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Abstract

The ATLAS Forward Proton (AFP) detector is a forward detector of the ATLAS exper-
iment at CERN. Its main goal is to trigger diffractive protons in collisions at the Large
Hadron Collider (LHC). To achieve this, the detector has to be placed very close to the
beam. Inevitable consequence is that its measurements can be easily affected by the beam
induced background.

This thesis presents a study of the beam induced background in the AFP detector and dis-
cuss methods for its removal. The Geant4 simulations and data, including non-colliding
bunches are used to identify characteristic features of beam induced backgrounds. A
method using combination of signals detected by the AFP detector and the Minimum
Bias Trigger Scintillators (MBTS) is used to selected single diffractive event namely on
low pile-up data taken during the first AFP physics run in 2016.

Finally, an estimate of the beam induced backgrounds level in data together with a study
of the radiation environment at the AFP stations was made, comparing results with ex-
ploitations.

Keywords: AFP, ATLAS, beam halo, simulation.
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Figure 1. Feynman diagrams of diffractive processes: (a) elastic scattering, (b) single
diffractive dissociation, (c) central diffractive dissociation.

1 Introduction

The ATLAS Forward Proton (AFP) detector aims to measure forward protons that are
scattered in the ATLAS interaction point (IP) under very small angles (< 300 prad).
The major processes that can be studied with the AFP detector are diffractive scatterings,
where one or two protons remain intact. In such processes, protons interact by exchang-
ing of a colourless object, the so-called Pomeron [1]. In principle, the Pomeron structure
should be described in terms of the QCD which represents not closed subject yet.
Several diffractive signatures can be distinguished: if both protons stay intact and no addi-
tional particles are produced, one deals with elastic scattering, Fig. 1(a). The interaction
when one interacting proton dissociates into multi-particle state, the process is called sin-
gle diffractive dissociation, Fig. 1(b). Single diffractive processes form about 20% of the
total cross section. If both interacting protons dissociate we speak about double diffrac-
tive dissociation, Fig. 1(c). It is also possible to have a diffractive interaction with central
production of particles. Such processes are called central diffractive or double Pomeron
exchange processes, have low cross sections but are of great interest.

The AFP detectors combine the silicon pixel tracker and the high resolution time-of-
flight (ToF) detector to achieve the high-precision measurements of the forward protons.
The stations are placed at 205 m and 217 m from the interaction point on both sides of
the ATLAS central detector. To measure protons with very small scattering angles, the
detectors have to be placed very close to the beam center and as such, the beam induced
backgrounds [2] in the AFP are much more significant than other parts of the ATLAS de-
tector. It makes the study of the diffractive processes more difficult. The possible sources
of beam induced backgrounds in the AFP are

e Beam halo: Particles travel together with a bunch for one or many turns before
being detected by the AFP. These particles have similar kinematic properties like
signal, but do not originate from the IP and should not have an associate process in
the main detector.

e Beam gas: Beam protons interact with the residual gas inside the beam pipe pro-
ducing scattered protons or showers that may affect the AFP detectors.

e IP secondary interactions: High-energy primary particles produced in the IP may
cause interactions upstream of the AFP, and the secondaries (or tertiaries) may reach
the AFP detectors.
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Figure 2. Circular designed orbit and coordinates used to describe particle trajectories.
The length of the designed orbit is s. z, 2 mean the deviations in horizontal and vertical
direction. p is the radius of the designed orbit.

e Interaction with the AFP stations: Protons interact with the AFP stations and
products are then detected by the detectors.

e Backscattering due to collimators after the AFP: The collimator after the AFP
might cause some "back scattering’ into the AFP detectors.

The aim of this study is to estimate the beam induced backgrounds level measured by the
AFP detectors. As will be shown, the main source of beam induced backgrounds in the
AFP is caused by beam halo. The amount of other kinds of beam induced backgrounds is
very small.

2 The LHC Optics

2.1 Transverse Optics

Any kind of circular accelerator has a designed orbit, on which ideally all particles should
move. To keep beam particles moving on the designed orbit, bending forces are needed,
which are usually provided by dipole magnets. In reality, most particles of the beam will
deviate slightly from the designed orbit and to keep these deviations small on the whole
way, focusing forces are needed. The focusing forces are usually provided by quadrupole
magnets. The coordinates used to describe a circular acelerator are shown in Fig. 2, p
is the designed radius of the orbit, the position of a particle is described by s, z and z
coordinates [3].

2.1.1 The Hill’s Equations

The basic equations for describing a particle trajectory [?] are

1 1Ap
' —(k—=)r=-—, (1)
( pQ) P Do
M+ k2 =0, (2)
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where z, z are the deviations with respect to the ideal designed trajectory, k£ and p are
periodic functions of s because the orbit is a closed curve. These equations are called as
Hill’s equation. In what follows we consider only particles of momentum p = py, i.e.
their momentum loss Ap = 0.
Then both equations read

y'+ K(s)y =0, (3)

K(s+ L) = K(s). 4)
We can express any solution y(s) of the equations in the form
y(s) = yoC(s) + ypS(s), (5)
where C'(s) and S(s) are two independent solutions of the homogeneous equation
C"+ K(s)C =0,5"+ K(s)S =0, (6)

so y(s) and y/(s) can be obtained from y, and y(, by matrix multiplication

i = [ o= oG5y s @

with the boundary conditions

K ] §

The transfer matrix M has a period L, the matrix between point s and s, can be computed
by matrix multiplication

M(s/so) = M(s/s1) - M(s1/s0). )
We can express M in a very useful form
M = Icosp + Jsinp. (10)

a f
—o

Here [ is the unit matrix and J = , with 3y — a? = 1, cosp = %trace M. «,

[ and ~y are periodic functions of s with the period L, s is independent of s.

2.1.2 The Beta Function

The periodic function 3(s) is called "beta function”. To express « through the beta func-
tion, consider the eigenvalues of the transfer matrix M (s + L/s)

D) = e 5] e ) .

We obtain
y(s)cosp 4 (y(s)a + y'(s)B)sinp = y(s)(cosp + dsing), (12)

5
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y(s)a+y(s)B = Fiy, (13)
Yy  ti—«
= = . (14)
y B
By differentiation of both sides of equation (14) we get
1" / A /
vy_y_—o 5 (15)
y oy i-a f
With i/ = — Ky we can get another kind of expression
1" / K -
vy y_ B _ice (16)
vy i—a f
SO
(@ + KB +af +af —d/B—1)—i(2a+3) =0. (17)
The elements of M are real, therefore we get pair of equations:
1 /
als) = =58 (s), (18)
A+ KB +af —df—-1=0. (19)

Using the first equation to eliminate o we obtain the following differential equation for
the beta function

1 1
555/ - 15,2 + KB =1. (20)
The solutions of the Hill’s equation can also be written in terms of the beta function
y(s) = ay/Beos(® — 4), (21)
y'(s) = —%(acos(@(s) —0) +sin(P(s) — 6)), (22)

where ¢'(s) = % 0 is an arbitrary constant phase depending on the trajectory, it can take
any value between 0 and 27. In the (y,y’) plane, if 0 varies between 0 and 27, the point
(y,vy') moves around an ellipse with an area of 7e. Instead of the area of the ellipse, the
constant ¢ = a? (emittance) is more commonly used to describe accelerator optics. Using

€ we can write
y(s) = \/ef(s)cos(P — 9). (23)
The beam envelope is defined as y,,,q.(s) = v/€5(s), as shown in Fig. 3.

2.2 Layout of the Forward Region

The Large Hardon Collider (LHC) [4] consists of two separate rings with eight straight
sections centered on Interaction Points (IP). The beams collide in four of the IPs: IP1
(ATLAS and LHCY), IP2 (ALICE), IP5 (CMS and TOTEM), IP8 (LHCb and MoEDAL).
To keep the beams in their circular paths 1232 dipole magnets are used. Additionally, 392
quadrupole magnets are installed to keep the beams focused [4]. The quadrupole magnets

6
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y'(s)
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Figure 3. Beam envelope and divergence. [3]

are labelled with the letter Q and the dipole magnets with the letter D. Fig. 4 shows the
layout of the ATLAS forward region and the ATLAS coordinates. The IP1 is the zero
point in the ATLAS coordinates. The z-axis is along the longitudinal direction and the
x — y planes is at the transverse direction. The ATLAS coordinates will be used in the
following parts of the thesis. The final focusing triplet (Q1, Q2, Q3) is positioned about

Q5 D2 Q3 Q1 Q1 Q3 D2 Q5
| = B-f-f—f
o | b B i m
B1 a7 osl Q4 D1 Q@2 / x . Q2 DI o4 |a6 a7 B2
AFP stations on A side "\ ‘ AFP stations on C side

/

Figure 4. Layout of the forward region. The left side of this picture is called as ”A” side,
the right side is called as ”C” side. The AFP stations are installed between Q5 and Q6.

40 m away from the IP1. Other quadrupoles (Q4, QS5, Q6) are installed around 160 m,
190 m and 220 m from the ATLAS IP. Between the IP1 and 210 m two dipole magnets,
D1 at 70 m and D2 at 150 m, are installed. These magnets are used for the separation of
ingoing and outgoing beams [5].

