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Abstract
V. V. Lukianchuk. Energy linearity and resolution of the LHCal calorimeter
of the ILD detector for the ILC experiment.
The Qualification MSc. work on a speciality 8.04020304 — physics
and astronomy, specialization — high-energy physics. — Taras Shevchenko
National University of Kyiv, Faculty of Physics, Department of Nuclear
Physics. — Kyiv, 2016.
Research supervisor: Candidate on Sciences in Phys. and Math.,
Associate Professor, Department of Nuclear Physics, Yuriy Onishchuk
LHCal is a calorimeter in the Forward region of the ILD detector for the
Linear Collider experiment. Monte Carlo simulation was performed with
the LHCal for leptons and hadrons, namely: e± , µ± , π ± , K ± in the range
of energies from 1 GeV to 100 GeV. As result, energy deposition in the
calorimeter was obtained. Energy response and energy resolution of the
calorimeter were studied.
Key words: calorimeter, gaussian distribution, energy response, energy
resolution.

Introduction
The International Linear Collider (ILC) is a 200-500 GeV (extendable to
1 TeV) centre-of-mass high-luminosity linear electron-positron collider, based
on 1.3 GHz superconducting radio-frequency (SCRF) accelerating technology.
The collider design has been developing over twenty years. Its parameters
have been set by physics requirements first outlined in 2003, updated in 2006.
But even now, there are many discussions in the physics user community
according to the collider construction.
Since 2005, the design of the ILC accelerator has continued as a worldwide
international collaboration coordinated by the Global Design Effort (GDE)
under a mandate from the International Committee for Future Accelerators (ICFA). Nearly 300 national laboratories, universities, and institutes
worldwide have put efforts into the development of the ILC. Drawing on
the resources of collaborators, the GDE produced the ILC Reference design
report in August 2007, which successfully culminated in the publication of
Technical design report in 2013 ([7], [6], [3], [4], [8]).
The ILC is a future particle accelerator with great possibilities to reveal
new physics. According to the discovery of the Higgs boson at the LHC, and
taking into account the strengths of linear accelerators, the ILC will be able
to investigate the processes where the Higgs particle is involved with a high
accuracy, which can shed the light on the nature of the universe.
To achieve goals which stand in front of the ILC, it is necessary that
whole complex could work as one. Therefore, it is essential to study every
part of the future accelerator. This work presents results of study of the
LHCal calorimeter which is one of the calorimeters in the Forward region of
the ILD detector and which is the important unit for the experiment.

1

The International Linear
Collider
2.1

Physics at the International Linear Collider

Today the search for new particles and forces at energies of hundred or
thousands of GeV plays a central role in the field of elementary particles
physics. Particle physicists have established a ‘Standard Model’ for strong,
week and electromagnetic interactions that passes tests at both low and high
energies. The model is extremely successful, and yet it is incomplete in many
important respects. The Standart Model does not explain how gravity is
connected to the other forces of nature. It does not explain why the basic
particles of matter are the quarks and leptons, or how many of these there
should be. So, there are many, still ‘exotic’ questions which drive physics
community to search new theories and methods to understand essence of the
universe. The ILC is bound to be the forward experiment in the investigation
of new physics.
The Standart Model postulated a field, called the Higgs field, that gives
rise to a force which creates the masses of the quarks, leptons, and bosons.
However, it dos not expain the properties of this field. A way to prove the
existence of the Higgs field field and to study its interacitons is to find and
study the quantum of this field, called the Higgs boson. The International
Linear Collider was designed to study this particles and other new particles
that might be associated with it. It provides an ideal setting for detailed
exploration of the origin and nature of the Higgs field. The physics program
of the ILC is described in detail in the Physics Volume [6].
The initial program of the ILC for a 125 GeV Higgs boson will be centered
at the energy of 250 GeV, which gives a peak cross section for the reaction
e+ e− → Zh. In this reaction, the identification of a Z boson at the energy
appropriate to recoil against the Higgs boson tags the presence of the Higs
boson. In this setting, it is possible to measure the rates for all decays of the
Higgs boson — even decays to invisible or unusual final states — with high
precision. Such decays are very difficult to separate from Standard Model
background events at the LHC. The precision measurement of the rates of
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decay of the Higgs boson to the various types of quarks, leptons, and bosons
will give evidence on whether the Higgs field operates alone to create the
masses of these particles, or whether it has partners that are additional new
particles addressing the other physics questions.
The study of the Higgs boson will continue, with additional essential
elements, at higher energies. At 500 GeV, the full design energy of the
ILC, measurement of the processes e+ e− → ν ν̄h will give the absolute
normalisation of the underlying Higgs coupling strengths, needed to determine
the individual couplings to the percent level of accuracy. Raising the energy
further allows the ILC experiments to make precise measurements of the
Higgs boson coupling to top quarks and to determine the strength of the
Higgs boson‘s nonlinear self-interaction.
The ILC also will make important contribution to the search for new
particles associated with the Higgs field, dark matter, and other question of
particle physics. For many such particle with only electroweak interactions,
searches at the LHC will be limitted by low rates relative to strong-interaction
induced processes, and by large backgrounds. So, the major advantage of the
ILC is extremely clean events, which is the most suitable to study high-energy
physics.
There are processes to be studied by the ILC are shown in the table 2.1
on the following page.

