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Abstract

For the relative precision of the luminosity measurementialC, a preliminary
target value of 1% is being assumed. This may be accomplishednstructing a
finely granulated calorimeter, which will measure Bhabtwtscing at small angles.
In order to achieve the design goal, the geometrical paemsef the calorimeter
need to be defined. Several factors influence the design afalogimeter; chief
among these is the need to minimize the error on the luminowasurement while
avoiding the intense beam background at small angles. drstady the geometrical
parameters are optimized for the best performance of tlugicadter. In addition,

the suppression of physics background to Bhabha scatterimyestigated and a
set of selection cuts is introduced.
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1 Introduction

The focus of this study is the luminosity calorimeter (Luraifcof the Compact Linear Collider
(CLIC). Bhabha scattering will be used as the gauge proagsthé luminosity measurement
at CLIC. This is motivated by the fact that the cross-sectibBhabha scattering is large and
dominated by electromagnetic processes, and thus candugatatl with very high precisiori|
2,3,4,5].

Several studies have been done of the luminosity calormagtine International Linear Col-
lider (ILC) [6,7]. The main differences in the luminosity measurement beitwhe ILC and
CLIC is the center-of-mass energy; while for the ILC it is 388V (upgradable to 1 TeV), for
CLIC it is expected to go up to 3 Te\8]. This has repercussions both on the cross-section
of Bhabha scattering, which decreases with energy, and ercribss-section of the physics
background to Bhabha scattering, which goes up with endrgwyddition, the beam induced
background at CLIC is more severe, due to the increase in lezemgy as well as to differ-
ences in other bunch parameters. The baseline configuiEtibe calorimeter presented here is
similar to the LumiCal of the ILC, but it takes into accoung tthange in the beam conditions.
Accordingly, many references to ILC studies are given.

The requirement for LumiCal is to enable a measurement ointlegrated luminosity with
a relative precision smaller than 1 %[ It will be shown here that in order to perform this
measurement, the polar angle of incident showers must beurezhwith high precision. This
may be done by demanding fine granulation in the radial dectAnother important factor is
the percentage of the Bhabha cross-section which is abte$sithe measurement. The cross-
section drops quickly with the polar angle, and so the mihipodar angle in the acceptance
range of LumiCal must be low in order to ensure high stagstion the other hand, the inner
radius of LumiCal should not be set to a too-low value, sincenaall polar angles the beam
background is intense. If this background is high, damadkd®ensors 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 @LIC is presented. Iisect. 2
the chosen design parameters are presented. The intriogierpes of LumiCal are then defined
and given a quantitative measure. The optimization of tpasameters is shown fBect. 3 The
impact of the beam structure on the design of LumiCal is dised as well. The results are
presented in most cases for two center-of-mass energi@<$;e0 and 3 TeV, as these represent
respectively the lowest and highest beam energies expémt&l IC. Section 4addresses the
suppression of physics background to Bhabha scatteringcdivelude with a short summary,
given inSect. 5

Luminosity Measurement at CLIC

The measured luminosity is defined as



L=—,
OB

1)
whereNg stands for the counted number of Bhabha events in a welletefinlar angular range
andog is the integrated Bhabha cross-section in this range.

Several factors, such as the energy resolution and the b ireconstruction of the posi-
tion of showers, induce an uncertainty in the luminosity suieament T, 9]. The uncertainty
manifests itself as miss-counting of the number of expeBteabha scattering events within the
fiducial volume (acceptance range). It is convenient to ddfie relative bias in counting as
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whereNec andNgen are respectively the number of reconstructed and geneBitabha events,

and Gr;m and Ghax are the respective low and high bounds on the fiducial volufaimiCal.
Accordingly, the relative uncertainty on the integratechinosity can be expressed as
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Simulation Tools

Detector simulation - The response of LumiCal to the passage of particles was aietllsing
MOKKA, version 06-05-p02 10]. MOKKA is an application of a general purpose detector sim-
ulation package, GEANTA4, of which version 9.0.p01 was usét]. [The GEANT4 range-cut
parameter was set to 0.005 mm. The MOKKA model chosen was I0033&p, where LumiCal

is constructed by the LumiCalX super driver. The output of KA®\ is in the LCIO format,
which may be processed by MARLIN, a C++ software frameworktfe ILC software 12].
Version 00-09-08 of MARLIN was used.