To protect the detector and suppress beam halo, several collimators are installed. Fig. 5
shows a collimator model and a photo of a collimator taken during the AFP installation.
A collimator has two jaws to limit the size of a beam, the beam goes through the gap
between the two jaws so that collimators limit the size of the beam by setting the width of
the gap between two jaws. The jaws are the top blue parts in the model in Fig. 5. We use
“outer” to indicate the collimator jaw which is farther from the LHC ring center, “inner”
to indicate the collimator jaw which is closer to the LHC ring center. There are two
collimators between the IP1 and the AFP stations, TCL4 and TCLS5. Collimator TCL4 is
located at 150.53 m, with the outer jaw opened to 8.57 mm and the inner jaw opened to

7
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Stepper Motor

Figure 5. Model of a collimator [6] (left), and the photo of collimator TCL6 taken during
the AFP installation (right).

10 mm. Collimator TCLS is located at 184.857 m with its outer jaw opened to 10.96 m
and inner jaw opened to 12.51 m [7]. Beside TCL4 and TCLS, another collimator that
can affect the AFP detector is TCL6. Collimator TCL6 is located at 223.232 m from the
IP1, after the AFP stations but very close to the stations, so it could cause some shower
particles upstream to the AFP stations. The locations available to the AFP are at distances
along the beam line between 204 m and 217 m from the ATLAS IP on both sides. The
full AFP program includes four stations, two on the left side of the IP1 and two on the
right side of the IP1. Stations on the right side are placed at 205.217 m and 217.302 m
from IP1 along the z-axis, stations on the left side are placed at 205.823 m and 217.908
m from the IP1 along the z-axis, between Q5 and Q6. The outer side of the beam was
chosen as the side to put the AFP stations so the main collimator jaw which has effect
is the outer jaw. We use "’C side” to denote the right side of IP1, ”A side” to denote
the left side of IP1, as shown in Fig. 4. The stations closer to the IP are called as near
stations, the farther stations are called as far stations. The AFP stations on C side were
installed during winter 2015 - 2016 shutdown, but the Time-of-Fligh (ToF) detector in the
far station was not installed. This setting was the so-called AFP ”0+2” configuration. The
other two stations on the A side were installed during March in 2017, in the stations on
the C side tracker detectors were replaced, ToF detectors were installed on both side. The
final configuration is called as the AFP 72+2”.

2.3 The LHC Optics for AFP Runs

The optics used in the first part of 2016 data taking starting from the first AFP beam
based alignment (BBA) run, till run 301795. This includes the first AFP physics run: Run
305359, taken in August of 2016. The designed beam parameters are listed in Table 1.
The designed crossing angle of the beam is 185 prad in the optics used in the first part
of 2016 data taking, as shown in Fig. 6. Beam 1 enters ATLAS side A with positive and
leaves side C with negative y position value, beam 2 enters ATLAS side C with positive
and leaves side A with negative y position value. Fig. 7 shows the positions of different
proton trajectories got from simulation.
The upper plots in Fig. 6 are x — z, y — 2 distributions of trajectories with different
beam energy but pr = 0. From the x — z distribution we know that the more energy a
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Name IP1 Near C Far C
B [m] 0.4 80.46 23.20
By[m] 0.4 656.84 487.93
€[pm] 3.5

o™ urad] || 35.54 2.51 2.51
o, " [urad] || 35.54 0.88 1.02
oho™ [ m] 14.2 202 108
0, ] 14.2 577 497

Table 1. List of the designed beam parameters. [7]

Beam 2 outgoing Beaml1 outgoing

i IP1 —

X rLom . )185 |.1rad

—a

Beam 1 ingoing Y Beam 2 ingoing

Figure 6. Crossing angle and beam parameter o at the IP1.

proton loses, the farther it will go on x. The middle plots are z — z, y — z distributions
of trajectories with different p, but £ = 6500 GeV and p, = 0. By comparing the x — z
distributions for different energy and different p,, it is clear that energy loss has much
more effect on the position of the proton.

The bottom plots are x — z, y — z distributions of trajectories with different p,, but £
= 6500 GeV and p, = 0. The beam center at the near station is at x = -97.0 mm, y =
-3.0 mm and at x = -97.0 mm, y = -2.6 mm at the AFP far station when used the optics
described here.

3 The AFP Detector

3.1 Detector Components

Each of the AFP stations is composed by the Roman Pot (RP) and the Silicon pixel
Tracker (SiT), far stations contain also ToF detectors for rejecting pile-up at high lu-
minosity. The SiT and the ToF detectors are installed in the Roman Pot as shown in Fig.
8. The plate in this picture is the Roman Pot flange, the vertical direction is the y-axis, the
direction perpendicular to the flange is the z-axis.

3.1.1 The Roman Pot

The Roman Pot was selected as the AFP beam interface. The starting point for the AFP
RP design is the TOTEM cylindrical pot [8], which was produced by CERN and fully
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Figure 7. Proton trajectories for different energy (upper), p, (middle) and p, (bottom)
based on simulation. The z-axis is s, the y-axis is the x (left) or y (right) positions in the
ATLAS coordinates, in the unit of mm.
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Figure 8. The model of an AFP station with an example of a passing proton.

.“W ;! 1 ‘

0.3 mm window* |

Figure 9. The Roman Pot with the 0.3 mm window (left), the inside part of a pot (middle),
the Roman Pot flange (right).
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qualified for using in the tunnel. However, the TOTEM RP design is not well suited for
the AFP ToF detector, because the AFP ToF requires a 50 mm x 50 mm flat area on the
RP bottom interfacing between the quartz Cerenkov radiators and the LHC beam vacuum.
Also, the AFP silicon tracker sensor is 20.0 mm wide in y.

The material of the pot, as for many LHC beam elements, is type 316LN stainless steel
[9], a low-carbon, nitrogen-enhanced version of Type 316 molybdenum-bearing austenitic
stainless steel. The design of the Roman Pot is shown in Fig. 9. As shown in the left
picture, the RP floor has a 0.3 mm thin window which was machined by removing a 1.7
mm thick and 20 mm wide layer of material from the 2.0 mm thick bottom and wall of
the cup. The window is used as the interface of the beam and the detector. A Roman Pot
has two major components, a pot and a precision feed-through plate. The plate is used to
close the pot and provide holes for the feed-through connections.

Feed-through connections on the Roman Pot flange including low voltage, high voltage
for the SiT, connectors between the sensors and the read-out electronics, high voltage for
the ToF, temperature sensors, vacuum pump tubes and the cooling system. The vacuum
inside the pot is provided by the LHC beam pipe vacuum pump. Because of the secondary
vacuum, the electronics inside the pot needs cooling. The cooling system receives cold air
from a Dry Air Vortex Cooling system [13], the cold air goes through the heat exchanger,
then goes out from the longest tube shown in the right picture in Fig. 9. Such system can
easily cool the Roman Pot and the detectors.

3.1.2 The Silicon Tracker

To measure diffractive protons, the AFP detectors must be able to approach the beam
closely, so the radiation at the AFP stations is higher than at the location of the first layer
of the ATLAS inner tracker. The required resolution needed for physics analysis is 10 ym
in the z direction.

Because of the above requirements, the AFP baseline tracker device is the 3D silicon
pixel tracker, used for the ATLAS Insertable B-Layer (IBL) tracker [10]. In addition, the
choice of the 3D sensor allows the use of the well-tested FE-I4B front-end chip [11] and
indicates the use of the RCE-based DAQ system [12] used extensively for the 3D sensor
testing.

Each AFP station contains one SiT, the configuration listed below is the designed config-
uration of the detector and it was used in full GEANT4 simulation (Sect. 3.2).

e The SiT has four layers, separated by 9 mm along the z-axis, rotated by 14° around
the y-axis (viz Fig. 10). In the configuration in 2016, the SiT in the near station had
only three layers.

e Each layer has a silicon pixel sensor with thickness of 230 pm, contains an array
of 336 x 80 pixels of size 50 x 250 um?. Each sensor is bonded with a FE-14B
read-out chip with thickness of 700 pm.

e The sensor is hold by a plate with thickness of 1 mm, length of 44 mm, width (along
the y-axis) of 58 mm. The material of the plate is AI-Cf (60% C, 40% Al). Except
holding the sensor, the plates also work as heat exchanger for the sensors.

12
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80 pixels 14°

Figure 10. 3D silicon sensors mounted on the plates and its coordinate system.

Bump

oxide [l metal B passivation
pSi M p poly-Si M n poly-Si p'Si

Figure 11. Details of a sensor layout. [13]

e The designed distance from the edge of the sensor to the beam center on the z-axis
is 15 o3°™, here 0,°™ is the x-size of beam envelope at the AFP station. The y-
position of the stations are designed to be at the center of the beam pipe, which is y
= 0 mm in the ATLAS coordinates. In the configuration in 2016, the distance from
the RP edge to the beam center in the near station was 4.04 mm, in the far station
was 2.16 mm. The stations did not arrive at 15 ¢,°™ from the beam center in 2016.

