
CERN - European Organization for Nuclear Research

LCD-Note-2009-002

A Luminosity Calorimeter for CLIC

H. Abramowicz, R. Ingbir, S. Kananov, A. Levy, I. Sadeh∗

∗ School of Physics and Astronomy, The Raymond and Beverly Sackler Faculty of Exact
Sciences, Tel Aviv University, Tel Aviv, Israel.

November 2009

Abstract

For the relative precision of the luminosity measurement atCLIC, a preliminary
target value of 1% is being assumed. This may be accomplishedby constructing a
finely granulated calorimeter, which will measure Bhabha scattering at small angles.
In order to achieve the design goal, the geometrical parameters of the calorimeter
need to be defined. Several factors influence the design of thecalorimeter; chief
among these is the need to minimize the error on the luminosity measurement while
avoiding the intense beam background at small angles. In this study the geometrical
parameters are optimized for the best performance of the calorimeter. In addition,
the suppression of physics background to Bhabha scatteringis investigated and a
set of selection cuts is introduced.
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1 Introduction

The focus of this study is the luminosity calorimeter (LumiCal) of the Compact Linear Collider
(CLIC). Bhabha scattering will be used as the gauge process for the luminosity measurement
at CLIC. This is motivated by the fact that the cross-sectionof Bhabha scattering is large and
dominated by electromagnetic processes, and thus can be calculated with very high precision [1,
2,3,4,5].

Several studies have been done of the luminosity calorimeter at the International Linear Col-
lider (ILC) [6, 7]. The main differences in the luminosity measurement between the ILC and
CLIC is the center-of-mass energy; while for the ILC it is 500GeV (upgradable to 1 TeV), for
CLIC it is expected to go up to 3 TeV [8]. This has repercussions both on the cross-section
of Bhabha scattering, which decreases with energy, and on the cross-section of the physics
background to Bhabha scattering, which goes up with energy.In addition, the beam induced
background at CLIC is more severe, due to the increase in beamenergy as well as to differ-
ences in other bunch parameters. The baseline configurationof the calorimeter presented here is
similar to the LumiCal of the ILC, but it takes into account the change in the beam conditions.
Accordingly, many references to ILC studies are given.

The requirement for LumiCal is to enable a measurement of theintegrated luminosity with
a relative precision smaller than 1 % [8]. It will be shown here that in order to perform this
measurement, the polar angle of incident showers must be measured with high precision. This
may be done by demanding fine granulation in the radial direction. Another important factor is
the percentage of the Bhabha cross-section which is accessible to the measurement. The cross-
section drops quickly with the polar angle, and so the minimal polar angle in the acceptance
range of LumiCal must be low in order to ensure high statistics. On the other hand, the inner
radius of LumiCal should not be set to a too-low value, since at small polar angles the beam
background is intense. If this background is high, damage tothe sensors of LumiCal as well as
backscattering from the front of LumiCal become a problem.

In the following study a proposal for the design of LumiCal for CLIC is presented. InSect. 2
the chosen design parameters are presented. The intrinsic properties of LumiCal are then defined
and given a quantitative measure. The optimization of theseparameters is shown inSect. 3. The
impact of the beam structure on the design of LumiCal is discussed as well. The results are
presented in most cases for two center-of-mass energies, 500 GeV and 3 TeV, as these represent
respectively the lowest and highest beam energies expectedfor CLIC. Section 4addresses the
suppression of physics background to Bhabha scattering. Weconclude with a short summary,
given inSect. 5.

Luminosity Measurement at CLIC

The measured luminosity is defined as
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L =
NB

σB
, (1)

whereNB stands for the counted number of Bhabha events in a well-defined polar angular range
andσB is the integrated Bhabha cross-section in this range.

Several factors, such as the energy resolution and the bias in the reconstruction of the posi-
tion of showers, induce an uncertainty in the luminosity measurement [7, 9]. The uncertainty
manifests itself as miss-counting of the number of expectedBhabha scattering events within the
fiducial volume (acceptance range). It is convenient to define the relative bias in counting as

δN ≡ Ngen−Nrec
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θ f
max

θ f
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, (2)

whereNrec andNgen are respectively the number of reconstructed and generatedBhabha events,
andθ f

min andθ f
max are the respective low and high bounds on the fiducial volume of LumiCal.

Accordingly, the relative uncertainty on the integrated luminosity can be expressed as

∆L

L
= δN. (3)

Simulation Tools

Detector simulation - The response of LumiCal to the passage of particles was simulated using
MOKKA, version 06-05-p02 [10]. MOKKA is an application of a general purpose detector sim-
ulation package, GEANT4, of which version 9.0.p01 was used [11]. The GEANT4 range-cut
parameter was set to 0.005 mm. The MOKKA model chosen was LDC00 03Rp, where LumiCal
is constructed by the LumiCalX super driver. The output of MOKKA is in the LCIO format,
which may be processed by MARLIN, a C++ software framework for the ILC software [12].
Version 00-09-08 of MARLIN was used.

Event generators - The spectrum of the incoherent pairs presented inSect. 3.4was generated
using GUINEA-PIG [13], ane+e− beam-beam simulation program. For the present work, realis-
tic (non-gaussian) particle distributions of the CLIC 3 TeVbeams have been used [14]. In Sect. 4
a physics sample consisting of Bhabha scattering events is used. The events were generated us-
ing BHWIDE [15]. BHWIDE is a wide-angle Bhabha Monte Carlo (MC), which contains the
electroweak contributions, which are important for the high energye+e− interactions considered
here. The background to Bhabha scattering was simulated using WHIZARD, a program system
designed for the efficient calculation of multi-particle scattering cross-sections and simulated
event samples [16, 17, 18]. For the current study the luminosity spectrum, due to the emission
of beamstrahlung radiation, was not taken into account whengenerating the BHWIDE and the
WHIZARD event samples. The nominal center-of-mass energy was used instead.
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2 Intrinsic Parameters

LumiCal is a tungsten-silicon sandwich calorimeter. The front face of LumiCal is placed 2.27 m
from the interaction point (IP). LumiCal is placed on the outgoing beam axis and is tilted to be
perpendicular to the outgoing beam. The LumiCal inner radius is 10 cm, and its outer radius is
35 cm, resulting in a polar angular coverage of 44 to 153 mrad.The calorimeter consists of 40
layers. Each layer is made up of 3.5 mm thick tungsten, which is equivalent to 1 radiation length
(defined below). Behind each tungsten layer there is a 0.6 mm ceramic support, a 0.3 mm silicon
sensor plane, and a 0.1 mm gap for electronics. The transverse plane is subdividedin the radial
and azimuthal directions. The number of radial divisions is50, and the number of azimuthal
divisions is 48.Figure 1presents the segmentation scheme of a LumiCal sensor half plane. The
current simulation of the detector does not include “realistic” features of the calorimeter, such
as dead material at the inner and outer radii of LumiCal, or gaps between sensor tiles. These
and other details will be added to the MOKKA simulation in thefuture, and their affect on the
performance of LumiCal will be studied.
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Figure 1: Half plane of LumiCal silicon sensors. In this schematic drawing only every
fifth radial segment is drawn.