Event generators - The spectrum of the incoherent pairs presentefidnt. 3.4was generated
using GUINEA-PIG [L3], ane"e~ beam-beam simulation program. For the present work, realis
tic (non-gaussian) particle distributions of the CLIC 3 Tledams have been usedl]. In Sect. 4

a physics sample consisting of Bhabha scattering eventes U'he events were generated us-
ing BHWIDE [15]. BHWIDE is a wide-angle Bhabha Monte Carlo (MC), which ains the
electroweak contributions, which are important for thehteégergye™e™ interactions considered
here. The background to Bhabha scattering was simulated WHIZARD, a program system
designed for the efficient calculation of multi-particleattering cross-sections and simulated
event sampleslp, 17,18]. For the current study the luminosity spectrum, due to tnéssion

of beamstrahlung radiation, was not taken into account vgegrerating the BHWIDE and the
WHIZARD event samples. The nominal center-of-mass ene@ywsed instead.



2 Intrinsic Parameters

LumiCal is a tungsten-silicon sandwich calorimeter. Ttoafiface of LumiCal is placed.27 m
from the interaction point (IP). LumiCal is placed on thegmnihg beam axis and is tilted to be
perpendicular to the outgoing beam. The LumiCal inner a@u0 cm, and its outer radius is
35 cm, resulting in a polar angular coverage of 44 to 153 mfé calorimeter consists of 40
layers. Each layer is made up of 3.5 mm thick tungsten, wisiglguivalent to 1 radiation length
(defined below). Behind each tungsten layer there i§aln ceramic support, a®mm silicon
sensor plane, and aldmm gap for electronics. The transverse plane is subdividéuk radial
and azimuthal directions. The number of radial division§0s and the number of azimuthal
divisions is 48.Figure lpresents the segmentation scheme of a LumiCal sensor hak.pl'he
current simulation of the detector does not include “réiglideatures of the calorimeter, such
as dead material at the inner and outer radii of LumiCal, @sdaetween sensor tiles. These
and other details will be added to the MOKKA simulation in foture, and their affect on the
performance of LumiCal will be studied.

Figure 1: Half plane of LumiCal silicon sensors. In this gola¢ic drawing only every
fifth radial segment is drawn.

The design parameters presented here have been deterractedthat the performance of
LumiCal is optimized. The considerations which were tak&o account in the optimization
process are discussed$ect. 3 In the following, several parameters which quantify thefqre
mance of LumiCal are defined and their values for the curreatrgetry are determined.

2.1 Development of Electromagnetic Showers

When a high-energy electron or photon is incident on a thixdoeber, it initiates an electromag-
netic (EM) shower as pair production and bremsstrahlungige@ more electrons and photons
with lower energy. The characteristic amount of matterdrsgd for these related interactions is



called theradiation length Xo. It is both the mean distance over which a high-energy aactr
looses all but 1e of its energy by bremsstrahlung, aéobf the mean free path for pair pro-
duction by a high-energy photoiiq]. The radiation length is also the appropriate scale length
for describing high-energy electromagnetic showers. tEdacenergies eventually fall below
the critical energy (defined below), and then dissipate #reergy by ionization and excitation,
rather than by the generation of more shower particles.

The transverse development of electromagnetic showetsss&arly accurately with the
Moliere radius Ry, given by [L9]

Es

whereEs ~ 21 MeV, andE; is thecritical energy which is defined as the energy at which the
ionization loss per radiation length is equal to the eleti&nergy. On average, only 10% of the
energy of an EM shower lies outside a cylinder with rad®yg around the shower-center.

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

2.2 Energy Resolution

LumiCal is designed in such a way that incident high energgtebns and photons deposit
practically all of their energy in the detector. Preveniidfeakage through the edges of LumiCal
is possible by defining fiducial cuts on the minimal and maxireeonstructed polar angles of
the particle showering in LumiCa8ni, and Bmax In order to achieve stable energy resolution
in LumiCal, showers must be well-contained. The relativergy resolutionog /E, is usually
parametrized as

E — al’es (5)

E A% Ebeam’
whereE and og are, respectively, the most probable value, and the roanrsquare of the
signal distribution for a beam of electrons. The energy efdtectron beantpeam is given in
units of GeV. In the following, we shall refer to the paramedgs as the energy resolution of
LumiCal.

