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Abstract
The Large Hadron Collider set a new energy record for particle accelerators in late
2009, breaking the previous record held by Tevatron of 2 TeV collision energy. The
LHC today operates at a collision energy of 7 TeV. With higher beam energy and
intensity, measures have to be taken to ensure optimal experimental conditions and
safety of the machine and detectors. Machine induced experimental background can
severely reduce the quality of experimental triggers and track reconstruction. In a worst
case, the radiation levels can be damaging for some of the subdetectors.

The LHC is a particular challenge in this regard due to the vastly different operating
conditions of the different experiments. The nominal luminosity varies by four orders
of magnitude. The unprecedented stored beam energy and the amount of supercon-
ducting elements can make it challenging to protect the accelerator itself as well.

In this work we have simulated and measured the machine induced background
originating from various sources: the beam colliding with rest-gas, collision residues
that are transported between the experiments, and from beam halo impacting on aper-
ture restrictions. The aim of the work has been to get a first complete overview of all
background sources, in order to better understand how we can optimise the running
conditions for the LHC experiments.

We have found that the most important background source is beam-gas background,
with an expected background rate towards the experiments for the nominal machine on
the order of MHz. Other sources of background have been carefully considered and
are found to pose less of a challenge under normal running conditions.
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Chapter 2

Introduction

Particle accelerators have been an essential part of fundamental physics research since
Rutherford discovered the nucleus in 1911. As technology advancement allowed for
more and more energetic beams, smaller and smaller constituents of our world have
been explored. The latest instalment in this energetic race is the Large Hadron Collider
situated outside Geneva, Switzerland.

Accelerator physics is a term used for the science of studying the motion and sta-
bility of these energetic beams. It includes the physical knowledge and technology
needed to get the particles to the collision point. In this chapter we will present CERN
and the LHC. Finally, we give a description of this thesis work and an outline. First,
we will briefly present some of the Norwegian scientists that have made significant
contributions to the field.

2.1 Norwegian Accelerator Physics Heritage

In the 1920s, a young Norwegian electrical engineer named Rolf Widerøe went to
Germany to study physics. As a PhD work he attempted to demonstrate the betatron
concept1 without success. However, he made a successful attempt at demonstrating
another type of acceleration — the acceleration of charged particles by “surfing” on a
synchronous radio-frequency electric field. This work paved the way for modern high
energy physics, and Widerøe is now known by many as the “grandfather of particle
accelerators”.

1Betatron acceleration is the acceleration by an alternating magnetic field.
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Widerøe is not the only Norwegian in the history of accelerator physics, even
though particle accelerator physics is not a major research field in Norway today. In the
beginning of the 1950s, 11 countries in Western Europe including Norway began the
planning of a new European collaboration for nuclear research. The temporary name
was “Conseil Européen pour la Recherche Nucléaire”, with the acronym CERN. In
1954 they founded “Organisation Européenne pour la Recherche Nucléaire” together
with one more country, but kept the old acronym. The first larger project, the construc-
tion of the Proton Synchrotron (PS), was led by a Norwegian named Odd Dahl. Dahl
was a practical man with no formal training in science. He had read physics while on
the Maud expedition to the Arctic, with help from H. U. Sverdrup. The PS was put into
operation in 1959, and is still a vital part of the injector chain at CERN.

Following a recommendation from Odd Dahl and one of the founders of CERN,
Kjell Johnsen was hired as one of the first CERN staff members in 1952. He had a
degree in electrical engineering from NTH in Trondheim, Norway. After working on
the PS for several years, he went on to promote his new pet project, a proton–proton
collider. The project named the Intersecting Storage Rings (ISR) was finally approved
in 1966 by the CERN Council. Kjell Johnsen lead the project, and in 1971 they collided
two proton beams for the very first time in history. This opened up for an entirely
new energy frontier in high energy physics. Because the charge/mass ratio is a factor
2000 lower for the protons compared to electrons, they suffer less from synchrotron
radiation. As a result higher energies can be achieved in a circular machine.

2.2 Hadron Colliders
In accelerator physics we generally divide in two main categories of synchrotron ac-
celerators, hadron and lepton colliders. The reason for this is that in particular the
synchrotron radiation produced from bending the particle trajectory is highly depen-
dent on the mass/charge ratio,

P ∝
(βE)4

ρ2m4 . (2.1)

Here, P is the power radiated from the particle, β is the ratio of the velocity of the
particle to the speed of light (equal to 1 for relativistic energies), E is the energy of
the particle, ρ is the radius of curvature of the trajectory, and m is the mass of the
particle. The proton is about 2000 times heavier than the electron, which means that
the radiation is eight orders of magnitude lower for the same energy and accelerator
size. We can also note that the increase in energy follows the length of the machine
squared, if we want to keep the radiated power constant. If we then assume that the
cost of an accelerator is approximately proportional to the length of the machine, we
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Figure 2.1: The collision energy of particle accelerators, with a logarithmic vertical
scale. In red squares hadron colliders, in green circles lepton colliders. HERA as
electron-proton collider in purple. Figure from [1].

understand that there is little gain from increasing the size of an accelerator once the
maximum sustainable power loss of the particles is reached.

In a synchrotron accelerator the particles are accelerated by RF cavities, and steered
and focused by magnets. LEP was the previous large project at CERN, an electron–
positron collider with a ring circumference of almost 27 km. The energy loss due to
synchrotron radiation was 3 % per turn. That means that if the RF cavities were turned
off, the beam would be lost in a fraction of a turn. In order to counteract the energy
loss, RF cavities were installed everywhere possible. It is likely that LEP will go down
in history as the largest circular lepton collider ever built.

In Figure 2.1 we see the evolution of collision energy of particle accelerators. The
energy as a function of time follows a fairly clear logarithmic trend. Hadron machines
can reach higher energies than their lepton counterparts. For that reason, they are
highly suitable to explore new energy regimes. On the other hand, the collisions are
intrinsically more complex. A hadronic collision is a mixture of gluons and quarks
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colliding, while leptons are fundamental particles. The first red dot from around 1970
is the ISR which project leader was Kjell Johnsen as mentioned earlier.

Tevatron held the previous world record in collision energy of approximately 2 TeV.
In spring of 2008, a few months before this thesis work started, representatives from
Tevatron, RHIC, and HERA were invited to describe their experience with background
related issues in their machines [2]. Some general observations from this workshop
were that any machine have some surprises, and that one should be well prepared with
simulations and measurement devices in order to understand the machine properly.

Tevatron experienced reduced data quality and radiation damage to some of the
subdetectors due to machine induced background [3]. Mitigations included shielding
in front of the experimental caverns [4, 5], and a two-stage collimation system [6].

HERA experienced serious challenges after the luminosity upgrade in 2000-2001
[7, 8]. Synchrotron radiation from focusing of the electron beam, in combination with
proton-gas background were found to be particularly problematic. Comprehensive sim-
ulations and specialised measurements were needed. Amongst others, installation of
additional collimators and vacuum pumps was needed in order to improve the back-
ground conditions.

2.3 CERN and the Large Hadron Collider
After LEP was shut down the construction of a hadron collider in the same tunnel
started in 2001. The Large Hadron Collider (LHC) is a 26.6 km long hadron accelera-
tor. It is primarily designed for proton-proton collisions, with one experiment, ALICE,
optimised for ion collisions. The LHC will run at a nominal collision energy of 14 TeV,
approximately 7 times that of Tevatron [9]. Tevatron had the highest collision energy
in the world before LHC, approximately 2 TeV centre of mass energy. At nominal op-
eration, the LHC will have 2808 bunches per beam, each consisting of 1011 protons.
That will result in a maximum inelastic collision rate of protons of around 700 MHz
per collision point.

A complex injector chain is providing the protons for the LHC. The proton source is
placed at the beginning of a linear accelerator known as LINAC 2 (will be replaced by
LINAC 4 which is under construction). The protons travel from there into the Booster,
before they enter the Proton Synchrotron (PS), which was the first accelerator built
at CERN. From there, the protons are transported into the Super Proton Synchrotron
(SPS), accelerated to a top energy of 450 GeV and sent to the LHC. The accelerator
complex at CERN is shown in Figure 2.2.

There are four collision points around the LHC, where the main experiments in each
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Figure 2.2: The CERN accelerator complex, copyright CERN.

collision point are ATLAS [10, 11], ALICE [12], CMS [13], and LHCb [14]. ATLAS
and CMS are general purpose high luminosity detectors, designed for the maximum
collision rate that the LHC can provide. LHCb is specially designed for studying rare
decays, which implies that they must limit themselves to a maximum of about one
collision per particle bunch crossing. That results in a maximum collision rate about
1-2 orders of magnitude less than ATLAS and CMS. ALICE is specialised for ion
physics, but operates during proton physics as well with a maximum collision rate
about 4 orders of magnitude lower than nominal LHC performance. The limitation for
ALICE is due to limitations in the maximum radiation that can be accepted, and the
detector is forced to turn off either partly or in its entirety if the total radiation exceeds
that limitation.

We will look more into the details of the LHC layout and the experiments in Chap-
ter 4.
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2.4 Motivation for This Work
Taking this new machine under control, including establishing optimal
conditions for physics, will require much expertise and the ability to solve
problems as they emerge.

The above quote is taken from the summary of the April’08 LHC Workshop on
experimental conditions and backgrounds [2]. A direct outcome of this workshop was
that funding for the thesis work presented here was requested.

The main parameters of a particle collider is the particle type, the beam energy
and the luminosity — the number of collisions per cross section. As for any physics
experiment, lowering the background and noise levels will improve the quality of the
data obtained, allowing for a better analysis.

The term background can have several meanings for a particle collider. For the
search for e.g. the Higgs boson, any collision not producing a Higgs boson can be
considered background to this search. Electrical noise on the detector signal is another
source of background for the experiments. In this thesis we consider the machine
induced background, which we will define as:

Particles showering towards the experimental cavern originating from the
interactions between the beam and its environment, but not originating from particle

collisions at the interaction point.

As a result, if there is no beam in the machine, there is no machine induced background
as we define it.

The background level will impact both the quality of the triggering system which
is responsible for selecting which events are interesting enough to store, and for the
quality of the data that are stored. There is not necessarily a hard upper limit for
the background levels, or a lower limit under which there is no point to reduce the
background further. Depending on the detector design, there might be a point at which
the radiation levels are too high, and the detector cannot function or cannot efficiently
trigger/store data anymore. There will always be a need to improve the understanding
of the background sources in order to minimise them and to be better prepared for the
future when the situation might worsen.

The combination of high luminosity and low luminosity experiments poses a fur-
ther challenge for background in the LHC. Machine induced background sources typ-
ically scale with beam intensity and/or energy, sometimes with a highly non-linear
dependence (e.g. electron cloud). It is of particular importance for the low luminosity
experiments ALICE and LHCb to fully understand the background conditions and to
know what the sources of background are. Even if the background is kept very low
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relative to the beam intensity, challenging conditions for ALICE are not necessarily
excluded.

The LHC has a complex three stage collimation system [15], which performance
has been studied extensively. The collimators act as the limiting aperture in the ma-
chine, which is the origin of what is called beam halo background. The beam halo
background estimates have been an important input for background simulations of the
experimental detectors. A significant part of the total machine induced background that
is not considered in the collimation studies, is the beam colliding with rest gas in the
vacuum chamber (beam-gas background). In particular the elastic or quasi-elastic col-
lisions can in principle produce showers to the experiments from beam-gas collisions
anywhere in the machine. Particle tracking with accurate optics is required for a good
knowledge of this background source.

2.5 Work Presented in This Thesis
Prior to the start of this work, a need was found for a dedicated study of background
conditions on the machine side. Each experiment have a group of people dedicated
to background studies. A collaborate effort between the machine and the experiments
was found beneficial for an optimal understanding of machine induced background.
Vacuum conditions, beam optics, detector response, and trigger algorithms all play
important roles when the rates and effects of background should be determined.

In the context of this PhD we have investigated machine induced experimental
background, with the aim to get a first overall picture of the background conditions
in the LHC. We generally consider three categories of background: collisions between
the beam and the rest gas in the vacuum pipe (beam-gas background), particle show-
ers from the halo of the beam colliding with aperture close to the detectors (beam-
halo background), and in the case of multiple experiments in one accelerator, collision
residues from one experiment which are transported close to another experiment before
hitting an aperture restriction and then shower into the detector (cross-talk).

The rest gas in the LHC beam pipe consists of mainly H2, CO2, CO, and CH4 with
the relative densities varying depending on pumping efficiency of different vacuum
systems [16]. Since the beam has a very high energy, the collision between a proton in
the beam and a rest gas molecule will produce secondary particles which gets a small
angular spread with respect to the beam direction. As a result some of these residues
can travel for long distances before they end up in an aperture restriction elsewhere
in the machine. Some elastic and diffractive scattered protons will stay within the
beam and contribute to the halo growth. A part of these residues will end up in the
detector region. This can produce a significant amount of background, depending on
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parameters. In general the beam–gas background does not necessarily change much
with changing optical parameters, but scales with pressure and beam intensity.

A proton or ion beam will always have a certain amount of transverse and longitudi-
nal blow-up from non-conservative forces that act on the individual particles. In order
to reduce the radiation levels on sensitive cold masses, the LHC requires a complex
system of collimators that effectively remove the halo of the beam so that it does not
heat up and damage the cold components. The collimation system has several stages,
where what is called the tertiary collimators are located around 60 to 140 m from the
interaction points (IP). Their purpose are to protect the final focusing quadrupoles,
which are sensitive to radiation and close to the beam when it is strongly focused. As
a consequence the tertiary collimators serve as the smallest aperture restriction in the
straight sections around the experiments. There will then be a flux of protons from
the halo of the beam hitting these tertiary collimators. The showers from these hits
produce particles that can reach the experimental cavern. Differing from beam–gas,
the beam-halo background we have described depends to a larger degree on optical
parameters, because the openings of the tertiary collimators are decided based on the
focusing strengths. The beam-halo background will depend strongly on the beam life-
time, since a lower beam lifetime is directly translated to a faster production of beam
halo particles.

The final machine induced background component we take into account is the
cross-talk between experiments. Collision residues from elastic and quasi-elastic col-
lisions at one interaction point can reach aperture restrictions close to other experi-
ments and produce a certain amount of background. This cross-talk is dependent on
the number of collisions at the other interaction points, which means that this kind
of background is more important for the low luminosity experiments like ALICE and
LHCb. Under normal circumstances one could argue that this background component
should be low compared to the luminosity where the background is originating, but
depending on the particular optics between two experiments, the cross-talk can still be
of importance in some occasions.

In the case of the LHC, the simulation of machine induced background is done in
several steps, something we described at length in [17]. After obtaining the machine
parameters like the beam intensity, the optical parameters, and the vacuum conditions,
there is a tracking stage where one simulates the loss rates on aperture restrictions
around the ring. The losses close to an experiment are then transported into a particle
shower simulation code which can transport all particles from the aperture restrictions
and through the different materials up to the experimental cavern. From this stage on
there is another simulation code taking over which can simulate the detector response
on the given background. The detector response must then be inserted in a software
that can predict the trigger response based on the given detector hits, trigger algorithms
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and so forth. The final simulation result can be compared to actual data.

2.6 Thesis Outline
In this work, we have focused on the retrieval of the input machine parameters, collision
event generation, and particle tracking in the entire machine with accurate optics. We
started by establishing a strategy for simulating beam-gas background in the LHC.
Initially, we did not have a simulation code suitable for this kind of simulations, and so
the first task was to extend an existing tracking code to fit our purpose.

The first part was focused on selecting the right tools and extending those to cover
beam-gas simulations. After this was implemented, simulated vacuum distributions
and other input parameters was obtained and simulation of the nominal machine was
initiated.

In the following, we extended our developed code to simulate interaction region
cross-talk, and we used it to simulate some special cases not directly related to experi-
mental background. We obtained loss maps from localised obstacles [18], and studied
the losses from a beam hitting some special detectors called Roman pots [19]. These
studies allowed us to directly compare results with data, providing a higher confidence
in our simulations.

In the later part of the thesis work, a significant effort was put into retrieving and
analysing available data to get a good grip of the machine performance on a regular
basis. We developed an extensive analysis tools package, which automates the work
of obtaining the relevant information that are vital in order to be able to know how the
experimental background and more generally machine parameters varies over time.

We start by introducing some general accelerator physics and terminology in Chap-
ter 3, and then present the LHC design and layout in Chapter 4. In Chapter 5 we dis-
cuss at length the beam-gas background, a central part of this thesis. We then cover
IR cross-talk and other background sources in Chapter 6, before we describe our fill
analysis tools and background observations so far in the LHC in Chapter 7. Here we
cover calculations of total beam lifetime and compare to observations. Finally, we will
present our conclusions and outlook in Chapter 8.

2.6.1 Publications
The publications related to this thesis work are given in Appendix D. Appendix D.1
and Appendix D.2 cover our studies of beam-gas background. In Appendix D.3 the
studies of interaction region cross-talk background are presented. Our fill analysis tool
was first published in Appendix D.5 together with some early analysis examples. In
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Appendix D.4 we published our full simulation chain together with some collabora-
tors from the LHCb experiment. A revised version of this paper will be published to
Transactions of Nuclear Science. In addition to the publications, there were two CERN
project notes published that contain results from this work. These are summarised in
Appendix D.6.



Chapter 3

Accelerator Physics and Optics

In this chapter we will present briefly the basic principles of accelerator physics. The
interested reader is suggested to look for a more comprehensive coverage in Refs. [20,
21, 22]. We will start by introducing the linear optics theory, before we look at the
dynamics of particle tracking in accelerator physics, which is of high relevance to the
work presented in this thesis.

3.1 Magnets
The basic components in a modern particle accelerator are radio-frequency (RF) cavi-
ties where an electromagnetic field accelerate the particles in a synchronous manner, as
was demonstrated by Wideröe. In addition, magnets steer and focus the beam. The first
magnet is the dipole which steers charged particles along the beam orbit. Quadrupole
magnets focuse and defocuse the beam, keeping the beam stable. The importance of
the accelerating cavities depends on the accelerator type. For a high energy lepton
collider like LEP, the beam would not stay in the machine for a full turn without the
accelerating cavities. For a hadron storage machine like the Intersection Storage Rings
(ISR), they did not need accelerating cavities after the beams were at top energy.

The magnets control the movement of the individual particles transverse to the
beam direction, as can readily be seen from the Lorentz force law Eq. (3.1).

F = Q(E+v×B) (3.1)

Here, F is the force, v is the velocity vector, B is the magnetic field vector, Q is the
charge and E is the electric field vector. A static magnetic field can only give a force

13
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normal to the direction of the beam, and as a consequence, it can do no work on the
particles in the beam. Hence we need an electric field component for the acceleration.
We also note that even though it is theoretically possible to steer the beam with electric
field as well, it is not feasible for most machines due to the fact that the speed is close
to the speed of light. To get an equivalent electric field to 1 T magnetic field, one would
require an electric field of 300 MV/m. In the LHC we have a nominal dipole field of
8.3 T.

For comparison, in the Compact Linear Collider (CLIC) project, the design accel-
erating field gradient is 100 MV/m. A superconducting RF cavity has a theoretical
maximum electric field of around 50 MV/m. Using magnets for the beam steering is
both a necessity and more convenient.

Magnets are defined by their magnetic strength, which we denote B given in Tesla.
The particles will as a result of the magnetic field be deflected along a radius of curva-
ture R which at a given location follows the relation

1
R
=

e
p

B. (3.2)

Here, e is the particle charge, and p is the particle momentum. A Taylor expansion of
the magnetic field gives

e
p B(x) = e

p B(0) + 1
1!

e
p

∂B(0)
∂x x + 1

2!
e
p

∂2B(0)
∂x2 x2 + ...

= 1
R + 1

1!
e
p

∂B(0)
∂x x + 1

2!
e
p

∂2B(0)
∂x2 x2 + ...

(3.3)

In this expansion, we get the magnetic components for ideal multipoles. The first
term is the bending field of a dipole, the second shows the quadrupolar focusing field,
the third term is the sextupolar field and so on. We define the focusing strength k of a
quadrupole as

k ≡ e
p

∂B(0)
∂x

, (3.4)

and the sextupolar in similar manner is denoted m, so that we can rewrite Eq. (3.3) as

e
p

B(x) =
1
R
+

1
1!

kx +
1
2!

mx2 + ... (3.5)

In Eq. (3.5) we have defined magnetic strengths that have included the particle
charge, and momentum. Using these relations we can then develop beam optics which
are invariant to beam energy and particle mass/charge ratio.
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re f erence orbitbetatron oscillations

Figure 3.1: The particle trajectories do small oscillations about the reference orbit of a
circular accelerator. These transverse oscillations are referred to as the betatron motion.

3.2 Coordinate System

In an accelerator, the particles move along a trajectory which is more or less in the
centre of the beam pipe. Since the spread of the particles is small relative to the size
of the machine, it makes sense to use a different coordinate system than Cartesian. For
a stable machine, the particles oscillates around a fixed point in phase space which we
call the reference orbit (see Figure 3.1). A particle perfectly on the reference orbit will
stay on this orbit. We define the position of the reference orbit by the vector r0, and
a position which deviates from the reference orbit with the vectors x, y, and z. z is
pointing in the direction of motion, while y is pointing upwards. x, y, and z forms a
right-handed coordinate system, as shown in Figure 3.2. This is known as the “Frenet–
Serret” coordinate system.

As derived in Appendix A, the linear equations of motion in the Frenet-Serret co-
ordinate system are

x′′+ x
(

1
R2 − k

)
=

1
R

∆p
p0

y′′+ ky = 0, (3.6)

where ′ denotes derivation with respect to the position s along the orbit. p0 is the
reference momentum for a particle on the orbit. k is the quadrupolar strength defined
as positive when the quadrupole is focusing in the vertical plane, and R is the radius of
curvature at a position s.
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trajectory

z (and s)

y

x

Figure 3.2: Schematic view of the Frenet–Serret coordinate system. In this convention
we follow a right handed coordinate system. The z coordinate is pointing in the same
direction as s.

In Eq. (3.6) we have made several assumptions. First of all we have assumed that
the acceleration is slow, which generally holds for storage rings. Furthermore we have
assumed that the longitudinal momentum multiplied by the transverse magnetic field
is much larger than the transverse momentum multiplied by the longitudinal field,

pz BT � pT Bz.

While it is always true that the transverse momentum is much lower than the longitu-
dinal momentum, it is not always the case that the longitudinal field is much smaller
than the transverse. In e.g. a solenoid, the longitudinal field is much larger, and the
approximation might not hold inside such a magnet. For most part of an accelerator
though, this assumption holds. Finally we have ignored second order terms in x, y and
∆p
p0

, which means that for e.g. highly off-momentum protons this equation might not
be sufficiently accurate.

3.3 Matrix Elements

Eq. (3.6) in the vertical plane we recognize as second order differential equations. A
general linear differential equation of the second order reads

a(x) f ′′(x)+b(x) f ′(x)+ c(x) f (x) = d(x). (3.7)
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Eq. (3.7) is homogeneous if d(x) = 0. If we assume the functions a,b,c to be constants,
we have the general solution

f (x) = k1eλ1x + k2eλ2x. (3.8)

where ki,λi are constants. If we now assume at first that ∆p = 0, we have a homoge-
neous differential equation in both planes. We have b = 0 in our case, which in the
vertical plane gives us the solution

y(s) = c1e
√
−k s + c2e−

√
−k s, (3.9)

with c1,c2 as constants. What we want to know is the coordinates after a particle has
passed through an element from a given initial condition. If we do this we can get
out the constants c1,c2 and write y(s) as a function of y0 and y′0, the position and the
derivative of the position (i.e. angle) before the element. If we define s = 0 before
the element, and s = l after the element of length l, we have the relation between the
constants

y0 ≡ y(0) = c1 + c2 (3.10)

y′0 ≡ y′(0) =
√
−k [c1− c2]. (3.11)

Inserting into Eq. (3.9) we then get

(
y
y′

)
=

(
e
√
−k l+e−

√
−k l

2
e
√
−k l−e−

√
−k l

2
√
−k√

−k e−
√
−k l−e−

√
−k l

2
e
√
−k l+e−

√
−k l

2

)
×
(

y0
y′0

)
. (3.12)

(3.13)

We recognize the fractions as the trigonometric cos, sin when k is positive (focusing in
the vertical plane), and hyperbolic cosh, sinh when k is negative (defocusing). For the
horizontal plane we get the same result, but with

− k = k− 1
R
≡ kx. (3.14)

We note that the focusing strength in the horizontal plane, kx, is different from zero
also for a dipole. This is known as weak focusing.

What we have developed here is called the hard edge model, since we have assumed
that the magnetic field regions abruptly changes. The fringe field effect is usually a
small effect, discussed more in detail in e.g. [23, Ch. 4.2].
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3.3.1 Betatron Motion
If we place the quadrupoles in alternating horizontal and vertical focusing, we will
have an oscillation of the particle trajectories as they move along the orbit. At first one
might think that if the alternating quadrupoles would presumably be equal in strength,
there would be no net effect from the quadrupoles focusing and defocusing the beam.
However, since the focusing is dependent on the position of the particles, one can
obtain a net effect by having the beam more compact in the defocusing quadrupole
for the given plane, and hence obtain a net focusing effect. The simplest ordering of
quadrupoles and dipoles is what we call a FODO cell, which stands for focusing-drift-
defocusing-drift (O = zero/empty). The drift space is then typically filled with a dipole
in the arcs. Using the matrix definition fromn Eq. (3.13), with an appropriate magnet
strength and eight FODO cells, we obtain the particle trajectories shown in Figure 3.3.
The FODO cell is used in the LHC.
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Figure 3.3: Particle trajectories through arch, showing the amplitude in one transverse
plane. The results are for a basic thick lens 4D tracking.

The particles oscillate transversally as they move through the accelerator. This is
called “betatron motion”. It is possible to have an unstable transverse motion where the
transverse position grows out of bounds. Finding the right magnetic (optical) strenghts
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for a stable beam is known as matching.
If higher-order magnetic multipoles are introduced, one obtains regions of the trans-

verse phase space where the motion is stable, and other regions where the motions is
unstable. It is desirable to keep the stable region as large as possible. The border
between the stable and unstable region in the transverse phase space is known as the
dynamic aperture.

If we are using transfer matrices for particle transport, we have the following rela-
tion:

Xi = Mi−1 Xi−1 = Mi−1 (Mi−2 Xi−2) ...

= Mi−1 Mi−2 Mi−3... X0. (3.15)

In other words, to get the coordinates at one point based on the coordinates at another
point, we multiply the initial coordinates with the product of the matrices of each ele-
ment in between. For a circular collider we call the transfer map for a complete cycle
the “one-turn transfer matrix”. In Appendix B, we develop the TWISS parameters,
α,β,γ, which interpretation can be seen in Figure 3.4.

We define the phase advance µ between two points as the number of betatron os-
cillations between the two points. In Appendix B we show that by solving the Hill’s
equations we get

µ =
∫ s2

s1

ds
β(s)

. (3.16)

In a circular acclerator we define the tune Q as the phase advance for one complete
turn, divided by 2π

Q =
1

2π

∮ ds
β(s)

. (3.17)

Together with the tune, Q, we can write the one-turn transfer matrix as
(

cos(Q)+α sin(Q) β sin(Q)
−γ sin(Q) cos(Q)−α sin(Q)

)
= cos(Q) · I + sin(Q) ·J, (3.18)

where I is the identity matrix, and

J =

(
α β
−γ −α

)
. (3.19)

The derivations can be found in e.g. [20, 24].
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Figure 3.4: The TWISS parameters define the transverse shape of the beam in phase
space. The area covered by the beam is defined by the emittance ε, while the physical
size is defined by the square root of the β-function times the emittance. The divergence
is similarly defined by the γ-function and the emittance.

3.4 Machine Imperfections

A real machine has magnetic field imperfections in the magnets, alignment errors, me-
chanical vibrations and so forth, which all have to be taken into account in order to get
an accurate picture of the beam’s behaviour.

3.4.1 Dispersion

The dipolar strength 1/R is a function of the particle energy. As a result, a particle with
lower energy will see a stronger dipolar strength, and will follow a slightly different
orbit in the machine. We define the dispersion function as the orbit for a particle with

∆p
p

= 1.
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This is a purely fictive orbit, as a particle with that high energy offset will not survive
inside a machine.

Dispersion cannot be cancelled out everywhere in a circular machine, but disper-
sion free regions are needed. The insertion regions in the LHC are dispersion free
except for the region dedicated to dispersion collimation. Correcting dispersion can be
a complicated matter. An off-momentum particle will not go through the centre of the
magnet in dispersive regions. That means the dispersion function will oscillate through
the quadrupoles, shown in Figure 3.5. The dispersion function can be found by varying
the radio frequency field and measure the change in orbit as a function of frequency.
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Figure 3.5: An example showing the dispersion for beam one downstream of ALICE in
the LHC. ALICE is located in the dispersion free region around 3300 m. In the regular
arc you see that the dispersion function oscillate regularly according to the length of the
FODO cell. The dispersion is computed using Mad-X, with nominal injection optics.
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3.4.2 Coupling
So far we have only considered two fully decoupled transverse planes. A rotated
quadrupole will (de-)focus vertically a particle with a horizontal amplitude and vice
versa. As a result, with skew quadrupolar field, there is a coupling between the two
planes. A solenoid field will add coupling as well, since it will transfer some hori-
zontal momentum to vertical momentum. In short, coupling means that the number of
betatron oscillations in one plane depends on the particle amplitude in the other plane.
There can also be coupling between the longitudinal and transverse planes.

Coupling can be corrected using skew quadrupole corrector magnets. A large ma-
chine like the LHC will have several skew quadrupoles distributed around the ring for
this purpose.

3.4.3 Chromaticity
We mentioned that particles of different energies will see a different dipolar strength
and hence follow a different orbit. The focusing strength k will also be different. That
leads to a different number of betatron oscillations for different energies, resulting in a
tune spread ∆Q of the beam. The chromaticity ξ is defined as the change in tune spread
per relative change in momentum

ξ =
∆Q

∆p/p
. (3.20)

Under the assumption that the relative change in momentum is small, it can be shown
[20, Ch. 3.16] that the chromaticity equals the closed integral

ξ =
1

4π

∮
k β ds.

Allthough one would initially think that the chromaticity should always be kept
small, it is sometimes found beneficial to increase the chromaticity. If the chromaticity
is larger, it means that a particle on a resonance will move away from the resonance as it
drifts out of the beam envelope. If the chromaticity is small, this change in tune will be
smaller and the particle might stay on the resonance until it is lost. Small chromaticity
is beneficial in the absence of resonances.

3.5 Diffusion Processes
Single particle dynamics cannot explain why the particles in the core of the beam dif-
fuse towards higher amplitudes, causing an increase of the emittance and particle losses



3.5. DIFFUSION PROCESSES 23

in the machine. For circular lepton machines, synchrotron radiation is responsible for
loss of transverse momentum, which together with the RF cavities keeps the emittance
at an equilibrium. For hadron machines, the synchrotron radiation is not large enough
to have a significant impact. Even at LHC energies, the synchrotron radiation is barely
strong enough to have an influence at all. As a result, various diffusion processes that
we will briefly describe here are responsible for a loss of beam particles, and constant
emittance growth. The number of particles lost divided by the number of particles in
the beam defines the beam lifetime.

