tions. As a whole, these triggers allowed collection of data with high Emiss

T at near 100 % efficiency, and
for events with low Emiss

T with limited efficiency. Based on 2011 data, specifically the need to raise Emiss
T

thresholds and the decrease in XS trigger rates as luminosity went up, it was clear that new strategies
would, however, have to be developed for the even higher pileup expected for 2012. These included
introduction of a new L2 algorithm which uses front end board calorimeter-cell sums. The algorithm
was tested in 2011 and found to provide substantial improvement in resolution compared with the 2011
algorithm using L1 values.
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Search for magnetic monopoles and stable particles with high electric
charges in 8 TeV pp collisions with the ATLAS detector
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A search for highly ionizing particles produced in proton-proton collisions at 8 TeV center-of-mass
energy is performed by the ATLAS Collaboration at the CERN Large Hadron Collider. The data set used
corresponds to an integrated luminosity of 7.0 fb−1. A customized trigger significantly increases the
sensitivity, permitting a search for such particles with charges and energies beyond what was previously
accessible. No events were found in the signal region, leading to production cross section upper
limits in the mass range 200–2500 GeV for magnetic monopoles with magnetic charge in the range
0.5gD < jgj < 2.0gD, where gD is the Dirac charge, and for stable particles with electric charge in
the range 10 < jzj < 60. Model-dependent limits are presented in given pair-production scenarios, and
model-independent limits are presented in fiducial regions of particle energy and pseudorapidity.

DOI: 10.1103/PhysRevD.93.052009

I. INTRODUCTION

The multi-TeV energy regime accessible at the CERN
Large Hadron Collider (LHC) enables the exploration of
uncharted territories of particle physics. A new massive
particle would represent a dramatic deviation from the
predictions of the Standard Model, and such a spectacular
discovery would lead to fundamental insights and critical
theoretical developments. This paper presents a dedicated
search for a long-lived highly ionizing particle (HIP)
signature in the ATLAS detector. Such a signature differs
from those of the known objects (e.g., electrons, muons,
and jets) reconstructed in ATLAS and would be missed by
analyses that rely only on such objects. HIP signatures can
arise at LHC energies as an important feature of physics
beyond the Standard Model, for example, in theories of
magnetic monopoles and dyons, strange quark matter,
Q-balls, and stable microscopic black-hole remnants [1,2].
TheDirac argument [3,4] addresses the problemof electric

charge quantization by postulating the existence of particles
possessing magnetic charge. The lightest magnetic monop-
ole would be stable and carry a magnetic charge that is a
multiple of the Dirac charge gD, i.e., in Gaussian units,

gDe
ℏc

¼ 1

2
⇒

gD
e

¼ 1

2αe
≈ 68.5; ð1Þ

where e is the elementary electric charge and αe is the fine
structure constant. With the introduction of a magnetic
monopole, the duality of Maxwell’s equations implies a
magnetic coupling

αm ¼ g2D
ℏc

¼ 1

4αe
; ð2Þ

which is very large, precluding any perturbative calculation
of monopole production processes. In terms of ionization
energy loss at high velocity, a monopole with the Dirac
charge corresponds to an electrically charged particle with
charge jzj ≈ 68.5. Amonopolewould thusmanifest itself as a
HIP, as would any highly charged stable particle. In addition
to the Dirac argument, topological monopole solutions
arise naturally in unification theories with gauge symmetry
breaking [5,6]. Monopole solutions are also allowed in the
electroweak theory itself with a mass at the TeV scale and
an elementary magnetic charge that is twice the Dirac
charge [2,7].
Searches for monopoles have been carried out in cosmic-

ray experiments [8–14], in matter [15–18], and at colliders
[1,19–27]. The high luminosity and energy of LHC
collisions mean that monopoles (and other HIPs) can be
probed at higher masses and to greater precision than was
previously accessible [28]. In 2010, ATLAS initiated the
search for HIPs at the LHC by considering a particle
producing a region of high ionization density in the
transition radiation tracker (TRT) and slowing down and
stopping in the electromagnetic (EM) calorimeter [29].
Since energy loss by bremsstrahlung and eþe− pair
production is negligible for HIPs, the ionization energy
deposit in the EM calorimeter is narrower than that
associated with electrons and photons, which induce an
EM shower. This stopping signature applies to HIPs with
charge jzj≳ 10, while particles with lower charges have
been probed at ATLAS and CMS using a muon-like
signature [30,31]. The stopping signature was used at
ATLAS to set the first constraints on the production of
magnetic monopoles carrying a single Dirac charge
(jgj ¼ 1.0gD) in pp collisions at 7 TeV center-of-mass
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energy [25]. This first monopole search at the LHC relied
on an electron trigger. A new dedicated ATLAS trigger
designed to improve the sensitivity to the stopping HIP
signature and access new regions of HIP charge is used in
the present search. Further improvements with respect to
the previous analyses include a larger integrated luminosity,
higher center-of-mass energy, extension of the signal
acceptance to the detector forward regions (pseudorapidity
[32] up to jηj ¼ 2), interpretation for a magnetic charge jgj
up to twice the Dirac charge as well as for an electric charge
jzj between 20 and 60, and an interpretation for spin-0 HIPs
in addition to spin-1=2 for the model-dependent limits.

II. ATLAS DETECTOR

The ATLAS experiment [33] is a multipurpose particle
physics detector with a forward-backward symmetric
cylindrical geometry and near 4π coverage in solid angle.
In the ATLAS detector, the HIP signature can be readily
distinguished using the transition radiation tracker in the
inner detector (ID) and the liquid-argon sampling electro-
magnetic calorimeter.
Tracking in the inner detector is performed by silicon-

based detectors and an outer tracker, the TRT, using straw
tubes with particle identification capabilities based on
transition radiation. The TRT is divided into barrel
(covering the pseudorapidity range jηj < 1.0) and end
cap (0.77 < jηj < 2.0) components. A track typically
comprises 32 straw hits. In the front-end electronics of
the TRT, discriminators are used to compare the straw-tube
signal against low and high thresholds. HIPs would
produce a large number of high-threshold (HT) hits along
their trajectories, due to both the high ionization of the HIP
and the high density of δ-rays emitted from the material
along the trajectory of the HIP. The amount of ionization in
a straw tube needed for a TRT HT hit is roughly equivalent
to three times that expected from a minimum ionizing
particle.
A thin superconducting solenoid magnet surrounding

the tracking section of the ATLAS detector produces a field
of approximately 2 T parallel to the beam axis. The ID
and solenoid together represent an amount of material of
approximately two radiation lengths for jηj < 0.7 and three
radiation lengths elsewhere.
Liquid-argon sampling EM calorimeters, which com-

prise accordion-shaped electrodes and lead absorbers,
surround the ID and solenoid. The EM calorimeter in
the pseudorapidity ranges jηj < 1.475 (barrel) and 1.375 <
jηj < 2.5 (end cap) is segmented transversely and divided
into three layers in depth, denoted as the first (EM1),
second (EM2), and third (EM3) layer, respectively. In the
pseudorapidity range jηj < 1.8, an additional presampler
layer in front of the accordion calorimeter is used to provide
a measurement of the energy lost in front of the calorim-
eters [33]. The presampler, EM1, and EM2 layers in the
barrel represent an amount of material of approximately

0.5, 4.3, and 16.5 radiation lengths, respectively. The noise
level in the EM calorimeter is typically 200 MeV or less.
The robustness of the EM calorimeter energy reconstru-
ction has been studied in detail and pulse shape predictions
are consistent with the measured signals [34].
Beyond the EM calorimeter, in the barrel region, the