Figure 3ashows the energy resolution as a functiorfgf, for electron showers with energy,
Esh= 1.5 TeV. The maximal polar angle is kept constant. Stable gmexgplution is achieved for
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Figure 2:(a) Normalized distribution of the distance around the shogester, in which
90 % of the integrated shower energy may be found, using 250aBd 1.5 TeV electron
showers, as indicated in the figuréo) Scatter plot of the energy deposits in LumiCal
in the xy-plane, integrated over all layers. Two showerssa@vn, with energiegg, =
250 GeV and 1.5 TeV, as indicated in the figure. The full cintlarks an area bound
within one Moliere radius around the center of the 1.5 Tedigdr, which is af X,Y} =
{—47,—200} mm in this example.

Bmin =50 mrad. A similar evaluation was done for a constg and a changin@max resulting

in an optimal cut abmax= 130 mrad, as shown irig. 3b The size of showers does not depend
strongly on energy down tBsy = 250 GeV Fig. 29. The same polar bounds therefore stabilize
the energy resolution for showers with lower energy as Wéik error bars are derived from the
error on the fits of the value afg, from whicha,es was extracted.

The fiducial volume of LumiCal for 256 Egy < 1500 GeV is thus defined to be the polar
angular range

50< 6" < 130 mrad (6)

The dependence of the energy resolution on the energy oflélseran which initiated the
shower,Egp, is shown inFig. 4. Only electron showers from particles which were inside the
fiducial volume of LumiCal were taken into account. The egeggolution is, thereforeges =
0.21+£0.02 v/ GeV.
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Figure 3: The energy resolutioss, for 1.5 TeV electrons as a function of the minimal
polar angle Bmin, (&) and as a function of the maximal polar anggax (b). The dashed
lines mark the fiducial volume of LumiCal ép;m =50 ande,LaX: 130 mrad.
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Figure 4: Dependence of the energy resolutigs, on the energy of an electron shower,
Esh.

2.3 Calibration of the detector Signal

In order to determine the energy of showering particles imiCal, it is necessary to know
the relation between this energy and the integrated degbsitergy in the detector (measured
signal). A calibration curve which demonstrates this fefats 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 showerumiCal, Eg,, and the

integrated deposited energy in LumiCBlg;.

2.4 Reconstruction of the Polar Angle

The polar angle of an EM shower in LumiCal is reconstructedimraging over the individual
cells in the detector in which energy was deposited. Thisisedor celli using the polar angle
of the center of the cel, and a weight functiod;, such that

<0 >= T (7

Weights are determined by the so-called logarithmic weighi20], for which

W;=max 0, €+Ini}, (8)
EtOt

wherekE; is the individual cell energy;q is the total energy in all cells, arglis a constant. In
this way, an effective cutoff is introduced on individualshiand only cells which contain a high
percentage of the event energy contribute to the reconisinuc

The polar resolutiongy, and the polar biag\6, are, respectively, the root-mean-square and
the most probable value of the distribution of the diffeeehetween the reconstructed and the
generated polar angles. The existencA®fs due to the non-linear transformation between the
global coordinate system of the detector, and the coomlisgstem of LumiCal (aligned with
the outgoing beam), in which the shower position is recocgtid. There is an optimal value
for €, for which gy is minimal. This is shown irrig. 6ausing 1.5 TeV electron showers. The
corresponding values &6 are presented iRig. 6 Accordingly, the polar resolution and bias
of LumiCal are
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Figure 6: The polar resolutiorgg, (a) and the polar biasi8, (b) as a function of the
logarithmic weighing constant?, using 1.5 TeV electron showers. The dashed lines
mark the optimal value cg.

2.5 Uncertainty in the Luminosity Measurement

The luminosity is measured withsatistical uncertaintyin the counting ofNg, the number of
Bhabha scattering events. The relative uncertainty maxpeessed as

(AL) _ONg YNg 1 (10)
L )ga Ne Ng Ng~

It will be shown Fig. 13below) that for the current design of LumiCah\L /L) iS below the
required bound on the uncertainty for the luminosity measant.