The silicon sensor is attached to the plate as shown in Fig. 10. The rectangle on the top
of each plate is the sensor bump-bonded (connected) to a FE-I4B front-end chip. The
active area of the sensor is 16.8 x 20.0 mm?, beside of the active area, each sensor has
a 180 pm dead edge at the side facing the beam. The pixels are p-type Si, with a very
high resistivity (10 to 30 k2 cm). Each pixel consists of 2 n* -junction columns and 6
surrounding p* -ohmic columns [13]. Fig. 11 shows details of the sensor layout.

Pixel read-out electronics is based on the FE-14 chips. The sensors are coupled to the chip
with negative charge collection. Each readout channel contains an independent amplifi-
cation stage with adjustable shaping, followed by a discriminator with an independently
adjustable threshold. The chip operates with a 40 MHz externally supplied clock. The

13
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time over threshold (ToT) with 4-bit resolution together with the firing time are stored for
a latency interval until a trigger decision is taken. The FE-I4 chip can also send a trigger
signal via the HitOr line, which is formed as the logical OR of three fired discriminators
on the FE-14 chip [13].

3.1.3 The Time-of-Flight Detector

The way to distinguish signal from interactions of interest and pile-up is to measure the
time of arriving protons using a high resolution ToF detector. To reject background at high
luminosity, where the average number of interactions per crossing exceeds 50 (u > 50),
the timing system should have the following characteristics [13]:

e resolution 10 ps or better,

e acceptance that fully covers the tracker,

e high efficiency (> 90%),

e high rate capability of O(5) MHz per PMT pixel (and electronics channel),
e segmentation in = (horizontal) for multi-proton timing,

e Level 1 trigger capability,

e radiation hardness for > 100 fb~! run operation.

Due to the limited space of the Roman Pot, the ToF detector group was forced to use
a modified version of the original Quartic detector. The Quartic detector detects the
Cherenkov light caused by particles travel at nearly the speed of light to measure the
arriving time. The original Quartic detector consisted of straight quartz bars positioned
at the Cherenkov angle with respect to the proton flight direction, and functioning both
as a radiator producing Cherenkov light, and as a light guide that funnels the light to the
phototube. The logic is shown in the left picture of Fig. 12. The bars used by the AFP
ToF have a new shape, the so-called "LQbar”, as shown in the right picture of Fig. 12.
It consists of an array of 4x4 quartz bars pointing to the Cherenkov angle (48°) in x — 2
plane. The four layers of bars are labeled with number 1, 2, 3, 4 from top to bottom in
the right picture of Fig. 12, a layer is called as a "train”, the four bars in each layer are
labeled with A, B, C, D from right to left in the right picture of Fig. 12. The bars in train
1 to train 4 have a width of 2 mm, 4 mm, 5 mm, 5.5 mm along the z direction, all of the
bars are 6 mm wide along the z-axis, the coming protons will hit bar A firstly, then hit bar
B, C, D. Since the bars are oriented at Cherenkov angle, the length of the bars decreases
with increasing z such that the effective path length of the Cherenkov light to the PMT is
independent of where the photon is emitted along the path of the proton. Train 1 is the
narrowest one in the four trains because it is the closest to the beam center, so that the
radiation at train 1 will be the heaviest and then to make the working time of the bars in
this train not too different from others, their width have to be smaller to get less radia-
tion. The Cherenkov light travels up the bars and is converted to a signal by a specialized
4 x4-pixel Microchannel-Plate Photomultiplier (MCP-PMT) produced by Photonis.

14
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high energy proton

Cherenk

<

Figure 12. Detecting particles traveling at nearly the speed of light with quartz bars
Cherenkov radiation (left). The Time-of-Flight detector (right).

3.2 The Forward Region and AFP Simulation
3.2.1 The Forward Region Simulation

Forward region simulation packages [14] allow full Geant4-based simulations of particles
in the forward region. The simulation, digitization and reconstruction are implemented in
the ATLAS data processing and analysis framework (Athena). Geant4 [15] is a toolkit for
the simulation of the passage of particles through matter. A tracking process starts from
the initial point of a particle, until the particle stopped by materials. Geant4 calculates
the position, momentum and energy deposit at every step, the length of a step is based
on the interaction it describes. The forward region simulation packages set up the geom-
etry and magnetic field of the ATLAS forward region, including the geometry of beam
pipe, magnets, collimators and the magnetic induction. Positions, rotate angles of the
magnets and the width of collimators can be set through the simulation job option. The
magnetic induction is calculated from KOL (dipole bending angle) and K1L (quadrupole
strength-length) got from twiss files. The Geant4 output of every step can be stored in an
ATLAS hits collection (Simulation Hit Collection), with the information in this collec-
tion, it is possible to visualize simulated hits in the forward region and perform detailed
analysis. However, the size of a file with information of every step stored can easily reach
several Gigabits, so this function is not switched on by default. It can be switched on via
the simulation job option if visualization of hits in forward region or other detailed studies
is needed.

3.2.2 The AFP simulation

The geometry of AFP is described by the AFP_GeoModel [16] package, an Athena pack-
age that constructs physics volumes of the RP, the SiT and the ToF. The physics volumes
can be visualized through ”Visualization Point 17 (VP1), which is a Geant4 function de-
veloped to a toolkit in Athena. The VP1 [17] drawings of these volumes in a simulation
are shown in Fig. 13. The first two pictures show the physics volume of the Roman Pot,
the other two pictures are visualization of the physics volumes of the Silicon Tracker.
Simulation framework of the ToF detector is not finished yet. A fast Cherenkov model of
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Figure 13. VPI1 drawings of the Roman Pot and the silicon tracker.

the quartz bars was implemented because the simulation of optical processes is very time-
consuming in Geant4. However, the ToF bars have a new construction making existing
fast Cherenkov model mot valid any more.

The AFP data model mainly includes the collections of simulated hits in AFP sensi-
tive detector volumes and the AFP hits containers, the AFP tracks containers in structure
of Run2 ATLAS Object Data (xAOD). The simulated hits collections store informations
about time, hit positions, kinetic energy, energy deposition, PDG ID, hit volume ID (sta-
tion ID and layer ID) from Geant4 output straightly. Other parameters like pixel Row and
pixel Col are calculated in the AFP sensitive detector algorithm.

The physics that AFP is interested in is represented by diffractive processes, so the po-
sitions of the AFP stations need to have high acceptance for diffractive protons and low
acceptance for other processes like elastic scattering and non-diffractive processes. The
acceptance of the AFP can be studied with the full simulation. The left plot in Fig. 14
shows the energy loss & - pp distributions of all the out-coming protons in minimum bias
(all of the soft QCD processes) samples generated by Pythia8. The acceptance plot on
the right was got from the ratio of the number of out-coming protons with hits in the first
sensor in the near station and the number of all the out-coming protons, ratio numbers
were calculated in each bin to get this acceptance distribution with axises of energy loss &
and pr. The red region in the acceptance plot in Fig. 14 is dominated by single diffractive
process. The regions below and above the high acceptance region are dominated by elas-
tic scattering and non-diffractive processes. It is clear that the positions selected for AFP
have very high acceptance for diffractive protons, very few of elastics scattered protons
and non-diffractive protons can arrive at these positions. With the help of full simulation,
it is also possible to study the shower development (see Sect. 4) and the radiation envi-
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Figure 14. Distribution of all the protons in minimum bias samples with axises of Energy
loss € - pr (left); acceptance distribution got from the ratio of the number of events with
hits in the first sensor in the near station and the number of all the events in each bin
(right).

ronment at the AFP stations (see Sect. 5).

The AFP digitization algorithm was written within the general ATLAS scheme which
includes the possibility to add pile-up events. At the digitization step, the information
about hit station ID, layer ID, Row, Col and energy deposition is taken from the simulated
hits collection and transform to the signal recorded by the detectors. It needs 3.6 eV to
produce an electron-hole pair in the silicon sensor, so the energy deposition is converted
to ADC with

ADC = energy deposition/3.6 eV

Other parameters are passed from simulation to digitization directly.

3.2.3 The AFP track reconstruction

Individual signals recorded in detector channels are called hits, a physics analysis re-
quires tracks which are reconstructed from the hits. The reconstruction algorithm uses
the Kalman fit method [18]. This is the technique most of the tracking detectors use. It
consists of the following steps:

a) calculation of a position of each pixel in the ATLAS coordinate system.

b) selection of the hits with cut ADC > 1500 (ADC is the number of electron hole pair
in a pixel) in the first and the second sensors of each station, if there are hits close to
each other along the z-axis, the position of this cluster is calculated as the weighted
average:
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Figure 15. The upper plots are track reconstruction efficiency of protons with slope in [0,
0.01] generated by particle gun just in front of the AFP near station (left), protons with
slope in [0, 0.001] generated by particle gun just in front of the AFP near station (middle),
single diffractive events generated by Pythia8 (right). The bottom plots are the number
of hit layers in the events with hits in the first plane. 98.85 %, 99.46 %, 94.50 % protons
have hits in four planes in the slope 0.01 samples, slope 0.001 samples, single diffracitve
samples.
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The ADC value of this cluster will be summed over the pixels included.