ATLAS hadronic calorimeter is made of scintillator tiles
and steel absorber plates. It comprises a barrel in the
pseudorapidity range jηj < 1.0 and an extended barrel in
the range 0.8 < jηj < 1.7. Liquid-argon hadronic end cap
calorimeters cover the range 1.5 < jηj < 3.2. The noise
level in the hadronic calorimeter is typically 100 MeV
or less.
The ATLAS data were filtered by a three-level trigger

system that reduced the rate from 20 MHz to ∼400 Hz.
Level 1 (L1) is a hardware-based trigger that, for the
purposes herein, identifies regions of interest (ROI) asso-
ciated with energy deposits in the calorimeter. The level-2
and event filter triggers are implemented in software, with
detector information corresponding to the ROI accessible
by the level-2 trigger, whereas the full detector information
is accessible by the event filter.
The stopping power of a HIP in matter depends on its

charge, mass, and energy (but not on its spin), as well as
the material traversed along its path. Details of the ATLAS
geometry are given in Ref. [33] in terms of number of
radiation lengths X0, as a function of depth and pseudor-
apidity. In this search, a HIP candidate must deposit energy
in the EM calorimeter to be selected by the level-1 trigger.
In 8 TeV collisions, this limits the range of HIP charges
that can be probed in ATLAS to jgj ≤ 2.0gD for magnetic
charge and jzj ≤ 60 for electric charge.

III. SIMULATIONS

The MADGRAPH5 Monte Carlo (MC) event generator
[35] is used to estimate production cross sections and to
generate signal events where HIPs are produced in pairs
from the initial pp state via quark-antiquark annihilation
into a virtual photon. This process is modeled by assuming
leading-order Drell-Yan (DY) heavy charged-particle
pair production, where the coupling is obtained by scaling
the photon-electron coupling by the square of the HIP
electric or magnetic charge (e.g., a factor 68.52 for a Dirac
monopole). In the absence of a consistent theory describing
the coupling of the HIP to the Z boson, such a coupling is
set to zero in the MADGRAPH5 model. HIP production
models suffer from large uncertainties due to the large
coupling of the HIP to the photon precluding any pertur-
bative calculation beyond leading order. For magnetic
monopole pair production, the coupling is described by
Eq. (2). The CTEQ6L1 [36] parton distribution functions of
the proton are employed and PYTHIA version 8.175 [37,38]
is used for the hadronization and the underlying-event
generation. Direct pair production implies that the HIPs are
not part of a jet and are thus isolated.
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Given the production model uncertainties, the impact
that a change in model would have on the angular
distributions and cross sections is investigated by also
considering spin-0 DY HIP production. In addition to lower
cross sections, angular momentum conservation dictates
that DY production of spin-0 HIPs is suppressed near the
phase-space thresholds due to the fact that the intermediate
(virtual) photon has spin-1. Thus, spin-1=2 and spin-0 HIPs
have different angular distributions, providing a measure
of how model uncertainties affect the search acceptance.
The spin-0 samples are generated using MADGRAPH5, as
described above.
The model-independent interpretation does not assume a

particular production mechanism. For this, single-particle
HIP samples with uniform distributions in HIP kinetic
energy and pseudorapidity, in the ranges Ekin < 3000 GeV
and jηj < 2.5, respectively, are used to determine the
selection efficiencies in regions of kinematic phase space.
Since the interaction of HIPs with material is spin inde-
pendent [39,40], these efficiencies are identical for spin-0
and spin-1=2 HIPs.
The DYand single-particle samples, which have approx-

imately 20 000 and 50 000 events, respectively, are pro-
duced for HIPs with masses m equal to 200, 500, 1000,
1500, 2000, and 2500 GeV. For each mass point, magnetic
monopoles are simulated for magnetic charges jgj (in units
of the Dirac charge gD) 0.5, 1.0, 1.5, and 2.0. Separate
samples of HIPs are produced with electric charges jzj
(in units of the elementary charge) 10, 20, 40, and 60.
The single-particle and spin-1=2 DY samples are proc-

essed by the ATLAS detector simulation [41] based on
GEANT4 [42]. In addition to the standard ionization process
based on the Bethe-Bloch formula, the particle interaction
model includes secondary ionization by δ-rays. For monop-
oles, a modified Bethe-Bloch formula is used to account for
the velocity-dependent Lorentz force [39,40]. The effect of
the ATLAS solenoid magnetic field (bending of trajectories
of electrically charged particles and acceleration of mag-
netic monopoles) is included in the equations of motion.
A correction for electron-ion recombination effects in the
EM calorimeter (Birks’ law) is applied, with typical visible
energy fractions between 0.1 and 0.4 for the signal particles
considered [43]. Trigger efficiency losses for slow particles
arriving at the calorimeter later than highly relativistic
particles (and therefore being assigned to the wrong bunch
crossing) are simulated. Particles arising from multiple
interactions in the same or neighboring bunch crossings
(“pileup”) are overlaid on both the pair-production and
single-particle samples to reflect the conditions of the data
sample considered in the search. This full detector simu-
lation of HIPs uses significant computing resources and,
hence, was not performed for spin-0 DY HIPs.
A data-driven method is used to estimate backgrounds

surviving the final selections (see Sec. VI). Two samples
of simulated background events are used to increase

confidence in the modeling of the relevant observables.
These are labeled W� → νe� and DY → eþe− and corre-
spond to electroweak processes in which W bosons, and Z
bosons or virtual photons, decay to electrons. Both samples
are generated with POWHEG [44] and then passed through
PYTHIA8 with the AU2 CT10 set of tuned MC parameters
[45] for hadronization and parton showering.

IV. TRIGGER

At level 2, standard ATLAS EM triggers implicitly
require energy deposition in the EM2 layer and thus are
unable to capture HIPs that stop in EM1 or in the
presampler. Furthermore, conditions for 8 TeV collisions
include either high thresholds on the transverse energy,
ET ¼ E sin θ, for photon triggers or tight requirements on
track quality and isolation for electron triggers (severely
impairing HIP searches due to the effects of long-range
δ-rays). Thus, a new level-2 trigger dedicated to HIP
searches was developed and deployed in 2012. The
level-2 HIP trigger has no EM energy requirements beyond
level-1 and yields the maximum acceptance to HIPs that the
ATLAS geometry can possibly allow using calorimeter-
based level-1 triggers. Crucially, this provides access to
HIPs with higher charges and lower energies. A low rate
is achieved by imposing requirements on the number
and fraction of TRT HT hits in a narrow region around
the level-1 calorimeter ROI.

A. HIP trigger selection

The lowest threshold unprescaled level-1 calorimeter
trigger [46] in 2012 is used to seed the level-2 HIP trigger.
The L1 trigger selects calorimeter towers exceeding an
η-dependent ET threshold between 18 and 20 GeV and
containing less than 1 GeV in the corresponding region of
the hadronic calorimeter. The hadronic energy veto has a
small impact on a HIP pair-produced signal in 8 TeV
collisions, since only a negligible fraction of HIP candi-
dates with equivalent charge 1.0gD or higher would possess
enough energy to enter the hadronic calorimeter.
The HIP trigger algorithm reconstructs two variables: the

number of TRT HT hits, Ntrig
HT, and the fraction of all TRT

hits that are HT hits, ftrigHT, in a wedge of �0.015 rad in ϕ
defined within the level-1 ROI. The center of this wedge is
determined as the location of the bin with the highest
number of TRT HT hits among 20 bins each of 0.01 rad
in ϕ around the ROI center. The ROI η information is also
used to identify and count only the hits in the parts of the
TRT that cover the corresponding η regions.
The selection was defined as Ntrig

HT > 20 and ftrigHT > 0.37
as a compromise between controlling the rate and ensuring
a high signal efficiency. The rate of events passing these
requirements is dominated by chance occurrences in multi-
jet events where more HT hits than usual are produced
in the ϕ wedge defined by the trigger, either due to
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overlapping charged particles within the same straws or due
to electronic noise.