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

(%) ~ 2A_9 7 (11)
L ef
rec min

which is a consequence of the polar bidk [



The analytic approximation dtq. (11)has been shown to hold well]]. Its implication is
thatA@ and Gr;m are the two most important parameters that affect the poeatd the luminosity
measurement. The steep fall of the Bhabha cross-sectidntiet polar angle translates into
significant differences in the counting rates of Bhabha tsydar small changes in the angular
acceptance range.

In practice it is possible to control the uncertainty of thwap reconstruction by measuring
the polar bias in a test-beam. If this is dodd in Eq. (11) becomes the uncertainty of this
measurement and reduces significantly compared to thasmrpolar biasEq. (9). In the
following we shall ignore this possibility and tre@l /L), as if a measurement &6 were
not possible. It will be showrHig. 8below) that even in this worst-case scenario, the unceytain
in the luminosity measurement is smaller than the desigh goa

3 Design Parameters of LumiCal

3.1 Layer Segmentation Scheme

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

The Number of Radial Divisions

For different radial cell sizes one needs to re-optimizeldigarithmic weighing constang, of

Eq. (8) as the distribution of deposited energy in a single celhgea for each case. The polar
resolution and bias are plottedfing. 7 as a function of the angular cell sizg, In each case the
appropriate optimal value d@f was used. The errors shown in the figure dgrand forA6 are
derived from the errors on the fit parameters of, respegtitleé root-mean-square and the most
probable value of the distribution of the difference betw#e reconstructed and the generated
polar angles. The relative bias in the luminosity measurgm@L /L), .., for the respective
values of the polar bias are shownFig. 8 The relative bias is smaller than the design goal
of 1 % for the entire range ofp which is shown, and in particular for the baseline cell size,
lg =2 mrad.

Both gg and A8 become smaller as the angular cell size decreases. Thiedbs in
luminosity follows the same trend. This is due to the fact tha bounds on the fiducial volume
do not strongly depend on the number of radial divisions. eqaently the same value for the
minimal polar angIeG,Lin =50 mrad, was used for all of the pointskig. 8.

When the number of channels increases, problems such astatbd®etween channels, power
consumption issues and the need for cooling, arise. It iethiee advisable to keep the number

10
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Figure 7: The polar resolutiorgyg, (a) and the polar biasp8, (b) for the appropriate
optimal logarithmic weighing constants, as a function efaingular cell siz€g. Electron
showers of 1.5 TeV were used.
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Figure 8: Relative reconstruction bias in the luminosityasw@ement(AL/L) ., as a

function of the angular cell sizéy, for the values of the polar bias presentedrig. 7h

of cells as low as possible. The chosen baseline number aidill ivisions is, therefore, a
compromise between minimizing the relative luminosity en&inty, and limiting the number of
channels.
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The Number of Azimuthal Divisions

The number of azimuthal divisions does not affect the rettoason of the polar angle. The
energy resolution does not depend on the number of chanitieds, esince energy contributions
are integrated over all of the cells. In addition, roundinges, due to digitization of the signal,
are small for the range of cell sizes which is being consiti¢see P2]).

The importance of constraining the azimuthal cell size isriproving the resolving power
of LumiCal for distinguishing between multiple simultamscshowers. Strictly speaking, Born-
level elastic Bhabha scattering never occurs. In pradiieeprocess is always accompanied by
the emission of electromagnetic radiatieig™ — e" e y. The ability to distinguish between a
radiative photon and its accompanying lepton is determinethe resolving capabilities of the
detector, and is a function of the angular separation betlee two particles. When the two
can be separated, then the experimental measurement afrtiteen of radiative photons can be
compared with the theoretical prediction, and thus therthean be partly tested.

A clustering algorithm has been developed in order to tatdithis goal23, 7]. The conclu-
sion was that there is a bound on the minimal azimuthal eelijth. 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 deflmedynamic 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 aetimaterial, silicon in the
case of LumiCal. In order to translate the energy signal umis of charge, the following
formula is used:

16-104

SalfCl =357

SeleV, (12)
where8¢ denotes the signal in units of eV, afid the signal in units of fC. The value 3.67 eV
is the energy to create an electron-hole pair in silicon. Aimaber 16- 10~4 fC is the charge of
an electron.