3.5.1 Beam-Gas Scattering
An important process for machine induced background is beam-gas scattering. The
particles in the beam collide with the rest gas molecules left in the chamber. For elastic
collisions, the particles might stay in the beam with a slightly increased transverse
momentum (emittance growth), or they might be lost on aperture somewhere. The
same is true for diffractive events with small momentum transfer. The rate of beam-
gas scattering will be directly proportional to the vacuum pressure. We will look into
beam-gas scattering as a source of machine induced background in Chapter 5.

3.5.2 Electron Cloud
Several dynamical processes can increase the vacuum pressure, and an important pro-
cess to consider can be electron cloud. We illustrate the electron cloud process in
Figure 3.6.

When the bunches travel through the beam pipe, they attract oppositely charged
particles. Electron cloud can hence be produced by positively charged beams. When
the beam trajectory is bent, the particles emit synchrotron radiation. If the energy of
the emitted photons is large enough to kick electrons out from the wall, the number of
electrons in the vacuum will increase significantly. These primary electrons are also
denoted photoelectrons.

The electrons will be accelerated in the field produced by the bunches, and impact
on the opposite wall with an increased energy. The impacting electrons will have a
probability of sending off a secondary electron from the wall. If this probability is
larger than one, and the second bunch arrives in time to accelerate the secondary elec-
trons, this effect can be amplified further.

The probability of creating secondary electrons upon impact is denoted “Secondary
Electron Yield (SEY)”, and has been studied extensively in e.g. [25] for different coat-
ings. SEY depend on both the wall material and the history of the vacuum pressure and
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Figure 3.6: Electrons in the vacuum chamber are accelerated by the beam, and hit
the wall on the adjacent side with an increased energy. Depending on the secondary
electron yield of the vacuum chamber, a number of electron are scattered out from
that location. If the next bunch arrives in time to accelerate the secondary electrons, a
cascade effect occurs, called electron cloud.

temperature.
Luckily, the sputtering of particles on the wall of the beam pipe reduces the sec-

ondary electron yield over time. One way to mitigate electron cloud problems is to
increase the beam intensity and vacuum pressure to greatly increase the amount of par-
ticles impinging on the wall. This process is known as “scrubbing”. The first “scrub-
bing run” in the LHC was performed in the spring of 2011.

3.5.3 Intrabeam Scattering

The accelerated beam consists of charged particles densely packed, which have both
a longitudinal and transverse momentum relative to the beam movement. As a result,
these particles will collide and exchange momentum within the beam. This leads first
and foremost to an emittance growth, but if the bunch charge density is high enough it
can also lead to significant particle loss. The loss of particles due to intrabeam scatter-
ing is known as the Touschek effect, and was first observed in the electron storage ring
AdA in Frascati, Italy.

Intrabeam scattering is a function of both the bunch volume and the bunch intensity.
Larger volume and/or lower bunch intensity will reduce scattering. Two models, Pi-
winski and Bjorken-Mtingwa are commonly used to describe the effect, and they both
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agree well at higher energies [26, 27].
Intrabeam scattering is typically too weak in an electron storage ring to have an

effect because the radiation damping from synchrotron radiation is usually faster. In
high intensity hadron storage rings on the other hand, intrabeam scattering can cause
significant degradation of luminosity lifetime. For nominal LHC energies, an IBS life-
time of around 63 h for the longitudinal beam size and 105 h for the horizontal beam
size is expected from simulations [28, ch. 5.5.2].

3.5.4 Burnout from Collisions
The dominant contribution to the beam lifetime for an ideal accelerator will be the loss
of particles at the interaction points due to the collisions themselves. Elastic and quasi-
elastic collisions can give small momentum transfers, producing an emittance growth
rate in addition to particle losses from the stronger interactions. These collisions can
be a source of background which we denote “interaction region cross-talk”. We will
come back to that source of background in Chapter 6.

The lifetime from burn-out follows

1
τ
=

L σ
N

, (3.21)

where σ is the cross section, N is the number of particles in the beam and L is the
luminosity. For LHC, which has a luminosity of 1× 1034cm−2s−1, a beam intensity
of about 3× 1014, and an inelastic cross section of around 70 mb, the lifetime from
burnout will be around 130 h per high luminosity experiment, or 65 h in total.

3.5.5 Beam-Beam Interaction
When the beams are colliding, they inherently kick each other due to the electromag-
netic interactions between the beams. These are separated in two main categories,
head-on and long-range. The head-on beam-beam effect comes from the two bunches
that collide with each other, resulting in a focusing effect for oppositely charged beams,
and a defocusing effect for equally charged beams like the LHC. The long-range beam-
beam effect comes from bunches that pass each other closely. The linear beam-beam
parameter is defined as [21, ch.5]

ξ =
N r0 β∗

4π γ σ2 , (3.22)

where N is the number of particles in a bunch, r0 is the classical particle radius, β∗ is
the β-function at collision, and σ is the beam size. This is the generalised case with
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round beams. The force from the beam on a test particle is

F(r) =
n e2(1+β2)

2π ε0

1
r

[
1− exp(−−r2

2σ2 )

]
, (3.23)

where n now is the density of particles per longitudinal distance s along the beam
direction. The shape of the function

1
x

[
1− exp(−x2)

]

is shown in Figure 3.7. x will then be proportional to the radial distance from the beam
core, measured in number of beam σ. The beam-beam force has a maximum at around
1.1 σ. Between ± 1 σ, the beam-beam force changes approximately linearly. The
focusing kick given to the particles in this region is the linear beam-beam parameter.

The beam-beam force is not directly a diffusion process, but it distorts the orbit and
increases the tune footprint (the spread in the tune among the beam particles). This can
then indirectly lead to significant reduction in the beam lifetime.

For the LHC, the beam-beam interactions are expected to be one of the most im-
portant parameters that will eventually limit the performance of the machine, and it has
been studied carefully in the past [29].

3.6 Machine Aperture
Simulating experimental background evolves around particle tracking and stability
analysis to obtain estimates of losses around the machine which then subsequently can
produce particle showers towards the experiments, resulting in false detector signals.
In order to get proper loss estimates, two things are required. First, you need to have a
good model for particle tracking. We will come back to that afterwards. Second, you
need a precise knowledge of the aperture restrictions around the machine.

A particle will have a fixed betatron action, but will oscillate about the closed orbit
as explained before. The beam will change its size as well, shown previously in Fig-
ure 3.3. What stays fixed (on a short time scale at least) is the beam emittance. As a
result, what is interesting to know about the aperture is how many beam sigma there
is between the beam orbit and the wall of the beam pipe, known as the normalised
aperture.

In addition, the beam orbit is not necessarily going through the centre of the beam
pipe. The element (be it a magnet, RF cavity or something else) can be misaligned
or tilted, or the orbit can be displaced either from magnetic errors or simply by design
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Figure 3.7: An illustration of how the beam-beam force on a particle changes depend-
ing on the distance from the beam. This function will be proportional to the beam-beam
force, with the horizontal axis measured in units of beam σ.

because you want an orbit bump for some reason. When setting the aperture tolerances,
it is important to take these (potential) displacements of the orbit into account, and not
merely measure the aperture from the centre of the element.

As we explained earlier, there is dispersion in many places of the machine, which
will produce an additional spread of the beam in addition to the transverse beta-function.
Both the dispersion and the beta-function must be taken into account when estimating
the available aperture in the machine.

The LHC has a very high amount of stored beam energy, around 360 MJ/beam.
That means that if the beam is lost on any component in the machine, that component
will have to be replaced. Even the energy in the halo of the beam can be dense enough
to heat the many superconducting elements producing a magnet quench. To protect the
machine, a three stage collimation system is installed [30, 15].
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In order to take into account orbit tolerances and the variations of the beam size in
the LHC, we calculate the “normalised primary aperture”, known as N1. This calcu-
lation is explained in [31, 32]. The N1 is essentially the maximum number of beam σ
that can fit inside the beam chamber without touching any chamber wall. N1 takes into
account the orbit tolerances, alignment of the machine, dispersion and so forth.

In Figure 3.8 we illustrate how the N1 is varying in the LHC for injection optics.
We see that it is predominantly governed by the maximum β in either plane. Depending
on the collimation system and the protection requirement, one then defines a minimum
N1 that can be accepted.
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Figure 3.8: Here we illustrate how the normalised primary aperture is varying on one
side of LHCb for injection optics in the top plot. LHCb is located at s = 0 m. Between
400 m and 500 m, we see the regular FODO cell in the arc. In the middle plot we
see the horizontal beta in blue, and the vertical in green. In the lower plot we see the
horizontal dispersion. Computed using Mad-X.
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3.7 Particle Tracking

Particle tracking studies require careful consideration. For linear elements like drifts,
dipoles and quadrupoles, an exact matrix can be obtained. For non-linear elements,
a matrix representation that is independent of the initial coordinates does not exist.
We generally call the function representation of an element a “map”, which calculate
the parameters of a particle at the end of an element based on the parameters at the
beginning of an element, as shown in Figure 3.9. For some studies, it is sufficient to

M XfXi

Figure 3.9: The transfer map takes the calculates the final coordinates of a particle, Xf
based on the initial coordinates of a particle Xi.

only study the transverse stability. That means that one only looks at the positions and
angles in the horizontal and vertical plane, and ignores movement in the longitudinal
plane. This is known as “4D tracking” (two parameters per plane, four in total). In other
cases, it is required to also take the longitudinal stability into account, which introduce
the longitudinal position with respect to the centre of the beam, and the RF phase the
particle has with respect to the synchronous phase. This gives a total of 6 coordinates.
For instance, this can be relevant when you want to study intrabeam scattering, or when
you expect coupling between the planes. This is known as “6D tracking”. In general,
you can learn a lot in many situations from looking at one plane only, since the three
planes should normally be more or less decoupled.

3.7.1 Symplecticity

For long term tracking, it is of high importance that the transfer map used are symplec-
tic. Symplecticity means that the transformation should not increase or decrease the
action of a particle. Magnetic fields alone can not do work on a particle, which would
be required in order to change the momentum of the particle (momentum can still be
shifted from one plane to another when you have coupling). As a result, our represen-
tation of the magnet – the transfer map – should neither do any work on the particle.
Mathematically, it means that the transfer map M should obey the relation [21]

MT J M = J, (3.24)
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where T denotes transpose of the matrix and J is the matrix

J =

[
0 I
−I 0

]
, (3.25)

and I is the identity matrix.
There are several ways to ensure that the symplectic condition is obeyed, and one

of them is to represent the accelerator in thin lenses and drifts between. In a thin lens
formalism, the particle positions can only change in the drift sections. The kick from a
thin lens can only change direction of the particle, and the change in direction can only
be a function of the position. Hence, the general matrix for a kick is

[
1 0
a 1

]
, (3.26)

where a can be a function of the input coordinates. Eq. (3.26) obeys the symplectic
condition, which means that a thin lens representation will always be symplectic.

3.7.2 Off-Momentum Tracking
In Appendix A we develop the linear equations of motion under the assumption that
the transverse momentum and energy offset of the particles were small. The same as-
sumption is used for most formalisms developed in tracking codes, because it allows
transfer maps that are faster to calculate, and they are simpler to implement and un-
derstand. The relative momentum deviation in a beam is typically not more than 1 h,
which makes this assumption satisfactory. There are tracking codes which will allow
for arbitrary momentum deviation, but the increased computing resources needed are
for many applications unacceptable.

For most studies the limitations are satisfactory, but for background studies we
are interested in particles which are actually lost and then produce showers into the
experiments. These particles can have much higher momentum offset, and special care
should be taken to ensure that the simulation results will be reasonable. Allthough the
accuracy of the tracking simulation worsens, there is a benefit in that these particles are
not tracked for long, which means the tracking accuracy becomes less important.



Chapter 4

LHC Layout

The Large Hadron Collider is designed for colliding proton beams of 7 TeV energy
at a luminosity of 1×1034 cm−2s−1. It has eight insertion regions, comprising four
interaction points, two collimation regions, one insertion for accelerating cavities and
one for beam extraction (beam dump).

The four main experiments are ATLAS, ALICE, CMS and LHCb, located in inser-
tion regions 1, 2, 5, and 8 respectively, as shown in Figure 4.1. The other four long
straight sections are used for collimation (IR3 and IR7), RF cavities for acceleration
(IR4) and for the beam extraction (IR6). In order to understand the machine induced
background we need a good knowledge of the layout around the experimental regions,
as well as the machine optics, orbits and aperture.

This chapter will give a description of the interaction region layouts and a brief
introduction to the four main experiments with background protection and monitoring
in mind. We will in later chapters use this for reference. The machine parameters serve
as input parameters for simulations in Chapter 5 and Chapter 6, and the understanding
of how the experiment measure the background is important in Chapter 7 which covers
machine performance and analysis.

4.1 General Parameters

The nominal (design) parameters for the LHC consists of 2808 bunches, each consist-
ing of 1.15×1011 protons per beam. The normalised emittance ε is expected to be

31
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Figure 4.1: The overall layout of the LHC. The LHC is split in eight octants. Each
octant is comprising of an insertion region, and separated by a regular bending region
(arc).

3.75 µmrad. The luminosity of a machine is defined as

L =
1

4π
fcoll I1 I2 Fgeom√σx σy

. (4.1)

fcoll is here the bunch collision frequency, i.e. number of bunch collisions times the
revolution frequency. In the LHC, the nominal bunch spacing is 25 ns. The entire ring
cannot be filled however, as there need to be room left for the dump kicker rise time,
and there will be one gap per injection according to the rise time of the injection kicker
as well. In total, 2808 of the total 3564 possible buckets will be filled with a proton
bunch. We then get

fcoll =
2808
3564

(25 ns)−1 = 31.5 MHz.
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Table 4.1: The nominal crossing angles in each interaction point. Negative values
means crossing against the beam 1 axis direction.

IP Angle Plane
[µmrad]

1 142.5 ver
2 ±150.0 ver
5 142.5 hor
8 -200/-65 hor

I1 is the bunch intensity in beam one, and I2 the bunch intensity in beam two, 1.15×1011

protons for the nominal LHC parameters. σx is the horizontal beam size, and σy is the
vertical beam size. The beam size at collision is defined as

σ =
√

ε β∗,

where ∗ simply denotes the value at the interaction point.
In Eq. (4.1) we assume that beam one and beam two have equal Gaussian shape

and equal size. The more general luminosity function is the overlap integral of the
transverse density functions of the two beams

L = fcoll

∫

x

∫

y
ρ1(x,y) ·ρ2(−x,y)dxdy. (4.2)

Since the horizontal x-axis is inverted for the two beams, we add a minus sign for beam
two. If the beams are colliding at an angle, this has to be applied to the coordinate
system transformation as well.

Finally, Fgeom is a geometrical correction factor. Fgeom is around 1 for the nominal
LHC parameters. For the high luminosity upgrade there are plans to squeeze the beams
even further, which results in a significant reduction in the geometrical factor. This can
then be mitigated with crab cavities [33]. Studies of the LHC luminosity was covered
in detail in the thesis of S. White [34].

In each interaction point, the beam orbits are on top of each other for about 120 m
(see Figure 4.3), providing about 30 additional collisions. Having these collisions head-
on would produce unacceptable tuneshift and too high radiation levels in the experi-
mental region from all the added collision residues. To avoid the additional collisions,
a crossing angle is introduced. The crossing angles for nominal optics are given in
Table 4.1. These crossing angles are a combination of external crossing angle and the
internal crossing angle arising from the spectrometer dipoles in LHCb and ALICE. In
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Figure 4.2 we show how the two polarities for the internal spectrometer changes the
crossing scheme. More details can be found in [28, Ch. 4.2]. Due to the large amount
of long-range collisions, the tune shift from these collisions is still significant even if
the contribution per bunch crossing is reduced [29].
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Figure 4.2: The two crossing angle schemes in LHCb. Only beam 1 horizontal shown.
The blue curve shows the disfavourable spectrometer dipole polarity, which requires a
larger external compensation.

The nominal LHC parameters are listed in Table 4.2. In addition to a new world
record in beam energy, the unprecedented amount of bunches and stored energy are
of particular importance. The LHC peak luminosity is expected to be two orders of
magnitude above the previous record holding machine Tevatron [9]. The small β values
in the ATLAS and CMS experiments means tight aperture and alignment tolerances in
these interaction regions. In Table 4.3 we show the parameters at the end of the 2011
run for comparison, which already result in a peak luminosity which is 35% of the
nominal value.
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Figure 4.3: The orbit of the two beams for nominal optics, including the crossing angle.
Beam 1 in blue/solid moving in positive direction, beam two in red/dashed. We have
added what is called the “survey”, which shows how the orbits of the two beams are
separated outside the interaction region.
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Table 4.2: The nominal parameters for LHC at injection and collision (proton physics),
as given by [28].

Injection Collision Unit
Beam energy 450 7000 GeV
Particles per bunch 1.15×1011

Bunches per beam 2808
Bunch spacing 25 ns
Stored energy 23 362 MJ/beam
Beam current 0.584 A
Transverse emittance 3.5 3.75 µm rad
Peak luminosity (ATLAS/CMS) 1×1034 cm−2s−1

β∗ ATLAS/CMS 11 0.55 m
β∗ ALICE 10 10 m
β∗ LHCb 10 10 m

Table 4.3: The LHC parameters at end of the 2011 proton physics run [35].
Collision Unit

Beam energy 3500 GeV
Particles per bunch 2×1011

Bunches per beam 1380
Bunch spacing 50 ns
Transverse emittance ∼ 2 µm rad
Peak luminosity (ATLAS/CMS) 3.5×1033 cm−2s−1

β∗ ATLAS/CMS 1.0 m
β∗ ALICE/LHCb 10 m
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4.1.1 Nominal Optics

The nominal optics are described in Table 4.2, which has one optics for ATLAS/CMS,
and another for ALICE/LHCb. In Figure 4.4, we show the β-functions for both optics.

100 80 60 40 20 0 20 40 60 80
Distance [m]

0

50

100

150

200

250

300

β
 [

m
]

βx

βy

(a) ALICE, beam 1
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Figure 4.4: The β-functions for the nominal optics, with a β∗ of 0.55 m in CMS, and
10 m in ALICE, for beam one. Beam 2 optics is similar, but the x- and y-planes are
inverted. ATLAS has similar optics as CMS but inverted for the same beam. Similarly,
LHCb and ALICE are also antisymmetric.

4.1.2 Interface Plane

An interface plane between the machine and the different experiments is defined for
all background simulations, and given in Table 4.4. This interface plane is typically
chosen after the last shielding element at the entry of the experimental cavern.

4.2 The Interaction Regions and Experiments
The LHC consist of two general purpose, high luminosity experiments. These are
ATLAS and CMS. In addition, two other experiments are aiming for less than maxi-
mum luminosity. Hence we call them low luminosity experiments, which should be
considered a relative term. LHCb in particular, will still obtain the same luminosity as
the CDF and D0 detectors in Tevatron. We start with the low luminosity experiments
and their interaction regions.
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Table 4.4: The positions of the interface planes are defined as an infinite transverse
plane upstream of the interaction point, approximately at the entrance of the cavern
after the last shielding.

Exp. Beam 1 Beam 2
[m] [m]

ATLAS 22.6 22.6
ALICE 19.5 19.5
CMS 22.6 22.6
LHCb 2.1 19.9

4.3 Low Luminosity Interaction Regions
The low luminosity experiments ALICE and LHCb are located in the same insertion
regions where the beams are injected, which means that the insertion regions are asym-
metric. Beam one is injected in IR2 where ALICE is located, and beam two in IR8
where LHCb is located. In Figure 4.5 we show the interaction region 8. Q1-Q7 are
the main quadrupoles. The inner triplet, Q1-Q3 is about 30 m long, located about 23 m
from the interaction point. Q1 and Q3 are the same kind of magnet (MQXA), while
Q2 consists of two magnets which are slightly shorter (MQXB). The D1 and D2 are
the dipole magnets responsible for bringing the beams onto the same orbit. There is a
set of injector magnets (MSI) between Q5 and Q6 and the MKI between Q4 and Q5.
In addition, there is a 4 m long collimator called the TDI which sits between D1 and
D2, responsible for catching failed injections.

The vertical tertiary collimator (TCTVB) sits in the recombination chamber be-
tween D1 and D2, 73 m from the interaction point. It is a special collimator which
is seen by the outgoing beam as well, allthough at a larger aperture. The horizontal
tertiary collimator sits 118 m from the interaction point, still in front of D2. Differing
from the vertical collimator though, this is not in the common beam pipe, which means
that it is not seen at all by the outgoing beam. The TDI and TCTVB are shown in
Figure 4.5(b).

4.3.1 ALICE
The ALICE detector is shown in Figure 4.6. ALICE is a general purpose heavy ion
physics experiment. The experiment is operational during proton physics as well. It has
a maximum luminosity of around 2×1030 cm−2s−1 before some sub-detectors must be
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(a) IR8 left

(b) IR8 right

Figure 4.5: The layout of the interaction region where LHCb is located. The beam
injection in the same region makes e.g. the pressure profile asymmetric. The ALICE
interaction region looks similar but mirrored since the injection is on the left hand side.
Figure from [36].

turned off for protection. That is four orders of magnitude less than ATLAS and CMS
for the nominal machine parameters. As a result, it is perhaps the most challenging
experiments in terms of controlling the background.

ALICE is an asymmetric detector. The central barrel chamber is surrounded by
a solenoid magnet (red) which stretches 6.2 m to each side of the interaction point.
Downstream of the interaction point for beam one, a dipole magnet and several muon
tracking stations are installed. The detector stretches almost 19 m away from the inter-
action point on this side.

ALICE has zero degree calorimeters (ZDC) located in front of the D2 dipoles on
each side of the interaction point. It is situated behind the vertical collimator, and it
was found in tracking studies that it is partially shadowed by this collimator [37].

The V0 detectors are useful for background detection [38]. These are two sets
of scintillator counters located asymmetrically about the interaction point. The V0A
detector is located 3.55 m upstream for beam one, while the V0C detector is located
0.9 m downstream of the interaction point for beam one.
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Figure 4.6: The ALICE detector. Figure from [12]

If one then considers time 0 when the bunches collide, one can identify collision
signals and background signals by looking at the time difference of the two signals
(V0A-V0C), and the addition of the timing signals (V0A+V0C). This is illustrated in
Figure 4.7. We see that this method will better disentangle beam one background from
the collisions than beam two background. The method then assumes that all signals
arrives on time, not considering e.g. debunched beam. In [39, pp. 5] an example using
real data is shown.

4.3.2 LHCb
The LHCb detector is optimised for B-physics. Due to the fact that b hadrons are
predominantly produced in the forward cones at high energies [14], the LHCb detector
is an asymmetric forward detector. It is the only of the four larger experiments in the
LHC without a central barrel detector. The layout of the detector is shown in Figure 4.8,
where the collision point can be seen in the left of the figure. Beam one is coming from
the left, which is referred to as the beam one side or the left side of the experiment.

The rare decays which LHCb are looking for, are more difficult to study if the
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Figure 4.7: The timing of the collision events and background events at the V0 detec-
tors in the ALICE experiment, with respect to the bunch arrival time.

pileup1 is higher than one. Hence, the LHCb luminosity is limited by keeping the
pileup low, while ATLAS and CMS are designed for about 20-25 particle collisions
per bunch crossing.

The central part closest to the interaction point comprises of a high precision vertex
locator (VELO). This is a series of silicon modules of 8.4 cm diameter, designed to
cover the pseudorapidity range 1.6 < η < 4.9 [14, Ch. 5.1]. The VELO has proven
very interesting for detecting beam-gas events [40]. By collecting the vertices from
non-colliding bunches, the VELO is capable of estimating both the beam profile and
the crossing angle.

The main detectors for background monitoring are the beam condition monitors
(BCM) [41], and the beam loss scintillators (BLS) [42] to detect fast losses. The
BCM’s consist of 8 diamonds at an angle of about 1◦ with respect to the interaction
point, covering an angle of about 0.2◦. Both the BLS’s and the BCM’s are located
about 2−3 m away from the interaction point, installed on both sides. The rest of the
experiment comprises of a dipole magnet, followed by two Cherenkov counters (RICH
1 and 2), calorimeters and finally muon chambers farthest from the interaction point.

LHCb has published studies of machine induced background in several papers, and
as a part of this work we presented in detail the full simulation chain which is set up,
see Appendix D.4. Recently, a paper was published which showed good agreement
between simulations and background data [43].

1Pileup is defined as the number of collisions per bunch crossing.
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Figure 4.8: The LHCb detector. Figure from [14]

This thesis work is intended not to be specific to any one experiment. However, as
LHCb is currently the only experiment with the complete simulation chain available, it
has been natural to use the results of the LHCb background studies in our discussions
later on. For ATLAS and CMS complete FLUKA models of the long straight sections
have not been available, and for ALICE the main challenge has been transporting the
simulations from the interface plane towards the detector and evaluate the expected
detector response.

4.4 High Luminosity Experiments

The high luminosity experiments ATLAS and CMS are located in interaction regions
1 and 5. These interaction regions are approximately symmetric. In Figure 4.9 the
interaction region left of CMS is shown. The inner triplet Q1-Q3 is the same as for
the low luminosity experiments. The D1 dipole is here a set of six shorter magnets,
while in the low luminosity interaction regions the D1 was one longer magnet. Both
tertiary collimators are located just after the D2, 145−147 m from the IP. A TAN
(target absorber neutrals) is located about three meters closer to the interaction point,
responsible for collecting neutral particle residues from the collisions.
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The TOTEM Roman pots stations are named XRP1-3 in Figure 4.9. The first station
is right behind the TAN, the second between Q4 and Q5, while the last is between Q5
and Q6. The ALPHA project is a part of the ATLAS collaboration, and consists of two
stations four metres apart, located just behind Q6 in the ATLAS insertion region.

Figure 4.9: The layout of the interaction region where CMS is located, right hand side
only. The interaction region is symmetric about the interaction point. Figure from [36].

A collimator type named TAS (target absorber secondaries) is installed on each side
of the interaction point close to the first quadrupole magnet, Q1, to reduce the heat load
from secondary particles from the collisions.

4.4.1 ATLAS

ATLAS is a general purpose barrel detector designed for the nominal LHC luminosity
of 1×1034 cm−2s−1. It is a symmetric barrel detector comprising of a central tracking
system, a solenoid magnet, electromagnetic and then hadronic calorimeters, and in the
outer part a toroid magnet and a muon detector system. The basic layout can be seen
in Figure 4.10.

In order to mitigate the high level of background, a multi-layered shielding system
is installed in the forward regions of the ATLAS experiment, as is outlined in Fig-
ure 4.11. A total of more than 2800 tonnes of metal, concrete and plastic has been used
[10].

For background monitoring, beam condition monitors (BCM) are installed at
± 1.8 m from the interaction point. ATLAS has the perhaps most extensive muon
detector system, and special care has been taken to track the background in the muon
system as well. Proportional tubes and various scintillators are installed in the inner,
middle, and outer muon endcaps [10].
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Figure 4.10: The ATLAS detector. Figure from [44]

4.4.2 CMS

CMS is the second general purpose high luminosity detector at the LHC. As can be
seen in Figure 4.12, the overall design principle is similar to that of ATLAS. The main
differences are that the solenoid is located outside of the calorimeters, and a more
compact muon system is implemented (hence the name Compact Muon Solenoid).

The main background monitors in CMS are beam condition monitors. There are
the BCM1(L) located 1.8 m from the interaction point on both sides, and the BCM2(L)
located 14 m from the IP. The L stands for leakage current, referring to the measure-
ment type. The BCM1 have a sampling time of 5 µs, and the BCM2 a sampling time
of 40 µs. This is comparable to the LHC revolution time which is 89 µs, but not fast
enough to resolve the individual bunches. The BCM1 sees collision products as well,
while the outer part of the BCM2 is hidden from the collision spot and sees beam halo
products [13].

A BCM1F (F for fast) is installed in the same location as the BCM1, with a sam-
pling time on the order of 1 ns. The location is optimal for measuring the difference
between halo and collision products, which will arrive at this location with a time dif-
ference ∆t of about 12.5 ns.
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Figure 4.11: The shielding in the ATLAS forward region. Figure from [10].

Since the CMS experiment is close to the beam dump region in IR6, there is a larger
concern for particle sprays coming from particles in the abort gap. The BCM1(L) is a
good monitor to track the population in the abort gap, with its resolution time.

In addition to the BCM’s, beam scintillator counters (BLS) are installed at 10.9 m
and 14.4 m from the interaction point. These are responsible for counting hit and coin-
cidence rates.

4.5 Machine Aperture
The machine aperture is of great importance for the machine induced background.
The closer the beam is to the aperture, the larger fraction of the beam will be scraped
away producing more showers towards the experiments. Previously in this chapter we
showed the optics in the interaction regions. The β-function relates to actual beam size
according to the function

σ =
√

εβ,

where ε is the beam emittance. In the horizontal plane we generally have a non-
negligible dispersion. Taking into account the momentum spread of the particles σp,
we have the horizontal beam size defined as

σx =
√

ε β+(Dx σp)2, (4.3)
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Figure 4.12: The CMS detector. Figure from [13]

since the momentum distribution and transversal spread are independent.
The minimum aperture in the ring is the primary collimators which are set at a

half gap opening of 5.7 σ in the nominal settings [15]. The minimum aperture in the
interaction regions is the tertiary collimators, which are set at a half gap opening of
8.3 σ. In Figure 4.13 we show these two beam envelopes in the four interaction regions.
We have added what is called the survey, which gives the beam orbit in actual Cartesian
coordinates instead of in the Frenet-Serret coordinate system described in Chapter 3.

In Mad-X, a simple aperture model is defined for most machine elements. In Fig-
ure 4.14 we show the same envelopes with the added aperture model from Mad-X. We
see that the aperture model is missing information in the recombination chamber be-
tween the two dipoles D1 and D2. We see the tertiary collimators in both cases which
are barely touching the outer envelope. Notice that the crossing angle in CMS in partic-
ular make the aperture restriction much tighter on one side of the final focusing triplets.
We further note that the aperture is significantly more constrained for low-β optics.
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Figure 4.13: The beam envelope which passes through the primary collimator open-
ings in the nominal machine, and the envelope passing through the tertiary collimator
openings in transparent. We show the plane with the crossing angle for the different
interaction points, for beam one. Blue is used for the horizontal plane, green is for the
vertical plane. The dark band show the 5.7 σ primary halo, the lighter band show the
tertiary halo which goes to 8.3 σ.
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Figure 4.14: The beam envelopes as shown in Figure 4.13 with the aperture model from
Mad-X included. The tertiary collimators set the minimum aperture in each region. The
aperture is significantly tighter in CMS (and ATLAS) than in ALICE (and LHCb) due
to the lower β∗.
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4.5.1 Collimator Settings
The tertiary collimator defines the minimum aperture restriction in the experimental
regions. By extension, they then define the rate of beam halo background, elastic beam-
gas background and IR cross-talk.

For the nominal optics parameters the tertiary collimators are set to 8.3 σ [15]. In
the 2010 run however, the beams had lower intensity and the β∗ was higher, which
allowed for a more relaxed setting. The tertiary collimators were set at 15 σ, leaving
a 2.5 σ margin to the minimum aperture in the triplet quadrupole [45]. In 2011, the
beams were squeezed to a β∗ of 1.5 m, and the tertiary collimators were as a result
moved in to 11.8 σ for all experiments but ALICE which increased β∗ to 10 m.