B. Trigger performance in 8 TeV collisions

The HIP trigger rate was in the range 0.4–0.7 Hz from
its deployment in September 2012 until December 2012.
The integrated luminosity collected during this period was
7.0 fb−1 of 8 TeV proton-proton collision data. The rate is
found to be lower at higher instantaneous luminosities,
which correspond to the beginning of the runs when more
populated bunches produce higher pileup. This is explained
by the observation that ftrigHT is sensitive to pileup: additional
collisions per bunch crossing produce additional soft tracks
that contaminate the ϕ wedge with low-threshold hits,
thus reducing the HT hit fraction. This can affect the signal
efficiency as well.
The dedicated HIP trigger provides a considerable

acceptance gain by capturing HIP candidates that stop in
the first EM calorimeter layer, or even in the EM presam-
pler. With 2012 pileup conditions, a monopole candidate
that is within the acceptance of the TRT and has passed
the level-1 trigger requirements would have a high (≳90%)
probability to satisfy the HIP trigger algorithm. The
efficiency drops off for HIP candidates of sufficiently high
energy that have a high probability to penetrate through to
the hadronic calorimeter and provoke the level-1 hadronic
veto. The available models of HIP production predict the
energy distribution to peak in the range 100–500 GeV (see
Ref. [28] and references therein), in which a large fraction
of jgj ¼ 1.0gD monopole candidates are recovered by the
HIP trigger, as compared to existing photon triggers. As
an example, the HIP trigger acceptance times efficiency
in the DY spin-1=2 monopole pair-production model
for jgj ¼ 1.0gD and m ¼ 1000 GeV is ð24.6� 0.3Þ%,
while for the 120 GeV single-photon trigger it is only
ð3.1� 0.1Þ%. For the charges and masses considered in
this search, only HIPs with β > 0.4 would be energetic
enough to reach the EM calorimeter to be selected by the
L1 trigger. The introduction of the HIP trigger reduces the
minimum kinetic energy needed to trigger on jgj ¼ 2.0gD
monopoles from ∼1500 GeV to ∼900 GeV.

V. EVENT SELECTION

The event selection starts by identifying energy deposits
(“clusters”) in the EM calorimeter and associating them
with a region with a high fraction of HT hits in the TRT.
EM cluster candidates are constructed by the EM topo-
logical cluster algorithm [47], which starts with a seed EM
calorimeter cell with large signal-to-noise ratio, iteratively
adds neighboring cells with a threshold defined as a
function of the expected noise, and finishes by including
all direct neighbor cells on the outer perimeter. This
algorithm is very efficient for reconstructing clusters from
HIP energy depositions. Topological cluster formation does

not require energy deposits in EM2, allowing the
reconstruction of clusters from HIPs that stop in EM1 or
in the EM presampler in addition to those that stop in EM2.
In the TRT barrel, the TRT hit-counting region is a
rectangular road of constant width�4 mm in the transverse
plane centered around the region in ϕ with the highest
density of HT hits. In the TRT end cap, a wedge of
Δϕ ¼ �0.006 is used instead. The hit-counting procedure
is described in more detail in Ref. [25].
The selection is designed to reduce Standard Model

backgrounds while retaining HIP signal candidates and
relies on the following variables:

(i) fHT: the fraction of TRTHThits in a road orwedge, as
described above, matched to an EM cluster. Com-
pared to how the TRT hits are counted in Ref. [25], a
slight improvement is made in the central (jηj < 0.1)
region and in the TRT barrel–end cap transition
region (0.77 < jηj < 1.06), which yields a higher
signal efficiency. In the central region, the TRT is
split between η < 0 and η > 0 barrels and fHT is
computed separately for each TRT component. The
maximum value obtained from either of these com-
ponents separately or combined is selected as the new
fHT value. Similarly, in the transition region, fHT is
recomputed by considering the barrel and the end
cap separately as well as together.

(ii) E0, E1, and E2: the energy belonging to an EM
calorimeter cluster contained in the presampler,
EM1, and EM2, respectively.

(iii) w0, w1, and w2: the fraction of EM cluster energy
contained in the two most energetic cells in the
presampler, four most energetic cells in EM1, and
five most energetic cells in EM2, respectively. This
provides a measure of the energy dispersions in
each EM calorimeter layer, with values around
unity (occasionally exceeding unity due to negative
cell-noise energies) corresponding to the minimum
dispersion, as expected for HIPs. The number of
cells chosen was optimized by maximizing the
discrimination power between HIPs and electron
backgrounds, accounting for the different granular-
ities in the different EM calorimeter layers.

(iv) w: a combination of the three energy dispersion
variables above, defined as the arithmetic mean
of all wi (i ¼ 0,1,2) for which Ei exceeds a 5 GeV
threshold. This threshold ensures that the energy
dispersion in a layer that is not traversed by a
HIP is not included, since this layer would mostly
contain noise.

The selection criteria, defined below, are chosen so as to
minimally impact the signal efficiency. The optimal fHT
and w cut values that define the signal region maximize the
ratio of signal over square root of the background across all
mass and charge points. The background contribution is
obtained from w − fHT pseudodata generated by randomly
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sampling the individual one-dimensional distributions of
fHT and w in collision data. In order to exclude the
possibility of generating data points from the signal region
in the pseudodata, only candidate events with w < 0.8
are used to generate the one-dimensional fHT distribution
and candidate events with fHT < 0.6 are used to generate
the one-dimensional w distribution. At each stage, events
without any candidates satisfying the criteria are discarded.
(1) The HIP trigger criteria must be satisfied.
(2) Preselection: clusters with ET > 16 GeV in the EM

calorimeter and associated with a region in the TRT
satisfying fHT > 0.4 are selected. This efficiently
identifies the cluster candidates that triggered the
event, plus possible additional candidates in the
same event. If multiple candidates are found within
a window Δϕ × Δη ¼ 0.05 × 0.1, only the cluster
with the highest summed energy in the presampler
and EM1 layers is kept.

(3) EM layers: it is required that at least one of the
E0 > 5 GeV or E1 > 5 GeV requirements is satis-
fied for the selected cluster candidate. This rejects
backgrounds where there is only energy in EM2
(while a HIP penetrating EM2 must necessarily have
also gone through the preceding layers).

(4) Pseudorapidity: cluster candidates are selected in
the range 0 < jηj < 1.375 or 1.52 < jηj < 2.0. The
EM calorimeter barrel–end cap transition regions
are excluded to ensure the robustness of the w
variable.

(5) Hadronic veto: cluster candidates with less than
1 GeV hadronic calorimeter energy calculated using
the hadronic barrel and extended barrel calorimeters
are selected. This criterion ensures that the efficiency

of the level-1 trigger hadronic veto is well accounted
for in the simulation.

(6) Single candidate: in case of multiple candidates
in the same event, only the candidate with highest
fHT is kept. This has a negligible impact on signal
efficiencies while ensuring a consistent event-based
background estimate from data.

(7) EM dispersion: candidates with w ≥ 0.94 are
selected.

(8) TRT HT hits: candidates with fHT ≥ 0.70 are
selected.

The last two selection criteria on w and fHT are very
effective at reducing backgrounds and at the same time
retaining potential signals, as shown in Table I and in Fig. 1.
These two variables are only slightly correlated, such

TABLE I. Number of events at each stage of the selection in
data and in representative simulated signal samples (DY spin-
1=2, m ¼ 1000 GeV, and charges jgj ¼ 1.0gD and jzj ¼ 40). See
text for descriptions of the selection criteria. The percentages
given in parentheses are relative efficiencies with respect to
previous lines.