¢) cluster in the first sensor and a cluster in the second sensor is combined to a track
candidate, called track seed”. All combinations are considered. A cluster here means
a single hit if the hit is isolated from other hits or a group of hits close to each other
along the z-axis.

d) selection of hits with ADC > 1500 in the remaining layers, then fit the hits in each
layer with the track seed using Kalman fit method. If the hits in the third layer can fit
with a track seed with a result of x? < 2, these hits and the track seed are reconstructed
as a track.

e) if the hits in the fourth layer can fit with a track seed with a result of X2 < 2, no
matter if the hits in the third layer in this event can fit with the track seed, a track is

reconstructed.

At the step b), the position of a cluster is calculated from the average position of hit pixels
close to each other along the z-axis weighted by energy deposition, the pixels close to
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each other along the y-axis are not taken into account because the pixel size on y is 0.25
mm and there is no rotation around the z-axis, it is very rare for a proton to hit two pixels
close to each other along the y-axis at the same time.

From the simulation result, a proton not accompanied by showers usually hit two pixels
close to each other along the z-axis, such clean events are the samples that physics anal-
yses are interested in, so that considering only pixels close to each other along the z-axis
is enough.

The track reconstruction method is able to reconstruct the diffractive proton tracks with
high efficiency. To check this, we studied the track reconstruction efficiency in the near
station in simulation. The efficiency was calculated from the ratio of the number of events
with tracks in the near station and the number of events with hits in the first sensor in the
near station. Fig. 15 shows the track reconstruction efficiency of protons generated by
particle gun and single diffractive events generated by Pythia8. The reconstruction effi-
ciency of single diffractive proton tracks is very high, but it becomes lower when the slope
of particles becomes larger. The reason is clear: the cut x?> < 2 was designed for small
slope tracks reconstruction, so this method does not have very high efficiency on large
slope track reconstruction as tracks with large slope can not be diffractive proton tracks.

3.3 The AFP Trigger System

The AFP first-level trigger in 2016 runs was based on the HitOR signals from FE-I4
chips. The HitOR tracking trigger cannot be used for pile-up rejection. The AFP High-
Level Trigger (HLT) strategy will depend on the detector configuration, the instantaneous
luminosity and the physical process to be measured. The main triggers used in the pre-
sented analysis are listed below. Note that L1 triggers instead of HLT triggers were used
because most of the HLT triggers were prescaled heavily and some of the HLT trigger
were not active in data processing.

e L1_AFP_C_AND: both the near and the far stations on C side triggered.

L1_AFP_C_MBTS_A: both the near and the far station on C side and the Minimum
Bias Trigger Scintillator (MBTS) [20] on A side fired.

L1_AFP_FSC: AFP far station on C side triggered.

L1_AFP_C_ANY: AFP near station or the far station on C side triggered.

L1_AFP_C_ANY _UNPAIRED_ISO: the near station or the far station on C side
triggered but the bunch is unpaired.

The MBTS in Run 1 consisted of 16 counters per side, of which 8 form an inner ring and
another 8 an outer ring covering in total a pseudo-rapidity range of 2.1 < |n| < 3.8 in
the forward direction of each beam. They are mounted at |z| = 3.6 m between the Inner
Detector and the Liquid-Argon-Calorimeter. In the Run 2 upgrade, the 16 x 2 channels
were replaced to 12 x 2 channels, the outer rings have 4 channels and the inner ring have
8 channels. The upgrade also changed MBTS geometry slightly to increase 7) coverage.

The bunch information in trigger L1_AFP_C_ANY _UNPAIRED_ISO is from the Beam
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Figure 16. MBTS and BCM in the ATLAS detector. [21]

beam 2
-
L No bunch within + 3 BCIDs {
® ® o o @ ® ©® o
—»
Unpaired isolated bunch beam 1

Figure 17. An unpaired isolated bunch.

Conditions Monitor (BCM) [19]. It consists of two detector stations (forward and back-
ward) with four modules each. A module consists of two polycrystalline chemical-
vapour-deposition (pCVD) diamond sensors, glued together back-to-back and read out
in parallel. The modules are positioned at z = +184 cm.

In the LHC runs in Run 2, the Radio-Frequency was operated at a frequency of 400 MHz.
This corresponds to buckets every 2.5 ns, groups of ten buckets are assigned the same
Bunch Crossing IDentifier (BCID). The bunch space in Run 2 is 25 ns, each bunch cor-
responds to a specific BCID. In colliding beam, both beam 1 and beam 2 are filled with
bunches, such situation is called as paired bunches. It is possible that a bunch does not
have its paired bunch in the other beam, if a bunch in only one LHC beam with no bunch
in the other beam within £3 BCIDs, it is an unpaired isolated bunch.

4 Shower Development and Beam Induced Backgrounds

When a high energy proton interacts with a material, a particle shower might be created
and affects the AFP detectors. The showers can be caused by the beam pipe, the AFP
stations and the collimators, the silicon sensors themselves are also possible source of
showers.

There are several sources of beam induced background: IP secondary interactions, inter-
action with the AFP stations, backscattering due to collimators after the AFP, part of the
beam gas interactions (a proton interaction with residual gases can produce showers but
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also can be just scattered).

It is difficult to distinguish diffractive protons and beam induced background if the sam-
ple contains a lot of showers, so an effective way to remove showers is needed. In this
background estimation analysis, only tracks passing the shower removal selection were
considered. The processes with interest are diffractive scattering, other processes detected
by the AFP detector are treated as backgrounds, including beam induced background and
non-diffractive background. The non-diffractive background can be studied via simula-
tions.

The beam induced background, after removing showers, is considered as originating due
to beam halo and scattered protons produced in beam gas interactions. Such background
occurs randomly and it is hard to simulate, but can be estimated from data. As will be
shown, the beam halo is the most significant component of background in the AFP detec-
tor.

4.1 Shower Development

It is possible to study the showers caused by the materials near the AFP detectors with
particle Gun (pGun) generator, a generator which able to shoot particles with given posi-
tion, momentum and particle type (PDG ID).

If protons are produced just in front of the AFP station and shoot straightly to the tracker,
then all of the showers should be caused by materials in the AFP station and beam pipe
near the station. By comparing the shower development in different Monte Carlo samples,
we found the amount of showers are correlated to the slope of protons.

Below is a comparison of the number of hits in each layer got from protons with slope
in [0,0.01] generated by particle Gun just in front of the AFP near station, protons with
slope in [0,0.001] generated by particle Gun just in front of the AFP near station, single
diffractive process generated by Pythia8. The values are all normalized to the number of
hits in the first sensor in the near station in each kind of sample. Numbers are arranged
in this order: first layer in the near station—second layer in the near station—third layer
in the near station—forth layer in the near station—first layer in the far station—second
layer in the far station—third layer in the far station—forth layer in the far station.

pGun samples with slope of protons in [0,0.01]:
1—1.1194—1.2092—1.3940—8.6708—9.5387—9.7361—9.8371.
pGun samples with slope of protons in [0,0.001]:
1—1.1259—1.1974—1.3674—5.2172—5.6792—5.8332—5.9415.
Single diffractive samples:
1—1.3496—1.9892—3.0773—3.8571—4.6176—4.2448—5.25717.
Run 305359 data:

1—1.0911—1.3137—no sensor—1.9462—4.0523—4.6592—6.1408.

Many showers occurred between the last sensor in the near station and the first sensor
in the far station in the samples generated by particle Gun. Over 90 % of the shower
particles are electrons. Based on the distributions of reconstructed 2’ - truth level p, got
from the three kinds of samples in Fig. 18, it is clear that the amount of showers raises
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Figure 18. Reconstructed x'-truth level p, distributions for single diffractive samples

(left), pGun samples with slope in [0, 0.001] (middle), pGun samples with slope in [0,

0.01] (right).

fast with the slope of protons.

If a proton did not cause showers, it usually causes two or three hit pixels per sensor

in both the near station and the far station, as shown in Fig. 19. Most of the protons
generated by pGun did not arrive at the far station due to their slope is too large, but they
caused much more electron showers upstream to the far station than the single diffrac-
tive protons. We studied the starting points of the showers with visualization of hits in
the forward region and verbose tracking output of an event with many showers got from
simulation. Fig. 20 shows the VP1 drawings of the hits in an event contains a proton
generated by particle gun just in front of the AFP near station, the slope of this proton
was 0.01 and it caused many shower electrons. The IP1 is at the right side of these plots,
the blue points are simulated hits, the lines with different colours are tracks formed by the
hits. Each kind of particle has a specific colour. Most of the tracks in this event are pink,
which means they are electrons.
The four clusters (see Fig. 20 a) are caused by shower electrons interacting with the for-
ward detector envelope (ForDetEnvelope), a physics volume filled with air in simulation.
The initial purpose of this ForDetEnvelope was to model the material out of the beam
pipe, but the material of forward region was changed to be defined in the forward region
geometry package, this package sets not only the region inside the beam pipe but also the
region out of the beam pipe to vacuum. Only the gaps cut for the AFP detectors and the
ALFA detectors were still filled with the material defined in forward detector envelope
package. The starting points of the showers are at about 3.5 m after the generated place of
the proton, this position does not depend on the generated place of the proton because the
tube has a radius of 40 mm, a proton with slope of 0.01 will hit the tube after travelling
about 4000 mm and it will cause electron showers when it hits the tube. The shower elec-
trons will go all directions, but the hits can only be recorded by Simulation Hit Collection
(see Sect. 3.2.1) when the electrons hit volumes, so the shapes of the four clusters are
limited by the range of ForDetEnvelope, as shown in Fig. 21.
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Figure 19. Hit multiplicity of the first sensor in the near station and the far station.