In the nominal settings [15], the tertiary collimators in front of LHCb and ALICE
are set to 8.3 σ, even though the β∗ is 10 m. As the main purpose of the tertiary col-
limators are to protect the final triplet against asynchronous beam dumps, one could
imagine that these collimators could be set in a more relaxed position in order to miti-
gate some of the machine induced background.
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Chapter 5

Studies of Beam–Gas Scattering

As the beam travels through the beam pipe, particles in the beam collide with the rest
gas left in the chamber. The official LHC vacuum design requirement is to keep the
lifetime of the beam due to beam-gas interactions above 100 h [46]. With a nominal
intensity of 3×1014 protons/beam [28], that means about 109 protons lost every sec-
ond. With a 7 TeV beam energy, it amounts to 1 kW of power. Beam–gas collisions
can be a significant source of background to the experiments.

In this chapter we will first describe the beam-gas background in general. We will
then discuss the input parameters and simulation strategies. Afterwards the simulated
results for the nominal machine are presented and analysed.

The publications given in Appendix D.1, D.2, and to some extent D.4 are related to
this work. In addition, we presented the simulation of beam-gas background for 2009
in [47], and expected backgrounds for ALICE for the nominal machine in [48]. The
two notes are summarised in Appendix D.6.

5.1 Rates and Lifetime
The rate of beam-gas collisions from a region s0–s1 for one beam follows the formula

ṅcoll = I frev ∑
i

σi
∫ s1

s0

ρi(s)ds, (5.1)

where i denotes the different gas species present in the vacuum chamber. I is the beam
intensity (number of protons), while frev is the revolution frequency, equal to the speed
of the particle divided by the circumference of the beam orbit. The gas density ρ(s)
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of the particular gas species is integrated along the beam trajectory. To get a good
measure of the total pressure, we can define a H2 equivalent density as

ρ(s)H2eq. ≡∑
i

σi

σH2
ρi(s). (5.2)

This definition of equivalent pressure/density should not be confused with the equiv-
alent pressure in terms of pressure gauge reading. A pressure gauge has a different
efficiency for measuring the pressure of different gas components. A calibration factor
must be applied if you know that the gas composition is significantly different from
air, which is the case for the LHC vacuum chamber. The two definitions of equivalent
pressure have little to do with each other, but the conversion factors can in some cases
be similar.

Only a proton which is kicked out of the stable region of the beam will be lost,
which means that not all beam-gas collisions will produce a lost proton. If the stable
angular region (divergence) is small, the probability that a given angular kick is suffi-
cient to lose the particle is increased. From Liouville’s theorem, the divergence is small
when the beam size is large, so the probability will be inversely dependent on β(s). We
define the “survival ratio” as

rs(β(s))≡
1− ṅlost

ṅcoll
.

Note that we are here talking about the number of losses that originates from a given
location, not the number of losses at that location. The rate is a function of the beam
size which again is a function of the location and the optics. The “effective” cross
section for hydrogen is then

σH2
eff (s) = σH2 (1− rs). (5.3)

To know precisely the effective cross section, tracking simulations are needed.
The beam lifetime if beam-gas was the only source of particle losses is then defined

from
1

τBG
= frevσH2

∮
(1− rs) ρ(s)H2eq.ds. (5.4)

The integral of the H2 equivalent density is now for one complete turn.
The equivalent pressure reduces the calculation of beam-gas event rate for one

beam to
ṅcoll = I frev σH2

∫ s1

s0

(1− rs)ρ(s)H2eq.ds. (5.5)

With a cross section of about 100 mb, a lifetime of 100 h in the LHC corresponds to
an average H2 equivalent density of around 1015 H2/m3 [28, Ch. 12]. Using Eq. (5.5),
that gives us the rate of 9×108 proton/beam/s if we assume the survival ratio to be 0.
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5.2 Pressure Distribution

The gas composition in the LHC consists mainly of CH4 in the warm regions, and H2
in the cold regions. In addition, there is a partial pressure of CO and CO2 [16]. The
relative magnitude of these partial pressures can change significantly based on the input
parameters chosen. The relative total cross section for the relevant species are given in
Table 5.1 for 7 TeV beam energy. This has been calculated by simple addition of the
atomic cross sections for hydrogen, carbon, and oxygen, simulated using DPMJET III
[47].

Table 5.1: The total cross section of the four main components of the residual gas in
the LHC. Values are simulated using DPMJET III, summarising the cross section for
the different atoms. The beam energy is set to 7 TeV.

Species σtot σtot/σH2
tot

[mb]
H2 92 1
CH4 578 6.28
CO 895 9.73
CO2 1400 15.2

The vacuum pressure has been simulated in detail for the nominal and early ma-
chine parameters [16, 49, 50]. In our work we use the hydrogen equivalent densities.
As can be seen in Figure 5.1, the momentum transfer from proton colliding with a
proton at rest, or a proton colliding with a carbon atom at rest is quite similar, with pro-
ton on proton giving a slightly higher cross section in the very forward region. Using
hydrogen equivalence should then be safe for a conservative estimate.

In order to improve the vacuum quality, the machine will be scrubbed in several
stages. Scrubbing is done by letting the pressure increase as much as possible, by re-
ducing the pumping speed and/or increasing the beam intensity. The result is a higher
beam-gas rate which produces high energy particles impinging on the wall of the beam
pipe. These particles will clean the wall from impurities, which in turn reduces the des-
orption rate from the surface. This reduces the secondary electron yield (SEY), which
is important if the machine is experiencing electron-cloud problems. Scrubbing in the
LHC is of particular importance in the cold sectors and the cold–warm transitions,
where bake-out is not possible. For what is defined as the early machine parameters in
the vacuum pressure simulations, a beam energy of 7 TeV is still assumed, but 1/3 of
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Figure 5.1: Qualitative difference between proton-proton (solid) and proton-carbon
(dashed) collisions, simulating single diffractive events in DPMJET III.

nominal beam intensity and a scrubbing which is not yet fully effective is implied.
Since the beam lifetime during a scrubbing run is expected to be dominated by

beam-gas scattering losses, one could imagine a dedicated study which to some ex-
tent could verify the simulations that are presented here. However, one would then
need dedicated simulations of the vacuum during these runs in order to get a decent
knowledge of the dynamic pressure distribution. Further, one has to take into account
other effects as electron cloud, beam impedance and wakefields which become much
stronger with the increased beam intensity. Finally, for background considerations
these conditions are quite far from normal physics operation, and most of the detector
components are switched off as a protective measure.

The molecular densities from the simulation of the nominal machine are given in
Figure 5.2. For the beam-gas simulations, we have assumed that the pressure in IR2
and IR8 is similar but inverted, since the asymmetry about the interaction point mainly
comes from the injection region. We assume that IR1 and IR5 are similar, and that the
pressure is symmetric about the interaction point in these regions. These assumptions
are expected to be OK for our studies.

H2 is the dominating species in the cold regions due to its relatively high vapour
pressure at low temperatures. However, due to the relatively larger size of the CO2
molecule, it is the dominating term in terms of scattering cross section in the cold
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Figure 5.2: The simulated molecular density for the nominal machine parameters, for
the four common species present in the LHC vacuum chamber. Simulation data from
[16, 49].
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regions. CH4 is dominating in the warm regions regions since it is not pumped by the
NEG coating unless it is ionised [16].

5.3 Physics Processes
The interactions taking place when two hadrons collide can be divided in some main
categories, which we will briefly describe here. For more information, see e.g. [51, 52].

Classical mechanics divide collisions into elastic and inelastic collisions, of which
the former requires that kinetic energy is conserved. In all collisions, the total momen-
tum before and after the collision is conserved. Elastic scattering is the first category
of collisions which we will discuss here.
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Figure 5.3: The total cross section as a function of the centre of mass energy in red
solid. The blue dashed line shows the elastic cross section divided by the total cross
section, with values on the right hand side axis. The relevant energy for beam-gas
is around 0.2 TeV, where the elastic cross section is low compared to the total cross
section.

The leading process in elastic scattering at high energies is the exchange of a
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pomeron, a hypothetical particle which consists of quarks and gluons [53]. A pomeron
has the same quantum numbers as vacuum, which means no charge, colour or flavour
exchange. The interaction is shown in Figure 5.4(a). It should be noted that the
pomeron exchange is one way to describe the process, and other theories exist. It is the
most widely used approach for modelling elastic scattering at high energies. Elastic
scattering is expected to have a cross section of around 30 mb at nominal LHC energy
[54]. In Figure 5.3 we show the elastic cross section divided by the total cross section
as a function of energy, simulated using DPMJET III.

We do not consider Coulomb scattering in these DPMJET simulations. As can be
seen in e.g. [55], the importance of Coulomb scattering becomes important at mo-
mentum transfers lower than 0.005 GeV2 for centre of mass energy of 100 GeV. It was
found in similar background studies for the Tevatron [56] that Coulomb scattering gave
a small contribution to the background rates. Similarly, ionization processes are disre-
garded, because single kicks are too weak to cause direct losses. These processes lead
to slow emittance growth and halo population. As a consequence, these protons will
always hit the primary collimator first, with a small impact parameter, and are part of
the halo background.

Inelastic scattering is divided in diffractive and non-diffractive events. Non-diffractive
events are expected to account for approximately 56 % of the total cross section at LHC
energies [54]. Diffractive events are described in a similar manner as elastic events, by
the exchange of a pomeron (at high energies). The definition of diffractive events is the
presence of one or several gaps in the rapidity distributions, similar to the diffraction
pattern from photons through a slit. The simplified pseudo-rapidity is defined as

η≡− ln
(

tan
θ
2

)
,

where θ is the angle the outgoing particles make with the initial particle trajectory. In
diffractive scattering, the energy exchanged remains small, and no quantum numbers
are exchanged between the protons [52].

The first category of diffractive events is single diffractive, which is expected to
have a cross section of about 10 mb at nominal LHC energy [54]. Single diffractive
is shown in Figure 5.4(b). It is similar to elastic scattering, but one proton is dis-
solved and a multi-particle final state is produced. In double diffractive events, both
protons are dissolved, producing two multi-particle final states. The cross section for
double-diffractive events at nominal LHC energy is expected to be 7 mb [54]. Double
diffractive event is shown in Figure 5.4(c). Other types of diffractive events exist, like
e.g. double pomeron exchange, but the cross section for these processes is small.
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Figure 5.4: A Feynman diagram of the elastic process (a), the single diffractive process
(b), and the double diffractive process (c) by the exchange of a virtual pomeron, αp.
In single diffractive events, one proton stays intact while a jet of final state particles
are created from the other proton. In double diffractive scattering, none of the initial
protons are intact, but the final state can still contain a high energy proton.

In Figure 5.5 we show a 2D histogram of the energy and angular kick of the scat-
tered protons. This is from a simulation using DPMJET III, with proton at 7 TeV
colliding with a proton at rest. A clear separation is observed between the primary pro-
tons (the curved band), and the secondary protons from diffractive events. In Figure 5.6
the cross section for elastic and diffractive scattering as a function of the momentum
transfer t is shown. We see that for low t, the cross section is dominated by the elastic
scattering, while single diffractive is more dominant at higher t.

To understand the significance of t with respect to aperture limitations, we need
to consider the TWISS parameters. The primary collimator are set with an opening
of about 6 beam σ from the beam centre in the LHC in normal operation. Since the
β-function varies along the orbit, so does the size of the beam. A momentum transfer
of 0.1 GeV2 equals an angular kick of

√
0.1

7000
= 45µrad,

assuming fully elastic collision. In the LHC arcs, an approximate TWISS γ of 0.05 rad/m
can be used. With a normalised emittance of 3.75 µm, one beam σ equals

σ =

√
εn

γrelativistic
γtwiss =

√
3.75×10−6

7000/0.938
0.05 = 5.0 µrad. (5.6)

In other words, the average kick from elastic scattering is on the order of 10 beam σ,
comparable to the aperture restrictions in LHC. In some regions the beam divergence



5.4. LOCAL, LSS AND DISTANT BEAM-GAS 59

1e-07 1e-06 1e-05 0.0001 0.001
(E0 -E)/E0

0.05

0.10

0.15

0.20

0.25

p
t
/p

0
 [

m
ra

d
]

Figure 5.5: Angle vs. energy of scattered protons with a momentum loss of less than
1 %, simulated using DPMJET III. All processes available in the simulation software
are turned on. The colour scale is logarithmic.

will be larger, and the scattering angle will be smaller in number of beam σ. In ATLAS
and CMS the TWISS γ equals 1.8 rad/m when the beams are fully squeezed, which
means a beam size of 30 µrad. In other words, a large fraction of elastic collisions in
the interaction point will result in emittance growth and not particle losses directly.

With that in mind, we realise that only a full simulation of beam-gas scattering
distributed around the ring, including the beam profile, will give an accurate prediction
of the survival ratio and halo growth from elastic scattering.

5.4 Local, LSS and Distant Beam-Gas
The elastic and diffractive collisions will to some extent contribute to the halo produc-
tion [57]. The halo should be cleaned by the collimation system, which means that
this part of the beam-gas background is a part of the normally produced halo. A com-
mon definition of beam halo is all particles which are more than three σ away from the
centre of the beam.

Losses from particles with large angular kicks are distributed around the ring ac-
cording to the vacuum pressure. Particles with a large difference in momentum com-
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Figure 5.6: Simulation of elastic, single- and double-diffractive scattering as a function
of the momentum transfer t, using DPMJET III. The simulation is of a proton of 7 TeV
hitting a proton at rest. The sum of elastic, single- and double-diffractive cross sections
is shown in grey.

pared to the beam, undergoing a small angular kick will typically be deflected at the
next location of a strong magnetic field. Finally, the particles which are in the range be-
tween these extremities stay within the beam for a while before being lost on aperture
restrictions. These losses can be concentrated in certain areas due to phase advances,
pressure bumps, and particular aperture restrictions for the optics that are used. That
makes it a potential problem for radiation and quench protection, and it can be a signifi-
cant source of background. In this work we have focused on estimating the background,
but the results can be found useful for machine protection studies as well.

We generally split the beam-gas background in three categories. The categories are
defined based on where the origin of the beam-gas event took place, with respect to the
experiment. Local beam-gas is considered beam-gas collisions within the experimental
beam-pipe. Elastic events can cause problems for forward physics detectors like roman
pots, and event counters like the BRAN [58]. The experiment is not shielded from this
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beam-gas background, and as a result the inelastic events are of large importance in
this region.

The second part is denoted the LSS beam-gas, which is originating from the last
long straight section upstream of the experiment but before the entrance to the exper-
imental cavern. A larger part of this background will have to traverse some level of
shielding before reaching the detectors. Showering through material can increase mul-
tiplicities, while the overall energy deposition is reduced. The number of tracks will
usually be reduced. Differing from local beam-gas, this background produces particles
with trajectories more or less parallel to the beam.

The trackers are aligned in a few layers around the interaction point. Hence, a
particle traversing this region parallel to the beam-pipe can hit a high number of these
tracker channels. We say that the “occupancy per tracklet is high”, where occupancy
is defined as the number of detector channels activated, and tracklets are defined as
potential particle tracks. This is a typical signature of the machine induced background
coming from outside of the detector region – a higher number of activated channels per
track than for collisions at the interaction point [59].

Beam-gas collisions originating from further away than the last LSS upstream of
the experiment are denoted long-range or distant beam-gas. Sometimes it is referred
to as elastic beam-gas, since it is in large part elastic or quasi-elastic events that cause
particles to survive in the beam-pipe for long enough to produce secondaries in the ex-
perimental region. The long-range beam-gas events are particles which are essentially
in the halo of the beam. That means they will for the most part hit the smallest aperture
restrictions. In the LSS, that means the tertiary collimators (TCT). Additionally, the
muon secondaries becomes increasingly important, since muons can traverse a large
amount of material without being stopped.

The aperture of the TCT’s can vary depending on how much the beam is squeezed,
since their main objective is to protect the final focusing system. For nominal optics,
which means a β∗ of 0.55 m in ATLAS and CMS, they are placed at 8.3 σ [15]. In
2010 and 2011, the β∗ was 3.5 m and 1.5/1.0 m respectively, which meant TCT open-
ings of 15.3 σ and 11.8 σ [60]. Since the minimum aperture in the region around the
experiments depend strongly on the collision optics, the elastic beam-gas background
will depend on the optics as well. One will usually expect a higher background level
for smaller β∗.

5.5 Earlier Studies
Previous simulation studies of the beam-gas background have predicted that beam-gas
background in the LHC is expected to be a very significant contribution to the total
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background, possibly the most significant [61, 62]. Experience in previous machines
such as Tevatron and HERA show similar importance of beam-gas background [7, 56].

The expected rate of particles entering the experimental cavern is on the order of
MHz for the nominal machine parameters. That is comparable to the number of bunch
collisions, which is 32 MHz for nominal LHC parameters [28, Ch. 2].

A main limitation for the precision of these simulations is the knowledge of the
pressure distribution. In general, a factor 2 difference is to be expected when measuring
the absolute pressure, with added uncertainty from extrapolating a few measurements
to a full pressure profile. The measurements depend on accurate calibration of the
pressure gauges, which measures the local pressure at the gauge location.

For a complex machine like the LHC, a simulation including locations of pressure
gauges and vacuum pumps together with other relevant information is needed to know
what a gauge reading correspond to in pressure inside the actual beam chamber. Rele-
vant information for these simulations include conductivity, location of cold and warm
elements, coatings, quality of bake-out, known vacuum leaks, material desorption rates
and so forth. Unexpected small vacuum leaks, or unsuccessful bake-out are examples
that can significantly alter the vacuum pressure in a different way than what is expected
from simulations. A limited set of parameters can be included in one simulation, and
an experienced judgement is necessary to decide what information is essential when
simulating a large vacuum system.

For this work we have received data from several simulations from the vacuum
group [63, 49], some of which have not yet been published elsewhere [50, 64].

5.6 Simulations
The three components of the beam-gas background require different simulation pro-
cedures. In [17], we presented in detail how the the full simulation chain was imple-
mented for all background components for the LHCb experiment. The implementation
is similar for the other experiments.

The simulation of the local beam-gas inside the experimental cavern can be directly
fed into the standard simulation software for the different experiments. The inelastic
interactions are expected to be most important, in particular for low β∗ optics. Since
the angular deflection of the residues are significantly larger, the importance of the
beam optics is reduced. Some parameters like e.g. the crossing angle can still play
a significant role for the local beam-gas background. In fact, beam-gas events can be
used to measure the crossing angle and even the beam profile if the vertex location
detection in the experiment is good enough [65].

The LSS beam-gas is simulated using particle shower codes like FLUKA [66],
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MARS [67], or BDSIM [68]. A fairly detailed model of the geometry and materials
inside the tunnel is required. FLUKA has an extensive library of highly detailed models
of most of the LHC elements, and is used for radiation studies in the LHC. As a result,
FLUKA has been chosen for most studies of LSS beam-gas background in the LHC so
far [47, 69].

The geometric model typically extends for a few hundred meters, and earlier studies
have shown that the muon flux from beam-gas events up to around 500 m upstream of
the IP could reach the experimental cavern [62]. Simulating particle showers through
such large geometries requires a large amount of computing power. Biasing is often
needed to get sufficient statistics. Biasing is a term which here means we increase the
statistics of important processes that have low cross sections, and/or reduce less impor-
tant processes that consume a lot of processing power. The secondary particles from the
simulations will then have a weight attached to them — they are not all equally prob-
able. Biasing is beneficial to reduce computing power needed, but it requires a larger
effort in order to make sure one does not lose important information in the process.

When particles from the shower simulations reach the interface plane as defined
in Table 4.4, the simulation is stopped and particle information is written to file. This
information is then used for detector response simulations, including the full model
of the experiment’s detectors and materials. For maximum flexibility, the information
includes transverse position and direction, momentum, particle type, event tag and
the origin where the beam-gas interaction took place. The latter is needed in order
to be able to rescale for different pressure distributions without the need for a new
simulation. Sometimes you will still need a new simulation, e.g. in the case when you
have a pressure bump in a location where you normally have a very low pressure. In
this case, the statistics in this region will probably be too low. An alternative strategy
is to assume a more or less flat pressure distribution, in order to have decent statistics
from all regions of the LSS.

Beam-gas events further upstream than the LSS can also produce secondary par-
ticles reaching the experimental cavern. These get a low angular kick and/or a small
momentum deviation, which leaves them in the halo or close to the halo of the beam.
These residues can stay in the beam pipe for several turns, but it is expected that if they
survive for many turns they will behave in a similar manner as the normal halo, and
cleaning these residues will have similar efficiency as the cleaning efficiency for the
beam halo. The cleaning inefficiency is defined as [15, Ch. 5.3]

η =
ṗτ

I∆x
. (5.7)

Here, ṗ is the rate of particles hitting a given element (e.g. a collimator), τ is the
lifetime of the beam, I is the total number of particles in the beam (beam intensity),
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and ∆x is the length of the element.

Simulation Code

For multi-turn tracking simulations, precise optics description is necessary. The Six-
Track simulation code [70] offers full six-dimensional thin-lens tracking, and devel-
opments in recent years provides a full aperture description [71], together with elastic
and single-diffractive scattering for protons through some material types [72]. The
code has been used extensively for dynamic aperture studies in the LHC [73, 74, 75],
and for collimation studies [15, 30]. These simulations require accurate tracking of the
beam over many turns without artificial blow-up of the beam (non-symplecticity). As
a result, the code is optimised for speed and accuracy. Due to its advanced level of so-
phistication and physics validation through earlier studies, it was chosen as the particle
tracking code for the proton residues from long-range beam-gas events.

In addition to tracking and comparison with aperture model to produce loss maps,
it is necessary to produce the initial collisions between beam and rest gas particles
(event generator). Collision events are simulated and results are written to an ASCII
file. Afterwards this file is read when the tracking code has decided that a collision
should take place. The approach makes it easy to replace or extend the event generator
if that would be deemed necessary at any point. For a more in depth explanation of
how the interface between DPMJET and SixTrack works, see Appendix C.

The full simulation chain which these studies are a part of, is described in Ap-
pendix D.4. A full simulation chain including all background sources and detector
response is only available for LHCb thus far. We have adopted for a highly modular
approach, which allows for a better understanding of the quality of the various parts of
the simulation.

A simulation of the various background sources up until the interface planes have
been performed in the past using MARS/STRUCT15 for the high luminosity experi-
ments [76]. Since these studies are using independent codes, the comparison between
the two will give further insight into the quality of the results.

Aperture Model

The aperture model used in these studies is identical to the one used for collimation
studies [15, 30]. The model is similar to the standard model that is used for most optics
studies for LHC (V6.503 in the optics database), but it is optimised and extended for
collimation studies. In Figure 5.7, we show an example in the interaction region 2
(ALICE). The SixTrack model we used in our simulations was last changed in January
2008. Comparing the models, we see some minor differences. Since collimator losses



5.6. SIMULATIONS 65

make up for the largest fraction of the losses in the interaction regions, the differences
in the models are not expected to produce dramatically different results for our studies.
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Figure 5.7: The aperture in Mad-X in green, compared to the one used for the SixTrack
simulations in blue in the region around ALICE for beam 1.
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5.6.1 Nominal Machine
The LHC design parameters were presented in Section 4.1. Main features are a β∗
of 0.55 m in the high luminosity experiments ATLAS and CMS, 10 m in ALICE and
LHCb, and a beam energy of 7 TeV.

The tertiary collimators are set at an opening of 8.3 σ in all interaction points.
As the purpose of the tertiary collimators is to protect the final focusing quadrupole
triplets, they might not need to be placed that close to the beam in the low luminosity
experiments. The β∗ is large enough in ALICE and LHCb so that the aperture of the
final focusing magnets are not a major aperture restriction anymore. If the background
originating from the tertiary collimators become too large for these experiments, one
might consider to set the tertiary collimators with a larger gap. In this work we will
assume nominal settings.

The first simulation results were presented in [77], where we used the nominal
optics. Since then, several improvements have been made to the code, so we present
new simulations here with a more in depth look at the results.

Pressure Map

In Figure 5.8 we show the pressure map for beam 1 used in these simulations. For beam
2 the map is identical, but the beam is then moving from right to left in the figure. We
show the pressure in units of particle density. In [47] you can find an explanation
on how one can calculate the molecular density from a pressure. The regions around
the experiments have more detailed simulations, as was shown earlier in Figure 5.2.
For the rest of the machine we use an approximated average pressure, one value for
the arc and one for the other insertion regions. The pressure in the arc is estimated
to be around 20 times higher than in the cold parts of the insertion regions, due to
synchrotron stimulated desorption [50]. The simulation of the vacuum pressure are
based on nominal machine parameters and a completed scrubbing period.

The average pressure from this map is 1.2×1014 H2 /m3, which results in an esti-
mated rate of beam-gas events of

ṅcoll = 1.2×108proton/beam/s. (5.8)

We simulated about 2.6 million beam-gas collisions. By dividing ṅcoll with the number
of simulated collisions, we get a normalisation factor of 42.9 to this simulation set if
we want to know the proton hit rate per second. From Eq. (5.4) that implies a beam
lifetime of

1
τBG

= 11.25 kHz 95 mb/H2 1.2×1014 H2/m3 26 658.9 m =
1

800 h
. (5.9)
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Figure 5.8: Hydrogen cross section equivalent pressure profile for the nominal ma-
chine.

If we for one reason or another end up with a higher pressure (e.g. scrubbing less
effective than expected), we then have about one order of magnitude of margin before
we approach the limit set in the design report, which is a 100 h lifetime from beam-gas
collisions. If that were to happen it might still be that such a rate can be accepted,
depending on machine protection and the resulting experimental background rates. If
not, then the rates can be drastically reduced by reducing the beam intensity, since the
rates scales quadratically with beam intensity for a fixed energy [50].

Scattering Locations

We distribute the beam-gas collisions in the ring so that the probability of a collision
is proportional to the local pressure. In Figure 5.9 we show the number of scattered
particles compared to the pressure in the region upstream of ATLAS/CMS. We show
the hydrogen equivalent pressure for comparison, which is here as described before
an equivalent pressure in terms of total cross section. In our simulation we have one
scattering location every three meters around the ring, with a total of about 2.5 million
events. That gives an average of about 300 events per location, which as can be seen in
the example figure still gives low statistics in some regions.

For the nominal machine energy, the pressure is higher in the arcs than in the
long straight sections. For the beam-gas background the losses coming from the long
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Figure 5.9: An example of how the pressure distribution (blue, left hand y-axis) corre-
lates to the distribution of scattering locations (green, right hand y-axis). This is for the
nominal machine, in the region upstream of ATLAS/CMS for beam 2.

straight section can still be more important because they have a higher multiplicity1

at the interface plane. Here we are primarily focused on studying elastic and quasi-
elastic collisions that survive for a long time in the machine. Losses in the long straight
sections upstream of an experiment can in principle be directly simulated using e.g.
FLUKA or BDSIM, and there is less need for a fast tracking tool like SixTrack.

We distribute the events around the ring during the first turn of the simulation, and
then track for a total of five turns. As we show in Appendix D.1, the major part of the
losses occur during the first two or three turns of the simulation.

1number of particles per originating event
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Survival Ratio

From our simulation, we define the survival ratio as the number of particles still in the
beam after the simulation has ended, divided by the number of scattering events. In our
simulation of 2.595 million beam-gas events, 74 000 protons stayed in the beam pipe
for all five turns. That gives a survival ratio estimate of

74
2 596

= 2.85 %.

Loss Maps

There are three main categories in the output from our simulation. The first category
are the protons which hit a collimator after the beam-gas scattering event. These are
of main interest when looking at long-range interactions, since protons travelling close
to the beam orbit have a significantly higher probability of hitting the collimators than
other aperture restrictions. In Figure 5.10 we see the losses on the various collimators.
Of particular interest are the losses on the tertiary collimators (TCT’s), displayed in red.
These collimators are located about 60−140 m upstream of each interaction point, and
showers from these collimators will produce background towards the experiments. For
beam 1 we see the largest losses in front of CMS.

One should note that the TCT’s are about two meters apart in front of CMS/ATLAS,
so it is difficult to see in Figure 5.10 the actual rates on the two sets of collimators
separately. The beam-gas collision rates for each tertiary collimator are provided in
Table 5.2.

The second category are losses on other aperture restrictions. These are worse for
machine protection reasons, in particular in cold regions where small rates can induce
enough heat to quench a superconducting magnet. In Figure 5.11 we show the losses
on aperture restrictions. Excluding a few spikes, the losses on aperture stay three orders
of magnitude below the losses on collimators. In the arc we see an increased amount
of losses, which is caused by the increased pressure in the arc. This will be a feature
for all optics at 7 TeV, because of the synchrotron radiation which is a function of the
energy and not the optics. For lower energies the losses will be significantly differently
distributed, and overall the losses should be lower.
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Figure 5.10: Losses on collimators for the nominal LHC machine. In blue the primary
collimators, in green the secondary collimators, and in red the tertiary collimators. For
background considerations, the hits on tertiary collimators are of particular interest.
Horizontal axis follows the beam direction.
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Table 5.2: The loss rates on the tertiary collimators in front of the four experiments for
the nominal LHC optics at 7 TeV.

Experiment Orientation Rate
[MHz]

Beam One Beam Two

ATLAS H 1.07 1.13
V 0.76 1.04

ALICE H 0.92 1.75
V 0.76 1.75

CMS H 2.06 1.15
V 1.61 1.01

LHCb H 0.81 0.81
V 0.56 1.19

There are a few interesting spikes in Figure 5.11 in front of ATLAS and CMS.
In Figure 5.12 we show the actual loss coordinates of the aperture losses upstream of
CMS. The losses on the collimators are excluded from this figure. The spike is pre-
cisely at 200 m, which is the location of Q5. The losses seem to be evenly distributed
on both sides of the magnet, and the aperture limitation looks to be horizontal. The vast
majority of the losses are in the horizontal plane in this region. If we look at the beam
size in the same region, we note that the horizontal β-function is significantly larger
than the vertical, which is the most probable explanation for the difference.

If we calculate the available aperture in this region for the 0.55 m optics, we find
the origin of this peak. The aperture restriction in question is at around 15 σ, while
the minimum aperture restriction in the arc is between 25−30 σ. The aperture in the
region for these optics is shown in Figure 5.13.

Hence, a large fraction of the protons that get an angular kick which place them in
between these two extremities, will end up on this particular aperture restriction. The
rate is high because these losses are integrated over a very long region. For ALICE and
LHCb, the optics are different and they do not have a similar sudden aperture restriction
in this region.

This rate is still expected to be to small a rate to be confirmed by observations.
Based on FLUKA simulations from [78] we expect that this is equivalent to less than
1×10−7 Gy/s. The expected quench rate for these magnets is around 1×108 protons/s
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Figure 5.11: Losses on aperture restrictions other than collimators. In green the losses
on warm elements are shown, while the blue line shows losses on cold elements.

for steady-state losses.
ATLAS has one octant between itself and the tertiary collimators in front of LHCb/AL-

ICE. For beam one approaching CMS there are no major aperture restrictions between
IR3 (momentum collimation), and the CMS insertion region. Not considering phase
advances and other optical differences, one would then expect approximately twice the
loss rates in front of CMS, since the losses have twice the length to develop.

5.6.2 Loss Origins

Depending on how the experiment is located with respect to other aperture restrictions
in the machine, and the available aperture for the given optics, the distance travelled
for the protons can vary from experiment to experiment, and between the two beams.
We already saw in Table 5.2 that for ALICE, the losses from beam 2 is significantly
greater than the losses from beam 1.