Data jgj ¼ 1.0gD jzj ¼ 40

Total MC � � � 26 502 23 848
Level-1 trigger � � � 7962 (30.0%) 6319 (26.5%)
HIP trigger 854 130 6526 (82.0%) 4481 (70.9%)
Preselection 600 358 (70.3%) 6503 (99.7%) 4431 (98.9%)
EM layers 591 627 (98.5%) 6503 (100%) 4421 (99.8%)
Pseudorapidity 501 304 (84.7%) 6242 (96.0%) 4072 (92.1%)
Hadronic veto 498 993 (99.5%) 6242 (100%) 4071 (100%)
EM dispersion 3 6224 (99.7%) 4065 (99.9%)
TRT HT hits 0 6195 (99.5%) 4018 (98.8%)
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FIG. 1. Distributions of the EM energy dispersion w (left) and fraction of TRT HT hits fHT (right) at the last stage of the event selection
(prior to the requirements on these two variables). Electroweak background MC samples with electrons in the final state (luminosity-
weighted) as well as signal samples of various HIP charges and m ¼ 1000 GeV (luminosity-weighted × 500) are also shown. Multijet
processes (not simulated) are responsible for most of the candidates observed in data.
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that control regions for the data-driven background esti-
mate can be defined (see Sec. VI and Fig. 4). The EM
dispersionw is independent of the HIP mass and charge due
to the absence of an EM shower. The energy loss of a HIP
is proportional to the square of the charge. Thus, HIPs
with higher charge produce more TRT HT hits, yielding a
higher fHT. No significant dependence on the HIP mass is
expected for fHT.

A. Selection efficiencies in fiducial kinematic regions

Following the example of previously published
ATLAS HIP searches [25,29], fiducial regions of the
HIP kinematic parameter space are identified in which
the selection efficiency is high and uniform. This permits
an interpretation of the results that does not depend on the
assumed model of HIP production. The fiducial regions
can be defined in terms of HIP kinetic energy and
pseudorapidity and need to be determined separately
for each value of HIP charge and mass, using the fully
simulated single-particle HIP samples described in
Sec. III. Since the efficiency within the region is uniform
by definition, the search results can then be interpreted
in any model of HIP production by counting the number
of events within the region.
The minimum particle kinetic energy to which the search

is sensitive depends on the amount of material that a HIP
needs to traverse before reaching the EM calorimeter.
The maximum energy depends on the amount of material
before the HIP reaches the hadronic calorimeter (where it
provokes the hadronic veto of the level-1 trigger). From
simple geometric considerations, in the EM barrel, this
material is roughly proportional to ðsin θÞ−1, while in the
EM end cap it varies as ðcos θÞ−1. Therefore, the η
dependence of the minimum and maximum energy values
can be canceled out to first order by defining them in terms
of transverse kinetic energy (Ekin

T ¼ Ekin sin θ) in the EM
barrel region (jηj < 1.475) and longitudinal kinetic energy
(Ekin

L ¼ Ekin cos θ) in the EM end cap region (jηj > 1.475).
As can be seen in Fig. 2 in the case of three represen-

tative signals, fiducial regions in the Ekin
T versus jηj plane

appear as rectangles for the EM barrel region. Likewise,
rectangles can be defined in the Ekin

L versus jηj plane for the
EM end cap regions. The reduced efficiency in the TRT
barrel–end cap transition region (0.77 < jηj < 1.06) visible
in Fig. 2 (top left) motivates the consideration of a third
region between jηj ¼ 1.0 and the end of the EM calorimeter
barrel.
The rectangles that define the fiducial regions are

determined by first dividing the Ekin
T (Ekin

L for the EM
end caps) versus jηj plane into bins of size 25 GeV × 0.05
and using an algorithm that identifies the largest rectangular
region for which the average selection efficiency across all
bins inside the region is larger than 90% with a standard
deviation lower than 12.5%. The value of the standard
deviation cut was chosen as a compromise between

performance of the algorithm and a well-defined efficiency
of a region. For some mass and charge points, such regions
are too narrow to be found with this definition, hence,
no model-independent cross section limit is obtained for
those points. In particular, no fiducial region was found
for HIPs with electric charge jzj ¼ 10 for any mass point.
Figure 3 shows the various identified fiducial regions
in jηj (top left) as well as the regions in Ekin

T corresponding
to the two jηj regions in the barrel (top right and bottom
left) and the regions in Ekin

L corresponding to the jηj region
in the end cap (bottom right), for all relevant mass and
charge points.

B. Selection efficiencies in pair-production models

Fully simulated events are used to determine selection
efficiencies for a DY fermion (spin-1=2) pair-production
process for electric as well as magnetic charges. The
selection efficiencies for spin-0 DY HIPs, which were
not fully simulated, are determined as follows: fine effi-
ciency maps (finely binned in kinetic energy and pseudor-
apidity) were obtained from fully simulated single-particle
samples and folded with the generator-level spin-0 DY
angular distributions. As a cross-check, the same method
applied to spin-1=2 DY HIPs was found to give results no
more than 9% discrepant from those obtained using the
fully simulated spin-1=2 DY sample.
As discussed in Sec. IV B, the main losses in all cases are

due to the acceptance of the level-1 trigger. In particular, for
high charges, a large fraction of the HIPs produced in DY
events lose all their energy and stop before they reach the
EM calorimeter. The acceptance for DY-produced monop-
oles with charge jgj ¼ 2.0gD is very small, of the order
of 0.1%. For this charge, the ionization energy loss is such
that only monopoles with transverse energy higher than
∼1200 GeV in the barrel and longitudinal energy higher
than ∼1500 GeV in the end cap have a chance to pass the
level-1 trigger. Such energies lie in the extreme tails of
the 8 TeV DY pair-production energy distributions. High-
charge HIPs thus have low acceptances, which are highly
dependent on the tails of the distributions, and hence very
model dependent. For this reason, the search is not
interpreted for DY signals with acceptances lower than
1%. This includes all jgj ¼ 2.0gD mass points as well as
the jgj ¼ 1.5gD, m ¼ 200 GeV point and the jzj ¼ 60,
m ¼ 2000 GeV, and m ¼ 2500 GeV points.
Full selection efficiencies are presented in Table II for

spin-1=2 and spin-0 HIPs in the DY production model for
all masses and charges considered in the search. The mass
dependence comes from differences in energy and angular
distributions, and also from the velocity dependence of
the energy loss, as more massive HIPs have lower β on
average, which leads to lower energy loss for monopoles
(or generally higher energy loss for electrically charged
particles). Spin-0 HIPs have a higher acceptance due to the
narrower angular distribution [35].
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VI. BACKGROUND ESTIMATE