2.2

The International Linear Accelerator

Particles in the ILC are accelerated via a superconducting technology. A
schematic view of the accelerator complex with the major sub-system is
shown in Fig. 2.1.

Figure 2.1: Schematic layout of the ILC, indicating all the major sub-system
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Table 2.1: Major physics processes to be studied by the ILC at various
energies
Energy, GeV

Reaction

Physics goal

e+ e− → Z

ultra-precision electroweak

160

e+ e− → W W

ultra-precision W mass

250

e+ e− → Zh

precision Higgs couplings

e+ e− → tt̄

top quark mass and couplings

e+ e− → W W

precision W couplings

e+ e− → ν ν̄h

precision Higgs couplings

e+ e− → f f¯

precision search for Z 0

e+ e− → tt̄h

Higgs coupling to top

e+ e− → Zhh

Higgs self-coupling

e+ e− → χ̃χ̃

search for supersymmetry

e+ e− → AH, H + H −

search for extended Higgs states

e+ e− → ν ν̄hh

Higgs self-coupling

e+ e− → ν ν̄V V

composite Higgs sector

e+ e− → ν ν̄tt̄

composite Higgs and top

e+ e− → t̃t̃∗

search for supersymmetry
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350 — 400

500

700 — 1000

• a polarised electron source based on photocathode DC gun;
• a polarised positron source in which positrons are obtained from electronpositron pairs by converting high-energy photons produced by passing
the high-energy main electron beam through the undulator;
• 5 GeV electron and positron dumping rings (DR) with a circumference
of 3.2 km, located in a common tunnel;
• beam transport from the damping rings to the main linacs, followed by
a two-stage bunch-compressor system before an injection into the main
linac;
• two 11 km main linacs using 1.3 GHz SCRF cavities working at an
average gradient of 31.5 MV/m, with a pulse length of 1.6 ms;
4

• two beam delivery system of 2.2 km long, which brings the beams
into collision with a 14 mrad crossing angle, at a single interaction
point which can be occupied by two detectors in a so-called "puch-pull"
configuration.
The total size of the ILC complex ≈ 31 km long. The damping-ring
complex is displaced to avoid interference with the detector hall.
The ILC Main Linac accelerate the beam from 15 GeV (after acceleration
in the upstream bunch compressors) to 250 GeV using approximately 7400
superconducting nine-cell niobium cavities each of 1 m long which work at
2 K ([3]). The average accelerating gradient of the cavities is 31.5 MV/m (for
500 GeV centre-of-mass beam energy) (Fig. 2.2).

Figure 2.2: A 1,3 GHz superconducting niobium nine-cell cavity
The cryomodules (Fig. 2.3) that are the composition of the Main Linac are
12.65 m long. There are two types: a Type A module with nine 1.3 GHz ninecell cavities and Type B with eight nine-cell cavities and one superconducting
quadrupole package located at the centre of the module.