The design parameters presented here have been determined such that the performance of
LumiCal is optimized. The considerations which were taken into account in the optimization
process are discussed inSect. 3. In the following, several parameters which quantify the perfor-
mance of LumiCal are defined and their values for the current geometry are determined.

2.1 Development of Electromagnetic Showers

When a high-energy electron or photon is incident on a thick absorber, it initiates an electromag-
netic (EM) shower as pair production and bremsstrahlung generate more electrons and photons
with lower energy. The characteristic amount of matter traversed for these related interactions is
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called theradiation length, X0. It is both the mean distance over which a high-energy electron
looses all but 1/e of its energy by bremsstrahlung, and7

9 of the mean free path for pair pro-
duction by a high-energy photon [19]. The radiation length is also the appropriate scale length
for describing high-energy electromagnetic showers. Electron energies eventually fall below
the critical energy (defined below), and then dissipate their energy by ionization and excitation,
rather than by the generation of more shower particles.

The transverse development of electromagnetic showers scales fairly accurately with the
Molière radius,RM, given by [19]

RM = X0
Es

Ec
, (4)

whereEs ≈ 21 MeV, andEc is thecritical energy, which is defined as the energy at which the
ionization loss per radiation length is equal to the electron energy. On average, only 10% of the
energy of an EM shower lies outside a cylinder with radiusRM around the shower-center.

Figure 2ashows the distribution of the distance around the shower-center, in which 90 % of
the integrated shower energy may be found, using 250 GeV and 1.5 TeV electron showers. The
two distributions peak around 15 mm, demonstrating that theMolière radius does not depend
strongly on the shower energy.Figure 2bshows the shower profiles of a 250 GeV and of a
1.5 TeV electron shower. The 1.5 TeV shower is larger in the transverse direction, but most of
the energy deposits at large distance from the center of the shower are of low energy. This can be
deduced from the fact that on average 90 % of the energy is within 15 mm of the shower-center.

2.2 Energy Resolution

LumiCal is designed in such a way that incident high energy electrons and photons deposit
practically all of their energy in the detector. Preventionof leakage through the edges of LumiCal
is possible by defining fiducial cuts on the minimal and maximal reconstructed polar angles of
the particle showering in LumiCal,θmin andθmax. In order to achieve stable energy resolution
in LumiCal, showers must be well-contained. The relative energy resolution,σE/E, is usually
parametrized as

σE

E
=

ares√
Ebeam

, (5)

whereE and σE are, respectively, the most probable value, and the root-mean-square of the
signal distribution for a beam of electrons. The energy of the electron beam,Ebeam, is given in
units of GeV. In the following, we shall refer to the parameter ares as the energy resolution of
LumiCal.

Figure 3ashows the energy resolution as a function ofθmin for electron showers with energy,
Esh= 1.5 TeV. The maximal polar angle is kept constant. Stable energy resolution is achieved for
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Figure 2:(a) Normalized distribution of the distance around the shower-center, in which
90 % of the integrated shower energy may be found, using 250 GeV and 1.5 TeV electron
showers, as indicated in the figure.(b) Scatter plot of the energy deposits in LumiCal
in the xy-plane, integrated over all layers. Two showers areshown, with energiesEsh =
250 GeV and 1.5 TeV, as indicated in the figure. The full circlemarks an area bound
within one Molière radius around the center of the 1.5 TeV shower, which is at{X,Y} =
{−47,−200} mm in this example.

θmin = 50 mrad. A similar evaluation was done for a constantθmin and a changingθmax, resulting
in an optimal cut atθmax = 130 mrad, as shown inFig. 3b. The size of showers does not depend
strongly on energy down toEsh= 250 GeV (Fig. 2a). The same polar bounds therefore stabilize
the energy resolution for showers with lower energy as well.The error bars are derived from the
error on the fits of the value ofσE, from whichares was extracted.

The fiducial volume of LumiCal for 250< Esh < 1500 GeV is thus defined to be the polar
angular range

50< θ f < 130 mrad. (6)

The dependence of the energy resolution on the energy of the electron which initiated the
shower,Esh, is shown inFig. 4. Only electron showers from particles which were inside the
fiducial volume of LumiCal were taken into account. The energy resolution is, therefore,ares =
0.21±0.02

√
GeV.
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Figure 3: The energy resolution,ares, for 1.5 TeV electrons as a function of the minimal
polar angle,θmin, (a) and as a function of the maximal polar angle,θmax, (b). The dashed
lines mark the fiducial volume of LumiCal atθ f

min = 50 andθ f
max= 130 mrad.
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Figure 4: Dependence of the energy resolution,ares, on the energy of an electron shower,
Esh.

2.3 Calibration of the detector Signal

In order to determine the energy of showering particles in LumiCal, it is necessary to know
the relation between this energy and the integrated deposited energy in the detector (measured
signal). A calibration curve which demonstrates this relation is shown inFig. 5. The signal is
linear within the range of energies which is presented.
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Figure 5: Calibration curve between the energy of a shower inLumiCal, Esh, and the
integrated deposited energy in LumiCal,Etot.

2.4 Reconstruction of the Polar Angle

The polar angle of an EM shower in LumiCal is reconstructed byaveraging over the individual
cells in the detector in which energy was deposited. This is done for celli using the polar angle
of the center of the cell,θi , and a weight function,Wi , such that

< θ >=
∑i θi ·Wi

∑i Wi
. (7)

Weights are determined by the so-called logarithmic weighting [20], for which

Wi = max{ 0 , C+ ln
Ei

Etot
}, (8)

whereEi is the individual cell energy,Etot is the total energy in all cells, andC is a constant. In
this way, an effective cutoff is introduced on individual hits, and only cells which contain a high
percentage of the event energy contribute to the reconstruction.