In order to determine the lower bound on the signal in Lumi@ed passage of muons through
the detector was simulated. Muons do not shower, and areftie, minimum ionizing particles
(MIPs). Muons may be used to inter-calibrate the cells ofdibiector, and may also be used to
checkin-situ the alignment of the detector. The distribution of the ep@leposited in a detector
cell by 250 GeV muons is presentedHig. 9. Accordingly, the most probable value (MPV) of
induced charge for a muon traversing 30 of silicon is 89 keV, which is equivalent to 3.9 fC.

The signature of a Bhabha event isedre™ pair, where the leptons are back to back and carry
almost all of the initial energy. Subsequently, fgs = 500 GeV (3 TeV) the maximal energy

12
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Figure 9: Distribution of the energy deposited in a detecédl; E¢j, 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 therefteeten showers of 250 GeV
(1.5 TeV) may be used in order to determine the upper boundersignal. The amount of
energy which is deposited in a single detector cell also niépen the size of the cell, as can
be observed irFig. 10 The figure presents the distribution of collected chargeced for
250 GeV and for 1.5 TeV electron showers for a LumiCal with @060 radial divisions, which
correspond to angular cell sizes of 0.9 and 2 mrad, respéetiVhe number of azimuthal cells
was set at the baseline number, 48. The distribution of thema charge collected in a single
cell per shower for the different setups is also shown.

One can observe that the dependence of the distributiorfee@niergy of the shower is linear,
as expected frorfig. 5. For the baseline case of 50 radial divisions &= 3 TeV, the charge
distribution in a single cell extends up to 50 pC. The dynamige of the signal fo{/s= 3 TeV
is therefore 3 < Cee < 50-10° fC. In practice it may be possible to set the low bound at \&lue
higher than 1 MIP, if the measurement of single MIPs is notiiregl). The maximal value of
the low bound should be such that the energy resolution ofiCairis not degraded. Further
study of this issue in the future is warranted. It is also fidsgo divide the dynamic range into
low- and high-gain regions, and to have separate digitimaith each region. A study of this
nature is presented i2f).

3.3 The Number of Layers

A distribution of the energy deposited in a layEy, by electron-showers of different energies,
Esn, are presented ifig. 11a The dependence of the energy resolution of 1.5 TeV electron

1This, however, would exclude the possibility of calibratithe detector with muons.
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Figure 10:(a)and(b): Normalized distributions of the charge deposited in aatetecell,
Ceell, by 250 GeV and by 1.5 TeV electron showers for a LumiCal with alternative
angular cell sized}g = 0.9 or 2 mrad, as denoted in the figurés) and(d): Normalized
distributions of the maximal charge collected in a singlé per shower,CI corre-
sponding to the distributions shown (@) and(b), respectively.
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showers on the number of layeis;, is shown inFig. 11 where the errors were computed as
for Fig. 3. It is apparent from the two figures that the amount of enerbiclvleaks through
the back layer of LumiCal is insignificant f&f, > 40. It was, therefore, decided that 40 layers
(40 Xp) are sufficient for the containment of showers il < 1.5 TeV.
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Figure 11: (a) Distributions of the energy deposited in LumiC#&;, as a function of
the layer number?, for various shower energieEgp, as indicated in the figurgb) De-
pendence of the energy resoluti@gs, on the number of layers in LumiCal,, using
1.5 TeV electron showers. The dashed line marks the nomahaé \of the energy resolu-
tion, ares(N, = 40) = 0.21 /GeV.

3.4 The Inner Radius

In order to determine the optimal values for the inner radiusumiCal, Ry, several facts need
to be considered.

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

- The spectrum of incoherent pairs, which carries high tamhadoses that can harm the

sensors of LumiCal, peaks at low angles. ThereRyg should be made large enough to
avoid the pair radiation.

- As the number of incoherent pairs which hit LumiCal incessasso does the amount of

backscattering from LumiCal into the inner region of theed#dr. 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 thehannel exchange of a pho-
ton [24]. One can write the differential cross-section as

dog 2maZ, sin®  32mag, 1 13)

de s sir*(6/2) s 6%

where the scattering anglé, is the angle of the scattered lepton with respect to the beam
is the fine structure constant, asd the center-of-mass energy squared.