4.2 Removal of Showers

Based on the study of showers in Sect. 4.1, we found several signatures which can be
used to identify them:

a) protons which can cause showers usually have slope larger than 1073,

b) if a proton is accompanied by a shower which originated before it hits the AFP SiT,
the number of reconstructed tracks in the near station is usually more than two, the
number of hits in the first sensor in the near station is usually more than three,

c¢) reconstruction of shower tracks is usually not as well as of high energy proton tracks
because of the large slope.

As described in Sect. 3.2, the track reconstruction method requires hits in the first sensor
and hits in the second sensor, then fit the track seeds with hits in the remaining sensors, if
a particle hits the first sensor and causes shower particles after the hit, then the shower par-
ticles do not leave hits on the first sensor. So the track reconstruction will not reconstruct
shower tracks started after protons hitting the first sensor in the near station. However,
the near station and the far station are treated separately, so the showers originated in the
near station has the possibility to be reconstructed in the far station. A method to remove
such showers is to match the tracks in the far station with the tracks in the near station.
The easiest way is to select events with one track reconstructed in the near station and one
track reconstructed in the far station. The events with exactly one track, they are called as
”golden events”. Shower tracks originated before protons hitting the AFP stations could
also be reconstructed, several ways can be used to remove such showers, e.g. cuts on
number of hits, cuts on number of tracks. The relatively best way is to use a variable
called “’track quality”. defined as:

2 2
. o Xmax — Xtrk
Trk_quality = Npjanes + v
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Figure 20. Hits in an event generated by pGun, the generated position of the proton was
at (r =-105.0 mm, y = 0 mm, z = -205100.0 mm), the x-slope was -0.01. IP1 is at the
right side of the pictures. (a) The view from position very far from the IP on C side. (b)
The starting points of the electron showers is at about 3.5 m after the generated point of
the proton. (c) The showers at the AFP near station and the beam pipe. (d) The showers
started at z = -208.5 m upstream to the AFP near station. (e) The showers at the AFP far
station. (f) The showers started at z = -208.5 m downstream to the AFP far station.
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where Npanes is the number of hit planes used in the reconstruction. xZ, is the Kalman fit
result of a reconstructed track. x?2,,. is the cut value used on cutting y2, in reconstruction,
the better the fitting was, the smaller x2, we got. Initially the cut used on Monte Carlo
reconstruction was x> = 2, but the inter-plane alignment in 2016 data was not good
enough so the cut was changed to x2, = 3, to accept more tracks. Trk_quality increases
with the decrease of y2,. So a better reconstructed track has larger track quality.

Based on these signatures a method to remove showers was developed. It has the follow-
Ing steps:

1. Selection of the tracks passing cut Trk_quality > 3 in the near station, passing cut
Trk_quality > 4 in the far station in an event (in the configuration in 2016, the near
station had three plates, the far station had four plates).

2. Loop over the selected tracks in the near station; each track in the near station is
combined with all the selected tracks in the far station to form clean track seed.

(a) Selection of the clean track seed with cut: \/(2 far — Tnear)? + (Yfar — Ynear)?

2.4mm, |2%,, — )0 < 0.002.
(b) For each track in the near station, if there are tracks in the far station can pass
the cut, select the one with the smallest value of |(Z e — ZTnear) — Thear X

12000 mm)|. Every track can be used no more than one time, if a near station
track match with a used far station track the best, they will not be selected as
clean tracks.

The basic requirements for this shower removal method are: it can remove showers ef-
fectively and most of single diffractive events should be able to pass the selection. This
method was tested on single diffractive Monte Carlo samples, the ForDetEnvelope was
filled with air and the AFP stations were 1.5 mm from the beam center in this Monte Carlo
production. Over 90 % of the events have at least one track in the near station passing the
selection. The ratio can be affected by the cuts at the third step. More tracks will pass
the selection if less tight cuts are used, but the ability of rejecting showers will become

25



University of Science and Technology of China — A dissertation for bachelor’s degree

=10p 6 10 6 O 9
E L E L E T 5
= 8[ > 8 > 8- 8
£ 5 £ 5 k
6 6 8L, 7
4 | 4k ' -
£ ' '.').. g 4 £ ' .'.} '.(\: " 4 £ 6
s I'II'I"I')ﬁP ;{1 b o ' "..':.5"{\“1 \“"l | pien
g Y g . i s
oF ""’M': 3 = "!%': 3 0}"
S+ ! Bt 3 : ! m{i& L 4
i 2 [ i 2 £ 3
4 -4 . 4
-6 -8 ~6fm | 2
1 C 1 -
-8 -8~ -8 1
£ £ Lt
T ST T R R R S T ST I N R SR T . T S ¥ w, A o
1996114 =112 2110 108 ~106 ~104 102 ~100 ~98 =116 -114 112 -110 ~108 ~106 ~104 ~102 100 -98 1996114 ~112 2110 ~108 ~106 ~104 102 ~100 ~98
x[mm] x[mm] X[mm]
(a) (b) (c)
=10r 7 =10 7 =100y i 25
E L E I E
> 81— > 8- =
£ ' 6 E 5
g , 6 20
£ tn ! £
4 Ug‘;""'"t'-'-' . 5 4F 5
F i E
2r- ! 2 15
£ "1‘,'?”* . 4 £ 4
[ At [
o ' ﬁﬁbﬁ" o
5 1 ftj“, Q’E 5
-2k I ,% ° -2F ° -2) 10
. £
_af- R ~F 5
-6~ -6~ . -6
1 L 1 5
s -8 -8

_1:\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\ [ N N N A AV T A I AN Y -1
—q16—114—112—110—108 -106 -104 -102 -100 -98 ~116 -114 -112-110 -108 —106 —104 102 -100 -98 —q16—114—112—110—108 -106 -104 -102 -100 -98
x[mm] x[mm] x[mm]

(d) (e) ()

Figure 22. Track maps for single diffractive Monte Carlo samples. The AFP stations were
1.5 mm from the beam center. (a) Track map of the near station for golden events. (b)
Track map of the near station after applying shower removal selection. (c) Track map of
the near station without any cut. (d) Track map of the far station for golden events. (e)
Track map of the far station after applying shower removal selection. (d) Track map of
the far station without any cut.

weaker. The cuts used here are tight enough to reject nearly all of the showers and it can
let most of the single diffractive events pass. Fig. 22 shows the track maps for these single
diffractive Monte Carlo samples before and after removing showers. This method works
well on simulation as the sensors in simulation are aligned ideally. Unfortunately, the es-
timation of beam induced backgrounds was based on Run 305359 data, the reconstruction
of Run 305359 data did not have a good enough inter-plane alignment result, so the slope
information is not reliable yet. As such, the slope cut was not applied at the third step and
the slope information was not used in the calculation at the forth step when selected clean
tracks in data. The slope information was also not used on plotting the Monte Carlo dis-
tributions shown in Sect. 4.3 because the selection used on data and Monte Carlo should
be kept the same when make data, Monte Carlo comparison.

4.3 Beam Induced Backgrounds

Several sources of beam induced background are caused by showers, such backgrounds
should be removed after applying the shower removal selection. The remaining sources
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of beam induced backgrounds are high energy particles caused by beam halo and beam
gas not accompanied by showers. Beam gas in this case should be protons scattered by
the residual gas inside the beam pipe. It is hard to distinguish this kind of beam gas and
beam halo, but from the results which will be shown, beam gas was not observed in Run
305359 data, the main process of beam induced backgrounds in the samples after remov-
ing showers is beam halo.

As described in Sect. 3.3, the bunches in events passing trigger L1 _AFP_C_ANY _UNPAIR-
ED_ISO are unpaired isolated, so the hits in AFP left by these events are caused by beam
halo. One way to get a pure beam halo sample is to select the events passing this trigger
in data, as shown in Fig. 23. The track maps and the track y position distributions are
got from the unpaired isolated events after applying shower removal selection or golden
unpaired isolated events in Run 305359 data. Based on the bin with the highest entries,
the peak of track y-position distribution in the near station is at about -2.8 mm, the peak
of track y-position distribution in the far station is at about -2.3 mm. It agrees with the
y-positions of beam center at the near station and the far station considering that there was
no well alignment in Run 305359 data. A data driven method could be used to describe
the beam halo distributions in colliding bunches. The logic of this data-driven method
is to use the beam halo in these unpaired isolated bunches as the model to fit beam halo
in colliding bunches. The beam halo hits in colliding bunches might be a little different
from the beam halo hits in unpaired bunches due to the interactions between bunches,
such difference was not observed in this study, so it can be ignored.