The polar resolution,σθ , and the polar bias,∆θ , are, respectively, the root-mean-square and
the most probable value of the distribution of the difference between the reconstructed and the
generated polar angles. The existence of∆θ is due to the non-linear transformation between the
global coordinate system of the detector, and the coordinate system of LumiCal (aligned with
the outgoing beam), in which the shower position is reconstructed. There is an optimal value
for C, for which σθ is minimal. This is shown inFig. 6ausing 1.5 TeV electron showers. The
corresponding values of∆θ are presented inFig. 6b. Accordingly, the polar resolution and bias
of LumiCal are
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σθ = (2.5 ± 0.01) ·10−5 rad, ∆θ = (2.4 ± 0.1) ·10−5 rad, (9)

respectively.
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Figure 6: The polar resolution,σθ , (a) and the polar bias,∆θ , (b) as a function of the
logarithmic weighing constant,C, using 1.5 TeV electron showers. The dashed lines
mark the optimal value ofC.

2.5 Uncertainty in the Luminosity Measurement

The luminosity is measured with astatistical uncertaintyin the counting ofNB, the number of
Bhabha scattering events. The relative uncertainty may be expressed as

(

∆L

L

)

stat
=

∆NB

NB
=

√
NB

NB
=

1√
NB

. (10)

It will be shown (Fig. 13below) that for the current design of LumiCal,(∆L/L)stat is below the
required bound on the uncertainty for the luminosity measurement.

In addition to the statistical uncertainty, there is also uncertainty in the luminosity measure-
ment due to the relativereconstruction bias,

(

∆L

L

)

rec
≈ 2

∆θ
θ f

min

, (11)

which is a consequence of the polar bias [7].
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The analytic approximation ofEq. (11)has been shown to hold well [21]. Its implication is
that∆θ andθ f

min are the two most important parameters that affect the precision of the luminosity
measurement. The steep fall of the Bhabha cross-section with the polar angle translates into
significant differences in the counting rates of Bhabha events, for small changes in the angular
acceptance range.

In practice it is possible to control the uncertainty of the polar reconstruction by measuring
the polar bias in a test-beam. If this is done,∆θ in Eq. (11)becomes the uncertainty of this
measurement and reduces significantly compared to the intrinsic polar bias (Eq. (9)). In the
following we shall ignore this possibility and treat(∆L/L)rec as if a measurement of∆θ were
not possible. It will be shown (Fig. 8below) that even in this worst-case scenario, the uncertainty
in the luminosity measurement is smaller than the design goal.

3 Design Parameters of LumiCal

3.1 Layer Segmentation Scheme

In order to determine the optimal set of geometrical parameters for LumiCal, one has to balance
between the need to achieve the design goal for the luminosity measurement along with several
constraining factors. In the following the reasons for choosing the current detector design are
presented. It will be shown that the parameter which influences the luminosity measurement the
most, is the number of radial divisions, which determines the angular resolution of LumiCal.

The Number of Radial Divisions

For different radial cell sizes one needs to re-optimize thelogarithmic weighing constant,C, of
Eq. (8), as the distribution of deposited energy in a single cell changes for each case. The polar
resolution and bias are plotted inFig. 7as a function of the angular cell size,ℓθ . In each case the
appropriate optimal value ofC was used. The errors shown in the figure forσθ and for∆θ are
derived from the errors on the fit parameters of, respectively, the root-mean-square and the most
probable value of the distribution of the difference between the reconstructed and the generated
polar angles. The relative bias in the luminosity measurement, (∆L/L)rec, for the respective
values of the polar bias are shown inFig. 8. The relative bias is smaller than the design goal
of 1 % for the entire range ofℓθ which is shown, and in particular for the baseline cell size,
ℓθ = 2 mrad.

Both σθ and ∆θ become smaller as the angular cell size decreases. The relative bias in
luminosity follows the same trend. This is due to the fact that the bounds on the fiducial volume
do not strongly depend on the number of radial divisions. Consequently the same value for the
minimal polar angle,θ f

min = 50 mrad, was used for all of the points inFig. 8.

When the number of channels increases, problems such as cross-talk between channels, power
consumption issues and the need for cooling, arise. It is therefore advisable to keep the number
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Figure 7: The polar resolution,σθ , (a) and the polar bias,∆θ , (b) for the appropriate
optimal logarithmic weighing constants, as a function of the angular cell size,ℓθ . Electron
showers of 1.5 TeV were used.
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Figure 8: Relative reconstruction bias in the luminosity measurement,(∆L/L)rec, as a
function of the angular cell size,ℓθ , for the values of the polar bias presented inFig. 7b.

of cells as low as possible. The chosen baseline number of 50 radial divisions is, therefore, a
compromise between minimizing the relative luminosity uncertainty, and limiting the number of
channels.
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The Number of Azimuthal Divisions

The number of azimuthal divisions does not affect the reconstruction of the polar angle. The
energy resolution does not depend on the number of channels either, since energy contributions
are integrated over all of the cells. In addition, rounding errors, due to digitization of the signal,
are small for the range of cell sizes which is being considered (see [22]).

The importance of constraining the azimuthal cell size is inimproving the resolving power
of LumiCal for distinguishing between multiple simultaneous showers. Strictly speaking, Born-
level elastic Bhabha scattering never occurs. In practice,the process is always accompanied by
the emission of electromagnetic radiation,e+e− → e+e−γ . The ability to distinguish between a
radiative photon and its accompanying lepton is determinedby the resolving capabilities of the
detector, and is a function of the angular separation between the two particles. When the two
can be separated, then the experimental measurement of the number of radiative photons can be
compared with the theoretical prediction, and thus the theory can be partly tested.

A clustering algorithm has been developed in order to facilitate this goal [23,7]. The conclu-
sion was that there is a bound on the minimal azimuthal cell-length. For the present distance of
2.27 m, 48 azimuthal divisions constitute the lower bound.

3.2 Readout Scheme

For a given granularity of LumiCal, it is necessary to define the dynamic range of the electronics
required to process the signal from the detector.