The selection criteria defined in Sec. V efficiently reject
Standard Model backgrounds. In particular, the vast
majority of EM cluster candidates in multijet events feature
broad energy depositions in all three EM layers and few
associated TRT HT hits. Jet backgrounds could pass the full
selection in cases of extremely rare events in which the EM
calorimeter shower shape is misreconstructed such as to
appear very narrow in all EM layers and the trajectories of
several charged particles overlap in the TRT to cross the
same set of straws and produce HT hits. Processes featuring
isolated electrons with transverse momenta exceeding the
level-1 trigger threshold can also constitute backgrounds,

despite their lower cross sections. Those are largely
dominated by W and Z production (described in
Sec. III). Electron showers are narrower than jets, and
such processes lead to a reconstructed w distribution that
lies closer to the signal region, as can be seen in Fig. 1. Near
the signal region, candidates from electrons from W and Z
decays are comparable in yield to candidates from multijet
events. Hot cells in the EM calorimeter do not constitute
backgrounds as they are never found to be associated with
TRT HT hits while remaining isolated.
A fully data-driven background estimate is performed

in this search. This approach is necessary because it is
unrealistic to produce the enormous number of MC events
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FIG. 2. Total selection efficiency (i.e., the fraction of MC events surviving all the criteria listed in Table I) as a function of transverse
kinetic energy (left) or longitudinal kinetic energy (right) and pseudorapidity, for HIPs with mass 1000 GeVand charge jzj ¼ 40 (top),
mass 1000 GeVand charge jgj ¼ 1.0gD (middle), and mass 1500 GeVand charge jgj ¼ 2.0gD (bottom). These plots are obtained using
fully simulated single-particle samples with a uniform kinetic energy distribution between 0 and 3000 GeV. The fiducial regions (as
defined in the text) are indicated by rectangular dashed lines.
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required to model the QCD background, but it also ensures
that all possible background sources, including those not
foreseen, are taken into account. The candidates passing the
selection requirements except for the final EM dispersion

and TRT HT hit criteria are shown in Fig. 4 in the plane
defined by the two remaining discriminating variables, fHT
and w. This plane is divided into A, B, C, and D regions,
where A is the signal region. The main assumption on
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FIG. 3. Fiducial regions for the HIP charges considered in the search, as defined in Sec. VA. The various line styles correspond to
different HIP masses. The top left plot shows the jηj acceptance ranges, while the other plots show the Ekin acceptance ranges
corresponding to the three different jηj ranges. Blank space means that no fiducial region of high efficiency is found for the
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TABLE II. Event selection efficiencies (i.e., the fraction of MC events surviving all the criteria listed in Table I) in percent for spin-1=2
(top) and spin-0 (bottom) HIPs with DY production kinematic distributions. The quoted uncertainties are due to MC sample size.

m (GeV) jgj ¼ 0.5gD jgj ¼ 1.0gD jgj ¼ 1.5gD jzj ¼ 10 jzj ¼ 20 jzj ¼ 40 jzj ¼ 60

spin-1=2
200 22.3� 0.3 3.5� 0.1 0.14� 0.03 3.8� 0.1 9.7� 0.2 11.9� 0.2 3.1� 0.1
500 33.5� 0.3 14.9� 0.3 1.16� 0.09 6.7� 0.2 19.0� 0.3 20.0� 0.3 6.2� 0.2
1000 27.8� 0.3 23.4� 0.3 3.7� 0.1 10.7� 0.2 24.6� 0.3 16.9� 0.3 3.8� 0.1
1500 23.7� 0.3 22.2� 0.3 3.5� 0.1 13.8� 0.2 22.5� 0.3 10.0� 0.2 1.43� 0.09
2000 16.7� 0.3 16.5� 0.3 2.8� 0.1 15.5� 0.3 17.5� 0.3 3.7� 0.1 0.24� 0.03
2500 9.8� 0.2 9.8� 0.2 1.61� 0.09 12.3� 0.2 10.2� 0.2 1.05� 0.07 0.009� 0.007
spin-0
200 42.5� 0.3 10.0� 0.2 0.40� 0.04 5.9� 0.2 28.0� 0.3 27.6� 0.3 8.2� 0.2
500 53.8� 0.3 34.8� 0.3 4.1� 0.1 9.8� 0.2 35.3� 0.3 42.1� 0.3 15.1� 0.2
1000 44.3� 0.3 51.1� 0.3 11.4� 0.2 15.1� 0.2 45.7� 0.3 37.5� 0.3 11.4� 0.2
1500 36.5� 0.3 49.7� 0.3 13.8� 0.2 19.9� 0.3 47.7� 0.3 26.7� 0.3 4.8� 0.1
2000 30.9� 0.3 41.6� 0.3 10.9� 0.2 25.5� 0.3 43.6� 0.3 13.2� 0.2 1.15� 0.07
2500 22.9� 0.3 30.8� 0.3 6.9� 0.2 26.9� 0.3 31.7� 0.3 4.3� 0.1 0.18� 0.03
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which the background estimation method relies is that the
ratio of region-A to region-C background events is the same
as the ratio of region-B to region-D background events, or,
in other words, that fHT and w are independent variables.
Detector geometry effects give rise to a correlation due to
the slight pseudorapidity (jηj) dependence of the fHT and w
variables. The correlation is small near the signal region but
increases somewhat at lower w values. This motivates the
choice of w ¼ 0.84 as the lower w limit of the B and D
control regions. The lower fHT limit of the C and D control
regions is governed by the ftrigHT requirement applied by the
level-2 HIP trigger. The absolute value of the Pearson
correlation coefficient is below 0.05 in the control regions.
Given that the expected background is low, the correlations
near the signal region are small, and the limited number of
events precludes dividing the signal region into several
separate jηj regions, the data in the whole jηj range are
used without correction to estimate the backgrounds. The
maximum possible difference between the ratios A/C and
B/D due to correlations is estimated as follows. The B and
D regions are extended to cover the range 0.69 < w < 0.91
and divided into 22 narrow w bins, with bin width chosen
so as to provide sufficient statistics in each bin. The ratio
Bi=Di is computed in each bin i. Taking as the weight the
reciprocal square of the statistical uncertainty in each bin j
(such that j > i), the weighted average of the ratios Bj=Dj

across all bins j > i is computed. This weighted average
deviates from Bi=Di by no more than 40%, which is taken
as the systematic uncertainty in the background estimate
obtained when assuming no correlations.
Another concern is the possibility of signal contamina-

tion in the control regions. Contamination in B is negligible
compared to background yields for all signal samples.
However, contamination in C represents a significant

fraction (more than ∼20%) of the signal for HIPs with
low charges (jgj ¼ 0.5gD, jzj ¼ 10, and jzj ¼ 20), which
produce fewer HT hits in the TRT on average. Before even
knowing how many data events are observed in the signal
region A, it is possible to estimate the expected limit on
this number from a background estimate that takes signal
contamination into account in a likelihood fit. Applying
this method, it is found that signal contamination does not
affect the expected limits in any significant way. As a cross-
check, the expected number of background events in C is
estimated by performing fits to the w distribution observed
in D assuming power-law and exponential functions, which
both describe well the falling part of the distribution.
Taking into account uncertainties obtained by using differ-
ent functions and varying the fit parameters, the extrapo-
lation predicts 4.7� 1.0 events in C, compatible with
the three observed events. The fact that the three events
in C do not appear at w values near the peak of the signal
distributions (at w ∼ 1) further supports the claim that they
are not due to low-charge HIPs.
The observed event yields in quadrants B, C, and D,

are 626, 3, and 4615, respectively. The estimated number
of background events in the signal region A, taking into
account statistical uncertainties and systematic uncertain-
ties due to possible correlations, is

Aest
bkg ¼

BC
D

¼ 0.41� 0.24ðstatÞ � 0.16ðsystÞ:

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties that can affect the estimated
signal efficiencies are summarized below. These mostly
concern possible imperfections in the description of the
detector response to HIPs by the simulation.

(i) Electron-ion recombination effects in the sampling
region of the EM calorimeter result in the loss of part
of the energy deposition at high dE=dx values. The
fraction of visible energy is modeled in the ATLAS
simulation using a modified Birks’ law parameter-
ization fitted to heavy-ion measurements in liquid
argon [43]. Varying the fraction of visible energy
within its uncertainties results in a ∼10% effect in
efficiency for typical signals.

(ii) The fraction of HIPs that stop in the detector prior to
reaching the EM calorimeter is affected by the
assumed amount of material in the geometry de-
scription used by the GEANT4 simulation. Varying
the simulated material density in the inner detector
within the assumed uncertainties (which can range
from �5% to �15% [48]) leads to a ∼5% uncer-
tainty in signal acceptance. This uncertainty is
higher for charges jgj ¼ 1.5gD and jzj ¼ 10 with a
value of ∼10%.