In Figure 5.14 we show the distance the protons travel on average after a beam-gas
collision before they are lost on some aperture restriction that is not a collimator. We
see that these protons on average does not travel much more than a few hundred meters,
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Figure 5.12: Aperture hits in the region upstream of CMS for beam 1. In the upper plot
we show the loss rates, in the middle the horizontal locations of the lost particles, and
in the lower plot the vertical positions of the lost particles.

with a maximum at around 30−50 m.
In Figure 5.15 we show the same plot for the losses on any of the collimators in the

machine. Here we see a rather different pattern. First of all the losses can come from
much further away. This is shown better in Figure 5.16. In the arcs, the phase advance
increase by one unit in about 400 m. The distance between the peaks in Figure 5.16 is
about half of that, equal to a phase advance of 180◦.

The origins of the beam-gas events that produce hits on the various tertiary collima-
tors around each experiment can be found in Figures 5.17 - 5.20. In some cases, nearly
all losses are coming from the preceding arc (e.g. beam 1 background for LHCb). In
other cases the losses tend to come from almost the entire machine (e.g. beam 2 for
ALICE and ATLAS).
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Figure 5.13: The aperture measured as N1, upstream of ATLAS/CMS for the nominal
0.55 m β∗ optics, and a 7 TeV beam energy.

The betatron collimation region is located in the interaction region next to LHCb
(IR7). The betatron collimation is effectively stopping these particles in all cases. The
momentum collimation is located in the interaction region next to ALICE (IR3). The
same effective cleaning is not observed in this region. This implies that it is the beta-
tron amplitude and not the momentum deviation after the beam-gas collisions which
causes these losses. Since the dispersion is low at the TCT locations by design, this is
expected.

It is worth noting how effectively other experimental regions are cleaning the losses
in some cases, e.g. for beam 2 horizontal for ALICE, where the losses seem to be
abruptly stopped in the CMS interaction region. Another interesting thing to observe
is the horizontal/vertical asymmetry observed in particular for beam 2 for LHCb and
ALICE. This can be understood from the fact that the tertiary collimators in these two
regions are far apart, as described in Section 4.3.

For ATLAS, the beam 1 losses come from the last two octants. It is interesting to
note that in the octant 7-8 (upstream of LHCb), the horizontal and vertical losses have
a different shape. The horizontal losses comes from the middle of the arc while the
vertical losses comes more from the end of the arc. Looking at the integrated losses,
horizontal losses are somewhat higher overall. The beam 2 losses are dominated by
the first upstream arc, but all of the machine up to the betatron collimation contributes.
ALICE TCT’s are catching some of the losses here, an effect which would be reduced if
the ALICE TCT’s are further retracted. No important asymmetries between horizontal
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Figure 5.14: The distance the protons travel after a beam-gas scattering before they are
lost on aperture restrictions, excluding collimator losses. The data are normalised to
the total number of aperture hits per metre. This is from the simulation of the nominal
machine for beam 1.

and vertical losses are observed for beam 2. Overall, the beam 2 losses are higher than
beam 1 losses for ATLAS.

For ALICE, the beam 1 losses are coming from the three upstream octants, with
the last arc being dominant. The cleaning done by ATLAS TCT’s seems to be more
important in the horizontal plane. Overall the horizontal losses are slightly higher
than vertical. For beam 2, the losses come from five octants upstream. An important
asymmetry is observed, where the horizontal losses are effectively stopped in the CMS
interaction region. Differing from ATLAS losses, it is not the last octant, but the three
last octants which give an almost equal amount of integrated losses. For the vertical
losses, all five octants give a significant contribution.

For CMS, the beam 1 losses are dominated by the last three octants. The momen-
tum collimation region is to some extent reducing the losses in the horizontal plane.
The primary momentum collimators are only installed in the horizontal plane. The
ALICE TCT’s are doing a better job cleaning vertical losses than horizontal losses for
CMS beam 1 losses. For beam 2 we see losses from the last two octants upstream. A
very strong asymmetry in the integrated losses from beam 1 and beam 2 is seen for
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Figure 5.15: The distance the protons travel after a beam-gas scattering before they are
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metre. The data are from the simulation of the nominal machine for beam 1.
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Figure 5.16: A zoom of Figure 5.15 in a region where we see a regular pattern attributed
to the phase advance between the loss location and the collimator.

CMS, where beam 1 losses are close to a factor two higher.
For LHCb, the beam 1 losses comes from the last octant only. It clearly is a ben-

efit for LHCb to be close to the betatron collimation in this case. For beam 2, there
is a strong horizontal/vertical asymmetry. While the horizontal losses are effectively
stopped by ATLAS collimators, the vertical losses comes from all seven octants up-



5.6. SIMULATIONS 77

stream, with some cleaning by the CMS collimators as well. This results in the vertical
losses being about double for beam 2 compared to beam 1. LHCb is more vulnerable
to beam 1 background, see Section 4.3.2.

With these loss maps we can learn where the potentially problematic pressure
bumps can arise. If a pressure bump is generated in a region where we see no losses in
the simulations, chances are that this bump will not impact the background for the de-
tector. One should keep in mind that we have not simulated imperfections in the optics
(β-beat) or misalignments, something which could have an impact on these results.
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ATLAS LHCb CMS ALICE ATLAS
0

5

10

15

20

25

30

35

40

45

R
a
te

 [
kH

z/
1
0
0
m

]

(d) Beam 2, vertical

Figure 5.17: The distribution of the origins of the beam-gas events which produce hits
on the collimators close to ATLAS.
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(a) Beam 1, horizontal

ATLAS ALICE CMS LHCb ATLAS
0

5

10

15

20

25

30

35

40

45

R
a
te

 [
kH

z/
1
0
0
m

]

(b) Beam 1, vertical
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(c) Beam 2, horizontal
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(d) Beam 2, vertical

Figure 5.18: The distribution of the origins of the beam-gas events which produce hits
on the collimators close to ALICE.
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(a) Beam 1, horizontal
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(b) Beam 1, vertical
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(c) Beam 2, horizontal

ATLAS LHCb CMS ALICE ATLAS
0

5

10

15

20

25

30

35

40

R
a
te

 [
kH

z/
1
0
0
m

]

(d) Beam 2, vertical

Figure 5.19: The distribution of the origins of the beam-gas events which produce hits
on the collimators close to CMS.
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(a) Beam 1, horizontal
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(b) Beam 1, vertical
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(c) Beam 2, horizontal
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Figure 5.20: The distribution of the origins of the beam-gas events which produce hits
on the collimators close to LHCb.
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5.6.3 Impact Parameter
When propagating these losses through a shower simulation code, it is important to
know the positional distribution of the impacts on the collimator. Protons that hit deep
in the collimator jaw, will have a low amount of particles exiting on the adjacent side,
and most of the energy will be absorbed in the collimator itself. A proton which is
barely gracing the jaw will produce a rather different background signal.

We see a general trend in the distribution that for the high luminosity experiments
ATLAS and CMS, the transverse distributions of the hits are more wide spread across
the collimator, while it is more peaked at the jaw opening for ALICE and LHCb. This
is related to the larger beam size at the collimator positions in the low β∗ optics. In
Figure 5.21 we show an example for the horizontal collimators in front of ALICE and
ATLAS.
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Figure 5.21: The transverse distribution of particle hits on the horizontal tertiary colli-
mators for beam 1. The distributions are significantly more peaked at the jaw opening
for ALICE than for ATLAS.

The depth distribution of the hits does not vary as much, and we show an example
in Figure 5.22. The majority of the hits are distributed in the first 20 cm, and after
60 cm there are practically no hits.

Finally, in Figure 5.23 we show the distributions in both dimensions. The particles
are spread significantly further out for CMS (and ATLAS) when compared to LHCb
(and ALICE). A small stripe of hits can be seen all along the entire collimator jaw, in
particular for LHCb. The colour contours follow a logarithmic scale, which means that
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Figure 5.22: The distribution of the depth of the hits on the vertical collimators in front
of ALICE for beam 2. A similar distribution is seen on all collimators.

the spread is more peaked than it looks like in the figure.

5.6.4 Summary for the Nominal Machine
In this chapter we have focused on the total background contribution from the full
machine. What we should then remember is that all protons with an energy below
80 % of the beam energy, together with all other particle types, are assumed locally
lost and not a part of what is shown here. What we in essence have described is what
we defined earlier as the distant beam-gas background.

The wast majority of beam-gas collisions are contributing to this background, be-
cause of the much longer integrated length where the interactions can take place. How-
ever, the cross section for a beam-gas interaction which produces lost protons at one
particular experiment becomes significantly lower. Further, most of these protons end
up on the tertiary collimator. That means that the protons and the secondary particles
will have to travel through 1 m of metal. A significant part of the energy is already
dissipated in the collimator itself, which reduce the amount of background reaching
the detector.

As a result, what we define as the LSS beam-gas can give a larger background
contribution in the end because the cross section for inelastic interactions is larger, and
the amount of particles reaching the detector (multiplicity) is greater.
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Figure 5.23: The distribution of the collimator hits in a 2D histogram. Here showing
the hits on the horizontal collimators in front of CMS and LHCb for beam 2. The
contours are logarithmic to better see the regions with low rates. The collimators are
1 m long.
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Further, one should take note that these pressure maps do not take into account
electron cloud and other effects that can significantly increase the vacuum pressure in
local regions. The pressure can increase by several orders of magnitude over a limited
region, which can completely dominate the overall machine induced background.

A perfect machine has been assumed thus far. Both misalignments and optical
imperfections can significantly increase losses. Collimator cleaning studies (using Six-
Track as well) have shown that imperfections reduce the cleaning efficiency by a factor
10 [15, Ch. 6.2]. β-beat, coupling and non-linearities were not included. To give a
clear estimate on the effects imperfections would have on beam-gas scattering losses
is difficult without the full simulation. We do expect beam-gas scattering to be some-
what less dependent on imperfections than the halo cleaning. The reason for this is that
the beam-gas residues travel for a shorter distance (mostly less than one turn vs. up
to a few hundred turns). Additionally, the collimator impacts are significantly deeper,
making the losses less dependent on collimator misalignments. A quick study was per-
formed turning off all sextupoles, and no significant changes in the loss patterns were
discovered.

5.7 3.5 TeV
We have now had a detailed look at the expected background rates from beam-gas for
the nominal machine energy. If we instead consider a beam energy of 3.5 TeV, and
in addition a lower beam intensity which corresponds to the operations in 2010-2011,
we get a rather different picture. The main reasons for these differences are the much
reduced dynamic pressure, and tertiary collimators with larger openings.

While at full energy we have the highest pressure in the arcs, the situation at 3.5
TeV becomes quite the opposite. In [47] we simulated the background rates for colli-
sions at 450 GeV, where the dynamic pressure can be ignored. In that case the pressure
is significantly higher in the long straight section, which means that the beam-gas col-
lisions originating in the long straight sections (LSS beam-gas) and inside the exper-
imental cavern (local beam-gas) becomes increasingly important. With the additional
much lower beam intensity, we found a rate from distant beam-gas which was below
1 Hz. The dominant background contribution in this case was found to be the last 60 m
before the interaction point.

In Appendix D.2 we describe our simulations for 3.5 TeV and together with the
LHCb Collaboration we made the effort to estimate the detector response from the
background rates we had simulated. In this work we used a pressure based on a low
beam intensity, which still get a dynamic pressure contribution. Our comparison to
data was off by a factor ten. An important reason for this was the low background rate
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overall (a few Hz), which means the uncertainties increase.
As the intensity increased in 2011, so does the expected pressure, and the beam-gas

interaction rate scales fast as the beam intensity increases. Towards the end of 2011,
the beam intensity was about 50 % of nominal. At this beam energy and intensity,
the dynamic pressure increase was very significant as expected. A paper published by
LHCb using data from 2011 [43], had a remarkably good agreement between measure-
ments and simulations. The estimate was off by only a factor 1.6. The main cause of
the improved estimate was an increase in beam intensity and a dedicated run without
collisions, which resulted in better signal/noise ratio for the background measurements.

For both 2010 and 2011, the collimators were set at a more relaxed position, with
the tertiary collimator half gap set at 11.8-15.3 σ. That implies that the background
from distant beam-gas will be relatively lower when compared to LSS and local beam-
gas. The tertiary collimators primary purpose is to protect the final focusing triplet.
Since we did not focus as strongly in these runs, the available aperture in the final
triplet was larger and the tertiary collimators could be set more open. This is worth
noting for the nominal settings as well, where the tertiary collimators are set at 8.3 σ
in all four interaction points, even though β∗ is 10 min ALICE/LHCb.

Until the end of this thesis work, the rates from distant beam-gas on tertiary col-
limators and other aperture restrictions have been expected too low to be measureable
by beam loss monitors. As the beam intensity and energy increase, the rates on tertiary
collimators in particular, will increase dramatically with respect to rates form normal
beam halo. As a result, one will be able to measure the signal on BLM’s from the
combination of halo background and distant beam-gas background. This is the most
direct measurement we have available, but it requires significantly higher rates (order
of 100 kHz), and we do not have any clear way to disentangle the signal from halo and
beam-gas background. One way one could imagine would be to scrape away the halo
for a short while using the primary collimators, but this is considered unsafe operation
and cannot be done with the high beam intensities that are required.

In the end, the simulations are using fairly similar procedures to the collimation
studies, where measurements by means of loss maps using BLM’s are available. As
these studies so far show very good agreement between simulations and measurements[79,
80], we feel increasingly confident that our simulations are trustworthy.



Chapter 6

Studies of Other Background
Sources

In the preceding chapter we had a look at the beam-gas background, which is always
present and is often the most significant machine induced background component. Here
we will look at other potential sources of machine induced background, namely inter-
action region cross-talk and tertiary halo background. We will start by discussing the
IR cross-talk in general, and then present our simulations. Afterwards we will discuss
the tertiary halo background and how it compares to beam-gas background. We finish
by briefly discussing how particle shower simulations including the LSS geometries
can be performed. We presented our studies of IR cross-talk in IPAC’10. The article is
found in Appendix D.3.

6.1 Interaction Region Cross-Talk
In the LHC we have several experiments running at the same time. As a result, residues
from collisions in one interaction point can be a source of background at another ex-
periment. The experiments typically measure the full inelastic cross section, while the
cross section for producing a proton with exactly the right parameters to end up in front
of another experiment is significantly smaller. As a result, this is not expected to be a
problematic contribution to the background when the two experiments are running at a
similar luminosity.

For LHC, we have two high luminosity, general purpose experiments. The other
two experiments, LHCb and ALICE, are designed for a much lower luminosity, about
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2 and 4-5 orders of magnitude respectively. As a result, one can not exclude interaction
region cross-talk as a potential source of background for these two experiments, where
perhaps ALICE has a greater cause for concern.

Of importance for this source of background is the phase advance between the
originating interaction point, and aperture restrictions upstream of the low luminosity
experiment which receives the background. In the case of LHC, these aperture restric-
tions are first and foremost the tertiary collimators. If the phase advance is close to

90◦+n ·180◦, (6.1)

then an angular kick from the collision at the interaction point is transformed into a
maximum amplitude at the aperture restriction. n is an integer. The one-turn matrix
with a fractional tune of 0.5, becomes J as defined in Eq. (3.19). We multiply J by

(
0√
ε/β

)
, (6.2)

and get ( √
ε/β

−α
√

ε/β

)
, (6.3)

which is the coordinate shown in Figure 6.1.
Hence, if IR cross-talk would become a problem in certain situations, it can po-

tentially be mitigated by modifying the phase advance. However, we expect that this
background source will rarely become dominant. Other background sources depend on
the beam intensity and will be relatively higher for the low luminosity experiments as
well.

6.1.1 Lorentz Boost
Simulating the IR cross talk can be done in a similar way as we simulated the beam-gas
background in the previous chapter. Rather than distributing the scattering events along
the beam orbit, we have one scattering location per interaction point. Further, we need
to change the proton-proton event generation so we now simulate a high energy proton
colliding with another high energy proton.

In order to deal with the large amount of bunch crossings in the common chambers
of the four interaction points, a crossing angle is introduced which separates the beams
and reduce the number of head-on collisions to one per interaction point. That means
that the protons collide at an angle, while the proton-proton collisions are simulated
head-on.
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Figure 6.1: A proton which is originally well centred in the beam will receive an an-
gular kick which will be transferred into a maximum amplitude downstream of the
collision point.

The crossing angle is varying from experiment to experiment, but it is typically on
the order of 100 µrad. That means that the centre of mass is moving at a speed on
the order of 10−4 c. This is significantly below what would be required for relativistic
effects, and we can simply apply a normal angular addition to the secondary particles
to account for the crossing angle.

We define the 4-vector in natural units as



E
px
py
pz


 , (6.4)

where E is the energy and pi is the momentum component along the i axis. The Lorentz
boost can then be defined as




γ −βγ 0 0
−βγ γ 0 0

0 0 1 0
0 0 0 1


 , (6.5)

in the special case where the boost is along the x-axis. β is here the speed of the moving
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frame in units of c, and the relativistic γ is

γ =
1√

1−β2
. (6.6)

In the classical approximation, γ becomes one, and the energy in the moving frame is
simply an addition to the momentum in the x direction in the rest frame. In Figure 6.2
we show the Lorentz boost for two different centre of mass velocities, and the distribu-
tion from collisions with the centre of mass at rest. We see that for 300 µrad, which is
a rather large crossing angle in the LHC, the effect of the Lorentz boost can still safely
be ignored.
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Figure 6.2: Lorentz boost for 0 and 300 µrad crossing angle. The second peak seen
when the crossing angle is added is the elastic peak, and is not a relativistic effect. The
initial events are 7 TeV head-on proton-proton collisions, simulated using DPMJET III.
Take note that it is the energy in the moving frame which should be 7 TeV, whereas in
the illustration we have set the energy in the centre of mass frame to be 7 TeV.
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6.1.2 Phase Advances
The phase advances between interaction point and the tertiary collimators in (neigh-
bouring) experiments can give a good indication of the amount of IR cross talk. In
Table 6.1, the phase advances between the tertiary collimators in the low luminos-
ity experiments ALICE and LHCb and the interaction points of the higher luminosity
experiments are given. We ignore here the background contribution to the higher lumi-
nosity experiments. The phase advance between two points is normally given in radians
or degrees. In the table we give the phase advance with integers of 2π subtracted, and
in units of 2π.

For ALICE, background from CMS for beam 2, and ATLAS/LHCb for beam 1 is of
most interest. For LHCb, background from beam 2 is of higher interest. This is due to
the location of the betatron collimation in interaction region 7, expected to significantly
reduce the halo of the beam passing the region. As LHCb is more sensitive to beam 1
background, there are already strong indications that IR cross talk will not be a major
background source for LHCb.

Table 6.1: The “fractional” phase advance in units of 2π between the different tertiary
collimators close to ALICE and LHCb and the higher luminosity experiments. A value
close to 0.25 or 0.75 indicates maximum cross talk, 0 or 0.5 indicates minimum cross
talk.

Beam 1 Beam 2
Horizontal Vertical Horizontal Vertical

Towards ALICE
ATLAS 0.70 0.69 0.66 0.68

CMS 0.68 0.34 0.72 0.44
LHCb 0.84 0.78 0.42 0.38

Towards LHCB
ATLAS 0.17 0.15 0.93 0.04
CMS 0.15 0.80 0.99 0.81
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6.1.3 Simulations

In [81] we presented our simulation results for the 3.5 TeV beam energy, and a β∗ of
10 m in ALICE, 3.5 m in LHCb and 2 m in ATLAS and CMS. This implied collimators
with larger opening than for the nominal machine, which would presumably reduce the
background rate. We assumed that all experiments were colliding head-on and with an
equal amount of bunch crossings.

With these assumptions we found a fractional rate on the order of×10−3 on the ter-
tiary collimators in the ATLAS/CMS region, and ×10−6 in the ALICE/LHCb regions.
Fractional rate then means in fractions of the sum of the collision rates at the four ex-
periments. These rates are small when compared to estimates for other background
sources.

Table 6.2: The rate of protons hitting various tertiary collimators. The protons are
originating from collisions at higher luminosity experiments. The rates are in units of
collision rates at the originating experiment.

Beam 1 Beam 2
Horizontal Vertical Horizontal Vertical

Towards ALICE
ATLAS 3.2×10−5 3.4×10−6 4.2×10−6

CMS 4.2×10−6 3.4×10−6

LHCb 1.2×10−3 4.8×10−4 4.3×10−6

Towards LHCB
ATLAS 6.7×10−5

CMS 9.6×10−7 8.4×10−7 1.7×10−6

In Table 6.2 we show the proton rates on the various tertiary collimators in front
of LHCb and ALICE. The numbers are given in units of collisions at the originating
interaction point. What we see in the simulation is that the physics debris collimators
which are located approximately 180 m downstream of ATLAS and CMS are receiving
a large amount of hits in these simulations. Without these in place, the rates coming
from ATLAS and CMS would be significantly higher.

The number of simulated events is around 1 million collisions per interaction point,
and somewhat lower for LHCb. It means that the statistical error becomes large for
rates below ×10−5. We see the highest relative rate on the horizontal collimator in
front of ALICE, from LHCb. The rate is about 1 h of the collision rate in LHCb.
LHCb has a nominal luminosity of 2−3×1032 cm−2s−1, which is about two orders of
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magnitude less than ATLAS and CMS. That makes this rate about 10 % of the nominal
rate in ALICE, where the maximum luminosity is about 2×1030 cm−2s−1.

To summarize, our simulations show that IR cross-talk will most likely not become
a significant source of background, with the exception of the low luminosity experiment
ALICE, where the rate of this background could become comparable to the collision
rate at the interaction point.

Survival Rates

For the beam-gas simulations we found a survival rate of a few percent. The elastic
cross section is about 16 % of the total cross section as shown in Figure 5.3 for beam-
gas collisions. For proton-proton collisions at 7 TeV, the elastic cross section increases
to around 27 %. In addition, all collisions take place in the interaction point, where the
β function is smaller than in the arc, and the beam divergence is larger. That means
that the same angular kick will have a lower probability of kicking the proton out of
the stable region of phase space.

In our simulation for the nominal optics, we find a survival rate of 32 % for ATLAS
and CMS, and 26 % for LHCb. That means that a large fraction of the collisions at
the interaction points will not produce losses directly, but will be contributing to the
emittance and halo growth. In Figure 6.3 we show the angular kick from the collisions
in ATLAS and CMS, with the distribution of angular directions in one plane (xp) before
and after the collisions. We required a minimum of 99.5 % of the nominal energy in
this distribution, which accounts for about 38 % of the collisions. The collisions are
simulated using DPMJET III.

6.1.4 Loss Rates During Van der Meer Scans

In order to make an absolute measurement of the luminosity in an experiment, what
is called a calibration Van der Meer scan is performed. The beams are transversally
separated in a controlled manner, and the luminosity as a function of separation is
performed to measure the overlap integral (beam spot) between the two beams. The
resulting luminosity as a function of beam separation is shown in Figure 6.4, together
with the double Gaussian fit. The method, and the first measurements of the absolute
luminosity in the LHC are covered in detail in the thesis by S. White [34].

These scans have an interesting feature for measurements of IR cross talk. Since the
cross talk should be directly linearly dependent with the luminosity at the originating
interaction point, these scans should also modify the cross talks between the interaction
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Figure 6.3: The angular distribution (beam divergence) in one plane for all simulated
collisions where the proton has at most 0.5 % energy loss from the collision. We only
show collisions in ATLAS and CMS here. The original beam divergence is shown in
blue. The red line is calculated from the optics table. The divergence of the beam after
the collisions in green.

points if there is any. Tracking the loss rates on the tertiary collimators during the
calibration scans should enable us to see the cross talk if it is significant enough.

First attempts are described in Appendix D.3. The calibration scans are normally
done at reduced beam intensity, in order to minimise the uncertainty in the measure-
ment of the absolute luminosity. The loss rates at the tertiary collimators have been
difficult to observe directly as a result.

Our simulations showed that we would receive a very large hit rate on the physics
debris collimators, which is not surprising. The purpose of the physics debris colli-
mators is to reduce the heat load from the high luminosity collisions in ATLAS and
CMS. For the nominal optics, the simulations show a rate of about 2.5-3 % of the col-
lision rate at the interaction point onto these collimators. In Figure 6.5 we show the
luminosity in ATLAS and the loss rate on one of the physics debris collimator next
to ATLAS during a high intensity calibration scan. The beam intensity was around
1×1014 protons/beam. We see a variation in the loss signal of about 10 µGy/s.
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Figure 6.4: The interaction rate during a luminosity calibration scan in CMS [82].
Solid lines show the fit, which is usually a double Gaussian. A scan like this takes
about 20 min to complete. Figure courtesy S. M. White.
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Figure 6.5: Luminosity in ATLAS in blue, and loss rate on beam loss monitor close to
the physics debris collimator in green.
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If we assume a cross section of 100 mb, then 3 % of the collision rate with a lumi-
nosity of 1×1033 cm−2s−1 corresponds to about 3 MHz of protons on this collimator,
or 3×10−12 Gy/proton. This fits very well with FLUKA simulations and measure-
ments of the BLM response in the LHC, which estimate 1−5×10−12 Gy/proton for
steady-state losses [78, 83].
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Figure 6.6: Luminosity in ATLAS in blue, and the loss rate close to the horizontal
tertiary collimator in front of LHCb in green. Each time the beam is moved in ATLAS,
a spike is seen on the loss monitor of the TCTH in front of LHCb (beam 2).

The highest cross talk rates were expected to be almost 3 orders of magnitude lower
than the rate on the physics debris collimator, when coming from ATLAS or CMS. In
other words, we are talking about order of 10 nGy/s, assuming equal scaling factor for
the beam loss monitors. Such a rate would not be detectable, even taking into account
that the fractions will be slightly different for the optics in the machine during this scan.

In Figure 6.6 we show the signal from the beam loss monitor connected to the
tertiary collimator in front of LHCb for beam 1. This was during a length calibration,
where the beams are moved across each other consecutively. We see that there is a
peak at most of the locations where the beams are moved. The effect is not from cross
talk as such, since the loss rate does not change with the luminosity. Instead, this is
an optical or orbit effect. When the beams are separated the beam-beam tune-shift
changes which can produce a sudden loss spike when (parts of) the beam is crossing a
minor resonance. Such an effect is most likely what we observe here. However, it is the
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first time we (knowingly) have observed changes in loss rates on a tertiary collimator
due to beam movement in a different experiment. The cross talk from ATLAS to the
horizontal tertiary collimator in front of LHCb was also where we expect the highest
rate from simulations, according to Table 6.2.

6.2 Tertiary Halo Background
In the LHC, we define tertiary halo as the halo component that has a large enough
betatron action to hit the tertiary collimators. The tertiary halo is the main part of the
beam halo that will produce background noise for the detectors.

The beam halo generally grows with time due to various slow processes. Elas-
tic beam-gas is one process which we have already discussed that contributes to the
general halo growth. Other processes include for example intrabeam scattering, the
collisions at the interaction points themselves, and electron cloud.

Once the particle reach the dynamical aperture limit of the machine, the transverse
movement becomes chaotic. A chaotic movement can still be bound (think of e.g. a
Lorentz attractor [84, Ch. 9]). The dynamics and the distribution of the halo can be
difficult to predict. The core and the halo typically follow two different distributions,
one common example being a “heavy-tailed” Gaussian distribution.

Since the tertiary halo is produced from slow drifts, the hit distribution on the col-
limator is expected to be more peaked. We say that the impact parameter – the average
distance from the jaw to where the particle hit – is small. In Figure 6.7 an example is
shown for the vertical collimator in front of LHCb. The statistics from the collimation
studies are usually lower than from beam-gas studies for these collimators. For the
collimator in Figure 6.7, there were about 4000 proton hits out of an initial 5 million
protons in the halo simulated. The vertical axis for the tertiary halo histogram is nor-
malised to one halo particle. On other collimators the distribution might be wider, but
in general it is narrower than the same distribution for beam-gas events.
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Figure 6.7: The hit distribution on the vertical tertiary collimator in front of LHCb
for beam 1 at nominal energy. The distribution is much more peaked for the tertiary
halo. The vertical axes are not directly comparable. Collimation simulation done by T.
Weiler [85]
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6.3 Studies of Particle Showers
The long straight sections need to be modelled in a particle shower code like e.g.
FLUKA, MARS, or BDSIM. As input, the data from the beam-gas simulations, tertiary
halo simulations and the cross-talk simulations are needed. The first of these sources
that were available was the tertiary halo background [86, 15]. In addition, losses from
LSS beam-gas can directly simulated by provoking beam-gas collisions while tracking
the beam through the particle shower codes. In [62] these two background sources were
studied with a model that reached 550 m from the interaction point of ATLAS/CMS.
SixTrack was used for the collimation simulations. The model was implemented in
MARS15 [87] which was used for beam-gas and shower simulations as well. It was
found that in particular high energy muons had a much larger presence in the beam-gas
background.

R. B. Appleby et Al. have developed a FLUKA model for the long straight section
around LHCb [88], with a priority on beam 1 background which is more important for
this asymmetric detector. The model is very similar for ALICE, with beam 1/2 inverted,
and we used it to publish our first estimates for the machine induced background for
ALICE in [48].

In an ongoing work, the ATLAS and CMS interaction regions are being modelled in
FLUKA by R. Bruce [69]. This is very interesting for several reasons. First it serves as
a great validation for both the MARS and FLUKA codes. Second, since we now have
all four experimental regions modelled in the same code, the relative differences can be
better understood. The results from FLUKA are found to be in very good agreement to
what was found in earlier studies using MARS [76].

6.4 Summary
Together with the simulations of beam-gas presented in Chapter 5, we have now cov-
ered all background sources. Of the three, beam-gas background seems to be the dom-
inant background source for the experiments based on our current knowledge. The
same is confirmed from our current understanding of the measured background in the
experiment during 2010 and 2011 running. Interaction Region cross-talk looks to be
the least significant background source.

IR cross-talk is best compared to the collision rate at the high luminosity experi-
ments ATLAS and CMS. We then get a hit rate on the tertiary collimators in front of
LHCb and ALICE which is at least five orders of magnitude lower. For a luminosity
of 1×1034 cm−2s−1 in ATLAS and CMS, that would mean the rate would be compa-
rable to the nominal luminosity in ALICE which is 1×1029 cm−2s−1. We should then
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keep in mind that ALICE can, and has run with a luminosity one order of magnitude
higher. Further, we expect a higher rate of halo background in all circumstances. We
do not expect situations where the IR cross-talk will become a problematic background
source.



Chapter 7

Fill Analysis and Background
Observations

As a part of this work, we developed an automated fill analysis package for continuous
monitoring of the LHC machine performance on a fill by fill basis. A vast amount of
data is available from beam loss monitors, beam position monitors, vacuum gauges,
detector signals and so forth. Our goal has been to present the most important part
of this information in a convenient format for quick access by operators and other
interested parties.

We will start by discussing the motivation for this work, and how the project is
organised. We will then show some data from the machine performance during 2011
running. The background observations during 2011 will be assessed, before we show a
detailed analysis example where we look at the beam lifetime. This work was presented
at IPAC’11, see Appendix D.5.