The output of MOKKA is given in terms of energy lost in the active material, silicon in the
case of LumiCal. In order to translate the energy signal intounits of charge, the following
formula is used:

SQ[fC] =
1.6·10−4

3.67
SE[eV], (12)

whereSE denotes the signal in units of eV, andSQ the signal in units of fC. The value 3.67 eV
is the energy to create an electron-hole pair in silicon. Thenumber 1.6·10−4 fC is the charge of
an electron.

In order to determine the lower bound on the signal in LumiCal, the passage of muons through
the detector was simulated. Muons do not shower, and are, therefore, minimum ionizing particles
(MIPs). Muons may be used to inter-calibrate the cells of thedetector, and may also be used to
checkin-situ the alignment of the detector. The distribution of the energy deposited in a detector
cell by 250 GeV muons is presented inFig. 9. Accordingly, the most probable value (MPV) of
induced charge for a muon traversing 300µm of silicon is 89 keV, which is equivalent to 3.9 fC.

The signature of a Bhabha event is ane+e− pair, where the leptons are back to back and carry
almost all of the initial energy. Subsequently, for

√
s= 500 GeV (3 TeV) the maximal energy
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Figure 9: Distribution of the energy deposited in a detectorcell, Ecell, by 250 GeV muons.
A corresponding scale in units of charge is also shown.

to be absorbed in LumiCal is 250 GeV (1.5 TeV), and therefore electron showers of 250 GeV
(1.5 TeV) may be used in order to determine the upper bound on the signal. The amount of
energy which is deposited in a single detector cell also depends on the size of the cell, as can
be observed inFig. 10. The figure presents the distribution of collected charge per cell for
250 GeV and for 1.5 TeV electron showers for a LumiCal with 100or 50 radial divisions, which
correspond to angular cell sizes of 0.9 and 2 mrad, respectively. The number of azimuthal cells
was set at the baseline number, 48. The distribution of the maximal charge collected in a single
cell per shower for the different setups is also shown.

One can observe that the dependence of the distributions on the energy of the shower is linear,
as expected fromFig. 5. For the baseline case of 50 radial divisions and

√
s= 3 TeV, the charge

distribution in a single cell extends up to 50 pC. The dynamicrange of the signal for
√

s= 3 TeV
is therefore 3.9<Ccell < 50·103 fC. In practice it may be possible to set the low bound at values
higher than 1 MIP, if the measurement of single MIPs is not required1). The maximal value of
the low bound should be such that the energy resolution of LumiCal is not degraded. Further
study of this issue in the future is warranted. It is also possible to divide the dynamic range into
low- and high-gain regions, and to have separate digitization in each region. A study of this
nature is presented in [22].

3.3 The Number of Layers

A distribution of the energy deposited in a layer,Eℓ, by electron-showers of different energies,
Esh, are presented inFig. 11a. The dependence of the energy resolution of 1.5 TeV electron

1This, however, would exclude the possibility of calibrating the detector with muons.
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Figure 10:(a)and(b): Normalized distributions of the charge deposited in a detector cell,
Ccell, by 250 GeV and by 1.5 TeV electron showers for a LumiCal with two alternative
angular cell sizes,ℓθ = 0.9 or 2 mrad, as denoted in the figures.(c) and(d): Normalized
distributions of the maximal charge collected in a single cell per shower,Cmax

cell , corre-
sponding to the distributions shown in(a) and(b), respectively.
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showers on the number of layers,Nℓ, is shown inFig. 11b, where the errors were computed as
for Fig. 3. It is apparent from the two figures that the amount of energy which leaks through
the back layer of LumiCal is insignificant forNℓ ≥ 40. It was, therefore, decided that 40 layers
(40 X0) are sufficient for the containment of showers withEsh≤ 1.5 TeV.
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Figure 11: (a) Distributions of the energy deposited in LumiCal,Eℓ, as a function of
the layer number,ℓ, for various shower energies,Esh, as indicated in the figure.(b) De-
pendence of the energy resolution,ares, on the number of layers in LumiCal,Nℓ, using
1.5 TeV electron showers. The dashed line marks the nominal value of the energy resolu-
tion, ares(Nℓ = 40) = 0.21

√
GeV.

3.4 The Inner Radius

In order to determine the optimal values for the inner radiusof LumiCal,Rmin, several facts need
to be considered.

- The cross-section of Bhabha scattering drops rapidly withthe polar angle, and therefore
Rmin should be made as low as possible.

- The spectrum of incoherent pairs, which carries high radiation doses that can harm the
sensors of LumiCal, peaks at low angles. ThereforeRmin should be made large enough to
avoid the pair radiation.

- As the number of incoherent pairs which hit LumiCal increases, so does the amount of
backscattering from LumiCal into the inner region of the detector. This backscattering is
harmful and should be minimized.

In the following we address these issues.
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3.4.1 Statistical Uncertainty in Counting the Number of Bha bha Events

For small angles (≤ 10◦), Bhabha scattering is dominated by thet-channel exchange of a pho-
ton [24]. One can write the differential cross-section as

dσB

dθ
=

2πα2
em

s
sinθ

sin4(θ/2)
≈ 32πα2

em

s
1

θ3 , (13)

where the scattering angle,θ , is the angle of the scattered lepton with respect to the beam, αem

is the fine structure constant, ands is the center-of-mass energy squared.

The dependence of the Bhabha cross-section on the polar angle is shown inFig. 12 for√
s= 500 GeV and 3 TeV. The dashed lines mark the fiducial volume of LumiCal, 50< θ f <

130 mrad. The integrated cross-section within the fiducial volume isσB = 1457 and 42 pb for√
s= 500 GeV and 3 TeV respectively. Both distributions have the same polar dependence and

scale withs, in accordance withEq. (13). The values ofσB presented here were computed for
Bhabha events which complied with the condition that, for a given scattering event, both the
polar angle of the electron and that of the positron must lie within the fiducial volume. This is
due to the fact that the luminosity is measured using selection cuts (seeSect. 4), which include
this constraint.
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Figure 12: Dependence ofσB, the Bhabha cross-section, on the polar angle,θ , for two
center-of-mass energies,

√
s= 500 GeV and 3 TeV, as indicated in the figures. The dashed

lines mark the fiducial volume of LumiCal, 50< θ f < 130 mrad.