Figure 2.3: Longitudinal cross section of an ILC cryomodule (Type B )
The polarised electron source shares the central region accelerator tunnel
with the positron Beam Delivery System. The beam is produced by a laser
5

illuminating a straines GaAs photocathode in a DC gun. Normal-conducting
structures are used for bunching and pre-acceleration to 76 MeV, after which
the beam is accelerated to 5 GeV in a superconducting linac.
The major elements of the ILC positron source are shown in Fig. 2.4.
After acceleration in the main linac, the primary electron beam is transported
through a 147 m superconducting helical undulator that generates photons
with maximum energies from ≈ 10 MeV up to ≈ 30 MeV depending on
the electron beam energy. The electron beam is then separated from the
photon beam and displaced horizontally by 1.5 m using a low-emittancepreserving chicane. The photons from the undulator are directed onto a
rotating 0.4 radiation-length Ti-alloy target ≈ 500 m downstream, producing
a beam of electron-positron pairs. This beam is then accelerated to 125 MeV.
The electrons and remaining photons are separated from the positrons and
dumped. The positrons are accelerated to 400 MeV. Similar to the electron
beam, the positron beam is then accelerated to 5 GeV in a superconducting
linac which uses modified Main Linac Cryomodules, and the energy spread
compressed before injection into the positron damping ring. The target and
capture sections are high-radiation areas which will require shielding and
remote-handling facilities.

Figure 2.4: Overall layout of the positron source, located at the end of the
electron Main Linac
The positron and electron beams go to the Dumping rings then, where
large transverse and longitudinal emittances damp to the low emitances
required for luminosity production. After the beams must go through the
electron and positron Ring to Main Linac (RTML) systems which are the
longest continuous beamlines in the ILC. The RTML consists of five subsystems, representing various function that it must perform:
• a ∼15 km long 5 GeV transport line;
• betatrone and energy collimation system;
6

• a 180◦ turn-around, which enables feed-forward beam stabilisation;
• spin rotators to orient the beam polarisation to the desired direction;
• a two-stage compressor to compress the beam bunch length from several
millimetres to a few hundred microns, as required at the IP
Also two-stage bunch compressor includes acceleration from 5 GeV to 15 GeV.
The last stage before the bunches arrived to the IP is the high-energy
linacs and Beam Delivery System. The Main Linacs accelerate particles from
15 GeV to 250 GeV ([4]). The ILC BDS system is responsible for transporting
the e+ , e− beams from the exit of the high-energy linacs, focusing them to the
sizes required to meet the ILC luminosity goals, bringing them into collision,
and then transporting the spent beams to the main beam dumps.
There is a single collision point with a 14 mrad total crossing angle. The
14 mrad geometry provides space for separate extraction lines. There are two
detectors in a common interaction region (IR) hall in a so-called ‘push-pull’
configuration which will allow to reach the predetermined physics goals ( 2.1
on page 2).

2.3

The ILC detectors

In order to realise the physics program, the ILC detectors face challenges
requiring significant advances in collider detector performance. The machine
environment is made by LHC standards, enabling designs and technologies
that are unthinkable at the LHC. However, the ILC environment poses its
own set of background issues that must be overcome. The ‘Detailed Baseline
Design’ of the SiD and ILD detectors have been developed to achieve the
requirements for all considered physics programs, over the full range of centreof-mass energies from 200 GeV up to 1 TeV, as well as the possibility of
special running at the Z-pole. [8].
The ILC has been designed to enable two experiments (SiD and ILD)
sharing one interaction region using a ‘push-pull’ approach. This two-detector
design is motivated by the enhanced scientific productivity of past collider
facilities which benefited from independed operation of multiple experiments,
providing complementary strengths, cross-cheching and confirmation of results, reliability, insurance against mishaps, competition between collaborations, as well as increased number of involved scientific personnel. Fig. 2.5 on
the following page shows the arrangement of the two detectors in the detector
hall.
The push-pull operation scheme calls for the detector taking data while
the other is out of the beam in a close-by maintenance position. At regular
intervals, the data-taking detector is pushed laterally out if the interaction
region, while the other detector is being pulled in. These intervals are short
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Figure 2.5: Example layout of the detector hall, showing the location of the
two detectors in a push-pull arrangement
enough to ensure both acquire data on any potential discovery. The time
for transition must be on the order of one day to maximise ILC integrated
luminosity.