The physics processes which have the possibility to be detected by the AFP detectors
can be studied via simulations. These processes include single diffraction, central diffrac-
tion, elastic scattering and non-diffraction. Pythia8 was used as the generator of these
processes. Single diffraction and central diffraction are signal processes of the AFP de-
tector, cross section of single diffraction is ten times of cross section of central diffraction.
Non-diffraction and elastic scattering are considered as physics background. Cross sec-
tions of the physics background processes are much bigger than that of the diffractive
processes, but based on the study of AFP acceptance in Sect. 3.2.2, the AFP sensors
have very low acceptance for non-diffractive protons and elastics scattered protons, so the
tracks measured by the AFP after removing showers are still dominated by single diffrac-
tive protons. As shown in Fig. 24 and Fig. 25, the first one shows track maps and track
y-position distributions for single diffractive Monte Carlo samples, the second one shows
the same distributions for minimum bias Monte Carlo samples, the shower removal selec-
tion and the golden events selection were applied to both kinds of samples. Minimum bias
samples include all the soft QCD processes (single diffraction, central diffraction, elastic
scattering, non-diffraction). Positions of the detectors were the same as the configuration
in 2016 in these Monte Carlo productions. The distributions of these two kinds of Monte
Carlo samples are slightly different, such difference comes from the non-diffractive pro-
tons and elastics scattered protons.

In this study, the physics background was included in simulation and it was not es-
timated. In both kinds of samples, the region with hits in the near station is domi-
nated in —1 mm < y < 5 mm, the region with hits in the far station is dominated in
—0.4mm < y < 6.4 mm, this signature provides a way to cut off these physics pro-
cesses: y < —1.5 mm in the near station and y < —1.0 mm in the far station. We moved
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Figure 23. Track maps and track y-position distributions for unpaired isolated events
after removing showers in Run 305359 data. For golden events: (a) Track map in the
near station. (b) Track map in the far station. (c) Track y-position distribution in the near
station and the far station. For events passing the shower removal selection: (d) Track
map in the near station. (e) Track map in the far station. (f) Track y-position distribution
in the near station and the far station.
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Figure 24. Track maps and track y-position distributions for single diffractive Monte
Carlo golden events and events after removing showers. The AFP stations were at the
position as in Run 305359. For golden events: (a) Track map in the near station. (b)
Track map in the far station. (c) Track y-position distribution in the near station and the
far station. For events passing the shower removal selection: (d) Track map in the near
station. (e) Track map in the far station. (f) Track y-position distribution in the near
station and the far station.

the cut values 0.5 mm smaller because data did not agree with simulation very well, some
tracks from physics processes would also be able to pass the cuts if the cuts developed in
simulation were moved to data without any changes.

The single diffractive process has one proton remain intact and the other one dissociate
into a multi-particle state, so the MBTS detector on the opposite side of the side where
a proton was detected by the AFP detector could be fired by a single diffractive process.
It indicates a way to tag single diffractive events in data: MBTS inner modules without
signal on the side where a proton was detected by the AFP detector, MBTS inner mod-
ules with signal on the other side. The logic is shown in Fig. 26. This requirement can
be translated to trigger cuts, L1 _AFP_C_AND and L1 _AFP_C_MBTS_A be fired at the
same time. The first trigger means the event has signals in both the near station and the
far station on C side, the second trigger means the MBTS trigger on A side was fired in
this event. Trigger L1 _AFP_C_AND requires the proton remained intect on C side, so the
proton on A side was the one that dissociated into a multi-particle state and as such, these
particles fired the MBTS trigger on A side. By requiring events passing L1_AFP_C_AND
and L1_AFP_C_MBTS_A at the same time, we can select part of the single diffractive
events in data, not all the single diffractive events can be selected in this way due to the
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Figure 25. Track maps and track y-position distributions for minimum bias Monte Carlo
golden events and events after removing showers. The AFP stations were at the position
as in Run 305359. For golden events: (a) Track map in the near station. (b) Track map
in the far station. (c) Track y-position distribution in the near station and the far station.
For events passing the shower removal selection: (d) Track map in the near station. (e)
Track map in the far station. (f) Track y-position distribution in the near station and the

far station.

MBTS A

MBTS C

AFP

ATLAS central detector

Figure 26. A single diffractive event fired L1_AFP_C_AND and L1_AFP_C_MBTS_A at

the same time.
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limited acceptance of MBTS. The track maps for these selected single diffractive events
are shown in Fig. 27 (a), (b). The shapes of the distributions agree not bad with the single
diffractive Monte Carlo.

This trigger cut is able to select single diffractive events. However, it can not veto on
MBTS inner modules on C side. Another selection is to use MBTS hits, the selection was
MBTS inner modules on A side have hits with charge (energy) larger than 0.15, MBTS
inner modules on C side do not have hits with charge larger than 0.15. The energy thresh-
old used in the selection was 0.15 % based on experience from the ALFA detector. Fig.
27 (c), (d) show the track maps for events passing this selection. Less events can pass
the MBTS hits selection compared to the number of events passing the MBTS trigger
selection but the MBTS hits selection selected a purer single diffraction sample. In the
track maps, there are a few tracks in the region below the “red region”, the fraction of
these tracks in events selected by MBTS hits selection is smaller than events selected by
MBTS trigger selection. From the track maps for single diffractive Monte Carlo samples
and minimum bias Monte Carlo samples in Fig. 24 and Fig. 25, the physics processes
do not have tracks in this region, so these tracks are probably beam induced backgrounds.
The cut on number of MBTS inner module hits on C side was 0, it is the tightest cut but
only 13.8 % tracks can pass the selection, which means some single diffractive proton
tracks can not pass. To let more events pass the cut we can require number of MBTS
inner module hits on C side smaller than a positive integer. There are 8 MBTS inner
modules, so the cut value can be any integer between 0 and 8. Fig. 28 shows the track
x-position distributions and y-position distributions for selected single diffractive events.
The efficiency for cut Nyprsc < 2 1is 39.8 %, for cut Nyprsc < 4 1s 62.4 %, for cut
NMBTS c<6 is 78.4 %, for cut NMBTS o <8 18 92.8 %.

The estimation of beam induced backgrounds level was based on data taken in the first
AFP physics run: Run 305359. The selections for removing showers were applied to
the data. Also, a cut requiring events not passing L1_AFP_C_ANY _UNPAIRED _ISO was
applied because the tracks in the AFP left by these events are known to be beam halo
and the unpaired isolated events were used as the model to fit the remaining beam halo
events. From the track maps and track y-position distributions shown in Fig. 29, the re-
gion below the high density region has some tracks that single diffractive and minimum
bias Monte Carlo do not have. Single diffractive events in data selected by the MBTS
trigger selection or the MBTS hits selection have very few such tracks. The position of
this part that did not appear in the single diffractive Monte Carlo samples or minimum
bias Monte Carlo samples have similar signatures as the unpaired isolated events. The
peak of the beam halo like events y-position distribution in the near station is at about y
= -3.0 mm, in the far station is at about y = -2.6 mm, they agree with the positions of the
beam center. Based on these signatures, we can conclude that the tracks in this region
were caused by beam halo. The beam halo tracks and the diffractive proton tracks can
be distinguished clearly from the distributions of track y-position. The beam halo parts
have similar shape as the track y-position distributions of unpaired isolated events. The
diffractive signal parts mixed with a few non-diffractive backgrounds are simulated by
minimum bias Monte Carlo, so the data distributions respect the following fitting model

ndata(y) - Nminbias : fminbias(y) + Nbackground : fbackground(y> (24)
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shower removal selection.
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Track maps for selected single diffractive events after applying the

(a) Track map for events passing L1_AFP_C_AND and

L1_AFP_C_MBTS_A at the same time in the near station. (b) Track map for events passing
L1_AFP_C_AND and L1_AFP_C_MBTS_A at the same time in the far station. (c) Track
map for events with MBTS inner modules hits on A side, without MBTS inner modules
hits on C side in the near station. (d) Track map for selected events with MBTS inner
modules hits on A side, without MBTS inner modules hits on C side in the far station.
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Figure 28. Track z-position, y-position distributions for selected single diffractive events
with different cuts on MBTS.
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Figure 29. Track maps and track y-position distributions for paired bunch events in Run
305359 data after removing showers. For golden events: (a) Track map in the near station.
(b) Track map in the far station. (c) Track y-position distribution in the near station and
the far station. For events passing the shower removal selection: (d) Track map in the
near station. (e) Track map in the far station. (f) Track y-position distribution in the near
station and the far station.
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Figure 30. Models to describe beam halo. The red part is minimum bias Monte Carlo
events, the blue part is unpaired isolated events after scaling, the black points are data
events. (a) Track y-position distribution in the near station in golden events samples. (b)
Track y-position distribution in the far station in golden events samples. (c) Track y-
position distribution in the near station in shower removal samples. (d) Track y-position
distribution in the far station in shower removal samples.

where nNgaia(y) is the y-position distribution of data events, Nipias is the number of
single diffractive events and non diffractive events in the model, f,inpias(¥) is the possible
density function (p.d.f.) got from the y-position distribution of minimum bias Monte
Carlo. Np,ckground 18 the number of beam halo events in the model, fy,ckground(y) is the
beam halo p.d.f. got from the y-position distribution of unpaired isolated events in Run
305359. From the y-position distributions for single diffractive and minimum bias Monte
Carlo samples in Fig. 24 and Fig. 25, very few of the protons from soft QCD processes
arrive at regions where y < —1 mm in the near station and y < —0.5 mm in the far
station. This signature provides a beam halo control region by requiring y < —1.5 mm in
the near station, y < —1 mm in the far station.