(iii) Secondary ionization by δ-rays affects the TRT hit
patterns. The kinetic energy threshold below which
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FIG. 4. Candidates seen in data (color scale) and in a repre-
sentative simulated signal sample (black squares) in the fHT
versus w plane, at the last stage of the event selection (prior to the
requirements on these two variables). The number of background
events in the signal region (A) is estimated using the left and
bottom bands (B, D, and C) as control regions, as described in
the text.
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δ-rays are not propagated explicitly in the ATLAS
simulation depends on the GEANT4 “range cut”
parameter. Varying this parameter results in a
∼1% uncertainty in the signal efficiency.

(iv) Pileup affects the efficiency as it adds a non-
negligible number of TRT low-threshold hits inside
the geometrical region considered for the ftrigHT and
fHT variables computed by the HIP trigger and the
offline event selection, respectively. Uncertainties in
pileup modeling and TRT hit occupancy result in
∼3% uncertainty in the signal efficiency.

(v) Cross-talk effects between EM calorimeter cells
affect the wi variables, and this is not fully described
in the simulation. The resulting uncertainty in signal
efficiency is ∼1%.

(vi) For clusters delayed with respect to the expected
arrival time of a highly relativistic particle by more

than 10 ns, which corresponds to β < 0.37, there is a
significant chance that the event is triggered in the
next bunch crossing by the level-1 EM trigger.
However, since HIP candidates selected by the
L1 trigger necessarily have β > 0.4, there are no
significant losses (and no systematic uncertainties)
due to timing effects.

(vii) An uncertainty in the efficiency of ∼1%–3%
accounts for the statistical uncertainty from the
MC signal samples.

(viii) For spin-0 DY HIPs, the relative uncertainty in
efficiency due to the fact that efficiency maps are
used instead of a full simulation is ∼9%.

In addition to the uncertainties listed above, the system-
atic uncertainty due to the luminosity measurement is 2.8%.
It is derived following the same methodology as that
detailed in Ref. [49].
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FIG. 5. Cross section upper limits at 95% confidence level for DY HIP production as a function of HIP mass in various scenarios
(dashed lines with markers). The upper plots are for spin-1=2 HIP production, whereas the lower plots are for spin-0 HIPs. No cross
section limit is shown for mass/charge points with an acceptance lower than 1%. Overlaid on the plots are the leading-order (LO) cross
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VIII. RESULTS

Zero events are observed in the signal region in 7.0 fb−1

of 8 TeV proton-proton collision data, consistent with the
background estimate. This results in an upper limit on the
number of signal events of 3.0 at 95% confidence level in
the data sample.

A. Cross section limits

Cross section limits are driven by the selection efficien-
cies (and their uncertainties) for the various signal hypoth-
eses. They are determined using the full CLs frequentist
method [50] for each of the HIP masses and charges. In the
fiducial regions, a 90% signal efficiency is used (this comes
from the fiducial region definition, see Sec. VA and Fig. 3).
The 95% confidence-level cross section upper limit for the
fiducial regions is 0.5 fb. The cross section limits for DY
pair production are shown graphically as functions of mass
in Fig. 5.

B. Model-dependent mass limits

As has often been pointed out in the literature (e.g., in
Refs. [1,28]), the accuracy of HIP mass limits is ques-
tionable due to the nonperturbative nature of the underlying
process, which renders cross section predictions unreliable.
However, such limits are still useful for comparing results
from different searches that make similar theoretical
assumptions. In Table III, mass lower limits at 95% con-
fidence level are shown, obtained assuming DY production
kinematic distributions for spin-1=2 and spin-0 HIPs.

IX. CONCLUSION

A search for magnetic monopoles and exotic stable
particles with high electric charge was performed with
the ATLAS detector at the LHC using 7.0 fb−1 of 8 TeV pp
collision data using a signature of a highly ionizing particle
stopping in the EM calorimeter. Candidates were selected
by exploiting the measured ionization in the TRT detector
and the shape of the energy deposition in the EM
calorimeter. No events were observed in data in the signal
region. Upper limits on the production cross section were
set for mass and charge points to which the search proves
sensitive. A model-independent upper limit on the produc-
tion cross section of 0.5 fb was obtained for signal particles
with magnetic charge in the range 0.5gD ≤ jgj ≤ 2.0gD

and electric charge in the range 20 ≤ jzj ≤ 60 with masses
between 200 and 2500 GeV. This result is valid in well-
defined fiducial regions of high and uniform event selection
efficiency. Assuming Drell-Yan pair production of spin-1=2
and spin-0 charged massive particles, upper limits on the
production cross section were obtained for 0.5gD ≤ jgj ≤
1.5gD and 10 ≤ jzj ≤ 60 and masses up to 2500 GeV.
These results improve the upper limits on the production

cross section for HIPs in mass and charge regions acces-
sible to preceding experiments, and extend the limits to
masses higher than 1500 GeV. Monopoles with a magnetic
charge higher than jgj ¼ 1.0gD (up to jgj ¼ 2.0gD) and
exotic stable particles with an electric charge higher than
jzj ¼ 17 (up to jzj ¼ 60) were probed for the first time at
the LHC.
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Search for magnetic monopoles in polar volcanic rocks
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For a broad range of values of magnetic monopole mass and charge, the abundance of monopoles
trapped inside the Earth would be expected to be enhanced in the mantle beneath the geomagnetic
poles. A search for magnetic monopoles was conducted using the signature of an induced persistent
current following the passage of igneous rock samples through a SQUID-based magnetometer. A
total of 24.6 kg of rocks from various selected sites, among which 23.4 kg are mantle-derived rocks
from the Arctic and Antarctic areas, was analysed. No monopoles were found and a 90% confidence
level upper limit of 9.8 · 10−5/gram is set on the monopole density in the search samples.

The existence of magnetic monopoles was
postulated in 1931 by Dirac as a means to ex-
plain electric charge quantisation [1, 2]. The
Dirac quantisation argument predicts that the
fundamental magnetic charge qm = gec (in this
definition qm is in SI units and g is a dimension-
less quantity) is a multiple of the Dirac charge:
g = NgD with gD = 68.5 and N an integer
number. Magnetic monopoles are also funda-
mental ingredients in grand unification theo-
ries [3]. Although grand unification monopoles
would typically have masses of the order of the
unification scale (m ∼ 1016 GeV), there are
generally no tight theoretical constraints on the
mass of a monopole.

Calculations within nonrelativistic quantum
theory indicate that monopoles would bind to
non-zero-spin nuclei through magnetic moment
coupling, with binding energies of the order
of several hundred keV when assuming a hard
core [4]. Such binding is assumed as a work-
ing hypothesis in the present search. If iso-
lated monopoles exist in Nature, they are sta-
ble by virtue of magnetic charge conservation,
and they either reside inside astronomical bod-
ies or move freely through open space to form a
galactic halo. Throughout this paper, “stellar”
denotes monopoles already trapped in stardust
before the formation of the Solar System, and
“cosmic” denotes free monopoles reaching the
Solar System at a later time.