The statistical uncertainty in counting the number of Bhabha events,(∆L/L)stat, depends
on NB, the number of events which are counted (Eq. (10)). As the inner radius of LumiCal is
made larger, the fiducial volume becomes smaller, and soNB becomes smaller.Figure 13shows
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the dependence of(∆L/L)stat on the minimal polar angle, which defines the low edge of the
fiducial volume, for

√
s = 500 GeV and 3 TeV. The maximal polar angle was kept constant

at 130 mrad for all cases. An integrated luminosity of 100 fb−1 was assumed, along with a
pessimistic Bhabha selection efficiency of 50 % (seeSect. 4). The uncertainty is smaller than
0.03 % (0.2 %) for

√
s= 500 GeV (3 TeV) for all choices ofθmin presented here. In particular

for θmin = θ f
min = 50 mrad the uncertainty is lower than required by the design goal.
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Figure 13: Dependence of the statistical uncertainty in counting the number of Bhabha
events,(∆L/L)stat, on the minimal polar angle,θmin, which defines the low edge of the
fiducial volume in each case. The relation is shown for two center-of-mass energies,√

s= 500 GeV and 3 TeV, as indicated in the figures. An integrated luminosity of 100 fb−1

and a Bhabha selection efficiency of 50 % were assumed.

3.4.2 Beam Background

At CLIC, the beam-beam effect between the colliding electron and positron bunches is much
stronger than at the ILC [25]. On average, more than two photons per electron/positron are
produced [8]. Some of these photons are converted into high energy coherent pairs (which will
mostly exit into the post-collision line), others into lower energy incoherent pairs (some of which
will end up in LumiCal). Therefore, prior to the Bhabha scattering, the interacting particles are
likely to have been deflected, and their energy to have been reduced.

In the current accelerator design a crossing angle of 20 mradis foreseen between the incoming
and outgoing beam lines [8]. In the anti-detector integrated dipole(anti-DID) field configura-
tion, the magnetic field is directed along the outgoing beam lines with a kink at the transverse
plane containing the IP. This setup should be distinguishedfrom the alternativesolenoidfield
configuration, where the magnetic lines are directed along the symmetry axis of the detector. A
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schematic representation of the two field configurations, taken from [26], is shown inFig. 14.

(a) (b)

Figure 14: Schematic representation of the solenoid(a) and anti-DID(b) magnetic field
configurations. The solid curves represent the magnetic field lines, the solid arrows rep-
resent the incoming beams and the dashed arrows represent the outgoing beams.

Energy Deposits in LumiCal

Figures 15aand15bshow scatter plots in the xy-plane of the energy of incoherent pairs which
traverse the first layer of LumiCal. The energy spectrum is shown for the solenoid and for
the anti-DID magnetic field configurations. The distribution of pairs corresponds to that which
will be created in 10 bunch-crossings (BX) at nominal beam conditions, which include a mag-
netic field of 4 T and a crossing-angle of 20 mrad. The nominal center-of-mass energy is√

s= 3 TeV [8]. The distribution of the incoherent pairs in the solenoid configuration is more
widespread compared to the anti-DID case.Figure 15cshows the dependence of the energy of
the pairs distribution on the distance from the center of LumiCal. The position of the center is
{x0,y0} = {2.27,0} cm, where thex-coordinate is shifted due to the crossing angle. While the
symmetric energy distribution for the anti-DID case falls off at slightly lower radii compared to
the solenoid case, both distributions peak away from the inner radius of LumiCal. The amount
of energy in both setups decreases as the distance from the center grows. The inner radius of
LumiCal was set to 10 cm in order to keep a small safety margin from the region where the
energy deposition by the pairs is large in either case.

Figures 16aand16bpresent a scatter plot of the deposited energy in LumiCal dueto incoher-
ent pairs from 10 BX. The energy is integrated over all layersof LumiCal. The energy distri-
butions are shown for two magnetic field configurations, solenoid and anti-DID. InFig. 16cthe
deposited energy due to incoherent pairs from 10 BX as a function of the polar angle and of the
layer number is shown. The inner radius of LumiCal was set to the baseline value of 10 cm, and
the magnetic field is in the anti-DID configuration. The equivalent distribution for the solenoid
field (not shown) is not significantly different. Most of the energy is deposited in the front layers
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Figure 15:(a) and(b): Scatter plot in the xy-plane of the energy of incoherent pairs from
10 BX, which cross the first layer of LumiCal,E10BX. The black circles represent the inner
and outer radii of LumiCal, 10 and 35 cm respectively.(c): Dependence of the energy of
the pairs distribution, which is shown in the top figures, on the distance from the center
of LumiCal. A magnetic field of 4 T and a crossing-angle of 20 mrad were simulated at√

s = 3 TeV. The energy distributions are shown for two magnetic field configurations,
solenoid and anti-DID, as indicated in the figures.

of LumiCal at low angles. From this it is evident that both thenumber of particles and the energy
of individual particles is reduced with increasing polar angle.

Figure 17shows the deposited energy in LumiCal due to incoherent pairs from 10 BX as
a function of the layer number for the two field configurations. The energy distributions are
shown for four different inner radii of LumiCal,Rmin = 4, 6, 8 and 10 cm. For the solenoid
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Figure 16:(a) and(b): Energy spectrum of the deposited energy in LumiCal due to inco-
herent pairs from 10 BX. The energy is integrated over all layers of LumiCal and shown
in the xy-plane. A magnetic field of 4 T and a crossing-angle of20 mrad were simulated
at
√

s= 3 TeV. The energy distributions are shown for two magnetic field configurations,
solenoid and anti-DID, as indicated in the figures.(c): Dependence of the deposited en-
ergy in LumiCal, using the anti-DID field configuration, as a function of the polar angle,
θ , and of the layer number,ℓ.
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field the smallest value ofRmin which can be allowed is 10 cm. For the anti-DID case both
Rmin = 8 and 10 cm are acceptable. This is evident by the fact that forthe higher values ofRmin

the amount of energy which is deposited in LumiCal by the pairs is comparable or much larger
than the energy signature of Bhabha events (seeFig. 18below).
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Figure 17: Deposited energy in LumiCal due to incoherent pairs from 10 BX,Eℓ,10BX,
as a function of the layer number,ℓ. A magnetic field of 4 T and a crossing-angle of
20 mrad were simulated at

√
s= 3 TeV. As indicated in the figures, two magnetic field

configurations, solenoid and anti-DID, and four different inner radii of LumiCal,Rmin =
4, 6, 8 and 10 cm, were used. The numbers in the brackets represent the total amount of
energy which was deposited in LumiCal in each case.