7.1 Motivation
The availability of the data is of high importance for a proper understanding of how
the machine performs. In order to obtain the data available on the machine side, the
TIMBER interface has been developed. TIMBER’s graphical interface is shown in
Figure 7.1. The TIMBER interface is based on manual extraction of data, which is
time consuming to do on a regular basis. Additional information is often needed for a
proper analysis. For example, locations of vacuum gauges, or which of the 12 different
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Figure 7.1: An example of the TIMBER interface, here showing the beam energy in
red, ALICE luminosity in beige and the ALICE background 2 number in green for fill
2197.

running sums (integration time) to use from the beam loss monitors. To get an overview
on a regular basis an automated system that present the essential subset of data and
calculate performance numbers is essential. Details of how the project is structured
can be found in Appendix D.5.

Our goal was to develop a system which extracts data from the data logging inter-
face (TIMBER), settings from LSA [89], summary from the electronic logbook and so
forth. The logging database in its current form does not support correction of wrong
data, or addition of missing data without significant effort. Corrections are needed be-
cause the experiments can sometimes have difficulties reporting luminosity information
online, or there can be an error in the algorithm under certain unforeseen conditions.
We wanted to include support for offline correction of data, providing a place where
the users could get quick access the most up to date information.

After the data are collected, we calculate and append derived information. As an
example, the collision pattern (number of bunch collisions in each interaction point)
can be calculated from the fast bunch current transformer (BCT) data available from
the logging database, but it is tedious to do manually. Another example is to know the
amount of time spent with and without beam present, time spent in stable beams and
so on, which give information about machine reliability and effectiveness.

In order to make calculation of derived data more easy, we interpolated all extracted
information to common time stamps. This can be done by the TIMBER interface as
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well, but the same interpolation routine must be used for all selected data. Machine
flags like e.g. beam modes should simply be repeated, while most data should be
interpolated linearly or quadratically to the common time stamp. The data are exported
to efficient binary formats including the derived data. HDF5 [90] and ROOT [91]
export were implemented. These data files are made available to the outside community
for their own analysis as well.

7.2 Machine Performance
As stated in the introduction, the main parameters of a particle accelerator is the particle
type, particle energy and the luminosity (collision rate). While the two first parameters
usually do not change very often, the luminosity changes from fill to fill and even
within a fill due to particle losses and emittance growth. An essential measure of
machine performance is the maximum (peak) luminosity, and the integrated delivered
luminosity.

The peak and delivered luminosity for each fill is calculated including available
offline corrections by our analysis package, and presented in a table on the web page
as shown in Figure 7.2. In the same table, we give information about the time spent
in stable beams, the number of bunch collisions in each interaction point as calculated
by the fast BCT data, and the date when the fill started. This table makes it very quick
to search for relevant fills for your analysis. For example, one might be curious about
which fills had a stable beams period of longer than X hours recently or which fill had
the highest peak luminosity in the last week.

Figure 7.2: The table showing the most essential data for each fill.
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A separate project was initiated at about the same time as this fill analysis project,
called the “LHC Supertable”. The LHC Supertable is a similar table to that shown in
Figure 7.2, but with more columns (around 80 when this thesis was finalised). The
project was inspired by a similar project at Fermilab, where the final version contained
more than 200 columns [92]. A significant difference in the design philosophy between
the LHC Supertable and the fill analysis project that we started is that the supertable
was meant to limit itself to single values per fill. Variations within a fill does not fit in a
table. At the moment of writing this thesis, the two projects are in the process of being
merged.

Other important figures for machine performance monitoring include the time spent
in different operational modes (stable beams, setup, ramp, pre-cycle...), beam intensity
variations during the fill, and luminosity during the fill. In Figure 7.3 we show the time
spent in various operational modes for 2011. The figure is continuously updated and
displayed on the web page.

16.8 %

31.9 %

23.3 % 5.0 %

23.0 %

Access ­ No Beam

Machine ­ Setup

Beam In

Ramp + Squeeze

Stable Beams

From 13.03.11 to 07.11.11
238 days, 14 h

54 days, 22 h in stable beams

Figure 7.3: The time spent in various operational modes for the 2011 proton run. More
than 20 % of the total amount of time available has been spent in stable beams this
year. Figure courtesy A. Macpherson [93].
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7.3 Background Observations
In the following section, we will make a brief summary of the background experience
during the 2010 and 2011 running. More details can be found in the references.

During the 2010 run, the experimental background was generally low, typically
below 1 % during proton physics, somewhat higher for ion physics. To define the
background in percentage of luminosity can be done in various ways, typically it is the
rate measured by a given background trigger divided by the rate of all triggers. Pixel
occupancy for non-colliding versus colliding bunches may be another definition.

An increase in relative background was observed when increasing the single bunch
intensity towards the nominal 1.1×1011 protons/bunch, when reducing the bunch spac-
ing, and when increasing the total intensity further [59]. The increased background
could to a large extent be correlated to increased vacuum pressure in the upstream long
straight sections of the different experiments.

Interestingly and a bit surprising, electron cloud effects were observed already at
150 ns bunch spacing in the common beam chamber. Electron cloud was not predicted
at such large bunch spacing [94]. It was found that the arrival time of a bunch from the
second beam could be in such a way as to provoke electron cloud. The effect was thus
only present with both beams in the machine, and it could be mitigated by means of
installing solenoids in critical regions. If bad vacuum conditions are mitigated by the
presence of solenoid fields, it is a strong indication that the source of the problem is
electron cloud.

The first attempts with 50 ns bunch separation showed a significant pressure buildup,
expected to be caused by electron cloud as well. Thus, the 2011 run was started with
75 ns bunch spacing. After a successful scrubbing run of about 17 h of efficient beam
time in April 2011, normal operation with 50 ns bunch spacing became possible [94].
This allowed for a record peak luminosity at the end of the year within 35 % of nominal
luminosity, even at half the nominal beam energy.

7.3.1 ALICE Background Challenges
Already during the 2010 run, the luminosity in the ALICE experiment was reduced
from maximum by reducing the number of bunch collisions, larger β∗ in 2011, and
eventually transverse beam separation as well. While the luminosity goes down, the
beam intensity stays the same, and some parts of the background scales with the in-
tensity rather than luminosity. One good example being the beam-gas background, in
particular the local and LSS beam-gas.

ALICE observed at the end of 2010 an increase in the relative background, which
was strongly related to the vacuum conditions in the interaction region [95]. The beam
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intensity continued to increase in 2011, and in a period after a technical stop, ALICE
had a period of about 13 fills where the detector was forced to turn off as a consequence
of the increased background [39].

The experimental magnet polarity had just been changed after the technical stop,
which means that the synchrotron light from the beam hits some new locations. It has
been suggested that this was partly the reason for the increased background.

The understanding of these problems are still under investigation, but seem to be
related to increased vacuum pressure. The conditions improve over time, which is
expected to be an effect of beam scrubbing. The exact correlation between background
levels, beam intensity and number of bunches is still unclear. A doubling of the energy
and beam intensity will further increase the dynamic vacuum pressure, which means
it is important to understand the origin of this background and what can be done to
mitigate the problems.

7.3.2 ATLAS, CMS, and LHCb Background

The other experiments have not observed background levels as dramatic as for ALICE,
much due to the fact that they can handle larger background levels and run at a higher
luminosity which makes the relative background smaller.

LHCb publish the fast losses observed by the beam loss scintillators (BLS) in the
2. background number to the LHC logging database. The BLS’s saw a higher rate
for negative magnet polarity than for positive [96], an effect that is not yet fully un-
derstood. LHCb has since the beginning had a very advanced level of comparison
between background data and simulations. In a recent publication [43], they showed a
good agreement between data and simulations. The simulated background for LHCb is
currently dominated by the vacuum pressure in the last 60 m from the interaction point,
producing beam-gas background.

CMS had some fills during the end of 2011 where some issues with the vacuum on
one side of the interaction point was reducing the detector efficiency [96]. The vacuum
spike was located to around 18 m from the IP, which place it near the entrance to the
experimental cavern. Some possible improvements have been suggested, including an
activation of NEG coating in the region, and vacuum leak checks during the winter
shutdown. The origin of the vacuum spike has not been understood.

ATLAS recently published a detailed summary of the background conditions dur-
ing the 2010 run [59]. ATLAS did not experience problematic background levels in
2011 [96].
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7.4 Vacuum in the LSS
Most of the background observations we have described have been related in some way
to the vacuum conditions in the long straight sections. As we showed in Appendix D.5,
the analysis tool package we have developed is well suited to provide information about
the vacuum conditions on a regular basis. The vacuum gauges give a pressure measure-
ment at one location, while simulations give expected pressure distributions along the
entire straight sections. Combining the two gives a good overall estimate of the pres-
sure distribution for each fill.

We first take the simulated expected pressure as a basis for the pressure distribution.
At each gauge location we have a correction to this base. The relative correction is
then assumed to vary linearly between each pressure gauge. Hence, we make a linear
interpolation of the relative pressure difference at each gauge. The interpolated relative
difference is then mapped on top of the simulated pressure distribution, and we end up
with a pressure map for that measurement.
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Figure 7.4: The vacuum pressure around ATLAS for beam 1 in fill 2028, 17. of August
2011. In red we see the average pressure. In blue stapled the simulation for the same
parameters, courtesy G. Bregliozzi. The green show the max/min span during the fill.
The red stars mark the location of the gauges.

In Figure 7.4 we show the simulated and measured pressure during a fill from the
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fall of 2011. The simulation was made specifically including the parameters from the
same fill. The simulation is directly estimating the pressure that is expected to be read
on the gauges, taking into account the calibration factors for the gas composition in var-
ious parts of the machine. This is shown in Figure 7.5. The conversion factor between
the two axes in the figure is for hydrogen, which is 5.9×1022 molecules/m3/mbar.
This conversion gives the pressure that is expected to be read on a vacuum gauge cal-
ibrated for nitrogen, not the hydrogen partial pressure. For hydrogen, the difference
between the partial pressure and the gauge reading is a factor 2.4 in our case [64].

300 200 100 0 100 200 300

0.2

0.4

0.6

0.8

1.0

D
e
n
si

ty
 [

m
o
le

c.
/m

3
]

1e14

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

P
re

ss
u
re

 [
m

b
a
r]

1e 9

Figure 7.5: The estimated H2 density in blue, CH4 density in black, and CO2 in red
from the simulation [97]. The expected pressure to be read in green from the combi-
nation of all gas species present, with values read on the right hand side. The factor
used between the two axes are taken from the conversion for hydrogen, which makes
the blue and green line comparable.

7.5 Beam Lifetime

The beam lifetime is important for the determination of the machine induced back-
ground rates. If the lifetime is short, the background is expected to be higher. We will
in the following look more in detail at the beam lifetime for and use a record fill during
the 2011 proton physics run as an example.



7.5. BEAM LIFETIME 107

7.5.1 Burnout
The burnout lifetime is equal to the inverse of the sum of the collision rates at each
interaction point times one minus the survival ratio Rsr for p-p collisions, divided by
the beam intensity. In terms of measurable units, that becomes

1
τbo

=
σtot

Ibeam
∑
exp

L [1−Rsr(β∗)]. (7.1)

The survival ratio is a function of how strong the squeeze is. For smaller β∗, the
divergence of the beam becomes larger, and so the survival ratio increases. From our
simulations of beam-gas collisions, we found that Rsr was a few percent when β is
around 100 m. In our interaction region cross-talk simulations, we found that Rsr was
around 32 % for 0.55 m β, and 26 % for 10 m β at 7 TeV beam energy. For 3.5 TeV
the rates are expected to be somewhat smaller, since the beams are larger.

The burnout lifetime will be dominated by the losses from ATLAS and CMS since
the luminosity in these experiments is significantly higher. For online measurement of
burnout lifetime at 3.5 TeV we can then use

1
τbo

=
0.7 ·98mb [LATLAS +LCMS]

I
, (7.2)

where we take the total cross section from [98].
Higher burnout rates will increase the IR cross-talk background. If the burnout rate

is high enough, the radiation in the vacuum chamber can increase the vacuum pressure,
which again can increase the amount of beam-gas background towards the experiment.

We will use fill 2219 as an example, which was the fill in 2011 that produced the
largest amount of integrated luminosity, with a bit more than 120 pb−1 of integrated
luminosity per experiment, during less than 16 h of stable beams. The fill started in the
afternoon 16. of October. In Figure 7.6 we show the burnout lifetime during this fill.
The burnout lifetime at the start of the fill is slightly above 100 h, increasing to more
than 200 h at the end of the fill.

7.5.2 Beam-Gas
The beam-gas lifetime is found by integrating the vacuum pressure around the full
ring, and using Eq. (5.4) to calculate the lifetime. We found in our simulations that the
survival ratio was only a few percent, which is within the error margins. We can then
safely assume a survival ratio of 0.
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Figure 7.6: The burnout lifetime during stable beams in fill 2219, on 16. of October
2011. We have used the average intensity for beam 1/2.

Ideally we should then have a tool ready which takes data from all functioning
gauges, interpolates the pressure and converts it to molecular densities using knowledge
of the vacuum and cryogenic system. Since this is not available (we only have it for
the long straight sections currently), the latest available simulated pressure profile can
be used instead. Some simplified modifications taking into account that the dynamic
pressure scales approximately linearly with the beam intensity can be added.

The elastic beam-gas scattering part that does not produce particle losses still con-
tribute to the emittance growth of the beam. We looked at the estimated emittance
growth from our simulations of beam-gas scattering by looking at the emittance be-
fore and after the simulation through 100 turns and then rescaled to real parameters,
and found that it was insignificant for the total emittance growth, on the order of
0.01 µradm.

7.5.3 Total Beam Lifetime

The total beam lifetime is easiest to calculate from the beam intensities. The relative
change in beam intensity equals the lifetime of the beam

1
τtot

=−1
I

dI
dt
. (7.3)
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The beam lifetime can be calculated for the entire beam using the DC current moni-
tor, or per bunch using the fast beam current transformers. The latter case is particularly
interesting when you want to look at instabilities due to e.g. filling pattern or collision
pattern [99].
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Figure 7.7: The beam intensity lifetime during fill 2219. Beam 1 in blue and beam 2 in
green.

The beam intensity lifetime directly gives the amount of lost particles, and is per-
haps the most relevant lifetime measurement for background considerations. Since this
includes e.g. collision losses, it cannot be directly translated to background.

7.5.4 Luminosity Lifetime

What in the end matters in terms of performance is the luminosity lifetime. If the beam
lifetime is good, but the emittance lifetime is low, that still affects the luminosity. The
luminosity lifetime is simply the inverse of the luminosity derivative

1
τlumi

=− 1
L

dL

dt
. (7.4)
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If we then assume that only the emittance and the beam intensities change, and round
beams, we get

1
τlumi

=− ε
I1 I2

d I1 I2
ε

dt
= 2

1
τtot

+
1
ε

dε
dt
. (7.5)

The last part in Eq. (7.5) is the inverse of the emittance lifetime. In Figure 7.8 we
show the luminosity lifetime for ATLAS and CMS. Since the luminosity in ALICE and
LHCb was levelled by means of transverse separation, the luminosity lifetime does not
make much sense for these experiments.

At the beginning of the fill we have an estimated beam lifetime of about 20−30 h,
and a luminosity lifetime of around 10 h. At the end of the fill we have a beam lifetime
of about 80−90 h, and a luminosity lifetime of around 20−25 h, indicating a shorter
emittance lifetime at the end of the fill. The beam lifetime is increasing faster in the
beginning of the fill, which indicate a minimum emittance lifetime around 2−3 h after
stable beams was declared.
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Figure 7.8: The luminosity lifetime during stable beams for fill 2219. We here show
ATLAS in blue and CMS in green. Integrated for 10 minutes per point to reduce noise.
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7.5.5 Specific Luminosity
In Figures 7.6, 7.7, 7.8 we showed the lifetime directly, which involves time derivatives
of measured data. With noisy signals, this can be problematic to do in an automated
fashion, because you easily get fluctuations as seen in Figure 7.8. The luminosity is
proportional to the product of the beam intensity of the two beams. If we divide the
luminosity by the beam intensity, we are left with something that should be constant if
the luminosity is dominated by particle losses rather than emittance growth. We call
this the specific luminosity

Lspecific =
L

I1 I2
∝

1√σx σy
. (7.6)

In Figure 7.9 we show the specific luminosity for each colliding bunch pair for
ATLAS and CMS for fill 2219. We see a similar shape for both experiment, which
is expected since the colliding bunch pairs in ATLAS and CMS are the same. Spe-
cific luminosity is easier to deal with in automated scripts, and we publish the specific
luminosity for each fill on the web page [35]

7.6 Outlook
Up until the end of this thesis work, the beam energy and intensity has been rather low,
with the following low background rates in absolute terms. This makes measurements
of observables more difficult. Comparing our published results in Appendix D.2 to
the LHCb publications from one year later [43], this becomes obvious. The main
difference between the two studies is the higher rates available in the latter, and the
agreement between simulations and observations increases dramatically.

Still, a lot can be learned indirectly of machine induced background by continu-
ously monitoring essential beam parameters. One of our largest error margins for the
background simulations are the estimates for pressure distributions. The best one can
typically hope for is about a factor two, and it does not take a lot of wrong assump-
tions or bad gauges before one is off by an order of magnitude. Having data available
as shown in Figure 7.5 available for every fill, will help to at least be more aware of
relative changes in the pressure distribution. Further, monitoring the different lifetimes
continuously will help to quicker understand the origin of a potential background in-
crease. If you know which processes are dominating the overall beam lifetime, you
know which processes could produce background to the experiments as well.
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(a) ATLAS

(b) CMS

Figure 7.9: Specific luminosity during stable beams for fill 2219, separately for each
colliding bunch pair.



Chapter 8

Summary and Outlook

In this work a detailed assessment of all machine induced background sources has been
made for all experiments in the LHC for the first time. We have had a special focus on
beam-gas background, which is expected to be the most significant background source
in the LHC. Interaction region cross talk has also been studied, and comparisons to
tertiary halo background studies have been made. We have presented in detail how the
simulations are set up, and gone through the expected rates for the nominal machine
parameters for all contributions. We have discussed how the various input parame-
ters affect the results, how the background might affect the experiments and how the
different experiments measure the background.

In Appendix D.2 and D.3 similar studies for 3.5 TeV beam energy and lower beam
intensities have been presented. The estimated rates from these studies are low, and
hard to verify experimentally. The measured background rates by the experiments in
the same period were similarly low [59]. There were no indications thus far that the
order of magnitude of our estimates is wrong, something which would indicate that an
important background source is forgotten.

As a second part of the work, an analysis tool was developed which is used for
regular analysis of the machine conditions and performance. The project already has
many users, and provide a fundament which can easily be extended for more advanced
analysis in the future. In order to understand the background in the experiments, it is
important to have a good handle on central machine parameters such as lifetimes and
vacuum distributions.

Throughout this work it has become clear that beam-gas background is and will
continue to be of particular importance. Allthough the initial rates of halo background
is comparable, the amount of background arriving at the experimental cavern is found
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to be far less for halo background. In general the expected background rates during
nominal machine running conditions are on the order of 1 MHz.

For an optimal understanding of background, it is important to continuously moni-
tor the vacuum pressure conditions in the long straight sections surrounding each exper-
iment. We have already seen several examples where observed changes in background
levels in an experiment have been closely correlated to changes on one or several vac-
uum gauges nearby. Dynamic effects in the LSS from e.g. multipacting, heating by
higher-order modes or local deformities, can in unfavourable situations completely
dominate the machine induced background. We have in our work demonstrated how
the fill analysis tool can be used to effectively obtain such information on a regular
basis.

Interaction region cross-talk was expected to be of lesser importance, though it
could potentially become important for the low luminosity experiments LHCb and
ALICE. We have looked at this source of background in detail both in simulations
and during the luminosity calibration scans. The simulations show that the rate of
this background component is expected to stay at least 4 orders of magnitude below
the collision rate in ATLAS/CMS. We have thus far not seen measurable levels of
IR cross-talk background, which is in agreement with our simulations. It is unlikely
that IR cross-talk will become a problem for LHCb. IR cross-talk can become a mea-
sureable background for ALICE at nominal running conditions, but it is unlikely that it
will be the dominant background source.

During the initial commissioning and first year of running, the dynamic effects
to the vacuum pressure stayed low, and the estimated machine induced background
rate typically stayed below 1% of maximum luminosity during proton physics, and
somewhat higher during ion physics running. As the beam intensity increased and
dynamic effects started to appear, the picture started to change. The main changes in
the observed halo background can be categorised by two parameters, the filling pattern
and onset of dynamic vacuum pressure [59].

The full simulation chain is presented in Appendix D.4. It would be beneficial to
improve the simulation and analysis suite to go faster through the various simulation
stages. One would then be able to compare expected simulated rates to the more current
running conditions. At the moment the simulations are at a fairly advanced level, but
are done in several steps that must be set up individually. As a result, once the final
simulations of the expected detector response is available, the machine parameters have
usually changed significantly. The machine parameters will change less frequently as
we move from a commissioning phase towards stable physics production, and this
will then become less of a problem. In order to keep the simulations relevant for the
discussions and more useful for the understanding of current running conditions, the
author sees a clear advantage in a faster simulation chain.
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In Appendix D.2 we have made a first attempt at comparing the full simulation
chain to measured rates, and underestimate the final rate by about one order of mag-
nitude. In [43], LHCb found that simulated and measured background agreed within
a fact of 1.6, using a dedicated fill without collisions and with higher rates. Based on
these findings, we feel we are now in a position where we can estimate the background
to within a factor 5 under normal circumstaces.

When background levels differ significantly from expectations, and/or unexpected
asymmetries in the background levels are observed, it can often be a first warning that
there are problems in the machine. By analysing our simulations at nominal machine
settings, as have been extensively presented in the thesis, we do not currently see any
alarming background contributions relative to the nominal luminosity. It is our un-
derstanding that beam-gas background will be the most significant background source
at nominal machine energy and intensity. It should be kept in mind that in particular
dynamic pressure can be hard to predict, and deviations from the simulated vacuum
pressure can occur.
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Appendix A

Linear Equations of Motion

The linear equations of motions form the basis of accelerator optics, and are derived
from the Lorentz equation (3.1) which we can write as

mr̈ = eṙ×B. (A.1)

We define the position of the particle as

r = r0 +x+y,

where the dot is the Newton notation for time derivative.
Hence we need to find the single and double derivative of r with respect to time. If

we denote unit vector like x̂, then we have the time derivative of a vector as

ẋ = ẋx̂ + x
dx̂
dt

.

Because the unit vectors in the Frenet–Serret coordinate system changes with time,
we need to find the derivative of the unit vectors as well. We have a horizontal rota-
tion only for simplicity, so the time derivative of ŷ is zero. Let us consider a small
movement along the orbit from position r1 to position r2 for a constant vector (x,z) as
demonstrated in Figure A.1.

From a geometrical consideration, we have the new coordinates x,z is given from
the relation (

x2
z2

)
=

[
cosϕ sinϕ
−sinϕ cosϕ

]
×
(

x1
z1

)
. (A.2)
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r1
0

r2
0

x1

x2

z1

z2

ϕ

Figure A.1: A delta movement of a particle along an orbit between two points for a
rotation with a radius of curvature r0.

The path length s that the particle has travelled is given by

s = ϕr0,

and since movement is along the radius of curvature, we have the time derivative

ṡ = ϕ̇ ·r0. (A.3)

We then get the time derivative for x and z

d
dt

(
x
z

)
= ϕ̇× d

dϕ

[
cosϕ sinϕ
−sinϕ cosϕ

](
x
z

)

=
1
r0

ṡ
[
−sinϕ cosϕ
−cosϕ −sinϕ

](
x
z

)

=
1
r0

ṡ
(

z
−x

)
. (A.4)

Doing the same procedure again we get the double derivative

d2

dt2

(
x
z

)
=

1
r0

[
s̈
(

z
−x

)
− ṡ2

r0

(
x
z

)]
≈− ṡ2

r2
0

(
x
z

)
. (A.5)

We now have a function for the time derivative of a constant vector in the rotating frame
which depends on the position and velocity ṡ of the movement. The last approximation
in Eq. (A.5) is that the acceleration of the beam s̈ is slow compared to the movement
of the particle.
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If we expand the derivatives of r then we get

ṙ = ẋx̂+ x ˙̂x+ ẏŷ+ ṙ0

r̈ = ẍx̂+2ẋ ˙̂x+ x ¨̂x+ ÿŷ+ r̈0 (A.6)

As mentioned, the unit vector in the vertical direction, ŷ, is zero as long as we have a
pure horizontal rotation. We then insert from Eq. (A.4) and Eq. (A.5) the derivatives of
x̂, which are

˙̂x =
ṡ
r0

¨̂x =− ṡ2

r2
0

x̂ (A.7)

Inserting Eq. (A.6) and Eq. (A.7) into the Lorentz equation, we obtain

ẍx̂+2
ẋṡ
r0
− xṡ2

r0
+ ÿŷ+ r̈0 =

e
m
(ẋx̂+

xṡ
r0

ẑ+ ẏŷ+ r̈0)×B. (A.8)

Looking at Figure A.1, we note that the differential vector dr0 is equal to the orbit
distance ds multiplied by the vector ẑ. Hence

ṙ0 = ṡẑ

r̈0 = ṡ ˙̂z+ s̈ẑ≈ ṡ ˙̂z =−ṡ
ṡ
r0

x̂. (A.9)

The approximation made for the double derivative is again that the beam acceleration is
slow. Inserting these results into Eq. (A.8) and reorganising in matrix form, we obtain




ẍ− ṡ2( x
r2
0
− 1

r0
)

ÿ
2 ẋṡ

r0


=

e
m




ẋ
ẏ

( x
r0
+1)ṡ


×




bx
by
bz


 (A.10)

The normal accelerator magnets have a field which is transverse to the particle trajec-
tory, in order to deflect and focus the particles. Hence, we can assume that

ṡby >> ẏbz, ṡbx >> ẋbz. (A.11)

While it is always true that the transverse velocity is always much smaller than the
longitudinal, it is not automatically true that the longitudinal magnetic field is smaller
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than (or equal to) the transverse field. Hence one could have situations where the
longitudinal field is much larger than the transverse field (e.g. a solenoid), and this
approximation breaks down.

If we consider the velocity of a particle with a position x along the unit vector
x̂, we note that its’ velocity is not simply ṡ, but instead x+r0

r0
ṡ, since the radius of

curvature of its trajectory is x+ r0. We now end up with three equations by inserting
the approximation into Eq. (A.10), namely

ẍ− ṡ2

r0
(1+

x
r0
) =− e

m
vby

ÿ =− e
m

vbx (A.12)

2
ẋṡ
r0

=
e
m
(ẋby− ẏbx).

We can rewrite the time derivative of x (and y)

dx
dt

=
dx
ds

ds
dt
≡ x′ṡ (A.13)

d2x
dt2 =

dx′ṡ
dt

= ẋ′ṡ+ x′s̈≈ ẋ′ṡ = x′′ṡ2, (A.14)

where we again for the double derivative used the assumption that the acceleration is
slow. The first equation of Eq. (A.12) can then be rewritten as

(x′′− (1+
x
r0
))ṡ2 =− e

m
vby (A.15)

x′′− (1+
x
r0

=− e
m

v
ṡ2 by =

e
mv

(1+
x
r0
)2by, (A.16)

and for the second equation we get

y′′ =− e
m

v
ṡ2 bx =−

e
mv

(1+
x
r0
)2bx. (A.17)

mv we recognise as the momentum of the particle, which we can write as p =
p0 +∆p, where p0 is the reference momentum of a particle perfectly on orbit. The
fractional

1
1+ x

can be expanded as
1

1+ x
= 1− x+ x2− x3 + . . . ,
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which means we can write

1
p
=

1
p0 +∆p

=
1
p0

1

1+ ∆p
p0

=
1
p0

(1− ∆p
p0

+(
∆p
p0

)2− . . .)≈ 1
p0

(1− ∆p
p0

) (A.18)

In the last approximation we assume that the difference in momentum inside the beam
is small compared to the reference/nominal momentum, so that we can ignore higher
order terms in ∆p

p0
. The final approximation we make is that also x� 1 and y� 1, so

that we can ignore any terms which is a multiplication of x,y, and/or ∆p
p0

. Inserting this
into Eq. (A.16) and Eq. (A.17), expanding the parentheses and reorganising, we end up
with

x′′+(
1
r2

0
− k)x =

1
r0

∆p
p0

y′′+ ky = 0 (A.19)

Here we have inserted the magnetic field in the horizontal direction as a pure quadrupo-
lar field,

ebx

p0
=−ky,

and the vertical field as a sum of dipolar and quadrupolar field,

eby

p0
=

1
r0
− kx.

We have used the optical functions 1
r0

and k for the strengths, as defined in Eq. (3.5).
The sign convention chosen for k is that k > 0 means that the field is focusing, and k < 0
means the field is defocusing. Equation Eq. (A.19) is called the “Linear Equations of
Motion”, and forms the basis for accelerator beam optics.
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Appendix B

Courant–Snyder
Parametrization

The motion of a particle through an accelerator follows an oscillatory function about
the closed orbit. This we see from the solution of the Hill’s equation in Eq. (A.19),
which has the general solution

y(s) = A(s) · cos(µ(s)) (B.1)

The amplitude A and phase µ are functions of the location s along the accelerator.
Inserting Eq. (B.1) into Eq. (A.19), we get

A′′ cos(µ(s))−2 A′ µ′ sin(µ(s))−A µ′′ sin(µ(s))

+ A (µ′)2 cos(µ(s))− k A cos(µ(s)) = 0. (B.2)

Since µ varies along s, everything in front of sine and cosine must separately be equal
to zero. We get the two equalities

A′′+Aµ′′− kA = 0
2A′µ′+Aµ′′ = 0. (B.3)

The second equality in Eq. (B.3) can be solved in the following way. First we
reorganise

−2
A′

A
=

µ′′

µ′
(B.4)
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We can now integrate on both sides, by using
∫ f ′(x)

f (x)
= ln( f (x)).

We get

−2ln(A)+ ln(C) = ln(µ′) (B.5)
C
A2 = µ′, (B.6)

where C is an integration factor. Integrating again we obtain

µ(s)−µ0 =
∫ s

σ=s0

C
A2 dσ (B.7)

µ is denoted the phase, or phase advance between two points s0 and s. We define√
ε ≡ C, and β as the part of the amplitude that is varying along the orbit, such that

A(s) =
√

ε ·β(s). This gives us the following definition for the phase µ:

µ(s)−µ0 =
∫ s

σ=s0

1
β(σ)

dσ (B.8)

Inserting into Eq. (B.1) and deriving with respect to s, we get for the divergence

y′(s) =
√

ε

[
β′(s)

2
√

β(s)
cos(µ(s))−

√
β(s)µ′(s)sin(µ(s))

]

=−
√

ε/β(s)
[

β′(s)
2

cos(µ(s))+ sin(µ(s))
]

≡−
√

ε/β(s) [α(s)cos(µ(s))+ sin(µ(s))] . (B.9)

In the last equality we have defined

α =−β′

2
. (B.10)

We now have the linear equations of motion defined as

y(s) =
√

εβ(s)cos(µ(s)) (B.11)

y′(s) =−
√

ε/β(s) [α(s)cos(µ(s))+ sin(µ(s))] . (B.12)
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ε is known as the emittance of the beam, and is an invariant. This can be sown by
removing the dependency on the phase µ from Eqs. B.11, B.12. We start by getting
cos(µ(s)) from Eq. (B.11). Inserting into Eq. (B.12) we get

y′(s) =−
√

ε/β(s)

[
α(s)

y(s)√
εβ(s)

+ sin(µ(s))

]
. (B.13)

sin(µ(s)) =−
[

y′(s)
√

β(s)/ε+α(s)
y(s)√
εβ(s)

]
. (B.14)

By using
sin2(x)+ cos2(x) = 1,

we now have
[

y′
√

β/ε+α
y√
εβ

]2

+

[
y√
εβ

]2

= 1, (B.15)

βy′2 +2αy′y+
(1+α2)

β
y2 = ε. (B.16)

Finally, we define

γ≡ (1+α2)

β
,

and get
γy2 +2αy′y+βy′2 = ε. (B.17)

Eq. (B.17) is an elliptic function in y-y’ space. This is known as Liouville’s theorem,
which states that a particle undergoing canonical transformations will not increase it’s
action. In other words, that the emittance is constant as the beam move through the ac-
celerator. The emittance can change due to e.g. synchrotron radiation and the interac-
tion between the particles in the beam, but Liouville’s theorem is still a very important
fundamental principle for accelerators. α, β, and γ are called the TWISS parameters,
with their interpretation shown in Figure 3.4.
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Appendix C

BeamGas Module in Sixtrack

In this appendix we will describe how the BeamGas module in SixTrack can be used,
and the basics of how it is implemented.