2.3.1

SiD

SiD is a general-purpose detector designed to perform precision measurements
at a Linear Collider. It satisfies the challenging detector requirements for
physics at the ILC. SiD is the result of many years of creative design by
physicists and engineers, backed up by a substantial body of past and ongoing
detector research and development. While each component has benefited
from continual development, the SiD design integrates these components
into a complete system for excellent measurements of jet energies, based on
the Particle Flow Algorithm (PFA) approach, as well as of charged leptons,
photons and missing energy. THe use of robust silicon vertexing and tracking
makes SiD applicable to a wide range of energies from a Higgs factory to
beyond 1 TeV. SiD has been designed in a cost-conscious manner, with the
compact design that minimises the volumes of high-performing, high-value,
components, while maintaining critical levels of performance. The restriction
on dimension is offset by the relatively high central magnetic field from a
superconducting solenoid.
SiD is a compact detector based on a powerful silicon pixel vertex detector,
silicon tracking, silicon-tungsten electromagnetic calorimetry (ECAL) and
highly segmented hadronic calorimetry (HCAL). SiD also incorporates a high-
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field solenoid, iron flux return, and a muon identification system (Fig. 2.6)

(a) An isometric view of the platform

(b) A quadrant section

Figure 2.6: The SiD detector. Colour coding: tracking (red), HCAL (violet)
and the flux return (blue)

2.3.2

ILD

The ILD concept has been designed as a multi-purpose detector. It has been
designed for optimal particle-flow (PFA) performance. A high-precision vertex
detector is followed by a hybrid tracking system, realised as a combination of
silicon tracking with a time-projection chamber, and a calorimeter system.
The complete system is located inside a 3.5 T solenoid. The inner-detector system is highly granular, and provides a robust and detailed three-dimensional
imaging capability of the events. On the outside of the coil, teh iron return
uoke is instrumented as a muon system and as a tail-catcher calorimeter. The
detector is shown in Fig. 2.7 on the following page
The vertex detector is realised as a multi-layer pixel vertex detector
(VTX ), with three superlayers each comprising two layers, or as a 5 layer
geometry. In either case the detector has a pure barrel geometry. To minimise
the occupancy from background hits, the first superlayer is only half as long
as the outer two. Whilst the underlying detector technology has not yet been
decided, the VTX is optimised for point resolution and minimum material
thickness.
A system of silicon strip and pixel detectors surrounds the VTX detector.
In the barrel, two layers of silicon strip detectors (SIT ) are arranged to bridge
the gap between the VTX and the TPC. In the forward region, a system of
two silicon-pixel disks and five silicon-strip disks (FTD) provides low angle
tracking coverage.
A distinct feature of ILD is a large-volume time-projection chamber (TPC )
with up to 224 points per track. The TPC is optimised for 3 - dimensional
9

(a) An isometric view of the platform

(b) A quadrant section. Dimensions are in
mm

Figure 2.7: Views of the ILD detector concept
point resolution and minimum material in the field cage and in the end-plate.
It also allows dE/dx-based particle identification.
Outside the TPC a system of Si-strip detectors, one behind the end-plate
of the TPC (ETD) and one in between the TPC and the ECAL (SET ),
provide additional high-precision space points which improve the tracking
performance and provide additional redundancy in the regions between the
main tracking volume and the calorimeters.
A highly segmented electromagnetic calorimeter (ECAL) provides up to
30 samples in depth and small transverse cell size, split into a barrel and an
end-cap system. Tungsten has been chosen as absorber; for the sensitive area,
silicon diodes, scintillator strips or a combination are considered.
The ECAL is followed by a highly segmented hadronic calorimeter (HCAL)
with up to 48 longitudinal samples and small transverse cell sizes. Two options
are considered, both based on a steel-absorber structure. One option uses
scintillator tiles of 3 × 3 cm2 , which are read out with an analogue system.
The second uses a gas-based readout which allows a 1 × 1 cm2 cell geometry
with a binary or semi-digital readout of each cell.
At very forward angles, below the coverage provided by the ECAL and the
HCAL, a system of high-precision and radiation-hard calorimetric detectors
(LumiCal, BeamCal, LHCal ) is foreseen. These extend the calorimetric solidangle coverage to almost 4π, measure the luminosity, and monitor the quality
of the colliding beams.
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2.4