Thebackground-to-signalratio is defined as

B/S≡ Eb

Es
(14)

whereEb (Es) represents the energy deposits by the background (signal)process in a given
configuration. One may also define the background-to-signalratio for a layerℓ in LumiCal,
(B/S)ℓ, by considering the energy deposits by the background and signal processes in a given
layer.

The deposited energy as a function of the layer number forRmin = 10 cm is presented in
Fig. 18a. Shown there are the energy distributions for incoherent pairs in the two field setups
along with the corresponding distribution of a 1.5 TeV electron shower, which compares with the
signature of a Bhabha event.Figures 18bshows the dependence of(B/S)ℓ on the layer number,
where the signal in this case is represented by the 1.5 TeV electron shower. The distributions of
the incoherent pairs is shown for the two magnetic field configurations and for 10 and 312 bunch
crossings.
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Figure 18: Deposited energy,Eℓ, (a) and background-to-signal ratio,(B/S)ℓ, (b) as a
function of the layer number,ℓ. As indicated in the figures, the following distributions
are used: the depositions of incoherent pairs in a solenoid magnetic field configuration,
Eℓ(Solenoid), from 10 and from 312 BX, the depositions of incoherent pairsin an anti-
DID field configuration,Eℓ(anti−DID), from 10 and from 312 BX and the depositions
by a 1.5 TeV electron shower,Eℓ(e).

The amount of background energy which is deposited in LumiCal depends on the number of
bunch-crossings which are read out simultaneously. Currently, the time-stamping resolution for
CLIC is unknown.Figure 18therefore presents both the distributions of deposited pair energy
for 10 BX and for a full bunch-train of 312 BX. We consider firstthe possibility that the signal is
integrated over 10 BX. In this case, at 8< ℓ < 28, where the electron shower peaks, the amount
of energy deposited by the pairs compared to the electron shower is small, withB/S= O(10−1)
per layer. If, however, an entire bunch-train (312 BX) is read out at once, thenB/S= O(1) in
the region where the electron shower peaks. In the latter case it may, therefore, be difficult to
distinguish between the signal of Bhabha events and the energy deposits of the incoherent pairs.

According toFig. 16c, most of the energy is deposited either at very low angles in all layers,
or at high angles in the first few layers. In addition, it should be noted that on the one hand, the
fiducial volume cut eliminates showers which develop at verysmall angles, while on the other
hand, since high energy electron showers peak at the inner layers of LumiCal, the information
from the first layers is less important. It is, therefore, possible to perform a cut on a significant
amount of the energy deposited by the incoherent pairs, and thus reduce the respective values of
B/S further. Additional study of this issue is warranted.
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Backscattering from the Front Layer of LumiCal

Figure 19presents the energy spectrum of backscattered particles from the front face of LumiCal
for 10 BX at

√
s= 3 TeV. A magnetic field of 4 T in a solenoid configuration and a crossing-angle

of 20 mrad were used. Several inner radii of LumiCal,Rmin = 4, 7 and 10 cm, were simulated.

It is apparent that the amount of backscattering for low radii is significantly larger compared
to Rmin = 10 cm. One should keep in mind, though, that these results do not show which sub-
detector is hit by the backscattered particles. In order to determine the number of hits and the
deposited energy in the vertex and tracking detectors by backscattered particles, a full simulation
of the detector is needed.

3.4.3 Discussion of the Results

Two conflicting trends need to be considered in order to determine the optimal value of the inner
radius of LumiCal. On the one hand one would like to setRmin as low as possible in order to
increase the percentage of the Bhabha cross-section insidethe fiducial volume of LumiCal. On
the other hand, for low values ofRmin both the beam background and the backscattering from
LumiCal increase.

The amount of beam background in LumiCal depends on the configuration of the magnetic
field. For the solenoid setup the amount of incoherent pairs deposited at low radii in LumiCal is
large compared to the anti-DID configuration. ForRmin = 10 cm the differences when comparing
the two field types are minimal. The anti-DID field configuration is preferable to the solenoid
setup, since it allows for more leeway in calibration of the magnetic field; it gives a safety
margin between the distribution of pairs and LumiCal. This can be deduced from the fact that
the amount of pair energy atR= 8 cm in the anti-DID configuration is significantly smaller than
the comparable distribution for the solenoid case.

The amount of backscattering also drops significantly forRmin = 10 cm compared to lower
values. Since the statistical uncertainty on the luminosity measurement forRmin = 10 cm is
smaller than the design goal, we conclude that this is an acceptable value. It should be empha-
sized that a full simulation of the entire detector is neededin order to determine that the residual
backscattering forRmin = 10 cm is indeed acceptable, and that the performance of the vertex and
tracking detectors correspond to the physics requirements.

3.5 The Outer Radius

The outer radius of LumiCal,Rmax, is less constrained than the inner radius. The two major
concerns are the total radial size of LumiCal, and the size ofthe integrated Bhabha cross-section
in the fiducial volume.

As discussed inSect. 3.1, in order to perform clustering in LumiCal, it is necessary to be able
to distinguish between EM showers initiated by different particles. The study described in [23,7]
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Figure 19: Energy spectrum of backscattered particles fromthe front face of LumiCal for
10 BX at

√
s= 3 TeV in a 4 T solenoid magnetic field. Several values of the inner radius

of LumiCal,Rmin, were selected, as indicated in the figures.(a), (c) and(e): Scatter plots
of the energy of backscattered particles,Eback, in the xy-plane.(b), (d) and(f): Scatter
plots ofEback as a function of the distance from the center of LumiCal,R.
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showed that in most cases a separation of at least one Molière radius between a pair of showers
is needed in order to resolve each shower, whereRM ≈ 1.5 cm. It was subsequently concluded
in the study that the total radial size of LumiCal should not be smaller than several Molière radii.