C.1 Compiling SixTrack with BeamGas Module

BeamGas is written as an optional module in SixTrack. That means that you will have
to get a binary version with BeamGas included, or write your own. The BeamGas
module requires that the collimation module “collimat” is activated as well. The lat-
est source can be obtained from http://svnweb.cern.ch/world/wsvn/SixTrack/
trunk/SixTrack. In the source, there is a configuration script which is called “make six”.
With this script you can compile SixTrack on Unix systems. Flags can be turned on
by giving the names as input arguments, or turned off by doing the same, but with an
additional minus sign in front.

After downloaded and extracted, run

./make_six collimat beamgas -crlibm gfortran

The two first options are needed. As of this writing, “crlibm” has not been confirmed
working properly together with “collimat”, so it is recommended to currently turn it
off. The default compiler for SixTrack is the Lahey (lf95). If you do not have that
compiler available, the author recommends to first try using “gfortran” as shown in
the example. Another option is to use “ifort”, which can potentially give you a faster
binary. “ifort” support in SixTrack is still under development at the moment of writing.
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A second module called “hdf5” has also been developed for this thesis work. The
collimation module produce a file called “track2.dat” which contains all particle tra-
jectories from the simulation, from the point the particles have become secondary par-
ticles. Secondary particles are particles that have undergone a collision with a primary
collimator, or for the BeamGas module, when they have undergone a collision with
rest-gas. The “hdf5” module writes these trajectories in a binary HDF5 [90] file format
instead, which reduce the file size by about one order of magnitude, and the simulation
speed by up to a factor two in some occasions. “make six” currently links to the static
libraries on afs when you select the hdf5 module to be used.

C.2 Running Beam-Gas Simulations

The BeamGas module works by triggering a subroutine when an element which name
starts with “press” is found in the sequence. The subroutine will then look for a corre-
sponding normalised pressure at this location, and distribute the total number of events
at disposal accordingly.

You will need to start by editing a thin-lens Mad-X sequence and add these markers
at the locations where you want a collision. We recommend that you use “rcollimator”,
which is a marker that SixTrack does not ignore (most markers are ignored for speed
improvements). After that you produce the SixTrack files with the “sixtrack” com-
mand inside Mad-X. In between, you need to have a sufficient amount of twiss and use
commands to make sure you get the right optics and drifts. In Listing C.1 we show an
example where we place one marker at IP1 and one in IP5.

Listing C.1: Mad-X Sequence Edit Example
use , period=lhcb1;
seqedit ,sequence=lhcb1;
press .00001: rcollimator;
install , element=press.00001, at=0.0, from=ip1;
install , element=press.00001, at=0.0, from=ip5;
endedit;
...
sixtrack , MULT_AUTO_OFF;

A successful Mad-X run will give you the file “fort.2” which holds the sequence
information for SixTrack. You will also need other input files that are also needed
for a collimation studies, see the Collimation web page [100], and the SixTrack User
Manual [101]. We will not describe these input files further here.
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C.2.1 Input Files
Some special input files are needed for the BeamGas module as well. The first is the file
containing the relative pressure distribution. This is a simple file holding two columns,
one which should be the longitudinal position from the start of the sequence, and the
second should be the relative pressure at that location. The sum of the second column
should hence be less than or equal to one. If the sum is higher, the simulation will
only be carried out starting from zero until the sum has reached one. If less than one,
some fraction of the protons will be left untouched. In Listing C.2 we show an example
which corresponds to the two markers we installed in Listing C.1.

Listing C.2: pressure profile.txt
0.0 0.5
13329.289 0.5

The second file you need holds the special configuration for the BeamGas simula-
tion. The BeamGas module is constructed to split the pressure profile in many jobs. In
order to do so, each job needs to know how many jobs there are in total, and which job
number the particular job has. If you only want one job, set njobs and thisjob to 0. In
Listing C.3 we show an example of this input file. As you can see, you can write addi-
tional comment lines to keep track of what the parameters are. The “dpmjetev” value
is the number of generated collision events available for this job. The total number of
collisions simulated will be this value multiplied by the number of jobs.

SixTrack uses an expanded Hamiltonian, which does not accurately track heavily
off-momentum particles. However, these particles are quickly lost, so the accuracy is
less relevant. You can set the “ecutoff” value if you want to specify The minimum
energy required in order to track a proton after the collision (here set to 80 % of the
beam energy). Protons with energy below this value are considered lost immediately.

Listing C.3: beamgas config.txt
# Any line not starting with
# njobs, thisjob, ecutoff or dpmjetev are ignored

# The total number of jobs in this simulation
njobs 10

# The job number of this particular job
# This together with njobs are used for paralellising
thisjob 1

# The number of dpmjet events that have been
# produced for this job.
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# The events are read from dpmjet.eve
dpmjetev 1000

# Energy cutoff value, between 0 and 1.
ecutoff 0.8

The final input needed is the file “dpmjet.eve”. An example of how this file should
look is shown in Listing C.4. The columns are event ID, particle ID as defined by
the Particle Data Group, forward cosine horizontal and vertical, and finally the energy
in GeV. The Monte Carlo simulation producing these events should be simulating
collision of a proton beam colliding head-on with the rest gas particle. The Lorentz
boost is applied inside SixTrack if needed.

Only protons are tracked in SixTrack, but it can be useful to include other particles
in this event list. That way, it will be possible to produce output which will give the
full shower information to other simulation tools like FLUKA, Geant4, or BDSIM. It
is important that this list is ordered by event ID.

Listing C.4: DPMJET Collision Events

1 2212 -0.275633038467E-04 0.105659113572E-03 0.229610029278E+04
1 -211 0.199676150495E-03 -0.186593246012E-03 0.231711296681E+04
2 2212 0.306961678030E-03 0.234290260213E-03 0.155623491554E+04
2 -211 0.181805826338E-03 0.533377947837E-03 0.160979138592E+04
2 130 0.306151624382E-03 -0.208566993864E-03 0.609571738099E+03

C.3 Output

As for the collimation studies, the main information is given in form of FLUKA input
files and summary files showing the number of hits on the collimators. Since the aper-
ture is not available in SixTrack, the particle trajectories and the FLUKA input file must
be post processed using e.g. the BeamLossPattern/CleanInelastic binaries provided by
the Collimation team [102].

In addition, a file named “scatterLOC.txt” is produced. This file gives all informa-
tion about the location where the particles were scattered. Together with “dpmjet.eve”
and the FLUKA impacts list you can then generate the full output including the un-
tracked particles (give the location and direction/energy at the location of scattering)



C.4. IMPLEMENTATION DETAILS 139

C.4 Implementation Details
The collisions between the beam particles and the rest gas (or more generally, collisions
with an obstacle as simulated by the external Monte Carlo code) are distributed in
the first turn of the simulation. The code has been written with a minimal amount
of inserts into the main SixTrack code. At one point in the start of the program, an
initialisation subroutine must be called which reads the necessary information from the
input files. Then, when looping over the elements, the beamGas() subroutine must be
called whenever the correct element is found in the sequence.

Since SixTrack is written in Fortran 77, there is no dynamic memory allocation. As
a result, we needed to increase the arrays which sets the number of elements and blocks
in the code, in order to be able to simulate gas scattering at sufficiently many locations.
In Listing C.5 we show all insertions into the original SixTrack code that was needed.

Listing C.5: Inserts in main SixTrack code
...
! For large amount of pressure markers, we need to increase
! nele, nblo and nblz:
parameter(nele=50000,nblo=10000,nper=16,nelb=140,nblz=200000,

&nzfz = 300000,mmul = 11)
...
! Initialize BeamGas module
call beamGasInit(myenom)
...
! during the loop over elements,
! call beamGas subroutine
! when press elements are found
if( iturn.eq.1 ) then

if (bez(myix)(1:5).eq.’PRESS’ .or.
& bez(myix)(1:5).eq.’press’ ) then

call beamGas(myix , secondary ,totals ,myenom ,ipart)
endif

endif

Fortran 77 is a pure subset of Fortran 90, so it was decided to write the BeamGas
module in Fortran 90. That means one can take advantage of modules, as exemplified
in Listing C.6.

Listing C.6: BeamGas common module
module beamgascommon
integer, parameter :: bgmaxx=40000,bamount =1000
integer bgmax ,bgid ,bgiddb(bgmaxx),ibgloc ,pressID , &
njobs ,njobthis , dpmjetevents

real pressARRAY(2,bgmaxx)



140 APPENDIX C. BEAMGAS MODULE IN SIXTRACK

double precision bgParameters(3)
double precision minenergy
real bgxpdb(bgmaxx),bgypdb(bgmaxx),bgEdb(bgmaxx),pSCATT(

bamount)
end module beamgascommon

...

subroutine beamGas(...)
use beamgascommon
implicit none
...
end subroutine

The main subroutine is first calculating the number of collisions that should be
produced at current location. It then iterates over the particles currently tracked, 64 at
the time in SixTrack. Each particle is associated to one event. If there are no protons
with sufficiently high energy for a given event, the corresponding particle is tagged
lost at the location of the scattering. The angles introduced by the Monte Carlo event
generator are added on top of the beam divergence as illustrated in Figure C.1. This can
be of high importance as the mean scattering angle typically can be around the same
order of magnitude as the beam divergence.

For small angles, a simple addition should be sufficient under the approximation

sinx≈ x.

Since beam-gas collisions does not necessarily deal with exclusively small angles, the
rotation matrix is calculated and a proper rotation is performed.

beam direction

incoming proton

outgoing proton

collision angle

initial angle

Figure C.1: The event read into SixTrack is assumed to be from a head-on collision.
The collision angle is then added on top of the initial angle that the proton has before
the collision.
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Afterwards, all needed information about the collision is written to “scatterLOC.txt”,
and the proton is tagged “secondary”, which means that the collimation routine will
write the particle trajectory at every element to file.
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Simulation of Beam-Gas Scattering in the LHC
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Abstract

We report on background studies for the LHC with de-
tailed simulations. The simulations now include genera-
tion of beam-gas scattering in combination with multiturn
tracking of protons. Low beta optics and available aperture
files for this configuration make it possible to generate loss
maps according to the pressure distribution in the LHC.

INTRODUCTION

The study we describe is part of a more general study
to understand and optimize the experimental conditions in
the LHC [1]. The LHC will soon start to run and produce
proton-proton collisions which will be observed by four
large experiments, installed at the four interaction regions
IP1 (ATLAS), IP2 (ALICE), IP5 (CMS) and IP8 (LHCb)
of the LHC. The LHC is designed for a high nominal lumi-
nosity of 1034 cm−2s−1. This is a rather ambitious goal and
will likely require several years of stepwise commission-
ing. In particular, it is planned to increase the single bunch
intensity from a few 1010 protons per bunch to the nom-
inal 1.15× 1011 protons per bunch, to increase the colli-
sion energy from initially about 5TeV to the nominal 7TeV
per beam, to decrease the transverse beam sizes at the in-
teraction by decreasing β∗, and to increase the number of
bunches circulating and colliding in the LHC. It is planned
to start initial operation with 43 − 156 bunches, which
would allow sufficiently large bunch spacing to eliminate
any parasitic beam encounters in the ±58m common beam
pipe around each interaction region. At every stage, we
will try to understand and minimize the machine induced
backgrounds to be able to predict conditions for the next
steps.

The LHC is equipped with a three stage collimation sys-
tem [2], which is primarily designed to keep the flux of
particle losses on the cold parts of the LHC machine be-
low the quench level. The performance of the collimation
system is simulated by following up secondary particles
which first hit the primary collimators at small impact pa-
rameters. These primary halo losses are further reduced
by secondary and tertiary collimators. A small fraction of
these losses will impact on the tertiary collimators placed
in the straight sections around the experiments and result in
a small fraction of secondary particles which can reach the
experimental detectors.

∗ Univ. of Oslo and CERN, Yngve.Inntjore.Levinsen@cern.ch
† CERN, Geneva, Switzerland
‡ IHEP Protvino, Protvino, Moscow Region

To allow to predict the total flux of beam induced ma-
chine backgrounds into the experiments, we have to con-
sider any direct losses of the circulating protons as a result
of the scattering of the protons with particles of the rest-gas
in the beam pipe.

EVENT GENERATION

The collisions between the high energy protons and the
residual gas are not implemented directly into the tracking
tool. An interface is developed so that the collision events
can be simulated prior to the tracking using DPMJET [3]
as the event generator. The output format from DPMJET
is simple and flexible, including a particle ID, energy and
angles with respect to the angle of the incoming proton. It
will be a straight forward task to replace or compare DPM-
JET with other event generators if that would be a request
or a necessity at any point in time.
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Figure 1: Percentage of events generating a proton with
a given energy, from the scattering of 7 TeV protons with
H atoms at rest. The elastic peak is observed for proton
energy close to 7 TeV.

So far, we simulate proton collisions with a H atom,
and the H2 equivalent pressure distribution (normalized by
cross section ratios) is used in the simulations. A histogram
of the energy distribution can be seen in Fig. 1. Recent
discussions have emphasized that one in the future should
simulate the collisions with all types of residual gas due
to the different ratios of energy distribution and ratios of
residuals. This inclusion is part of the future plans for this
project.

PROTON TRACKING

The event generation is followed by tracking of protons
around the LHC ring using SixTrack [4]. This kick-code
tracking tool provides a fast tracking including collima-
tion, providing multiturn tracking and the ability to study
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Figure 2: In about 22% of the scattering events, a proton with more than 90% of initial beam energy is generated. The
loss locations of those protons are shown here. In addition, 78% of the events are generating locally lost particles only,
and are not a part of this plot.

halo generation from beam-gas. The proton tracks are sub-
sequently used in an aperture code, determining aperture
losses. In order to track protons after the beam-gas event, it
is required they are not very much off-momentum due to a
reduced Hamiltonian. The exact limitations regarding off-
momentum particles are under investigation, and results so
far indicates that at least a few percent off momentum will
not be a problem. In other words, since the dispersion lim-
itation in the arcs is expected to be less than one percent,
the code seems to be fitting for our purpose. What remains
is the tracking of all residues in the long straight sections
(LSS) and to compare tracking of protons with different
tracking tools for the highly off-momentum particles over
shorter terms.

Beam-gas scattering is normalized so that all particles
in the simulation is scattered once during the first turn of
tracking, according to given pressure distributions around
the ring. Multiple beam-gas scattering is not considered
since the probability of this to happen should be insignif-
icant. For each type of parent atom, a separate tracking
simulation will be ran. The output is then afterwards nor-
malized according to

P(z) = lossMap(z) ·σtot ·
np in ring

np in sim
· c

rLHC
·
∮

p(z)dz.

In this equation, lossMap(z) is the losses at position z
around the ring (according to the given pressure map), σtot
is the total cross section for a beam-gas interaction (elastic
and inelastic), np in ring is the total number of protons stored
in the LHC ring, np in sim is the number of simulated events,

c
rLHC

is the speed of light divided by the circumference of
LHC which mounts to about 11 200 turns per second. Fi-
nally, p(z) is the partial pressure distribution for the given
parent atom.

The pressure distribution has been simulated by the vac-
uum group at CERN [5], and seems to correspond well with
measurements (static pressure only as we have not had a
high energy beam inside LHC yet). The plan is to include
a full simulation with the partial pressure for at least four
different gas residuals (H2,CH4,CO and CO2). In the ex-
ample shown below the simulated pressure distribution is

not implemented. The implementation of a pressure distri-
bution is ready, and will be included in future simulations.

Summarizing P(z) for all residual gases that are included
in the simulation, one then has the losses per second at lo-
cation z. The output includes all particles generated, but
only protons within a given off-momentum limit is tracked
after the beam-gas event. The other particles are still part
of the output, directly written to file from their position in-
side the beampipe. The same is true for particles coming
out from a given event other than the high energy proton.
They will be written to file at the location where the scat-
tering event took place. The principle is that all particles
are tracked as far as possible with our tool, but not further.

OUTPUT AND SIMULATION EXAMPLE
The output from the tracking includes particle type, 6D

coordinates and current condition. This can be that the par-
ticle is still inside the beampipe or that it hit some aperture
or a collimator. The output also includes the type of the
parent atom in the scattering process and the event id so
that one can keep track of what came out of a given event.

The output can be used as input for loss studies in the
LSS. Similar studies has been performed in the past [6].
What is new here is the halo generation from the elastic
scattering with the realistic residual gas pressure map, fol-
lowed by multiturn tracking with the full LHC ring consid-
ered. The simulation does not give priority to any of the
IRs, but is instead developed as a general tool where the
losses in a given region can be extracted for detailed stud-
ies afterwards.

As an example run, 500 000 protons underwent a beam-
gas scattering on a H atom and were subsequently tracked
for 300 turns. For this example, the pressure were set con-
stant around the entire ring. The off-momentum acceptance
in the code is not yet well known, but was here set to 10%,
which includes a proton from about 22% of the scattering
events. 10% is at least an order of magnitude larger than
the momentum acceptance in the arcs. The result can be
seen in Fig. 2 and Fig. 3. The losses on aperture drops to
zero within the first few turns, and the losses on the col-
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Figure 3: The spread of lost protons as a function of num-
ber of turns since the beam-gas event. After about 100
turns, there seems to be little to no losses anymore. Losses
on aperture drops much faster, within the first few turns.

limators drops by about three orders of magnitude in the
same amount of turns.

If one wants to combine these data with data from the
collimation studies [7], one should remember that there
could a double count when considering the losses on the
collimators. This is probably more present for protons sur-
viving many turns before impact with the collimators. The
losses on the collimators fall off more slowly after the first
few turns before they more or less disappear after about
100 turns. Only one beam is simulated (clockwise rotation
around the ring). Independent studies [8] have shown that
for the clockwise beam the background is worse for CMS
(IR5), whilst for the other beam the background is worse
for ATLAS (IR1). This lossmap seems to be in agreement
with such a statement, as we see more losses around IR5.
The code is parallelized (hardcoded), so the simulation may
run in a few hours on a large server.

The idea is that the simulation can be ran more or less au-
tomatically on a server when one has a new pressure profile
to study (e.g. a pressure bump). Another possibility would
be to run a very large simulation with a constant pressure
map and map on the pressure profile to this simulation af-
terwards.

SUMMARY
The project presented is a work in progress. The out-

put data are expected to be ready well in time before the
LHC startup this fall. Amongst the first users of this code
are probably LHCb and ALICE where the output provided
from these beam halo simulations will then be used to es-
timate the background flux towards the detectors. ATLAS
and CMS in collaboration with Fermilab use different tools
for similar studies and from what has been seen until now
the simulations seems to be consistent.

REFERENCES
[1] Proc. of Workshop on Exp. Conditions, April 2008,

http://indico.cern.ch/conferenceDisplay.py?confId=25768,
CERN-2009-0nn.

[2] R. W. Assmann et al. The final collimation system for the lhc.
LHC-PROJECT-Report-919., Jul 2006.

[3] S. Roesler, R. Engel, and Johannes Ranft. The monte carlo
event generator dpmjet-iii. Proc. of the Monte Carlo 2000
Conf., Lisbon, October 2000.

[4] G. Robert-Demolaize et al. A new version of sixtrack with
collimation and aperture interface. Proc. of PAC, May 2005.

[5] A. Rossi and N. Hilleret. Residual gas density estimations
in the lhc experimental interaction regions. LHC-Project-
Report-674, Sep 2003.

[6] R W Assmann, et al. Tertiary halo and tertiary background
in the low luminosity experimental insertion ir8 of the lhc.
LHC-PROJECT-Report-953, Aug 2006.

[7] C. Bracco. Commissioning scenarios and tests for the lhc
collimation system. PhD thesis, EPFL, 2009.

[8] N. Mokhov. Presentation of current status of simulations AT-
LAS/CMS beam-induced background WG, Feb 2009.



148 APPENDIX D. ARTICLES

D.2 Beam-Gas Loss rates in the LHC
• Title: Beam-Gas Loss Rates in the LHC

• Abstract: We report on detailed simulations and first observations of beam-gas
rates in the LHC. For the simulations, a set of comprehensive tools has been set
up, which incorporate pressure maps, collimator settings, and beam optics. The
simulations include both elastic and inelastic beam-gas events in the arcs and
long straight sections of the LHC. This provides, amongst other things, realistic
collimator loss distributions, fluxes of secondary particles into the experiments
and multi-turn tracking of elastic event residues.

• Where: IPAC10, Kyoto, Japan

• When: May, 2010

• Contribution: Yngve was the main author of this paper. Yngve obtained pressure
distributions and did the simulations of long-distance beam-gas background. All
parts of the paper excluding the section on LSS beam-gas was written by Yngve,
with iterations and corrections by the co-authors. Yngve was the presenting
author at the conference.

• Co-authors: Robert Barrie Appleby, Helmut Burkhardt

• Bibliography entry: [103]



BEAM-GAS LOSS RATES IN THE LHC

Yngve Inntjore Levinsen, Univ. of Oslo, Norway and CERN, Geneva, Switzerland
Robert B. Appleby, CERN, Geneva, Switzerland and Univ. of Manchester, United Kingdom

Helmut Burkhardt, CERN, Geneva, Switzerland

Abstract

We report on detailed simulations and first observations
of beam-gas rates in the LHC. For the simulations, a set
of comprehensive tools has been set up, which incorpo-
rate pressure maps, collimator settings, and beam optics.
The simulations include both elastic and inelastic beam-gas
events in the arcs and long straight sections of the LHC.
This provides, amongst other things, realistic collimator
loss distributions, fluxes of secondary particles into the ex-
periments and multi-turn tracking of elastic event residues.

INTRODUCTION

LHC had its first collisions in November 2009, with
a quickly following world record in collision energy at
the end of the month. These days we are getting an
instantaneous luminosity of about 1027 cm2s−1 without
squeezed optics, at a collision energy of 7 TeV. From
the initial pilot beam intensity of 5× 109 protons/bunch
and 1 bunch/beam, we eventually want to end up with the
nominal intensity of 1.15× 1011 protons/bunch and 2808
bunches/beam. The beams should eventually be strongly
focused at the interaction points, further increasing the lu-
minosity. These changes will not only change the lumi-
nosity, but the background as well. In order to get a good
prediction of the signal to noise ratio and the protection of
the machine, it is important to know how the different back-
ground sources scales with these changing parameters.

In this paper we will present the current status of our
knowledge of the beam-gas background, i.e. background
arising from protons in the beam colliding with the residual
gas left in the beam pipe. This is a part of a larger effort to
obtain the full picture of and scaling laws for background
sources. We presented our simulation framework for dis-
tant beam-gas at PAC 09 together with V. Talanov [1]. In
this paper we will present predictions for background rates
from this simulation package, together with shower sim-
ulations for the long straight sections around ALICE and
LHCb using Fluka. The predictions from the simulations
are then compared to the early data that has currently be-
come available from the LHC running. A more detailed
presentation of these simulations for the LHC injection en-
ergy can be found in [2].

SIMULATIONS AND EXPECTATIONS

Input parameters

For the simulations, the nominal settings for 3.5 TeV is
used. That includes a β∗ of 10 m in ALICE, 3 m in LHCb,

and 2 m in ATLAS and CMS. The external crossing angle is
turned off, limiting the maximum number of bunches in the
machine to 156 bunches/beam. The experimental magnets
are set at full power, with inversed polarity in LHCb. The
RF voltage is at nominal 16 MV.

Beam-gas by its nature depends linearly on the pressure,
hence the pressure assumed is important. At 3.5 TeV, syn-
chrotron stimulated desorption is assumed to be insignif-
icant in the straight sections. In the arc, there is a slight
increase in pressure from the purely static pressure maps.
The H2 equivalent pressure map can be seen in Figure 1.
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Figure 1: The H2 equivalent pressure map used for the sim-
ulations. We see the four experimental regions, where a de-
tailed simulated pressure map is available. The map starts
at IP1, which is ATLAS.

LSS beam-gas

Beam-gas interactions in the long straight sections (LSS)
of the experiments give a direct background source to the
experiments. The elastic interactions contribute to the
beam emittance growth, while the inelastic interactions
generally produce forward hadrons and locally lost prod-
ucts at large angles. The forward hadrons (generally pions),
and the resulting decay to muons, give the LSS beam-gas
experimental background contribution.

The LSS beam-gas background to the LHC experiments
was calculated using the simulated pressure map shown in
Figure 1. A FLUKA geometrical model [3, 4] was con-
structed of the LSSs of the LHC, with a model of the
magnetic elements, tunnel, shielding, collimators and all
relevant mass distributions. The magnetic fields were in-
cluded either through explicit field maps or ideal fields.
Full details of the model for IR8 (LHCb) can be found



in [3, 4]. The proton-gas molecule interactions are sim-
ulated using DPMJET and distributed in the LSS accord-
ing to the pressure profile. Note the calculation is done
in terms of hydrogen-equivalent pressure profiles. The re-
sulting hadronic and EM showers give the background flux
contribution into the experimental caverns. The particle
showers are cut off at a kinetic energy of 20 MeV for all
particles except neutrons, which are followed down to ther-
mal energies.

The total rate of beam-gas interactions is obtained
from the integral of the gas pressure profile in the LSS
(up to the experimental interface plane) and the proton-
hydrogen/proton-carbon nuclear cross section. Table 1
gives the total rates of LSS beam-gas inelastic interactions
in the LSSs of LHCb and ALICE, assuming 2 × 1010 pro-
tons in the LHC and a pH inelastic cross section of 36 mb.
The interface plane locations of LHCb are 2.1 m for beam 1
and 19.9 for beam 2, and 19.5 m on both sides for ALICE.

Table 1: LSS inelastic beam-gas interaction rates, assum-
ing 2× 1010 protons in the LHC.

LSS rate
[protons/s]

LHCb left 1.45
LHCb right 1.45

ALICE 1.25

The resulting LHCb MIB fluxes from beam-gas interac-
tions in the LSS at 3.5 TeV beam energy are 3.3 charged
hadrons/s and 0.2 muons/s for beam 1, and 5.9 charged
hadrons/s and 0.5 muons/s for beam 2. Note the longitu-
dinal location of these results differ due to the different lo-
cation of the beam 1 and beam 2 interface plane for LHCb.
The resulting MIB flux for ALICE beam 1 and beam 2 are
3.0 charged hadrons/s and 0.3 muons/s. These results are
obtained for a proton fill of 2× 1010 protons.

Distant beam-gas

Distant beam-gas provides additional background signal
in form of protons hitting the tertiary collimators (TCTs)
upstream of the final triplets in the insertion regions. As
such, this background component does not have a clear sig-
nature that we see from the local beam-gas background. It
will look more or less identical to the normal halo compo-
nent, and will add on top of that signal. This will make
distant beam-gas harder to disentangle than LSS beam-gas.

At the current beam energy we do not have dynamical
contributions to the pressure. Hence, the beam-gas back-
ground is orders of magnitude below what we expect at
nominal machine parameters. For nominal machine con-
ditions, we have estimated based on simulations that the
proton rate on the TCTs are on the order of MHz, and
the simulated pressure maps gives a lifetime for the beam-
gas component of about 1000 h. Calculations of beam-gas
lifetime are further explained in [2]. This means that the
distant beam-gas component can be expected to reach the
same order of magnitude as the normal halo component.

Figure 2 shows a simulated loss map for 3.5 TeV. In this
simulation we have used a β∗ of 2 m in ATLAS and CMS,
3 m in LHCb and 10 m in ALICE. For the normalization
to a rate, a bunch intensity of 9 × 1010 protons and 156
bunches per beam. The beam-gas lifetime is estimated to
be on the order of 105 h, using the simulated pressure map
for 3.5 TeV.

Table 2 gives the proton fluxes on the different TCTs, as-
suming the same parameters. The rates scale linearly with
the total stored current for a given beam, so they can be
rescaled to the actual intensity in the machine. The pur-
pose of the TCTs is to protect the final triplets. As one de-
creases the β∗, the transversal beam size in the final triplets
increases. Hence, the TCTs must be placed closer to the
beam (in units of transversal beam size). That means that
these rates would be higher for a β∗ of 2 m in ALICE and
LHCb, instead of 10 m and 3 m, respectively.

The proton rates in Table 2 must be transported to the
experiments interface plane. This is done with the same
FLUKA code that is used for the shower simulations of
the inelastic beam-gas. From this one obtains a conversion
factor in e.g. number of muons at the interface plane per
proton at the different tertiary collimators. An example of
such conversion factors for LHCb beam 1 can be found in
[5].

EARLY DATA FROM LHC

As we see from Figure 2, the proton flux on the colli-
mators is too low to be observed with the beam loss moni-
tors at the moment. The experiments can still measure even
single beam-gas events. This is done by measuring the trig-
ger rate for bunches which are not colliding with a bunch
in the other beam, what is defined as beam-empty trigger
rates. The showers to the interface plane are then trans-
ported through the experimental cavern, and the expected
trigger rate efficiency for the activated trigger scheme is
calculated for the different background sources. This pro-
cedure is covered in [5] for the case of LHCb.

In the data following below we had a fill of three bunches
in each beam, where there were two centred bunch col-

Table 2: Simulated rates in protons per second hitting the
horizontal (H) and vertical (V) tertiary collimators for the
3.5 TeV parameters.

Experiment Orientation Rate
[protons/s]

Beam One Beam Two

ATLAS
H 40.4 46.2
V 22.1 42.8

ALICE
H 2.54 2.87
V 4.37 2.77

CMS
H 49.0 37.6
V 54.1 30.3

LHCb
H 18.0 19.5
V 14.4 46.0
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Figure 2: Simulated loss rates from beam 1 at 3.5 TeV. About 71 % of the events are lost locally, in addition to the
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lisions in each interaction point (IP). LHCb had for this
fill an average trigger rate of 0.65 per second for beam-
empty collisions for beam 1. With the trigger algorithm
used, LHCb simulations show that this corresponds to a in-
elastic beam-gas rate of about 8 protons per second, to be
compared with Table 1.

The bunch intensity for the non-colliding bunch was
measured with the fast beam current transformer (BCT)
and found to be about 9 × 109 over the course of the fill.
Hence, the estimated rate of protons from inelastic beam-
gas from our simulations is 0.65, one order of magnitude
lower than measured. Betatron halo and elastic beam-gas
do bring up the trigger rate slightly, but it is found that for
the 3.5 TeV beam energy, inelastic beam-gas is the dom-
inating background component in LHCb. Ignoring these
components cannot explain the discrepancy, but they will
result in a smaller difference between simulations and mea-
surements. Background components can be significantly
larger than expected, due to e.g. optics imperfections and
misalignments that are not included in simulations.