Forward calorimeter

Two special calorimeters are foreseen in the very forward regions of the
detector (Fig. 2.8), denoted hereafter as LumiCal and BeamCal [8]. LumiCal
will measure the luminosity with a precision of better than 10−3 at 500 GeV
centre-of-mass energy, and BeamCal will perform a bunch-by-bunch estimate
of the luminosity and, supplemented by a pair monitor, assist beam tuning
when included in a fast feedback system. Both calorimeters extend the
detector coverage to low polar angles, important, for example, for new
particle searches with missing energy signature. The additional low angle
hadron calorimeter LHCal extends the coverage of the hadron calorimeter to
the polar angle range of LumiCal.
LumiCal is positioned in a circular hole of the end-cap electromagnetic calorimeter ECAL. BeamCal is placed just in front of the final focus
quadrupole. LumiCal covers polar angles between 31 and 77 mrad and
BeamCal between 5 and 40 mrad
Due to the high occupancy originating from beamstrahlung and twophoton processes, both calorimeters need a fast readout. In addition, the
lower polar angle range of BeamCal is exposed to a large flux of low energy
electrons, resulting in radiation deposition up to one MGy per year. Hence,
radiation hard sensors are needed.

Figure 2.8: The very forward region of the ILD detector
Monte Carlo simulations have been performed to optimise the design.
In both calorimeters a robust electron and photon shower measurement is
essential, making a small Molière radius preferable. Compact, cylindrical
sandwich calorimeters using tungsten absorber disks of one radiation length
11

thickness, interspersed with finely segmented silicon (LumiCal) or GaAs
(BeamCal) sensor planes, as sketched in Fig. 2.9, are found to match the
requirements. For the innermost part of BeamCal, diamond sensors are
considered. Since LumiCal is used to measure precisely the polar angle of
scattered electrons, it must be centred around the outgoing beam.
Both calorimeters consist of two half-cylinders. The tungsten absorber
disks are embedded in a mechanical frame stabilised by steel rods. Finite element calculations were done for the support structure to ensure the necessary
precision and stability. The sensors are fixed on the tungsten half-disks and
connected via a flexible PCB to the front-end readout. The gap between the
absorber disks is minimised to about 1 mm to achieve the smallest possible
Molière radius.

Figure 2.9: A half layer of an absorber disk with a sensor and front-end
electronics

2.4.1

LumiCal

Bhabha scattering will be used as the gauge process for the luminosity measurement. The cross section can be calculated precisely from theory, and
the luminosity, L, is obtained as, L = NB /σB where σB is the integral of
the differential cross section over the considered polar angle range, and NB
the number of counted events in the same range. Bhabha scattering events
were generated using the BHWIDE generator. Electromagnetic showers were
simulated and reconstructed using the standard ILD software tools. The
sensor pad size was chosen to obtain sufficient polar angle resolution and
to keep the polar angle measurement bias small for fully contained electron
12

p
showers. The energy resolution is σE /E = ares / Ebeam (GeV ), where E
and σE are, respectively, the central value and the standard deviation of the
distribution of the energy deposited in the√sensors for a beam of electrons
with energy Ebeam and ares = (0.21 ± 0.02) GeV .

2.4.2

BeamCal

BeamCal will be hit after each bunch-crossing by a large amount of beamstrahlung pairs. For the current ILC beam-parameter set, beamstrahlung
pairs were generated with the GUINEA-PIG program. The energy deposited
in the sensors of BeamCal per bunch crossing allow a bunch-by-bunch luminosity estimate and the determination of beam parameters with a precision
of better than 10 %. Applying a shower-finding algorithm, single high energy
electrons can be detected with high efficiency even at low polar angles.