In this context we consider the integrated Bhabha cross-section within the fiducial volume
of LumiCal, σB. As can be deduced fromFig. 12, σB becomes small at large angles. It may,
therefore, be inferred that taking into account events within this angular region does not reduce
the statistical uncertainty significantly. For instance, we may consider a geometry whereRmax=
25 cm, for which the total radial size of LumiCal is 10RM. In this case the physical polar
size of LumiCal is 44 to 110 mrad and thereduced fiducial volumeis roughly 50< θ f

red <
90 mrad. The statistical uncertainty in counting the numberof Bhabha events may now be
computed for the reduced fiducial volume. Assuming an integrated luminosity of 100 fb−1 and a
Bhabha selection efficiency of 50 % (as forFig. 13), the subsequent statistical uncertainty in the
luminosity measurement is 0.08 % at

√
s= 3 TeV. We therefore find that even for the reduced

fiducial volume, the uncertainty is an order of magnitude lower than required.

In conclusion, the nominal value of the outer radius (Rmax = 35 cm) may be reduced, if it
becomes necessary due to external constraints, such as the Forward Tracking. Care would have
to be taken in order to verify that the total radial size of LumiCal always remains larger than a
few Molière radii. In addition, the integrated Bhabha cross-section within the reduced fiducial
volume should not decrease too much, so that the subsequent statistical uncertainty in the lumi-
nosity measurement remains small. It should also be noted that if the size ofRmax is changed,
the number of radial divisions will have to be modified as well, so that the radial size of cells
does not exceed 2 mrad, as discussed inSect. 3.1.

4 Physics Background and Selection Cuts

4.1 Methodology

Four-fermion neutral current processese−e+ → l−l+ (l = e,µ) ande−e+ →q−q+ (q= u,d,c,s,b)
are considered to be the main source of physics background for the luminosity measurement.
They are dominated by the multiperipheral processes (2-photon exchange). The contributing
four-fermion Feynman diagrams are given inFig. 20.

A set of topological cuts is applied in order to distinguish Bhabha scattering from the back-
ground processes. This is done by comparing the position andthe energy of EM showers, which
are initiated in the two arms of LumiCal by the scattered particles [27,21].

In a typical Bhabha scattering event multiple showers develop in each arm of LumiCal, due
to the emission of final-state radiation. In the current detector configuration there is no way to
distinguish between showers which are initiated by leptonsand those which are attributed to
photons. Therefore, in order to retain a consistent picture, the showers of all of the particles
which are within the fiducial volume of LumiCal are clusteredtogether. The selection cuts then
compare between the properties of the clustered showers in the two arms of the detector.
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Figure 20: Feynman diagrams contributing to neutral current four-lepton production. The
dominant fraction is described by the multi-peripheral diagram (bottom right).

We define therelative energy cut,

∆Er,l

Er,l
≡ |Er −El |

min{Er ,El}
, (15)

and thepolar angle cut,

∆θr,l ≡ |θr −θl | , (16)

whereEr andEl (θr andθl ) are, respectively, the energy (polar angle) of the clustered shower
in the right and left arms of LumiCal. We then demand that the values of the two cuts be larger
than some given constants,CE andCθ , for each event considered. In addition to the topological
cuts, the polar angle in either arm must lie within the fiducial volume. The three restrictions can
be summarized as

∆Er,l

Er,l
≤ CE |θr −θl | ≤ Cθ θ f

min ≤ θr ,θl ≤ θ f
max. (17)

Only events that pass the cuts are counted as Bhabha scattering events.

One may define theselection efficiencyand thebackground-to-signal ratio of selectionof
Bhabha events as
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Ecut ≡
NBh(cut)
NBh(all)

(B/S)cut ≡
Nbkg(cut)
NBh(cut)

, (18)

respectively. The symbolNBh(all) represents the number of Bhabha events which were simu-
lated, whileNBh(cut) andNbkg(cut) are, respectively, the number of Bhabha and the number of
background events which passed the selection cuts.

As the selection cuts become more loose, bothEcut and (B/S)cut grow, since more events
from both Bhabha scattering and background sources pass thecuts. AsEcut becomes smaller,
the statistical uncertainty of counting the number of Bhabha scatterings grows (seeEq. (10)).
One the other hand, as(B/S)cut grows, the relative bias in counting grows (seeEq. (2)). For the
optimal set of cuts, the value ofEcut will be as large as possible and the value of(B/S)cut will
be as small as possible. One therefore has to find the middle ground between the two conflicting
trends.

As discussed inSect. 3.4.2, prior to the Bhabha scattering, the interacting particlesin each
bunch are likely to have been deflected due to interaction with the opposite bunch [25]. In order
to account for this, the polar angle cut shall be adapted. A possible method of correction is to
introduce an asymmetry in the difference in polar angles between the two arms of LumiCal [28].

The second consequence of the beam-beam interaction is lossof energy due to beamstrahlung.
This effect causes the energy of the scattered particles to change, either before or after the
Bhabha scattering. As a result, it might be required to modify the relative energy cut. In any
case, it should be noted that the energy loss effect is not likely to present a problem. As will be
shown below, the relative energy cut may be made rather loose, and so the changes will tend to
cancel out.

In the following study, as a first approximation, we do not take the systematics from beam-
beam interactions into account. Accordingly, the polar andrelative energy cuts are not necessary.

4.2 Fast Simulation

In order to find the optimal set of selection cuts, samples of Bhabha events and of background
events were simulated.

The sample of Bhabha scattering events,e−e+ → e−e+, consisted of 106 events, generated at√
s= 3 TeV using BHWIDE. The sample contains only events in which the leptons are scattered

within 44< θ < 153 mrad, the physical polar angular range of LumiCal.

To simulate physics background, a sample of 106 four-lepton events,e−e+ → l−l+, and 105

corresponding hadronic events,e−e+ → q−q+, have been generated with WHIZARD, with re-
spective total cross-sections of 16.2·104 and 3.4·104 fb. The samples were simulated assuming
event generation through contributions of all neutral current tree-level processes. The simu-
lation was performed in the full polar angular range, assuming that the invariant mass of the
outgoing lepton pair and that the momentum transfer of the exchanged photon are both greater
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than 1 GeV [28]. .

WHIZARD is a program, which is commonly used for the calculation of multi-particle scat-
tering cross-sections and event samples. Other physics generators, such as BDK [29], have also
been used for simulating four-lepton events. While the shapes of the event distributions from
different generators are compatible, the values of the cross-sections seem to vary by up to an
order of magnitude [30]. Currently it is not clear which generator produces the best results.
Comparison studies are planned.