We published an estimate for the beam-gas rates at 450
GeV in a note earlier this year [2], where we used a simpli-
fied pressure map based on measurements instead of simu-
lations. Measured pressure levels should always be consid-
ered an overestimate, due to gauge outgassing, location of
gauges etc.

The average pressure in the pressure profile we gener-
ated is close to one order of magnitude higher than the
simulated pressure. If the average pressure is closer to
our estimates pressure than the simulated pressure, that
could explain some of the discrepancy between the sim-
ulated and measured trigger rate for this fill. It has always
been stressed that the simulated pressure maps are order of
magnitude studies, and that safety margins must be applied.
The same pressure map simulations give a beam lifetime of
about 1000 h for the nominal machine, whereas the lower
limit requirement defined in the LHC design report is 100
h [6, 7].

SUMMARY

We have here presented an extensive framework for
beam-gas background simulations in LHC. From this

framework, we have estimated expected rate of background
particles showering towards the experiments ALICE and
LHCb for 3.5 TeV beam energy, in addition to providing
a loss map for the rest of the LHC. The showers are com-
pared to measured trigger rates for LHCb, and the simula-
tions predict the trigger rates to be one order of magnitude
lower than measured. This is not alarming for a first ap-
proach. We are pleased to see that we can already compare
data with simulations at this early stage.
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DEPENDENCE OF BACKGROUND RATES
ON BEAM SEPARATION IN THE LHC

Yngve Inntjore Levinsen ∗, Helmut Burkhardt †, R.B. Appleby ‡, Simon Mathieu White §

Abstract

To some extent, background and loss rates vary when
beams are brought into collision in the LHC and when the
beam separation is varied during luminosity scans. We
have searched for these effects in the early LHC operation.
The data are analysed and compared with models and sim-
ulations.

INTRODUCTION

The LHC includes four experimental regions. The colli-
sions in each interaction region will result in scattered par-
ticles, some of which may be lost in another interaction re-
gion resulting in cross talk between the experiments. Pro-
ton colliding in one experiment with a small energy loss
could survive in the beam for a short while, being lost
around another experiment. Depending on optics, phase
advance, aperture and so forth, the level of background
arising from this cross talk can change significantly. As
part of a larger effort to map out and understand the differ-
ent background sources in LHC, we have been simulating
and studying the cross talk as a function of the interaction
rates in the different experiments.

Interaction region cross talk as potential source of back-
ground has been known for a while. Earlier studies on loss
maps from collisions in the CMS interaction region already
showed evidence for this effect [1], and motivated for a
more dedicated study as presented here. The design lu-
minosity of the LHC is 10−34 cm−2 s−1, for the two high
luminosity experiments ATLAS and CMS. The two other
experiments, LHCb and ALICE were designed for lumi-
nosities which are several orders of magnitude below the
LHC design luminosity. ALICE in particular will run at a
nominal luminosity of about 10−29 cm−2 s−1 up to a max-
imum of 3 × 10−30 cm−2 s−1, and will therefore be rather
sensitive to cross talk from the high luminosity interaction
regions [2]. The background is dependent on the specific
machine parameters. A simulation tool is required to pre-
dict the background levels in a given setting. Of importance
is the luminosity in each experiment, the positions of the
tertiary collimators, and the phase advance between differ-
ent elements (experiment to experiment, or experiment to a
given aperture bottleneck upstream of other insertions).

Small angle elastic proton collisions in one experiment

∗ Univ. of Oslo, Norway and CERN
† CERN, Geneva, Switzerland
‡ CERN and Univ. of Manchester, United Kingdom
§ Univ. de Paris-Sud 11, France and CERN

give an angular kick to the protons, acting as a transver-
sal diffusion process. Since collisions are more probable in
the centre of the beam, this will typically increase the beta-
tron action of the colliding proton. As a result, one would
expect a peak in losses from one experiment at locations
which are at a phase advance

90+ atan(α/β)+ 180 ·n (1)

degrees downstream of the collision point, where n is an in-
teger and where the twiss parameters are taken at the point
the potential loss points.

In addition, we also expect losses from proton collisions
which result in a small energy loss. A proton will be lost
from the stable rf-bucket for an energy loss of ΔE/E >
3.5 × 10−3 but may still travel through one or several of
the LHC arcs up to ΔE/E ≈ 7 × 10−3. This is included
in our simulations. The dispersion around the experiments
is small so that most of the off-momentum protons will be
lost far from the experiments and not contribute much to
the observed backgrounds.

We searched for signs of cross talk during luminosity
scans. These scans are done for only one of the four in-
teraction regions at a time. The duration of these scans
is less than 30 min, which is short compared to the beam
and luminosity lifetime (> 10 h), so that any changes in the
observed background rates at the other interaction regions
would be evidence for cross talk.

SIMULATIONS

A simulation has been set up, in similar manner to the
beam-gas simulations [3, 4]. A detailed optics and aperture
model is available. Sixtrack is used for tracking, providing
the availability of high speed multiturn tracking of protons.
Other residues from the collisions are not able to survive
from one experiment to the next without getting lost.

DPMJET III is used to generate collision events. DPM-
JET can use internally PYTHIA and PHOJET. The frame-
work developed for these background studies is highly
modular, which means that other event generators can be
tested.

In Figure 1, a simulated loss map from IP cross talk is
shown for beam one (moving clockwise when seen from
above). A detailed view around the IPs is shown in Fig-
ure 2. The beam energy is 3.5 TeV. For the simulations we
assumed a β∗ of 2 m in ATLAS and CMS, 3 m in LHCb,
and 10 m in ALICE. This differs somewhat from the cur-
rent machine, which has 2 m β∗ commissioned in all four
IPs.
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Figure 1: The loss map from beam one. Rates coming from
different experiments are normalized to the squeeze optics
at those experiments. The blue line show losses on collima-
tors, whereas the green line shows losses on other aperture
restrictions.
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Figure 2: Detailed loss maps around the experiments.
Losses downstream of the IP are for the most part coming
from the IP itself. What is interesting are losses upstream
of the IP, which can cause particle showers into the caverns.

Elastic and quasi-elastic collisions make up for a large
fraction of the collisions in the insertion regions. For 3.5
TeV, about 28 % of the protons are found to be within an
energy range which makes it possible to survive through
one arc without being lost. About 10 % of the protons are
found to survive for more than 100 turns after the collision.
These numbers vary slightly for different machine settings.
We are left with slightly less than 1/5 of the protons which
are potentially contributing to the cross talk between the
experiments.

LUMINOSITY CALIBRATION SCANS IN
LHC

An application has been developed [5] to separate the
beams locally in the insertions and obtaining the luminos-
ity as a function of the separation of the two beams. This
application has two purposes. First, it is used to optimize
the luminosity. This is a quick procedure performed regu-
larly during operation. The second purpose is to do calibra-
tion scan in order to obtain an estimate on the luminous re-

gion and then an estimate on the absolute luminosity. These
scans are slower (in order to obtain sufficient statistics) and
more points are required for a proper fit. An example of the
resulting interaction rate on one of the collision rate mon-
itors (BRANs) can be seen in Figure 3. The duration of a
full scan depends on the available intensity. With an inter-
action rate on the BRANs of around 100 Hz that we had
during this scan, a full scan took about 20 min.
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Figure 3: The interaction rate during a luminosity scan in
CMS [6]. This full scan took about 20 min to finish.

Because the luminosity scans give a particular signal to
the luminosity as a function of time, it was considered
worthwhile to search for correlations between this signal
and background signals at other places in the machine.

In LHC there are many different detectors that could be
used to search for cross talk. To study all signals in de-
tail for all luminosity scans would be very time consuming.
Hence one has developed an analytical tool that calculates
the correlation between a specified signal (e.g. the signal
from a BRAN) to all other signals selected. The correlation
should then give a quick indication if there is something
worth looking at. An example is given in Figure 4.

In the figure we observe that only the luminosity sig-
nals in the insertion itself show a clear correlation. Even
the physics debris collimators (TCL R/L 5) do not see any
signal variation. We expect that higher intensity would be
required in order to study the IR cross talk in detail.

DISCUSSIONS AND OUTLOOK

In the simulations, it is observed that a high fraction of
the collisions in ALICE result in a proton hitting the TCTs
in CMS and ATLAS for beam one and beam two respec-
tively. This can be understood from the fact that the β ∗ is
larger in ALICE than the other experiments, which means
that γ∗ is lower. Hence a given angular kick (which is de-
pendent on neither β∗ nor γ∗) will result in a larger betatron
action for the proton collisions in ALICE than the other ex-
periments. In addition, the TCTs are more relaxed when β ∗

is larger in a given IP, decreasing the fraction of the beam
they are scraping.
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Figure 4: Table of correlation values from a horizontal scan
in CMS. All signals are correlated to the BRAN left of
CMS (downstream for beam 2). Of particular interest are
the signals in Figure (a). For the collimators in Figure (b)
and (c), the gas ionisation BLMs are used.

If it is correct that β∗ is the dominating factor together
with the phase advance, then this is good news. It means
that the cross talk produced in an experiment will be re-
duced when we increase the squeeze in the originating ex-
periment, counteracting the increased interaction rate. As
we unsqueeze the low luminosity insertions, we will fur-
ther reduce the incoming background at those experiments,
because the TCTs are at a more relaxed position.

It is observed that the vertical phase advance in the sim-
ulation from ALICE to the vertical tertiary collimator in
front of ATLAS is 78 degrees, and the maximum ampli-
tude would be expected at 86 degrees. Hence, we are close
to the maximum amplitude in addition to the fact that this
is the first major aperture restriction beam two meet after
the collisions in ALICE.

We are not observing significant cross talk in the LHC at
the moment — which is good and as expected. We did a

short simulation of the nominal 7 TeV machine, where we
learned that one could expect a hit rate on the TCTs origi-
nating from cross talk up to about one order of magnitude
less than that of the normal halo component. We are fairly
confident that we now have the tools ready to both simulate
IR cross talk and analyse the data that becomes available
from the LHC.
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Simulation of Machine Induced Background
in the LHCb Experiment:

Methodology and Implementation
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Abstract—Numerical analyses of machine induced background
at the LHC are needed to evaluate the complete running
environment of an experiment. In order to have a comprehensive
view of the machine background in an experiment all of its
sources, ranging from collimators’ cleaning inefficiency to distant
and local beam-gas interactions need to be estimated; particles
showering from the losses are then to be transported all the way
to the experimental setup and the response of the detector evalu-
ated. In this paper we describe a novel methodology implemented
in LHCb to achieve this. Each step in the chain is simulated with
software specific to the task and provides input to the subsequent
step through a well-defined and clear interface. We will describe
the methodology used for the studies and give some examples of
the results obtained. Further, we will discuss in detail the various
steps in the chain together with the advantages such a modular
method allows in evaluating operational conditions where scaling
of the initial sources can be applied.

I. INTRODUCTION

AN accelerator environment always contains particles not
originating from beam collisions at the interaction point

(IP). These background particles can reach the detector and
give rise to a certain level of background in the LHC ex-
periments. It is important to evaluate the amount and char-
acteristics of this background, not only in the design of an
experiment but also during operation in order to minimize its
potential impact.

Particles originating from proton beam interactions with
the gas residue in the vacuum chamber or with the aperture
material of the accelerator on either side of the interaction
points and reaching the experimental areas from the machine
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Fig. 1. Layout of the LHC ring. The interaction points are indicated with
LHCb being in IP8.

tunnel constitute what we call the Machine Induced Back-
ground (MIB). The rate of this type of background is generally
proportional to the machine beam current and depends on
a given operating condition; depending on the luminosity
of an experiment the MIB may contribute to its radiation
environment, influence its trigger and physics measurements.

The Large Hadron Collider (LHC) [1] at CERN started
operation at the end of 2009 and, after a short period at 450
GeV/beam, has been operating at an energy of 3.5 TeV/beam.
A planned upgrade will bring LHC to the nominal 7 TeV/beam
within the next years. The layout of the machine is shown in
Fig. 1. The ring is divided in eight sectors each comprising
a long straight section (LSS) of about 600 m length where
the beam trajectory (apart from separation dipoles) is straight.
These straight sections are surrounded by dispersion suppres-
sion regions (DS) and arcs where the beams are bent in their
circular paths around the machine by the main dipole magnets.
The interaction points where the experiments are located are
in the middle of four LSS with the LHCb detector installed
at IP8. Insertion regions for betatron and momentum halo
cleaning are found in two of the remaining sectors, IR7 and
IR3 respectively.

The LHCb experiment [2] is designed to investigate the
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clockwise beams, respectively beam 1 and beam 2, are indicated.

possibility of new physics beyond the standard model by
performing precision measurements in the beauty and charm
sectors. In order to perform such measurements LHCb in-
tends to operate at an average rate of a few proton-proton
interactions per bunch crossing; once the experimental optimal
instantaneous luminosity is reached, the pile-up from multiple
collisions in single bunch crossings will be optimised by
levelling the luminosity profile during the fill. This will result
in an increase of the relative MIB to collisions ratio.

The detector, shown in Fig. 2 is a single arm spectrometer
in the direction of the clockwise beam (beam 1), and as a
result is more sensitive to MIB coming from this beam than
the beam going in the counterclockwise direction (beam 2).

II. SIMULATION OVERVIEW

A complete chain of simulations has been put in place in
order to obtain a comprehensive view of machine induced
background in the LHCb experiment. Dedicated software is
used for each aspect of the problem:

• The evaluation of the rates of the different sources of
background.

• The simulation of the proton beam interactions with gas
or machine aperture restrictions (known as beam losses).

• The transport of the shower to the LHCb cavern.
• The transport of the surviving particles in the detector

itself.
Each step in the chain provides the input for the next,

allowing to fully evaluate the effect of each background
component on the detector, the trigger, reconstruction and
physics measurement in the experiment. The modular method
adopted allows to combine the different sources to provide the
overall view of the MIB in a given operation condition and to
evaluate a variety of operational conditions when scaling of the
initial sources is applicable as is the case for MIB contributions
directly proportional to local gas pressures.

In the following sections the various steps in the simulation
chain are discussed in detail and examples of the results
obtained are provided.

III. SOURCES OF MACHINE INDUCED BACKGROUND

The total rate of the machine induced background depends
on the contribution to the particle flux from secondary cas-
cades originating from the different sources. Secondary parti-
cles, produced in any of the sources, have different probability
to reach LHCb depending on where they originate with respect
to the interaction point (IP8). This can be inferred from Fig. 1
where LHCb is indicated in the LHC layout.

The following MIB sources are relevant for the LHCb
experiment:

1 Inelastic and elastic interactions of the beams with resid-
ual gas nuclei in the LSSs close to LHCb.

2 Elastic and diffractive beam-gas interactions in the whole
LHC.

3 Betatron cleaning inefficiency at IR7 which results in
beam halo protons scattered and not absorbed in the
collimation system in this region.

4 Momentum cleaning inefficiency at IR3, where an off-
momentum beam halo is produced.

5 Collisions in the higher luminosity experiments, where a
fraction of elastic and diffractive interactions may reach
LHCb.

The first source is local to LHCb and gives a direct
background to the experiment. All other sources result in halo
buildup where beam protons, due to various processes, are
spread in transverse and longitudinal phase space and will
impact the aperture restrictions they will encounter around
the machine. As a result some of the MIB sources depend
heavily on the LHC machine optics. In the LSS on both
sides of LHCb the smallest apertures are given by tertiary
collimators (TCTs) designed to protect the quadrupoles triplets
and, as a result, the experiment itself. Showers originating
from any of these sources hitting the TCTs will give an indirect
background to the experiment. Note that we do not consider
all of these sources in this paper, for example momentum
halo backgrounds, but the methodology presented is directly
applicable to all sources

Estimation of proton beam losses are performed individually
for the various sources listed above. The first step in the
simulation chain for all but the local beam gas source is to
evaluate the distribution of the beam losses in the aperture
restrictions along the ring and in particular for LHCb losses
in the nearby TCT collimators. We consider different machine
energies to study the evolution of MIB sources for the possible
range of LHC operating parameters.

IV. DISTANT MIB SOURCES

Distant machine induced background sources are defined
as background components which originate further away than
the LSSs where the interaction point is located. Therefore the
distant MIB sources include the tertiary halo, the elastic or
long range beam-gas interactions and the cross talk between
the experiments.

The accelerator beam will have a limited lifetime, which
will generally depend on the beam size (and so emittance), the
number of transversal oscillations it performs per turn (tune),
alignment and stability of magnet positions, impedance and so



forth. The particles in the beam will as a result drift slowly
outwards to higher transversal amplitudes, known as halo
growth. This halo is removed with a collimation system [3]
designed with a three level collimator hierarchy.

The third level of collimators, the tertiary collimators,
are placed about 70-120 metres away from each interaction
point. The protons which hit these collimators will produce a
certain amount of background flux to each experiment. The
proton loss rate on the tertiary collimators is estimated by the
collimation group [3], [4].

From the interactions between the beam and the residual
gas in the beam pipe one can have elastic or diffractive
interactions where the proton gets a small angular kick but
emerges essentially with no energy loss. The proton can then
stay in the beam for many turns, causing a contribution to the
slow halo growth.

The LHC consists of four interaction points, where the
beams collide. A fraction of the residues from these collisions
will travel with the beam and part of them can impinge
on some aperture restriction of another interaction point,
producing background to the experiment that is located there.
The amount of this depend on the number of collisions in the
originating interaction point, the machine optics between the
source and the experiment and will never exceed the collision
rate. As a result, this background component will become
a concern for LHCb once it reaches its optimal luminosity
while that in the high luminosity interaction points (ATLAS
and CMS) will continue to increase. It is expected that the
cross-talk from ATLAS will be most relevant for LHCb as it
is in the neighbouring interaction point while CMS is located
three octants away.

There are two main computational issues which are impor-
tant when studying these long range interactions. The first is
the precision in the particle trajectory and aperture model, and
the second is the speed of the simulation. Whereas localised
shower simulations run over a region of a few hundred metres,
these tracking simulations are computing particle dynamics
over a few hundred turns of 27 kilometres each. The symplec-
tic six-dimensional tracking code called SixTrack, developed
for long term tracking studies at CERN and elsewhere [5], [6]
has been used for this work. An extra module was added to
SixTrack which allows reading information on the collimators
positions and material [7], [8], and to include elastic physics
for protons in matter [9]. An alternative approach to the use of
SixTrack for the calculation of the LHC halo can be used and
is being investigated for future calculations. They are described
in [10].

A. Tertiary Halo

The rate of proton losses on a given collimator has been
calculated for nominal optics, collimator layout and settings
and a beam energy of 7 TeV. The machine parameters used can
be found in the LHC design report [11]. An initial transverse
halo distribution, either in the vertical or horizontal plane, is
tracked for several hundred turns with a complete model of
the beam pipe aperture and collimator positions. Re-scattering
of protons occurs on the collimator jaws, with elastically

interacting protons allowed to continue tracking until they
interact inelastically with a collimator jaw or intersect the
beam pipe.

The resulting distribution of lost protons around the ring is
localized on the primary and secondary collimators in LSS7
but losses are also seen on all tertiary collimators, with a
different loss pattern for beam 1 and beam 2 determined by the
proximity and the phase advance to the betatron cleaning, and
(to a lesser extent, due to less halo build-up) the momentum
cleaning section [11] in LSS3. In this paper we only consider
the larger losses from betatron beam cleaning. The fraction of
total lost protons at a given collimator is termed the cleaning
inefficiency, η. Table I shows the cleaning fractions for the
LHC collimation SixTrack calculation of 5×106 protons with
nominal optics at 7 TeV/beam described in [4] and a LHCb
β∗ of 10 m. The tertiary collimators are set to 8.3 σ, which
is equivalent to 1.35 mm half-gap for the vertical collimator
close to LHCb.

TABLE I
THE PROTON LOSS RATE ON THE TERTIARY COLLIMATORS OF LHCB FOR

BEAM 1 FOR A BEAM LIFETIME OF 30 HOURS. THE RATES ARE COMPUTED
FOR NOMINAL OPTICS AT 7 TEV BEAM ENERGY AND β∗ OF 10 M

Halo type TCTVB TCTH
Vertical 2.57× 106 p/s 0.10× 106 p/s

Horizontal 7.23× 103 p/s 0.51× 106 p/s

An asymmetry between beam 1 and beam 2 of the losses
arises because the tertiary halo is dominantly produced in the
betatron cleaning section in LSS7, which is adjacent to IP8
for beam 1 and very far around the LHC ring for beam 2. For
this reason we first concentrate on the analysis for beam 1.
As discussed in the previous section, the halo type refers to
the initial halo distribution in the SixTrack calculation, with
a pure vertical or horizontal halo referring to the possible
extremes of the true halo distribution. The cleaning fractions
can be normalized to a proton loss rate through the total beam
lifetime. The rate of proton loss on a tertiary collimator is
related to the beam lifetime τ by

ṗ =
η

τ
· pbeam, (1)

where pbeam is the number of protons in the beam. In this
work the betatron halo beam lifetime is assumed to be 30 hours
and the total number of protons in the LHC is assumed to be
3× 1014 per beam, giving an initial total loss rate (integrated
around the machine) of 2.78×109 protons per second. This can
be combined to give the proton loss rate at a given collimator,
which is shown in Table II for the LHCb tertiary collimators
for the cleaning fractions in Table I for beam 1.

TABLE II
THE BEAM 1 LHCB BACKGROUND FLUXES FOR THE TCTS, EXPRESSED IN

TERMS OF PER PROTON LOST. THE RATES (PER SECOND) CAN BE
OBTAINED USING TABLE I. THE RATES ARE COMPUTED FOR NOMINAL

OPTICS AT 7 TEV BEAM ENERGY AND β∗ OF 10 M.

Collimator muon rate [/p] charged hadron rate[/p]
TCTVB 0.16 0.06
TCTH 0.15 0.15



B. Long Range Beam-Gas

For the studies of the beam-gas component that survives for
longer distances, an addition to SixTrack has been developed
which reads an ASCII formatted list of proton-gas collision
events and distribute them around the ring according to the
gas pressure distribution [12], [13]. The beam gas interaction
is simulated using the DPMJET-III event generator [14]. The
direction and energy of the incoming proton is taken into
account and the gas particle taken at rest.

The tracking simulation is usually done over a maximum
of 100 turns, with the most significant losses within the first
three turns after an interaction took place. The tracking of a
proton stops as soon as it has hit the beam pipe or when it
has made an inelastic collision with a collimator jaw.

The simulation of long range beam-gas is done with parame-
ters very close to the machine configuration in 2010 (which are
not those of the nominal LHC). These parameters are a beam
energy of 3.5 TeV, no external crossing angle, and a simulated
static pressure map for an early unscrubbed machine, with
a rescaled dynamic contribution to the pressure in the arcs
coming from synchrotron radiation. An average H2 molecule
density around the ring of 3.49× 1011 H2/m3 was used in the
simulation [16]. The focussing in LHCb is set to a β∗ of 3 m
instead of 3.5 m, which means that the tertiary collimators are
set slightly closer in the simulation compared to how they are
set in the machine. In the later part of 2010 the LHC was run
with external crossing angle, something that is not considered
in the simulation. The difference is not expected to be of large
significance to beam-gas studies. The simulated loss maps has
to be scaled to a given beam current. With the assumption of
368 bunches/beam and 1.1 × 1011 protons/bunch the results
obtained are given in Table III.

TABLE III
SIMULATED RATES IN PROTONS PER SECOND HITTING THE HORIZONTAL
(H) AND VERTICAL (V) TERTIARY COLLIMATORS AROUND LHCB FOR

THE 3.5 TEV/BEAM PARAMETERS.

Orientation Rate
[protons/s]

Beam One Beam Two
H 51.9 56.2
V 41.5 132.6

C. Output

All information about the particles are then written to an
ASCII file to be used in the shower simulations in the LSSs.
This information includes position, energy, and direction of
each particle, in addition to information of where in the ring
the interaction took place and what species of gas participated
in the beam-gas collision the particle came from. The latter
makes it possible to rescale for pressure changes.

These simulations are simultaneously providing input to all
experiments around the ring, in form of loss maps on aperture
and collimator hits. It would also be usable for e.g. machine
protection studies at other locations. An example of the loss
distribution from collisions on hydrogen can be seen in Fig. 3.
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Fig. 3. The loss map produced from both inelastic and elastic collisions
between protons in the beam and hydrogen atom at rest. This example shows
the result of a simulation of 3.5 TeV beam energy for beam 1, with a simulated
pressure map. This is further explained in [13].

V. SHOWER FORMATION IN THE LONG STRAIGHT
SECTIONS OF THE LHC

The interaction of protons in the LHC beam with elements
of the machine, collimators or residual gas molecules in
the vacuum chamber results in a variety of processes and
distribution of final state particles. The proton interactions
in collimators generally result in inelastic processes and the
formation of secondary particle showers composed of particles
like pions and muons. For the case of showers induced in
collimators around LHCb, the relevant collimators for normal
operation are tungsten tertiary collimators (TCTs) located
74 m and 118 m from the experimental interaction point. The
interaction of a proton with a gas nucleus can be elastic or
inelastic, producing quasi-elastic intact protons or initiating a
secondary electromagnetic (EM) and hadronic particle shower.
The collision of a high energy proton with a stationery atomic
nucleus is a collision system strongly boosted in the forward
direction and results in secondary particle showers peaked in
the beam direction.

For the case of collimation-induced backgrounds, the EM
and hadronic showers themselves are initiated in the tungsten
insert block of the tertiary collimators. The LHC tracking
calculation gives the distribution of inelastic proton-nucleus
events in the tungsten block, and so the cascade was initiated
with a proton-Tungsten nuclear interaction at the relevant
location. This interaction itself can be calculated with an
explicit DPMJET-III [14] calculation and an appropriate boost
to the frame of the collimator, or implicitly in the FLUKA
source routine. Both methods give the same results. For
the case of beam-gas interactions, the vacuum pressure map
measured by the LHC vacuum gauges in the straight region
around the LHCb experiment [15] is sampled to distribute
inelastic proton-H2 collision products. Each proton-nuclear
event is simulated using DPMJET-III. The boosted reaction
products are then showered towards the IP. Note that the
proton-nucleus interactions produce many high energy forward
pions, with the shower transverse size growing transversely
as the particles move towards the experiment. An important
topological difference between collimator-induced showers
and beam-gas collision induced showers is produced when the
dense collimator material moderates the shower development
and reduces the energy of the forward pions. This results in a



higher energy and more forward peaked shower from beam-
gas interactions than collimator interactions as can be observed
in Fig. 4
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Fig. 4. Radial charged hadrons and muons distributions arriving at the LHCb
cavern for beam 1 at 3.5 TeV, for beam gas in LSS on the left and halo on
TCTs on the right.

The measurement of the residual gas pressure profiles in
the LHC by vacuum gauges is an essential input to beam-
gas calculations. The residual gas composition is a mix of
species, dominated by H2 in cold regions of the machine and
by CH4 in warm regions of the machine but including other
species such as CO2 and CO, and a full pressure profile by
species is needed for complete MIB calculations. However, the
measurements are often formulated by terms of H2-equivalent
species, where the pressure of non-H2 species is replaced
by an equivalent number of H2 molecules according to the
ratio of the proton-nucleus interaction cross section. This
equivalent H2 profile can give a feeling for total MIB rates
but, due to differing interaction kinematics, does not fully
describe the MIB produced from separated-species pressure
profiles. In this work, H2-equivalent profiles are used, because
they relate directly to static pressure measurements in the
LHC. The potential impact of true species or equivalent H2

pressure profiles on MIB rates and distributions is under
study. However, to allow re-weighting of secondary particle
distortions, the location and parent atom atomic number of
proton-nucleus collisions is recorded and passed down the
secondary particle showers and stored in the secondary particle
data arrays.

A. The simulation model of the long straight sections close to
LHCb

The hadronic and EM showers initiated by the proton-
nucleus inelastic interactions are calculated using the shower
Monte Carlo FLUKA [17], [18]. A geometrical model of
the LHC straight section around LHCb was constructed,
comprising of tunnel, beam pipe, all accelerator elements and
the tunnel shielding. This model is described in detail in [19]
and summarised here.

The model is divided into separate pieces for the left side
and the right side of the machine around the IP as viewed from
the middle of the ring (LSS8-left and LSS8-right respectively)
for computational simplicity and because of the presence of
the LHCb detector at the IP. The model consists of the LSSs
from ± 280 m from the IP to the interface plane between

the machine and experiment at -2.1 m for beam 1 (LSS8-
left) and +19.9 m for beam 2 (LSS8-right). Taken together,
the two halves of the model provide a complete picture of
LSS8, with a gap in the middle for the detector. The LHC
layout database [20] and optics web-page [21] was used to
produce the layout, and engineering drawings were taken from
the CERN drawing database [22].

The description of the final triplet magnets were adapted
from the existing final triplet model for LSS1 [23]. The mag-
netic field in the final triplet is modelled with an explicit field
map in the quadrupoles in the final focusing triplet (known
as Q1, Q2 and Q3). The model for the normal conducting
separating dipole (D1) was adapted from the superconducting
separating dipole (D2) in the LSS1 FLUKA model [23]
already mentioned, and the remaining quadrupoles are models
of the standard LHC components [23]. In the separation
dipoles and the remaining quadrupoles the fields are ideal and
localized to the vacuum chamber. For LSS8, new models were
made of the corrector magnets around the experiment, which
are part of the LHCb inner crossing angle bump. The fields for
these elements are ideal. The reference orbit for an incoming
and outgoing nominal proton was checked against the LHC
reference optics and agreement achieved.

The collimators in the LSS of IR8 are the tertiary halo col-
limators (TCTs) for the circulating beam. These are designed
to intercept the tertiary beam halo before it hits the super-
conducting final triplet magnets and also provide protection in
the event of anomalous beam dump events. They are located
on the incoming beams, with one collimator with vertical
jaws and one with horizontal jaws, with a tungsten jaw inset
for proton collimation. The horizontally collimating TCTH
is derived from a standard LHC one-beam collimator [23],
[24] and is located around 118 m from the IP. The TCTVB
is a two-beam vertical collimator located around 74 m from
the LHCb interaction point on the incoming beam. The close
proximity of the two beams at the TCTVB location means the
collimator is a two-beam type, consisting of a large aperture
to accommodate both beams and a shaped collimator block
with a tungsten insert, designed to ensure only the incoming
beam impacts the tungsten. The model of the TCTVB is a
specific two-beam collimator model, adapted from the one-
beam standard LHC collimator. The collimators are aligned
with the incoming beams, and the jaw position set by the
optics and beam energy.

The interaction region of LHCb is the injection region for
beam 2, and there are injection-related elements in the model
of the LSS around LHCb.

Beam 2 is injected in the right-side of the IP from the
outside of the accelerator ring, as shown in Fig. 1. Septum
magnets (MSI) deflect the beam in the horizontal plane by
12 mrad onto the horizontal orbit. The MSI also has an
aperture for the circulating beam 1, and a new model of the
elements was introduced. The beam orbit is kicked horizon-
tally by the four kicker modules of the MKI, the injection
kicker. The kicker is currently described in a simple way. The
LSS8-right model also contains injection-related collimators
for injection protection. For further details on the description
of these elements see [19].



Fig. 5. Layout of the long straight section left of LHCb as used in the
simulation. The IP is at z = 0.