2.4.3

LHCal

As it was mentioned in 2.4 on page 11, the LHCal (Fig. 2.8 on page 11) is
a supportive calorimeter in the Forward region, which extends the coverage
of HCAL. Due to this, there is still little information about the calorimeter.
The LHCal fits in the square hole of the HCAL and embraces the beam tube
which, in that region is centred on the outgoing beam. However, it is a very
important component, which provides efficient work of the whole region.
There are several requirements to the LHCal:
• providing hermeticity of the Forward region;
• particle identification;
• energy deposition measurement;
Moreover, the calorimeter has to be consistent with new L∗ = 4 m, which
impose conditions on its dimensions.
Thereby, generally, the main aim is to find the most appropriate geometry
of the LHCal for the implementation of the requirements. And the main goal
of this work is to investigate energy response and energy resolution of the
calorimeter.
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Detector simulation
3.1

Geometry of the LHCal

The LHCal supposed to be a sandwich calorimeter, with an ability to measure
energy deposition and distinguish particles (leptons and hadrons). According
to the limited sizes in the region, the following geometry was chosen (Fig. 3.1
on the next page):
• Total thickness — 464 mm (but 463 in the Fig. 3.1 on the following
page, without 1 mm of air);
• Half size of XY -plane — 315 mm;
• The LHCal inner radius — 150 mm;
• The calorimeter consists of 29 layers of 16 mm thickness
It should be mentioned that this geometry was chosen as a ‘starting point’
of the investigation. As it was mentioned in 2.4.3 on the previous page the
main idea is to reveal the best model of the calorimeter which will satisfy the
requirements to the LHCal and dimensions of the FCal region. Thereby, it is
supposed the geometry of the LHCal will being changing according to result
of the simulation.
Also, there was not being used the whole FCal region during the research,
only a configuration LHCal + Beam Pipe (Fig. 3.2 on page 16). Certainly,
the calorimeters of the Forward region will be work together, but at the very
beginning it was important to analyze the energy response of the LHCal in a
so-called ‘stand-alone’ regime.
o1_v05 version of the construction of the ILD detector was taken as the
basic geometry of the region.

3.1.1

Material absorber

There are 29 layers of 16 mm thickness in the LHCal. The structure of each
layer must have been chosen respectively to the tasks which stand in front of
the calorimeter. As mentioned in 2.4.3 on the previous page the LHCal has

14

(a) Specific sizes of the LHCal

(b) The LHCal structure

Figure 3.1: The Forward Region dimensions
to provide energy deposition measurement and particle identification which
are quite close to the tasks for the rest calorimeters in the region — LumiCal,
BeamCal. Therefore, the similar layer structure as for LumiCal was chosen
for the LHCal.
There is the following composition of each layer in the LHCal:
• 16 mm(thickness of the layer) = 13.8 mm(absorber) + 0.1 mm(air) +
1 mm(Si) + 0.1 mm(Cu) + 1 mm(air gap)
As for the rest part of the LHCal study, such layer structure is initial and
can be varied with respect to the result of the investigation and changes in
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Figure 3.2: A configuration LHCal + Beam Pipe
general requirements to the FCal region. Thickness of each layer was selected
according to the current geometry construction of the calorimeter.
The last question was about absorber, namely what material should have
been taken. As a starting point Fe and W was chosen. Thereby, it’s possible
to compare the results between the materials.

3.2

Monte Carlo simulation

To achieve the goals ( 2.4.3 on page 13) Monte Carlo simulation of the
LHCal was performed. The special software DD4Hep [9] was used for the
implementation of the simulation. This toolkit allows not only build geometry,
but perform modeling the passage of particles through the matter. Therefore,
the following software was installed on the personal computers:
1. ROOT 5.34.24 with appropriate settings [1];
2. GEANT 4.9.6;
3. GDML v03-01-01;
4. LCDD v04-00-00;
5. ILCUTIL v01-02;
6. GEAR v01-04-01;
7. LCIO v02-05;
8. DD4Hep in two variations:
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• with tinyxml parser;
• with xercesc parser (required for GEANT4 simulation);
9. LCGEO;
It was done because of a possibility of a quick test without access to the
DESY resources via the internet connection. Certainly, for the performance
of the simulation with a substantial number of particles were used DESY’s
cluster later.
The following parameters of the simulation were used during the implementation of the work:
• Type of particles: e± , µ± , π ± , K ± ;
• Initial energies: 1, 3, 5, 10, 20, 50, 100 GeV;
• Number of events: 5 · 104
These parameters were defined based on the functions of the calorimeter
which are noticed in 2.4.3 on page 13. The main task is the particle identification, therefore it is needed to reveal the energy response of the LHCal for
leptons (e, µ) and kaons (π, K). In principle, µ are, so-called, MIP (Minimal
ionization particles) for such energy range, because they pass through all
layers of the calorimeter loosing energy in ionization processes only. Nevertheless, it is still important to understand influence from µ, because they are
substantial part of the particles that will have reached the LHCal.
It is essential to mention, that the particles were generated equally in
a range of the solid angle (Fig. 3.3) which covers the whole calorimeter.
Thereby, the whole XY -plane of the LHCal was involved in the simulation.