Signatures of direct monopole pair produc-
tion have been explored at past high-energy
particle colliders including the LEP, HERA
and Tevatron [5–10] and are being investigated
with the Large Hadron Collider [11, 12]. How-

ever, monopoles with masses above 7 TeV can-
not be produced within current collider pro-
grams. In this work, which probes monopoles
in the mass range between the weak scale and
the grand unification scale, it is assumed that
monopoles may exist as relics produced out
of thermal equilibrium in the very early Uni-
verse. Models of cosmological inflation allow
relic monopoles to be diluted down to noncatas-
trophic abundances [13]. However, the vari-
ous inflationary scenarios which have been pro-
posed can make very different monopole abun-
dance predictions [14]. Other unknowns are
the monopole-antimonopole annihilation cross
section and the detailed mechanisms by which
monopoles may have bound to matter during
primordial nucleosynthesis. Even though there
are presently no adequate models that describe
to which extent relic monopoles would have
accumulated inside astronomical bodies or be
present in cosmic rays, abundances and fluxes
can be constrained by experiments. Monopoles
in flight have been sought with array detec-
tors. These set tight constraints on the flux
of cosmic monopoles incident on Earth [15–28]
(only the most significant results are given here;
see [29] for a complete list). Trapped monopoles
have previously been sought in hundreds of kilo-
grams of samples from the Earth’s crust [30–
35], in rocks from the Moon’s surface [36, 37],
and in meteorites [30, 35]. This work presents
the first search for monopoles in terrestrial ig-
neous rocks at high latitudes.

Large planetary bodies such as the Earth
were molten during their formation and this
has lead to large-scale chemical differentiation.
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During this early phase stellar monopoles, if
present, will likely have sunk to the planet’s
core [38]. Stellar monopoles should therefore
be depleted in planetary crusts, while the deep
interiors of planets and stars, as well as the in-
sides of some meteoroids, asteroids and comets,
would be the only places likely to contain them
in non-negligible amounts.
Monopoles inside astronomical bodies of

low viscosity possessing stable dipole magnetic
fields would move to positions along the mag-
netic axis where the magnetic force Fm = qmB
(B is the vertical component of the magnetic
field) and gravitational force Fg = ma (a is the
gravitational acceleration) are in equilibrium:

m =
gDecB

a

g

gD
= A

g

gD
(1)

Although the early configuration of the
Earth’s internal magnetic field is poorly known,
paleomagnetic data suggest that the Earth pos-
sessed a dipole field since at least ∼ 3.5 billion
years [39–41]. The configuration of the field
close to the Earth’s core may be more com-
plex, but the simple assumption of a dipole
field over geologic time is reasonable. Carri-
gan estimated that monopoles with g = gD
and m = 1016 GeV would accumulate near the
Earth’s inner core, and developed a model of
how monopole annihilation during geomagnetic
reversals would contribute to the planet’s in-
ternal heat, thus limiting the grand-unification-
mass monopole density inside the Earth to less
than ∼ 10−4/gram [42]. On the other hand, a
lighter mass or higher magnetic charge will raise
the equilibrium depth. We consider monopoles
attached to nuclei with an equilibrium position
above the core-mantle boundary. Down to a
depth of 2900 km, the Earth’s mantle plays
the role of an insulator between the molten
outer core and the crust and has the proper-
ties of a plastic solid. Although mantle dynam-
ics are complex and various competing geody-
namical models exist, it can generally be as-
sumed that the mantle slowly convects as a
whole, with a full cycle taking approximately
400−500 million years [43]. Monopoles caught
in the solid mantle would be unable to move
freely. Instead, monopoles of both polarities
would be transported up and down along with
mantle convection regardless of the field direc-
tion. Upon reaching the core-mantle bound-
ary, they would sink through the liquid core
due to the high mass, before being attracted in
the general direction of the polar regions due

to the magnetic charge. Over geologic time
monopoles would migrate towards the magnetic
axis. At the Earth’s pole, a = 9.8 m·s−2 and
B = 6.5 · 10−5 T, in which case Equation 1
yields Asurface = 1.2 ·1013 GeV (presently GeV
is a unit of mass). A monopole carrying a sin-
gle Dirac charge (g = gD) and a mass of 1013

GeV or lower would therefore be expected to
be found beneath the Earth’s polar crust and
in melts below polar regions. A monopole car-
rying a multiple of the Dirac charge is allowed
to possess a proportionally higher mass. This
mass bound is conservative because monopoles
with equilibrium anywhere inside the mantle
may still reach the surface through mantle con-
vection (the core-mantle boundary corresponds
to Aboundary = 4 · 1014 GeV). In a naive model,
one may assume that monopoles would be dis-
tributed randomly throughout the whole man-
tle depth up to a distance from the magnetic
axis equal to the core radius of 3400 km (this
corresponds to latitudes > 57◦), and absent ev-
erywhere else. This results in a concentration
of monopoles 6 times higher in polar mantle-
derived rocks than averaged over the Earth’s
mass.

The samples used in this search were re-
stricted to mantle-derived igneous rocks with
negligible levels of crustal contamination, em-
placed at high (> 63◦) latitudes. Basaltic rocks
from hotspots – volcanic regions under which
the mantle is thought to be locally hotter, caus-
ing an ascending mantle plume – are partic-
ularly attractive as they are likely to include
material from deep inside the mantle. Iceland
and Hawaii are among the best known exam-
ples of hotspots for which there is evidence
that the erupted material comes from more
than 600 km depth and possibly as deep as the
core-mantle boundary [44, 45]. Other active
hotspot sites at high latitudes, but for which
the role of mantle plumes is debated [46], in-
clude Jan Mayen Island (Arctic Ocean) [47] and
Ross Island (Southern Victoria Land, Antarc-
tica) [48]. Large igneous provinces (LIPs) are
also of interest for this work. These massive
magmatic provinces are dominated by exten-
sive flood basalt lavas with areal extents of
> 100000 km2 and igneous volumes of > 100000
km3, most of which (> 75%) was expelled dur-
ing relatively short periods (∼ 1 − 5 million
years) [49]. Furthermore, many LIPs have been
associated with mantle plume activity and con-
tinental break-up [50]. The Kap Washington
Group volcanic sequence (North Greenland)
and the Skaergaard intrusion (East Greenland)
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TABLE I. Characteristics of the rock samples used in this search. If not otherwise specified, they were
emplaced during the Cenozoic era. Control samples are indicated with (c). The latitude corresponds to
the location at the time of emplacement.

site latitude tectonic setting rock type samples mass (kg)
Iceland [56] 64◦ N hotspot, mid-ocean ridge basalt 144 5.916

gabbro 26 1.404
Jan Mayen Island [47] 71◦ N hotspot alkali basalt 6 0.139
Hawaii (c) 21◦ N hotspot tholeiitic basalt 17 0.610
North Greenland [57] 72◦ N LIP, 71-61 million alkali basalt, trachyte,

years old trachyandesite, rhyolite 73 1.779
East Greenland [58] 68◦ N LIP, intrusion gabbro 39 1.830
Gakkel Ridge 84◦ N mid-ocean ridge tholeiitic basalt 26 0.707
Mid-Atlantic Ridge (c) 33◦ S mid-ocean ridge tholeiitic basalt 8 0.207
East Pacific Rise (c) 28◦ S mid-ocean ridge tholeiitic basalt 7 0.241
South. Victoria Land 77◦ S hotspot basalt, basanite 233 8.163
North. Victoria Land 72◦ S intraplate volcanism basalt, trachyte 12 0.335
Marie Byrd Land [55] 76◦ S intraplate volcanism alkali basalt (HIMU) 50 2.184

lherzolite 3 0.148
basalt, trachyte 17 0.440

Ellsworth Land 74◦ S intraplate volcanism basalt 11 0.300
Horlick Mountains 87◦ S intraplate volcanism basalt 1 0.021
Antarctic Peninsula (c) 63◦ S subduction zone basalt 5 0.146
Total search 641 23.366
Total control (c) 37 1.204

were considered for this search as parts of the
High Arctic and North Atlantic LIPs, respec-
tively [51, 52]. Mid-ocean ridges, or rift vol-
canic zones where tectonic plates slowly move
away from each other, are also of interest. Lava
flows from Gakkel Ridge (Arctic Ocean) [53, 54]
provide attractive samples at very high lati-
tude (84◦ N). Finally, some rock samples were
selected on the basis that chemical analysis
reveals hints of deep mantle origins. Some
basaltic lavas from Coleman Nunatak (Marie
Byrd Land, Antarctica) contain particularly
high 206Pb/204Pb ratios (denoted as high µ,
or HIMU), which indicates low extent of melt-
ing and relatively deep origin [55]. In addition,
some of the lavas carry nodules of lherzolite,

which have been carried up from the mantle
source rocks without melting. Control samples,
which should not contain stellar monopoles be-
cause they fail one of the search criteria, were
also included: crust-derived lavas from a sub-
duction zone (Antarctic Peninsula), and sam-
ples from a hotspot or mid-ocean ridge at low
latitude (Hawaii, Mid-Atlantic Ridge and East
Pacific Rise). The samples were shaped ei-
ther as cylinders of 2.5 cm diameter and about
2.5 cm length, or crushed into fragments, which
were placed into plastic cuboid boxes 2.3 cm on
one side. The analysed samples are listed in Ta-
ble I and amount to a total of 23.4 kg of search
samples and 1.2 kg of control samples.