The tunnel shielding of LHCb is modelled in terms of blocks
of iron and concrete in the model of the LHC tunnels. The
role of the shielding is to screen the LHCb detector from the
MIB particle fluxes, and is expected to be most effective for
the charged hadron contribution. For example, on the left-hand
side of the IP (RB84), the shielding is grouped in three regions,
80 cm of concrete closest to the IP, 80 cm of iron and 120 cm
of concrete in the tunnel, and then 80 cm of iron and 120 cm
of concrete forming a tunnel chicane.

An overview of the FLUKA geometrical model as it is has
been implemented of LSS-left is shown in Fig. 5. In this paper,
z is defined as the direction along the beam.

The EM and hadronic showers were propagated with a 20
MeV cut on kinetic energy of all charged hadrons, electro-
magnetic particles and muons, whilst allowing neutrons down
to thermal energies. The multiplicity of the EM cascade was
controlled with a leading particle bias on the cascade below 1
GeV. The choice of cut or bias was checked not to impact the
LHCb background fluxes scored above 20 MeV. The secondary
particle products from the showers are scored at -2.1 m from
the IP for beam 1 and 19.9 m from the IP for beam 2 [25].
An exchange file format has been defined which contains all
the information needed in order to import the particles into
the next step of the simulation, that of the LHCb detector. All
particle species are recorded, with energy, weight (to account
for the use of biasing in the cascades), phase space coordinates,
arrival time (with t=0 corresponding to the original beam
proton interaction and with respect to the reference particle),
the longitudinal position of the original loss location and the
species of the parent interaction atom.

VI. SIMULATION OF MACHINE INDUCED BACKGROUND
PARTICLES IN THE LHCB DETECTOR

In order to ascertain the impact of various MIB sources on
LHCb, these particles must be imported and simulated in the
standard software of the LHCb experiment.

The simulation application Gauss [26], [27] mimics what
happens in the detector. Like all LHCb data processing soft-
ware it is based on a framework named Gaudi [28], [29] and
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Fig. 6. The LHCb data simulation chain. Particle generation and interactions
with the detector are simulated in Gauss. Boole translates the particle hits
on the sensors into a DAQ-equivalent format. Brunel reconstructs tracks
and particles from the DAQ information while analysis is performed using
DaVinci.

as such Gauss follows its architectural design, with a clear
separation between data and algorithms and with well defined
component interfaces. The Gauss simulation specific code is
encapsulated in specific Algorithms and Tools (smaller pieces
of code) callable and controllable from the framework.

Gauss is divided into two phases, generation of the initial
particles and simulation of their transport through the LHCb
detector making use of the Geant4 toolkit [30]. For the gener-
ation phase various generator algorithms exist, each dedicated
to represent a specific particle source. Most notably various
type of events, for example specific physics signals or soft-
QCD events produced in proton-proton collisions at the IP,
are generated using libraries developed in the HEP community
(e.g. PYTHIA [31]). Following this scheme a dedicated MIB
algorithm has been implemented, able to import and sample
the MIB estimates.

As indicated in Fig. 6, after the simulated data has been
generated and transported through the LHCb detector descrip-
tion by Gauss, the data is processed by Boole. This application
calculates the expected detector response and transforms the
data into a DAQ equivalent format. This, as well as real data,
is reconstructed into standard track and particle candidates in
Brunel. Finally data analysis is predominantly performed using
the DaVinci application.

A. File exchange format

In order to simplify the task of importing MIB estimates
into the LHCb simulation system it is essential that the data
is presented in a consistent way. A text based file format has
been created in order to provide a well defined interface for the
exchange of particle information. In addition to assuring con-
sistency between the various background sources it simplifies
the analysis process as standardised tools can be created.

Whenever possible a file represents only one background
type. For example in the case of beam-gas interactions, having
one file for each type of gas atom simplifies the task of re-
scaling the sources with different gas densities. Furthermore,
this allows them to be studied separately as well as to combine
them with appropriate scaling factors in the simulation stage.

The particle information of the estimate files is given at a
vertical interface plane at a certain distance from the LHCb



TABLE IV
MIB ESTIMATE FILE FORMAT. EACH PARTICLES IS REPRESENTED

THROUGH A LINE CONTAINING ALL THE VARIABLES

Element Description
LossID Proton loss identifier
LossT0 LHC clock offset of proton loss (ns)
LossZ Proton loss z coordinate (mm)
LossA Type of atom involved in proton loss
LossW Proton loss “weight” (likelihood)
PartPdgId PDG particle ID number
PartX Particle x coordinate at interface plane (mm)
PartY Particle y coordinate at interface plane (mm)
PartZ Particle z coordinate origin at creation (mm)
PartDx Particle x direction cosine at interface plane
PartDy Particle y direction cosine at interface plane
PartEk Particle kinetic energy (GeV)
PartDt LHC clock offset for particle arrival at interface plane (ns)
PartW Particle “weight” (likelihood)

IP. In order to make sure all relevant detector components are
inside the simulated area, the preferred interface planes are at
z = −2.1 m for beam 1 and at z = 19.9 m for beam 2, where
z = 0 is the IP location.

The estimate files are flat text files where the particle entries
are separated by line-breaks. Each line represents a particle
where the various values are space-separated, representing the
variables listed in Table IV.

As can be seen from the Table, there are two main type
of properties, those related to secondary particles and those
related to the original proton loss. The loss information is
related to the proton interaction from which the particle has
originated. Thus several particles can contain the same loss
information. In effect the MIB event originates from a proton
loss and contains the particles associated to this loss through
the LossID element. The reason for this system is to keep the
correlations between the individual particles, so that particles
that are members of the same shower can be re-generated as
such.

The variable LossW is a special weighting parameter requir-
ing further explanation. The value of this variable is a relative
likelihood of the associated MIB event with respect to the
sum of the weights of all N events in the estimate file. The
probability P of choosing a certain event from the estimate is
given by equation (2).

P =
LossW

∑N
0 LossW

(2)

Similarly the PartW parameter is the probability that the
particle will be generated when the associated event is selected
and is related to the probability of the particle reaching or
not the interface plane due to interactions with the material
traversed while being transported from the initial loss.

The rest of the elements are used either for scaling pur-
poses or, in the case of the particles kinematic variables, for
continued propagation of the particles.

As the estimate files are potentially very large, it is not
possible to contain all information in memory. However, fast
and easy access to the data is needed as random sampling
procedures are utilized in the generation algorithms. For this
purpose the reading and parsing of flat text files is too time
consuming and a binary file format is needed. For this purpose
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Fig. 7. Distance to IP of primary proton loss for beam-gas in the LSS at
450 GeV for beam 1. Vertical axis indicate particle flux from this position.

the ROOT [32] software is used. This is convenient as the
LHCb software suite is already ROOT-compatible and the
resulting data format is both platform and architecture inde-
pendent. The event and particle data are saved in two separate
tuples (or specifically TTrees). The association between the
two is preserved through the use of reference indices.

The translation from the flat estimate files to the ROOT
file format is done through a python script. The script also
allows for the addition of header information. This header
contains global information relevant for the re-generation of
the particles, ranging from estimate scaling to beam direction
and interface plane position.

The ROOT file can be analyzed directly, which already
allows for an in-depth understanding of the MIB sources. As
an example Fig. 7 shows the distance from the IP of the
primary proton loss for beam-gas in the LSS at 450 GeV.
Fig. 4(a) and 4(b) have also been produced by analyzing the
file.

B. MIB generator algorithm

The MIB algorithm is designed to produce MIB events in
the generator phase of the Gauss application and pass them to
the subsequent processing simulation phase. This algorithm
can run stand-alone or in conjunction with other particle
generators to create a mixed sample. In order to enable several
MIB sources to be evaluated in the same event, the actual
particle sampling is not performed in the algorithm itself,
but rather delegated to a set of generator tools. Each tool
instance is set up to represent a given MIB source defined
by its settings and the ROOT file to which it has access. The
software can be controlled through user-configurable options,
giving information about, amongst others, which source, rate
and production location should be used.

Whenever Gauss calls the MIB generator algorithm, the call
is passed on to the MIB tools instances. In each of them the
number of MIB events created are randomly determined in a
way consistent with the related MIB source. These events are
randomly selected from the associated estimate ROOT file. In
order to take the weight, and thus the probability, of the events
into account one can not simply randomly select the events.
For this the LossW parameter must be used.

Each event i gets a parameter si assigned which is equal
to the sum of the LossW parameter for the current event and



all events listed before it (si =
∑i

0 LossW). For the event
selection, a uniformly distributed random number in the range
[0,
∑N

0 LossW] is attained. The event where si is larger than
or equal to the random number and that of the preceding event
was smaller is the event to be selected.

In order to reduce the amount of file access requests required
during the event search, every J th event (where J is a user-
settable parameter) is stored in memory. The search is first
conducted on these envelopes in order to find the approximate
location of the event in the file. The search directly in the file
is thus limited to a subset of J events, saving computing time.

When the events have been selected, the associated particles
are generated with a probability equal to the parameter PartW.
The particles are created using the particle ID and kinematic
parameters. The MIB algorithm combines the particles and
events (if any) arriving from the MIB tools, and passes them
over to the simulation step of Gauss in order to ascertain
their impact on the LHCb experiment. Particles from other
generators can also be added at this point. In particular MIB
events can be generated together with standard proton-proton
interactions, providing a complete view of the environment in
which the LHCb detector collects data.

VII. EXAMPLE SIMULATION RESULTS

By utilizing the applications and algorithms described in the
previous sections, MIB simulation files are produced. These
can be compared to the simulations of proton-proton interac-
tions as well as real data in order to ascertain the viability
of our estimates and ultimately to explain various features of
the data. When a populated bunch from one beam crosses
an empty bunch from the other, no proton-proton interaction
is possible, thus the resulting signal only contains MIB and
beam-gas from within the experiment. This is referred to as
a beam-empty (BE) event as opposed to a beam-beam (BB)
event, where both bunches are filled. Strictly, one should note
that BE events can contain a small amount of actual proton-
proton collisions, from debunched beam or mismatch with
the injectors, which to some extent will fill the empty bunch
locations. This is particularly true for empty bunch locations
close to filled ones. This contribution is neglected in this paper
as BE events can be selected with a small contamination.

A good understanding of the MIB signal characteristics
is needed to discriminate and understand its contributions.
This section shows a few examples of MIB characteristics as
obtained with the simulation chain described and indicating
what criteria can be used in order to separate the various
components.

Machine induced background typically arrives on time with
the originating proton bunch, making it hard to distinguish
between the MIB particles and the products of the proton-
proton interactions at the IP. However this is only true for
particles traveling away from the IP. As the bunch travels
towards the IP it is only accompanied by MIB.

The LHC has a nominal bunch separation of 25 ns, corre-
sponding to about 7.5 m. This means that the bunches meet
each other at every 3.75 m as can be seen from figure 8. When
MIB from the two beams arrive at these locations they are
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Fig. 8. Bunch crossing locations within the LHCb. The red and blue dots
represent the proton bunches. Two time slots are shown; during crossing at
IP (upper dots) and offset by 12.5 ns (lower dots).
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Fig. 9. Time of arrival of particles at the LHCb inner tracker originating from
MIB from beam 1 and 2 as well as proton-proton interactions. The scaling is
arbitrary. Bunch crossing ID is indicated at each peak.

undistinguishable from each other. In other regions between
these locations the timing of the detectors signals can allow
the discrimination of the MIB originating from the two beams.

An example of such a region is shown in Fig. 9 for one
of the trackers located at about 9.5 m from the IP. One can
clearly see that the signal from beam 1 MIB is on-time with the
proton-proton signal, while beam 2 MIB is separated by about
10 ns. Due to the single arm design of LHCb the visibility of
beam 2 MIB by the spectrometer is highly reduced. This is a
result of both the geometry of the detector and the read out
of the electronics. The data acquisition has been designed to
record particles as they travel through the detector, originating
from the region of the IP. In order to allocate the various sub-
detector hits to the same interaction event, timing information
is used. MIB from beam 2 arrives at the detector elements in
the wrong order and would thus be assigned to different events,
making the signal in the sub-detectors appear as uncorrelated.

MIB analysis using single sub-detectors is possible for both
beam directions when appropriate read out timing is used. The
addition of special background sensors called the Beam Loss
Scintillators allows analysis of MIB independent of the data
acquisition. This device is located upstream of the experiment,
allowing for the detection of un-diluted beam 1 MIB.

Another feature of MIB events that may allow their dis-
crimination from other type of events is particle multiplicity,
that is reflected in the number of signal channels per event



in the different sub-detectors. An example of this can be seen
in Fig. 10(a), at 450 GeV where the MIB events in general
have a different distribution than proton-proton collision in
the Vertex Detector where higher cluster multiplicities be
clearly seen allowing for a clear separation between this two
different categories of events. It can be argued that the higher
multiplicity component is due to the fact that the MIB particle
showers have had a longer distance to develop compared to the
collisions. However, at higher energies (Fig. 10(b)) this effect
is much less pronounced. In addition the rate of MIB events
in BB events is so low with respect to proton-proton collisions
in normal operating conditions that it is more efficient to
investigate discriminating variables with respect to local beam
gas in the Vertex Detector in BE events.
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Fig. 10. Total cluster multiplicity in the vertex detector due to proton-proton
collisions and MIB from beam-gas in the LSS at 450 GeV (on the left) and
3.5 TeV beam energy (on the right). The curves have each been normalized
to 1.

Charged particle traversing the detector can be reconstructed
as tracks by the Brunel application. As the MIB events arrive
from outside of the experiment one can expect the related
tracks to have a comparatively flat slope. This parameter is
defined as the distance traveled in the plane perpendicular to
the beam axis per unit length along the same axis. Figure 11
shows the slope of charged MIB particles as they are given
at the interface plane upstream of the experiment. This is
reflected in slope of the tracks as reconstructed from MIB
events that can be seen together with those from beam gas
occurring locally in the Vertex Detector in Fig. 12(a)

Another discriminating criteria is the radial distance from
the track to the nominal interaction point (IP). Particle origi-
nating in the area of the Vertex Detector should have a small
radial distance to the IP while MIB events typically have a
higher value for this variable. This criteria, together with the
track slope, enables the distinction between MIB and beam-
gas interactions in the experiment itself, as can be seen from
Fig. 12.

By comparing a linear combination of these two distri-
butions to the signal recorded from BE events, the fraction
between the two can be approximated. Furthermore, cuts on
these variables can be used to increase the purity of MIB
events either at the trigger level for dedicated background
studies or during analysis. At 450 GeV, the loose machine
settings limits the number of MIB sources to the beam-gas in
LSS. At higher energies the tighter collimator settings mean
background sources from the TCT collimators become larger
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Fig. 11. Slope of charged particles for beam-gas in the LSS at 450 GeV as
given at the interface plane 2.1 m upstream from the IP.
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Fig. 12. Track slope (left) and radial distance to the IP (right) for beam-gas
in the LSS and in the vertex locator at 450 GeV.

and need to be folded into the analysis, making their analysis
more complex.

VIII. CONCLUSIONS

Machine induced background at the LHC arises from proton
interactions with elements of the machine and gives a flux
of background particles into the LHCb experiment. It is
important to evaluate the amount and characteristics of this
background, not only for the design of an experiment but also
during operation in order to understand what is happening
in case of degradation of the conditions and be able to take
corrective measures. The backgrounds arise in the machine
from proton interactions with beam gas molecules, either close
to or far away from the experiment, interactions of protons
with the beam collimation system and from fluxes produced
by beam-beam collisions in the other LHC experiments. Any
calculation scheme for these background sources needs to
simulate both the machine and detector response, and would be
a valuable tool for understanding and mitigating the impact on
the experiment and possibly providing information for future
experimental upgrades.

In this paper a full and novel chain of simulations has been
described, and a coherent data flow designed, for the LHCb
experiment. A modular architecture allows to study all sources
independently from each other, as well as combine them for a
complete and comprehensive understanding of the background
and operation conditions of the experiment in different modes
of the machine. Furthermore, steps in the simulation chain
can be modified without impacting the overall data flow and
analysis. The resulting simulation chain and data flow uniquely
models the LHC machine and detector components, allowing



cradle-to-grave analysis, with well-defined interfaces between
the simulation steps. The comprehensive simulation chain
begins with models of the LHC machine, covering the beam-
gas interactions and the collimation system and continues with
a model of the LHCb detector. MIB simulated data can then
proceed through event reconstruction and selection. Validation
of the methodology and data flow has been performed and
the system has allowed to quickly compare measured data
at 450 GeV showing qualitative agreement of particle flux
distributions in the LHCb detector. While not all of the
MIB sources have been considered in this paper, for example
the background arising from momentum halo formation, the
methodology is applicable to any MIB source in the LHC.

The scope of this paper was a full presentation and valida-
tion of the complex simulation chain and data flow. Studies
are in progress for a beam energy of 3.5 TeV, exploiting the
simulation chain, to analyse the data and compare them to the
various sources at the different energies collected. Once good
quantitative agreement has been proved, an in depth analysis
of expected background conditions for the nominal machine
will be carried out.
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FILL ANALYSIS AND EXPERIMENTAL BACKGROUND
OBSERVATIONS IN THE LHC

Yngve Inntjore Levinsen, Helmut Burkhardt, Alick Macpherson, Mario Terro Pinheiro, Shaun Roe,
CERN, Geneva, Switzerland

Abstract
We have developed a fill analysis tool which automat-

ically extracts data and analyses each fill in the Large
Hadron Collider. All generated and extracted information
is stored in flexible binary formats for outside use. The tool
is modular and easily extendable. In this work we make
use of the information produced and look at experimen-
tal background under different conditions for the 2011 run-
ning. We will discuss the observations in the context of the
residual gas pressure, beam halo, and cross-talk between
experiments, which depend on luminosity at neighbouring
experiments.

MOTIVATION

In 2011, the LHC has already produced several fb−1

of data, as shown in Figure 1. The peak luminosity has
quickly increased, from about 2×1032 Hz/cm2 at the end
of 2010, to more than 2×1033 Hz/cm2 as of August this
year. The increase in performance means that the machine
parameters are quickly changing. The increase in beam in-
tensity can increase beam emittance (growth) and reduce
lifetime due to collective effects. The dynamic vacuum
pressure can increase, which in turn increases the back-
ground levels for the experiments. It is important to mon-
itor and understand these changes in order to optimise the
beam conditions and make more accurate predictions for
the future.
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Figure 1: The integrated luminosity delivered for the 2011
running for each experiment in the LHC. This information
is continuously updated at [1].

The information available from the LHC monitors can
be reached through the TIMBER interface [2], and ma-
chine settings can be found in LSA [3]. These databases
are highly important for getting the needed information
for a proper analysis. There are some limitations how-
ever. Due to security, TIMBER can only be used inside

CERN, and LSA only on trusted machines in the techni-
cal network. Further, manual extraction is time-consuming
for large-scale analysis. The amount of information avail-
able in TIMBER can be overwhelming to the user, and the
knowledge of how trustworthy the data are must be found
elsewhere.

We found that a tool which automatically extracts the es-
sential data from the various sources, applies corrections,
and/or adds calculated data, would be of value to under-
stand the machine behaviour and to get a better overview.
Further, the data should be made available for outside use,
in a suitable format for the analysis tools used at CERN.

PROJECT DESIGN

We have written the project mainly in the Python pro-
gramming language. We have found Python to be simple,
efficient, and extendable, suitable for writing the modular
code that was needed for this project. Python can be used
to work with compiled libraries (e.g. PyROOT), as well
as Java libraries through e.g. Py4J. In recent years Python
has gained traction as an efficient and flexible scripting lan-
guage.

Extraction of data from TIMBER is done through the
command-line Java interface provided by the Data Man-
agement group [5]. Making use of the Online Model [6] is
foreseen to retrieve the full TWISS table1 for the squeezed
optics used during stable beams.

Detect
new fills

Extract data

Append
corrections,
interpolate..

Store data

Plot

Move files
to web page

Figure 2: The schematic of the analysis script process. For
each fill which goes at least to “injection physics” mode,
a selected set of data is extracted, corrections are applied
if available (e.g. offline luminosity calculation), and new
information is added (e.g. collision pattern). The data are
stored and the plotting module is run before all information
about the fill is pushed to the web page. Major parts are
marked with a thick frame.

In Figure 2 we show the main modules of the project.
The project is written so that all new fills are analysed at
regular intervals using a ‘cron’ job. The data are read into
Python objects that have the needed flexibility for cleaning,

1Table of linear beam optics parameters



manipulation and restructuring of data. Empty variables
are removed, and all data are time aligned using various
interpolation algorithms for different data, making further
analysis across all subsystems coherent and flexible. Ad-
ditional information like collision pattern and time-stamps
for various machine state changes is added, and everything
is stored to file.

Data that have one value per fill (e.g. delivered luminos-
ity) are written to a JSON formatted ASCII file, an efficient
and clean format readable by humans and easily parsable
by programming languages. Detailed fill data are provided
in a tree structured binary ROOT format. ROOT is an ex-
tensive analysis tool package [4], widely used at CERN and
elsewhere.
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Figure 3: The total machine efficiency so far in 2011. In
total, about 25 % of the time has been spent in stable beams.
This information is continuously updated at [1].

The second part of the analysis is done in ROOT through
the Python interface PyROOT. The ROOT binary file and
the JSON file are loaded into memory before the analy-
sis modules are run one by one. This approach allows third
parties to contribute with additional analysis modules with-
out the need to know about the internal structure of the
project. Templates are provided so that all figures will have
a similar look and feel. In Figure 3 we show a good exam-
ple of useful performance monitoring for the LHC opera-
tors, giving a quick overview of the amount of time spent
in different beam modes. This information is kept contin-
uously updated on our web page, both for short and long
term statistics.

BACKGROUND IN THE LHC

Monitoring background in the LHC is a complex matter.
So far the observed background in the LHC has been fairly
low, typically below 1 % during proton-proton physics,
somewhat higher for ion runs [7]. It is important that we
have a good knowledge of what to expect in the future
and know what we can do to improve potentially problem-
atic conditions. One should also remember that no matter
how low the background is, experiments can always ben-
efit from even better conditions. In LHC we have exper-
iments with vastly different nominal luminosities, which
can prove challenging due to background as luminosity fur-
ther increases for the high luminosity experiments.

The experiments report three main online background
parameters back to the machine, which are used as a guide-
line for online analysis on the machine side. Currently we
have an informal guideline as to what these numbers should
represent. The first number should be a measure of the to-
tal detector background. The second number should be a
measure of the beam halo, while the third should measure
detector radiation in percentage of dump threshold. Hence,
the two first numbers are ideally measurements of back-
ground alone, while the third includes collision debris as
well in order to measure the total amount of radiation to
the experiment.
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Figure 4: Luminosity and background in ALICE during fill
1901. The luminosity is shown in green, while the back-
ground number 1 is in blue and 2 in red. The sudden
changes are coming from the automatic luminosity level-
ling which is applied in ALICE.

The algorithms to calculate the background differ from
experiment to experiment, depending on what detectors
they have available. It can be difficult to define an algo-
rithm that scales correctly with the background and is in-
dependent of the luminosity.

There are some non-colliding bunches for each filling
scheme. These bunches are widely used in background
algorithms, since they in principle should see no normal
collisions, though satellites and debunched beam still can
produce some collisions.

In Figure 4, we see an example from ALICE where the
algorithm to calculate beam halo background almost ex-
actly follows the luminosity calculation. In this fill ALICE
had difficulties because the background was much higher
than the luminosity, and the calculation of the luminosity
was not successfully excluding the background.

Machine induced background is usually split in three dif-
ferent categories. The beam halo background comes from
the halo of the beam interacting with aperture restrictions
close to the experiment. The beam-gas background arises
from particles in the beam colliding with rest gas molecules
in the beam chamber. The final background is interaction
region (IR) cross talk, which are residues from collisions in
one interaction point (IP) that reach the experimental cav-
ern of another IR. The latter is more relevant when lumi-
nosities in different experiments differ by several ordersof
magnitude.

The aperture restriction which is relevant for the exper-
iments in the LHC are the tertiary collimators, located 70-



140 m upstream of each IP. Their purpose is to protect the
final focusing system, which means that they are placed
closer to the beam whenβ∗ is reduced. As a result, back-
ground originating at the collimators is expected to increase
when we go to nominalβ∗, which is three times lower than
what is used now (1.5 m vs. 0.55 m). This background
is lower for ALICE and LHCb, which are operating with
higherβ∗.
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Figure 5: The vacuum distribution for beam 1 in the re-
gion around LHCb for fill 2006. In dashed blue we show
the simulated static pressure profile provided by the vac-
uum group [8]. In red the average pressure during the
fill is shown, while the green shows the spread during the
fill. The relative difference between gauge reading and
simulation is assumed to change linearly between pressure
gauges. This is a crude assumption since synchrotron radi-
ation will change the profile at top energy. Simulations of
dynamic pressure profile will become available later.

The beam-gas component is proportional to the beam
current and the vacuum in the beam. However, since the
beam current can produce a dynamic vacuum increase,
beam-gas can increase faster with beam current if the in-
tensity and energy is above a certain threshold. In Figure 6
we see that the pressure increases due to the energy ramp.
In Figure 5 we see the interpolated pressure range during
a full fill for LHCb. Here, we have made a linear inter-
polation of the relative difference between simulated static
pressure and measured pressure, which has a dynamic con-
tribution at top energy. The collisions at the IP can also heat
the beam-pipe locally, further increasing the local vacuum
pressure. We see this in Figure 6, where one gauge is al-
most exactly following the luminosity level in both ATLAS
and CMS.

SUMMARY

We have now made available an extensive suite for mak-
ing data easily available for analysis of each fill in the LHC.
The application runs in an automated mode, and data are
provided in efficient formats which make extensive analy-
sis possible. It is easily extendable, and it is foreseen to
include other sources at a later point.

We have presented some examples regarding back-
ground conditions in the LHC for 2011. Having these data
readily available for every fill will make it significantly eas-
ier and faster to monitor the background conditions, and
more generally the machine performance. The statistics
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(b) CMS

Figure 6: The luminosity in solid blue, together with a se-
lection of gauges close to the experiment in dashed lines.
The pressure is divided by the maximum measured for the
gauge during the fill. The gauge presented by the green line
is located around 18 m from the IP.

pages already have many users, and we believe it will even
prove more useful as the analysis package matures.

ACKNOWLEDGEMENTS

The authors would like to thank all collaborators from
the LHC Background Study group for countless fruitful
discussions.

REFERENCES
[1] LHC statistics page.http://cern.ch/LHC-Statistics.
[2] TIMBER data extraction interface. http://cern.ch/

timber.
[3] LSA controls project. http://cern.ch/

ab-project-lsa/.

[4] http://root.cern.ch/

[5] TIMBER command line interface. https://cern.ch/
be-dep/CO/DM/CALS/DataExtraction.aspx.

[6] C Alabau Pons, X Buffat, M Giovannozzi, G Müller,
S Redaelli, K Fuchsberger, M Lamont, and F Schmidt. The
online model for the large hadron collider. (CERN-ATS-
2010-184):4 p, May 2010.

[7] LHC background study group, various meetings.http://
cern.ch/project-LBS/.

[8] G. Bregliozzi. Pressure maps in the LSS. LBS presentation,
23. of May, 2011.



D.6. SUMMARY OF NOTES 171

D.6 Summary of Notes
In this section we will briefly summarise notes where we published work related to
this thesis which was not published in a reviewed article. In all papers, the FLUKA
simulations were not done by the candidate but instead by Robert Barrie Appleby,
while the SixTrack simulations were done by the candidate.

D.6.1 Beam-Gas Simulations for the 2009 run
• Title: Beam-Gas Simulations for 2009 LHC Running and First Comparisons

with Data

• Abstract: This note describes the calculations made for the pressure maps, beam-
gas events and lifetime for comparison to the first machine running at the end of
2009 at a beam energy of 450 GeV. This includes a full set of pressure maps and
equations to calculate beam-gas. The beam-gas loss rates around the machine,
and the expected flux of beam-gas induced background particles into the LHCb
and ALICE experiments are calculated. Wherever possible at this early state, the
consistency of the measured beam-gas rates and the simulations is assessed.

• Co-authors: Robert Barrie Appleby, Helmut Burkhardt

• Bibliography entry: [47]

• Comment: The title is somewhat misleading. There was not an actual compari-
son to background data, which was not available at the time it was published.

In this paper we published our first simulations of an actual running scenario, the
2009 run at 450 GeV. We simulated beam-gas background only. The LSS beam-gas
was simulated and all background sources were transported to the interface plane for
LHCb and ALICE, where we had a FLUKA geometrical model available.

For the first time we made an estimate of the pressure in the long straight section
of LHCb, with input from Vincent Baglin. The estimates were based on a combination
of simulations, pressure gauge readings and knowledge of the vacuum design. Only
hydrogen and methane were considered.

In Figure D.1 we show the simulated beam-gas loss rates from the simulation.
When compared to Figure 5.10 (blue curve in Figure D.1) or Figure 5.11 (green curve),
the losses are several orders of magnitude lower. This is due to two main factors, the
much lower beam intensity, and the beam energy which at 450 GeV is not sufficient for
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Figure D.1: Simulated losses from beam 1 during 2009 running. Assuming 450 GeV
beam energy, and 2×1010 protons/beam.

a dynamic pressure contribution. It was found that for these conditions, the LSS beam-
gas produces significantly more background to the experiments, due to the higher par-
ticle multiplicity per originating event. Even though the background levels were low,
the paper still present our first quantitative estimates which allowed for a comparison
to actual data.

D.6.2 ALICE MIB at Nominal Energy
• Title: Composition of ALICE machine induced background at nominal beam

energy

• Abstract: The understanding of the background to the LHC experiments induced
by the machine is important to maximising the performance of the collider. The
background environment is complex, with contributions from beam-gas inter-
actions around the ring, the halo collimation system and cross talk from one
experiment to another. In this note, the background rates for ALICE beam 1 are
calculated for nominal beam energy and 1/3 nominal intensity, including all of
the large sources, and the relative background composition discussed.

• Co-author: Robert Barrie Appleby

• Bibliography entry: [48]

Robert B. Appleby was the main author of this paper. In this paper we published the
first total assessment of the expected background rates for ALICE at nominal machine
settings. This included distant and LSS beam-gas, tertiary beam halo, and IR cross-talk.
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We used the simulated vacuum pressure for the “early machine”, which assumed a not
fully scrubbed beam pipe and 1/3 of nominal beam intensity. The IR cross-talk was
simulated using PTC [104] by R. Appleby, and the simulation was afterwards checked
using SixTrack with a good agreement. This paper was aimed to provide a baseline for
detector response simulations for ALICE.

Table D.1: Summary table of the estimated machine induced background rates from
beam 1 towards the ALICE experiment. The total rates are scored at the interface
plane, 19.5 m from the interaction point. 1/3 of nominal beam intensity assumed, and
vacuum pressure according to “early machine conditions”.

If we compare the results for distant beam-gas simulations in this note to the results
presented in Chapter 5, we note that the rates in this paper is lower. The exact reason
for this is difficult to assess, but the simulation code has since been polished and in
addition some problems with the thin lens sequence used in SixTrack was found. It is
believed that the results we published in the thesis should be closer to the truth. We
have seen that the simulations and data are closer to an agreement in recent studies. As
an example, in Appendix D.2 we found that the estimated rate was a factor ten lower
than measured, while in [43] the data and simulations agreed within a factor two.
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