To describe the beam halo in colliding bunches with the unpaired isolated hits, the
number of hits in unpaired events needs to be scaled to the number of beam halo hits
in colliding bunches. As the beam halo distributions in unpaired isolated events have
similar shapes as the beam halo distributions in colliding bunches, the scale factor can be
calculated from the beam halo control region.
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Samples Ny eam halo Nyata beam halo
level

Events passing | 9206 30716 30 %

shower removal

selection

Golden events 8723 32044 27 %

Table 2. Beam halo level in data.

( Npear paircd(y<_1'5 mm) Ntar paircd(y<_1'5 mm) )/2
Niear unpaired(y<_1-5 mm) Nfar unpaired(y<_1-5 mm)

It is calculated as the average value of the near station and the far station instead of treating
the two stations separately because each track in the near station is matched with a specific
track in the far station after the shower removal selection applied. If the two stations
are treated separately, the number of beam halo tracks in the two station would not be
equal any more, it is better to keep the tracks matched. The value of averaged scale
factor is very close to the values of the scale factors in the near station and the far station
(< 2% difference), there is no risks of getting a different conclusion when the two stations
are treated separately. The number of tracks in unpaired isolated events in data samples
passing the shower removal selection after scaling is equal to number of background
events, 1.e.:

Nbackground = 9206

in Eq. 24. The number of tracks in colliding events in data samples passing the shower
removal selection is 30716, so the beam halo background takes up 30 % of the tracks
measured by the AFP detector. As a cross check, the same work was also done on golden
events, the fitting results are shown in Table 2. The beam halo background takes up 27
% of the golden samples. The level of beam halo background got from golden samples
is a little lower than the level got from samples selected by the shower removal selection.
However, the golden events selection is over simplified, it is clear that the model describes
data distributions better in shower removal samples, see Fig. 30. So the result got from
shower removal selection is more reliable, the beam halo level got from golden samples
is a cross check of the final result but can not be used as the final result.

5 Radiation Environment at the AFP Stations

The AFP detector will be operated during runs with a high pile-up, and as the detectors
and the electronics have some limitation on the radiation, it is necessary to study the radi-
ation environment at the AFP station. Such study was done using full Geant4 simulation
[13], we repeated the study on simulation and also did it on data took at high pile-up to
compare with the simulation results.
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Figure 31. Hit maps in the vacuum sensors, (a) near station on A side, (b) far station on A
side, (c¢) near station on C side, (d) far station on C side. The highest density region is at
the position of the beam center, the circle corresponds to the wall of the 80 mm diameter
beam pipe.

5.1 GEANT4 Simulation of Radiation Environment at AFP

To study the particles near AFP, vacuum sensitive detector volumes are added 275 mm
in front of every AFP station, which are very thin and covering the AFP stations. It only
records the hits but not brings additional effects since the material is vacuum. The Monte
Carlo samples used for this study are minimum bias samples generated by Pythia8, in-
cluding non-diffractive, elastic scattering, single diffractive, double diffractive and central
diffractive processes with a total cross section of 108 mb. The optics used in these simu-
lation was the designed LHC optics in the first part of data taking in 2016. The following
simulation results were all scaled to 100 fb~!. Fig. 31 shows the hits recorded by vacuum
sensors. Most of the particles are protons and electrons, two regions can be distinguished
in the hit maps: the region near the beam center together with a high fluence central ’line’
at the left side of the beam center, dominated by high energy protons; the region outside
this high fluence region, dominated by e* /e~ pairs. The fluence of high energy protons
raises significantly with the distance to the beam center. Fluence of different positions
are listed in Table 3. The electronics closest to the beam center is FE-14 chip on the 3D
silicon sensors, where the fluence of high energy proton is smaller than 1 x 10'°/cm?,
still below the levels expected for the ATLAS IBL detector [10]. The second closest elec-
tronics is the PA-a used for ToF read-out. Other electronics are located at the tunnel floor.
The high energy proton fluence at the position where these electronics are located is very
small, but these place can still get some electrons. Most of the electrons do not have high
energy (<10 MeV), but some of the electrons energy can reach to 100 MeV. The effect of
electrons is not very significant compare to the effect of high energy hardons. From the
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tons fluence

Position 2 mm from the | 5 cm from the | Tunnel Floor
beam beam
Electronics type 3D sensor, FE-14 | PA-a PA-b, CFD,
HPTDC
High energy pro- | < 1 x 10% /cm? |/ /

Electrons fluence

<2 x 10 /cm?

<5 x 10 /cm?

<1 x 10 /em?

Dose of electrons

< 55 kGy

< 14 kGy

/

Table 3. Particle fluence integrated over 100 fb~!.

electron energy deposition in the silicon sensor, the peak of energy deposited in 0.23 mm

material is 10 keV, the dose of electrons at the positions of electronics are listed in Table
3.

5.2 Radiation in High Pile-up Environment

It is necessary to study the high pile-up radiation environment with data because simula-
tions do not cover all picture. The AFP participated in a high pile-up run in 2016, Run
310574, with 1.85 pb~! integrated luminosity. The pile-up of this run was approximately
33. The effect of radiation mainly depends on two factors: high energy hardon fluence
and dose. Fig. 32 shows the hit maps of all the silicon sensors, the numbers were scaled to
hit rate per second. The number of hits in the last sensor in the far station is about 3 times
of the number of hits in the first sensor in the near station. To estimate the maximum flu-
ence, the shower particles have to be taken into account even though most of the showers
are low energy electrons. High energy protons usually can have clear signals in all of the
sensors, the amount of showers in the first sensor in the near station is the smallest, so the
hit rate in the first sensor in the near station is the closest to the hit rate of high energy
protons. The hit rate in first sensor in the near station was used to estimate high energy
proton fluence, all of the shower particles were assumed as high energy protons.

Based on the hit rate of the first sensor in the near station on C side, we calculated the
highest fluence and dose. The fluence got from simulation was integrated over 100 fb1,
to compare data and simulation, the highest hit rate in data was also scaled to fluence
integrated over 100 fb—1.

100/ o lem?
1.85pb—1 pixel size

fluence,,.x = HitRate.x X 60s x 63 x = 1.09 x 10" /cm?

In this equation, 60 s is the average time of one lumiblock data, Run 310574 contains
63 lumiblock with integrated luminosity of 1.85 pb™!, so the total time is 60 x 63 s.
HitRatenay 1s the maximum hit rate on a pixel, to get the fluence in the unit of per
centimeter square, it was scaled p;g‘;ze. The result 1.09 x 10'°/cm? agrees with the
number got from simulation. The maximum fluence in all of the pixels in the near station
on C side is 1.77 x 10'° /em?, still below the levels tested by the IBL detector. Another
factor that can have effect is dose, it is defined as the deposited energy divided by mass.

Here it can be calculated by the deposited energy in a pixel divided by the mass of the
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Figure 32. Hit maps of (a) the first sensor in the near station, (b) the second sensor in the
near station, (c) the third sensor in the near station, (d) the first sensor in the far station,
(e) the second sensor in the far station, (f) the third sensor in the far station, (g) the forth
sensor in the far station. Got from Run 310574 data.

pixel, the maximum dose got from Run 310574 data was 1268.23 kGy at 100 fb™!, nearly
twice of the result (< 700kGy) got from the study did in AFP Technical Design Report
[13].

The ToF detector works by detecting the Cherenkov light caused by particles to measure
arriving time, it has a limitation on the maximum number of hits. The number of hits that
ToF gets can be studied with the hit map of the last sensor in the far station as the ToF
detectors are installed in the far station, after the silicon tracker. As described in Sect.
3.1.3, the ToF detector has four groups of trains cover fully the silicon tracker, the width
of the bars are 2 mm, 4 mm, 5 mm, 5.5 mm from train 1 to train 4. The fraction of hits on
the bars in each train is 21.3 %, 34.6 %, 27.6 %, 16.5 %, as shown in Fig. 33, the width
of the trains increased with the distance to the beam center to make the working time of
the bars not too different. Train 2 has the highest hit rate, the total hit rate on a sensor is
about 3 x 105 s71.

6 Conclusion

This thesis describes the study based on the full Geant4 simulation of the AFP detector
and an estimation of the beam induced backgrounds measured by the AFP detector.

The following changes I had to make: 1) the material in the forward region mother vol-
ume was changed from low density vacuum to vacuum with 0 density to make simulation
works in the new Athena release; 2) the material in the forward detector envelope was
changed from air to vacuum to make simulation faster. The first change was forced by a
problem in Geant4, a tracking process stuck when a low energy electron meets low den-
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Figure 33. Hit rate on ToF bars, the fraction of hits on each bar are marked in the plot.

sity vacuum. The second change was caused by a remaining problem in simulation: to
avoid overlapping volumes, the beam pipe was cut off near the AFP stations in simulation.
As a result, the gap was filled with air defined in the forward detector envelope. Beside
this gap, other parts of the forward region are vacuum. In the real accelerator, the region
outside of the beam pipe are all filled with air, filling only these gaps with air dose not de-
scribe the real environment, and simulating showers caused by air only makes simulation
more time consuming.