Figure 3.3: An example of covering the LHCal by the solid angle
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3.2.1

Some features according to the MC simulation

The special area was used for the analysis of the simulated data Fig. 3.4.

Figure 3.4: The XY -plane of the LHCal
As you can see, the whole area was involved instead of:
x, y > 285mm
and
x2 + y 2 < 180mm
These two locations (out of the red line in the figure) were not used
because of disfigurement of the energy spectrum, that is caused by peripheral
effects and near Beam Tube location. Practically, that means that some kind
of an effective area of the calorimeter was taken to investigate properties of
the LHCal.
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Results
4.1

Energy deposition in the LHCal

Energy deposition in the LHCal are shown in the Fig. 4.1.
Energy deposition e
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Figure 4.1: Energy deposition in the LHCal
All histograms illustrate the detected energy in the calorimeter for the
initial particle energy — 10 GeV. Certainly, the whole set of the simulation
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was done for the all particles within the initial energies ( 3.2 on page 16).
2
Also data was fitted by gaussian distribution — f (x) = A exp(− (x−µ)
).
2σ 2
There are two peaks are observed for the hadrons: ionozation and from
nuclear interactions. The ionization peak is located near ≈10 GeV and caused
by that hadrons which behaviour is similar to µ, like MIP. It means that there
is some part of the hadrons (π, K) which pass through the LHCal loosing
energy in ionization processes only. The energy peak caused by nuclear
interactions of particles is much bigger and very wide, especially for hadrons.
Existence of two energy peaks does a fit of the plots much more complicated.
Also the energy loses for hadrons for both Fe and W absorbers are pretty the
same. Some conclusions can be made about energy deposition in the LHCal
for electrons. There are:
• the electromagnetic shower, caused by electrons is much smaller than
for hadrons;
• energy deposition in sensitive layers for Fe absorber is twice bigger than
for W ;
The main idea to investigate the energy deposition in the calorimeter is
to find the average absorbed energy, so-called Mean energy and σ which is
dispersion. These two values are parameters of the gaussian distribution and
can be used in the researching of energy response of the LHCal.

4.2

Energy deposition vs thickness of the LHCal

An important part of the LHCal study is to reveal the dependence on absorbed
energy in the calorimeter from the thickness of the LHCal. Such plots are
illustrated in the Fig. 4.2 on the following page.
The X axis is the thickness of the calorimeter and it is divided into 29
bins, which agreed with the number of layers in the LHCal. Therefore, we
obtain the quantity of energy absorbed in each sensitive layer from all number
of particles (50 · 103 , 3.2 on page 16).
We can see that hadronic showers are bigger than electromagnetic and
interact with all layers of the calorimeter. Also, it is essential to mention
that W layers absorb energy better compared to Fe. Therefore, we can see
energy leakage from out of the LHCal for Fe layers for the initial energy
100 GeV. If all energy does not absorb in the calorimeter it may cause some
bad effects in relation to the linearity of the energy response of the LHCal,
namely, the response can be nonlinear. So, it may be some impairment of
energy resolution of the calorimeter and it is worth to continue a comparison
of the Fe and W layers.
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Figure 4.2: Energy deposition vs thickness of the LHCal

4.3

Energy response of the calorimeter

There are figures which illustrate energy response of the LHCal are shown in
this section Fig. 4.3 on the following page. The Y axis is the average energy
deposited in the calorimeter (Mean value from the gaussian distribution) and
the X — initial particle energy.
The data was fitted by the linear function: Edeposition = A · Einitial . The
fit parameters for both Fe and W are shown in the tables 4.1 on the next
page, 4.2 on page 23.
As we can see from the plots, the linear energy response of the LHCal
is observed for tungsten layers within the whole energy range. But, there is
some influence of the energy leakage ( 4.2 on the previous page) from the
LHCal for Fe layers. Some nonlinear effects are foreseen for the initial particle
energy 50, 100 GeV. Apparently, it is worth to add a point of 75 GeV inthe
simulation to investigate this effect more detailed in nearest future.
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Figure 4.3: The LHCal energy response
Table 4.1: Parameters of the fit Edeposition = A · Einitial for Fe
Particle