As discussed above, in the current study the luminosity spectrum, due to the emission of
beamstrahlung radiation, was not taken into account when generating the BHWIDE and the
WHIZARD event samples. The nominal center-of-mass energy,

√
s= 3 TeV, was used instead.

A full simulation of the development of showers due to the Bhabha and background particles
in LumiCal was not performed. Instead, a fast simulation wasused. The outline of the algorithm
used in the study is as follows.

1. Each class of events,e−e+ → e−e+, e−e+ → e−e+l−l+ and e−e+ → e−e+q−q+, was
treated separately.

2. For a given event, the polar angle was computed for each particle. Particles whose polar
angle was outside the fiducial volume of LumiCal were discarded.

3. The four vectors of all particles which passed the fiducialcut in each direction were
summed. The integrated four vector gave the energy and polarangle of the “clustered
shower” in the respective direction.

4. The energy and polar angle of the “clustered shower” in thetwo directions was compared
by computingEqs. (15)and(16). The selection cuts (Eq. (17)) were then applied.

5. The number of background events which passed the selection cuts in each event group
was rescaled to comply with the luminosity with which the Bhabha scattering sample was
generated.

6. The parametersEcut and(B/S)cut were computed.

7. Steps(2) - (6) were repeated for different values of the cut parameters,Cθ andCE.

The results of the study are shown inFig. 21. The two figures showEcut and(B/S)cut as a
function of the polar angle cut,Cθ , for several values of the relative energy cut,CE.

While (B/S)cut rises steadily withCθ , the increase in efficiency levels off at high values of the
polar angle cut; beyondCθ = 7 mrad the increase inEcut is small. As for the relative energy cut,
a sharp increase inEcut is apparent betweenCE = 1 and 5 %, but no significant improvement
is seen for higher values ofCE. The signal to noise ratio does increase, though, for higherCE

values. We therefore conclude that a reasonable set of cuts is

∆Er,l

Er,l
≤ 5% |θr −θl | ≤ 7 mrad, (19)

for which
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Figure 21: Background to signal ratio of the selection of Bhabha events, (B/S)cut, (a)
and the Bhabha selection efficiency,Ecut, (b) as a function of the polar angle cut,Cθ .
Different data sets are shown, corresponding to several values of the relative energy cut,
CE, as indicated in the figures.

(B/S)cut = 2.3·10−3
Ecut = 61 %. (20)

In principle one may predict the number of background eventswhich pass the selection cuts,
Nbkg(cut), as done above. In this case the uncertainty on the luminosity measurement depends
on δNbkg, the error in estimatingNbkg(cut). One then replacesNrec by

(

Ngen+ δNbkg
)

in Eq. (2)
so that together withEq. (3)

∆L

L
=

δNbkg

Ngen

∣

∣

∣

∣

θ f
max

θ f
min

. (21)

In light of this result, it becomes obvious thatNbkg(cut) reflect an upper bound on the number
δNbkg. With this in mind, we can consider a worst-case scenario where δNbkg = Nbkg(cut). The
bias in the luminosity measurement is then exactly the valueof (B/S)cut, which is an order of
magnitude smaller than required by the design specifications of LumiCal. It should be noted
that a more detailed study, in which beam-beam background, physics background and Bhabha
events are overlaid, still needs to be performed.
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5 Summary

The luminosity at CLIC may be measured by counting the numberof Bhabha scattering events
in a well defined polar angular range. In order to ensure that the cross-section is integrated in the
correct polar range, the polar angle of incident showers on the luminosity calorimeter must be
measurable with high precision. It has been shown here that for the proposed design of LumiCal,
such a measurement is possible.

The geometry of LumiCal has been optimized, such that the polar resolution meets the pre-
cision requirements for the luminosity measurement. The energy resolution for this design was
found to be roughly 0.21

√
GeV. Additionally, the range of signal for the electronics readout

of LumiCal was defined. Further studies on this issue ill be necessary, once it is determined
whether or not MIP signals need to be read out in congruence with high-energy showers.

The issue of the background of incoherent pairs in LumiCal has been investigated in detail. It
has been demonstrated that the geometric parameter which determines the influence of the beam
background on the design of the calorimeter is the inner radius of LumiCal,Rmin. For low inner
radii the amount of energy which is deposited in LumiCal, as well as the number of particles
which are backscattered from LumiCal, are high. For the baseline value ofRmin, it was shown
that both effects are relatively small.

Concerning the energy deposits of the incoherent pairs in LumiCal, the results depend on
the number of bunch-crossings which are simultaneously read out. Provided that no more than
10 BX are read out at once, the deposited energy in LumiCal is smaller by an order of magnitude
than the signal of high energy electron showers for the baseline value ofRmin. However, if it
turns out that an entire bunch-train must be integrated over, then the background-to-signal ratio
of the incoherent pairs may become too large. In order to improve the ratio, topological cuts
may be devised. Further study of this issue is necessary. In addition, it should be stressed that
the present analysis is based on perfect head-on collisionsof the CLIC bunches. Fluctuations
in position and angle will change the magnitude of the beam-beam effect and of the consequent
background. Further detailed studies are required.

As for the amount of backscattering from the front face of LumiCal, backscattering is greatly
reduced for the baseline value ofRmin compared to the respective cases with lower values of
the inner radius. Whether or not this amount of backscattering is acceptable has not been de-
termined. A full simulation of the entire detector is needed, and was beyond the scope of this
study.

In order to distinguish Bhabha scattering events from the physics background, a set of selec-
tion cuts has been devised. It has been shown that these cuts allow a measurement of roughly
60 % of the Bhabha cross-section in the fiducial volume. The respective background-to-signal
ratio is then smaller by an order of magnitude than the designgoal. Further study is necessary
in order to investigate the influence of the beam-beam interactions on the selection cuts. A com-
parative study with different physics generators is planned as well. It has further been shown
that the integrated cross-section in the fiducial range of LumiCal is large, even when taking into
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account a pessimistic acceptance rate of 50 %; the statistical uncertainty in counting the number
of Bhabha events in this case is still smaller than the designgoal. We therefore finally conclude,
that it may be possible to measure the luminosity with a relative uncertainty which is smaller
than 1 %.
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