However, the place filled with air in reality was set to be filled with vacuum, some mate-
rials like the cooling system were also not implemented in simulation, so some sources of
showers caused by real materials are not simulated. From my observation in simulation,
very few events (smaller than 4%) were affected by the air out of the beam pipe, when
the showers caused by air affected the hits on the sensors, the event usually had several
hundred hits or even more than one thousand hits. Such events with too many shower hits
are not processes with interest and the showers will be removed before physics analysis
no matter they are caused by existing material or not existing material, so it is not needed
to spend a lot of time simulating them.

The AFP geometry packages were finished based on an old design, I updated the AFP
geometry packages to the correct geometry.

A shower removal selection was developed, it could remove shower tracks effectively and
over 90 % of the single diffractive events have at least one track can pass the selection
based on the tests using simulation.

With the full Geant4 simulation, I produced single diffractive Monte Carlo samples and
minimum bias Monte Carlo samples using Pythia8 as the generator. Data has a region
with hits where Monte Carlo samples do not have, the hit distribution in this region has
similar kinematics as beam halo: the peak of track y-position distribution is at the position
of the beam center.

By requiring events passing the unpaired isolated trigger, I selected a pure beam halo
sample from data. The unpaired isolated events in this beam halo sample can be used to
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describe the beam halo in colliding events. I used the track y-position distributions as the
fitting model. Beam halo takes up 30 % of the total number of tracks measured by the
AFP detector.

The processes we studied are beam induced background, it is background of diffractive
processes. So I implemented a method to selected single diffractive events in data. The
logic is to require the MBTS on the opposite side of the side where a proton was detected
had signals. It has two possible ways to be achieved, require the MBTS trigger fired or
require the MBTS inner modules had signals. The first way can select much more events
than the second way, but the single diffractive samples selected by the second way is purer
than the sample selected by the first way. These single diffractive samples selected from
data contain much less tracks in the region dominated by beam halo, prove from another
way that these tracks are caused by beam induced background.

The Monte Carlo samples used for beam induced backgrounds study were also used to
estimate the radiation environment at the AFP stations. The method used in this radiation
environment analysis was got from the AFP Technical Design Report [13]. I repeated
the analysis on Monte Carlo samples that the AFP group did. I also studied the radiation
environment with real data taken in a high pile-up run. The results got from simulation
were compared to the results got from data. The maximum fluence estimated in simula-
tion agrees with the radiation level in high pile-up data. However, the dose got from data
(1268.23 kGy) is nearly twice of the dose got from simulation (< 700 kGy).
Distributions in Monte Carlo agree fairly good with data, the difference is probably caused
by the optics used in data taking; it was probably a little different from the designed op-
tics. But the beam induced backgrounds estimation was done using data-driven method,
the beam halo part in data agrees well with the model. The difference between Monte
Carlo and data dose not affect the result.

40



University of Science and Technology of China — A dissertation for bachelor’s degree

SlopeX2 SlopeX3
Z 800 Entries 4397 = Entries 65086
Mean  -4.8216-06

StdDev  0.002575 700

Mean  -7.294e-05
Std Dev  0.004548

70

3

600
60!

S}

500
50

3

40 40

3

30

3

S}
T[T [ TT T[T TT T[T [ TTT T TT7T

30

3

20 200

3

10 100

8,

3

STESTION ES SREATIN ESNR R O AT L N SO O AU L B IO S B) i e Tl Y T T
1 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01 —8.1 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
near station x far station x*

o[TTTT

o

Figure 34. Reconstructed slope distributions of single diffractive Monte Carlo, the near
station (left), the far station (right).

A Shower Removal Selection Cuts

The requirements of the shower removal selection are:
e it can remove showers effectively,
e most of the single diffractive proton tracks should be able to pass the selection.

Two cuts are used at step 2(a) in the shower removal selection:

\/(fL’fm« - xnear)Q + (nyLT - ynea'r)2 <2.4 mm, ,I'/far - ZE’I | < 0.002.

near

The value of the first cut comes from the slope of diffractive protons (90-160 prad). The
far station is about 12 m from the near station, a track with slope of 200 prad has 2.4 mm
offset on the x — y plane between the near station and the far station. Most of the single
diffractive proton tracks have smaller slope so they should be able to pass the selection.
The second cut comes from the z-slope distributions of single diffractive Monte Carlo,
viz Fig. 34. This cut is not as important as the first one because tracks with larger than
200 prad slope are already removed by the first cut. The slope cut works as a double
check. More tracks will be able to pass the selection if we use less tight cut but the
ability of removing showers will become weaker. These cuts are able to remove showers
effectively and more than 90 % single diffractive events have at least one track passing
the selection. To prove this, we tested several groups of cuts on single diffractive Monte
Carlo. Here are the cuts tested:

1. \/(:pf," — Tnear)? + (Yfar — Ynear)? < 4.8 mm, |m}w — .| <0.002,

2. \/(xfar — Tnear)? + (Yfar — Ynear)? < 3.6 mm, |x}w — ! .l < 0.002,

3. \/(xfm — Tnear)? + (Ysar — Ynear)? < 2.4 mm, Thor — 1, | < 0.002,

near

4. /(T far — Tnear)® + Wpar — Ynear)? < 1.2 mm, |2 0r = Thear] < 0.002.

Fraction of the number of events with tracks passing the selection and the number of
events with tracks is 92.0 % for cut 4.8 mm and 3.6 mm, 91.6 % for cut 2.4 mm, 88.1
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Figure 35. Tracks maps in the far station for single diffractive Monte Carlo. (a) Position
offset on the x — y plane smaller than 4.8 mm. (b) Position offset on the z — y plane
smaller than 3.6 mm. (c) Position offset on the x — y plane smaller than 2.4 mm. (d)
Position offset on the x — y plane smaller than 1.2 mm.

% for cut 1.2 mm. The track maps in the far station for these cuts are shown in Fig. 35.
Cut 2.4 mm, cut 3.6 mm and cut 4.8 mm give nearly the same results on single diffractive
Monte Carlo, all of them can select clean tracks at high efficiency. Besides let over 90
% of the single diffractive proton tracks pass, the selection also need to remove showers
as many as possible, so we choose the smallest value 2.4 mm as the cut. Run 305359
data does not have good enough alignment, so the slope information were not used in the
shower removal selection when we compared data and Monte Carlo. Fig. 36 shows the
effects of shower removal selection on data.

B Particle Composition at the AFP Stations

As described in Sect. 5.1, most of the particles near the AFP stations are protons and
electrons. It can be shown from the pdg ID distributions and proton hit maps. The pdg ID
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Figure 36. Tracks maps in the far station for data. (a) Position offset on the x — y plane
smaller than 4.8 mm. (b) Position offset on the  — y plane smaller than 3.6 mm.

of proton is 2212, of electron is 11. Fig. 37 shows the particle composition of the vacuum
sensors. The two lines (entries) are electrons and protons from left to right. Proton hit
maps of vacuum sensors are shown in Fig. 38. Compared to the vacuum sensors shown in
Fig. 31, itis clear that the region near the beam center together with a high fluence central
line at the left side of the beam center is dominated by protons. Except protons, other
particles near the AFP stations are mainly electrons, so particles in the region outside the
high fluence region are dominated by electrons.
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Figure 37. Particle composition of (a) near station on A side, (b) far station on A side, (c)
near station on C side, (d) far station on C side.

yimm]
o o 3 @

|
&

L
=5

15

ylmm]
3 >

o

o

[protontihapt vacuumsensal

[potoniafapd_vacoumsensor

(©)

= 15
F Entries 115950 EF Entries 115932
C Meanx  -97.08 = [ Meanx  -97.08
E Meany  -3.124 E Meany 2691}
E StdDevx 0.6646 10— Std Devx 0.6616
E StdDevy 0.834 E | StdDevy 0.7539
C 1000 L
E S
E 800 E
E o=
r 600 r
C s
£ 400 L
C 200 -
C I I | I | o _1sC I I | | |
50 140 130 -120 -110 =100 =90 50 140 130 -120 -110 =100
x[mm]

oot ewmson] [rotonintapa vacumsensar]
E Enties 115768 E L *|Enties 115767 po
C Meanx  -97.05h, = [ Meanx  -97.05
= Mean y -2.932 F Mean y -2518
- StdDevx 0.6481 10— Std Devx 0.6003 g
E StdDevy 0.7567 E StdDevy 0.6853
C SO
E 800 E
C ol
£ 600 L
E 400 E
e 200 -0
P S S I PRI R o P O N R RN BRI

140 130 -120 -110 =100 =90 EE = E 120 =110
x[mm]

(d)

Figure 38. Proton hit map of (a) near station on A side, (b) far station on A side, (c) near
station on C side, (d) far station on C side.
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