χ2 /ndf

A

e

22.76/6

21.64 ± 0.02

π

4533/6

11.38 ± 0.24

K

5572/6

11.05 ± 0.27

And we can see again, that the quantity of deposited energy from e in
sensitive layers for Fe absorber twice bigger than for W.
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Table 4.2: Parameters of the fit Edeposition = A · Einitial for W

4.4

Particle

χ2 /ndf

A

e

4.377/6

9.01 ± 0.01

π

267.4/6

7.94 ± 0.06

K

132.7/6

7.50 ± 0.04

Energy resolution of the LHCal

The results of the investigation of the LHCal energy resolution is shown in
this section Fig. 4.4 on the following page. The figures were built using two
parameters of the gaussian distribution — Mean value and σ. The data was
√A
fitted by the following function — ∆E
E = E ⊕ B [11], [10]. Parameters of
the fit are shown in the tables 4.3, 4.4.
Table 4.3: Parameters of the fit

∆E
E

=

√A
E

⊕ B for Fe

A

B

e

0.185 ± 0, 003

0.032 ± 0.002

π

1.15 ± 0.14

0.32 ± 0.05

K

1.07 ± 0.07

0.28 ± 0.03

Particle

Table 4.4: Parameters of the fit

∆E
E

=

√A
E

⊕ B for W

A

B

e

0.401 ± 0.004

0.001 ± 0.05

π

0.46 ± 0.05

0.17 ± 0.03

K

0.41 ± 0.05

0.20 ± 0.02

Particle

As we can see the energy resolution both for Fe and W absorbers for
electrons are very good and fitted very well. But parameter A for Fe absorber
in the table 4.3 (for e) is less compared to W. It means that iron has better
qualities in energy resolution than tungsten for leptons.
But another situation is foreseen for hadrons. In this case, W layers is
better compared to Fe. It can be because of energy leakage from out of the
Fe calorimeter, that much bigger compared to the W LHCal. Anyway, it
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Figure 4.4: The LHCal energy resolution
is important step in the LHCal study. Because, even now, we are already
able to discuss about material of the absorber. On the one hand, there is
a heavy tungsten, which absorbs energy very good, but is fragile, and on
the other — iron, which is cheap and easy to operate, but will loose in the
energy absorption. Also, it is essential to mention the geometry of the LHCal.
Certainly, if we want to have a gain in energy resolution of the calorimeter
we can enlarge number of the layers. Another possibility is to use alloys,
which may allow to use cheaper material without any losses in detection or
absorption abilities. Therefore, there are many degrees of freedom in future
study of the LHCal.
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Conclusions
During the work the following tasks ware done:
• An appropriate software (DD4Hep, etc.) was installed and used for
the study of the LHCal;
• Monte-Carlo simulation was performed for e, µ, π, K within 1-100 GeV;
• For these parameters of MC simulation, energy response of the calorimeter were investigated for both Fe and W absorbers. The linear energy
response of the LHCal is observed, instead of for hadrons for Fe. It
because of energy leakage from out of the calorimeter.
• Energy resolution of the LHCal was studied. For leptons Fe absorber is
better compared to W. But for hadrons — an opposite situation, again,
because of the energy leakage.
Results of this work were being discussed at the regular FCal workgroup
meetings and were presented at 27th (DESY, Zeuthen, remotely) and 28th
(JINR, Dubna) FCal collaboration workshops.
Due to this, the first basic step in the LHCal study was done. The next
moves can be various according to goals which need to be achieved. But, the
main aim was reached — the LHCal is not a ‘black box’ any longer. We have
a working prototype of the LHCal calorimeter which can be included in the
general geometry of the whole Forward region.
Many thanks to
• Sergej Schuwalow
• Oleksandr Borysov
• Volodymyr Aushev
for support and useful advice during an implementation of the work.
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