Samples were measured with a 2G Enter-
prises, model 755R, 3-axis DC-SQUID rock
magnetometer housed in a shielded room at
the Laboratory of Natural Magnetism, ETH
Zurich. For magnetic dipoles the current re-
verts to zero on complete passage through the
magnetometer superconducting coils. However,
a monopole would leave the signature of a per-
sistent current. This technique allows us to di-
rectly measure the magnetic charge contained
inside a sample without the need to extract
monopoles and with no mass dependence. Cur-
rent measurements were performed in steps, in-

cluding measurements where the sample is in-
side the sensing coils as well as 50 cm away from
the sensing coils before and after the pass. Oc-
casional passes with an empty sample holder
were made for background subtraction. The
persistent current is defined as the measured
value after pass minus the value before pass
(subtracting the same quantity for the empty
holder), normalised such as to give the strength
of magnetic pole contained in the sample in
units of gD. As described in detail in [59], cal-
ibration was performed using the convolution
method, which consists of profiling the magne-
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tometer response as a function of distance for a
sample with well-known magnetisation and in-
ferring the response for a monopole. As a cali-
bration cross-check, the response to a magnetic
pole was tested by introducing one extremity
of a thin solenoid of 25 cm length with applied
currents corresponding to values of magnetic
charge of 0.124 gD, 1.24 gD, 12.4 gD and 124 gD.
The two methods yield consistent results within
a normalisation uncertainty of 10%.

Samples with a total magnetisation ≥ 1.5 ·
105 gD (or magnetic dipole moment ≥ 4.4 ·
10−5 Am2) were found to sometimes cause the
flux-locked loop of the SQUID to be lost and
recovered at a different quantum level. This
leaves a signal similar to what is expected from
a monopole. Weaker moments generally did
not show this effect. Precautions were there-
fore taken so that all samples would have mag-
netisation levels below 1.5 · 105 gD. Crushing
the sample material into a gravel- or sand-sized
powder randomises the magnetic moments from
the constituent ferromagnetic minerals, which
reduces the dipole signal. This method was fre-
quently used in this study. Alternatively, the
magnetisation can be reduced by more than an
order of magnitude by exposing the sample to
an alternating field. There is no risk of dislodg-
ing a trapped monopole if a binding energy of
100 keV or more is assumed. Demagnetisation
was carried out only on 10% of the Antarctic
samples probed in this study.

Measurements of persistent currents after
first passage through the magnetometer are
shown for all samples in Fig. 1 (top). In the
range from −0.1 to 0.1 gD, the distribution is
Gaussian with mean value −0.002 ± 0.001 gD
and standard deviation 0.026± 0.001 gD. Non-
Gaussian tails slightly extend the distribution
beyond this range. Five candidates out of
678 samples yield absolute values which devi-
ate from zero by more than 0.25 gD. The two
first of these candidates yield the largest val-
ues (0.8 gD and 1.6 gD) and also have total
magnetisations in excess of 105 gD, close to the
1.5 · 105 gD limit beyond which measurements
are known to be unreliable. Additional mea-
surements of the five candidates using various
orientations of the samples are shown in Fig. 1
(bottom). These multiple measurements con-
firm the zero magnetic charge hypothesis. It is
possible to get a rough estimate of the proba-
bility that a random sample containing a gen-
uine monopole with |g| = gD would yield a per-
sistent current close enough to zero to remain
unnoticed. The probability to mismeasure the

candidate number
1 2 3 4 5

)
D

pe
rs

is
te

nt
 c

ur
re

nt
 (

g
-2

-1.5
-1

-0.5
0

0.5
1

1.5
2

FIG. 1. Top: persistent current after first passage
through the magnetometer for all samples. Bot-
tom: results of repeated measurements of candidate
samples with absolute measured values in excess of
0.25 gD.

current by an absolute value which deviates
from gD by less than 0.25 gD is about 0.3%
(out of 678 samples, only the first candidate dis-
cussed above satisfies this condition, but some
of the other candidates are close enough that we
conservatively assume two). The probability to
mismeasure the current in the direction where
it would cancel out the current induced by a hy-
pothetical monopole (whose charge can be pos-
itive or negative) is 1/2. Thus we obtain that
0.3%/2 = 0.15% of the signals with |g| = gD
would escape detection; less if |g| > gD. It
is concluded that no monopoles with magnetic
charge |g| ≥ gD were present in the samples.

The most extensive meteorite search to date
– the only other direct search with a non-
negligible sensitivity to stellar monopoles – sets
a limit on the monopole density in meteoritic
material of less than 2.1 · 10−5/gram at 90%
confidence level. The study analysed 112 kg
of meteorites [35], among which ∼ 100 kg are
chondrites and can thus be assumed to consist
of undifferentiated material from the primary
solar nebula. This represents a little more than
4 times more material than used in the present
search. As discussed above, for monopole mass
and charge satisfying Equation 1 for a posi-
tion above the core-mantle boundary, this dif-
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ference can be compensated for by an increase
in monopole concentration of roughly a factor 6
in polar mantle-derived rocks due to monopole
accumulation along the Earth’s magnetic axis.
One can think of two ways in which these re-
sults on stellar monopoles could be further im-
proved in the future: by probing large (> 100
kg) amounts of meteorites and polar rocks with
a high-efficiency magnetometer, or by gaining
access to new types of samples such as asteroid
and comet fragments.

In summary, massive monopoles of stellar ori-
gins would be absent from planetary surfaces
and would tend to accumulate along the mag-
netic axis in planets with internal magnetic
fields. If monopoles in the mass range 103 >
m > 1013 GeV are present within the Earth,
they would be expected to be found inside the
Earth’s mantle below the geomagnetic poles.
Assuming that monopoles bind strongly to nu-
clei, they would be trapped in mantle-derived
rocks. This paper presents the first search for
monopoles in polar igneous rocks. The search
probed 23.4 kg of samples, for which a limit
on the monopole density of 9.8 · 10−5/gram at
90% confidence level is set, which in a simple
model translates into a limit of 1.6 · 10−5/gram
in the matter averaged over the whole Earth.
This search has a comparable or better sensi-
tivity than the most extensive meteorite search
and provides a novel probe of stellar monopoles
in the Solar System.

We are indebted to W. E. LeMasurier for pro-
viding rock samples from Coleman Nunatak, to
R. G. Trønnes for providing a sample from the
Beerenberg volcano, and to A. Kontny for pro-
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son for additional samples from Iceland. This
research extensively used samples loaned from
the United States Polar Rock Repository, which
is sponsored by the United States National
Science Foundation, Office of Polar Programs.
This work was supported by a fellowship from
the Swiss National Science Foundation and a
grant from the Ernst and Lucie Schmidheiny
Foundation.
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