The dependence of the Bhabha cross-section on the polae @hghown inFig. 12 for
V/S= 500 GeV and 3 TeV. The dashed lines mark the fiducial volumeunfiCal, 50< 67 <
130 mrad. The integrated cross-section within the fiduadme isog = 1457 and 42 pb for
v/S=500 GeV and 3 TeV respectively. Both distributions have #rae polar dependence and
scale withs, in accordance witlEq. (13) The values obg presented here were computed for
Bhabha events which complied with the condition that, foneery scattering event, both the
polar angle of the electron and that of the positron must Iteim/the fiducial volume. This is
due to the fact that the luminosity is measured using selediits (se&ect. 4, which include

this constraint.
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Figure 12: Dependence ofz, the Bhabha cross-section, on the polar an@lefor two
center-of-mass energiegs= 500 GeV and 3 TeV, as indicated in the figures. The dashed
lines mark the fiducial volume of LumiCal, 50 67 < 130 mrad.

The statistical uncertainty in counting the number of Blealelients,(AL/L),, depends
on Ng, the number of events which are countédj((10). As the inner radius of LumiCal is
made larger, the fiducial volume becomes smaller, aridgdmecomes smalleFigure 13shows
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the dependence ¢\l /L), 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'fwas assumed, along with a
pessimistic Bhabha selection efficiency of 50 % (Seet. 4. The uncertainty is smaller than
0.03 % (02 %) for \/s= 500 GeV (3 TeV) for all choices diy;n presented here. In particular
for Bmin = Qrfnin = 50 mrad the uncertainty is lower than required by the desaat. g
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Figure 13: Dependence of the statistical uncertainty imtag the number of Bhabha
events,(AL /L), On the minimal polar anglédmin, which defines the low edge of the
fiducial volume in each case. The relation is shown for twotereof-mass energies,
/3=500 GeV and 3 TeV, as indicated in the figures. An integratedriosity of 100 fb!
and a Bhabha selection efficiency of 50 % were assumed.

3.4.2 Beam Background

At CLIC, the beam-beam effect between the colliding elet@mad positron bunches is much
stronger than at the ILC2F]. On average, more than two photons per electron/positren a
produced §]. Some of these photons are converted into high energy enhpairs (which will
mostly exit into the post-collision line), others into lomemnergy incoherent pairs (some of which
will end up in LumiCal). Therefore, prior to the Bhabha sesttg, the interacting particles are
likely to have been deflected, and their energy to have bekrcesl.

In the current accelerator design a crossing angle of 20 imfadeseen between the incoming
and outgoing beam line§]. In the anti-detector integrated dipoléanti-DID) field configura-
tion, the magnetic field is directed along the outgoing beiaeslwith a kink at the transverse
plane containing the IP. This setup should be distinguidhau the alternativesolenoidfield
configuration, where the magnetic lines are directed albagymmetry axis of the detector. A
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schematic representation of the two field configuratiorkeritdrom 6], is shown inFig. 14

)

AL
G

Figure 14: Schematic representation of the soleff@jénd anti-DID(b) magnetic field
configurations. The solid curves represent the magnetit liieds, the solid arrows rep-
resent the incoming beams and the dashed arrows represamittjoing beams.

@ (b)

Energy Deposits in LumiCal

Figures 15and15b show scatter plots in the xy-plane of the energy of incohtgpairs which
traverse the first layer of LumiCal. The energy spectrum @wshfor the solenoid and for
the anti-DID magnetic field configurations. The distribatiof pairs corresponds to that which
will be created in 10 bunch-crossings (BX) at nominal beamdd@ns, which include a mag-
netic field of 4 T and a crossing-angle of 20 mrad. The nomirglter-of-mass energy is
/s= 3 TeV [8]. The distribution of the incoherent pairs in the solenoihfiguration is more
widespread compared to the anti-DID caB&ure 15cshows the dependence of the energy of
the pairs distribution on the distance from the center of IGah The position of the center is
{X0,Yo} = {2.27,0} cm, where thex-coordinate is shifted due to the crossing angle. While the
symmetric energy distribution for the anti-DID case falfsad slightly lower radii compared to
the solenoid case, both distributions peak away from therinadius of LumiCal. The amount
of energy in both setups decreases as the distance from rtker ggows. The inner radius of
LumiCal was set to 10 cm in order to keep a small safety mangim fthe region where the
energy deposition by the pairs is large in either case.

Figures 16andl16bpresent a scatter plot of the deposited energy in LumiCataireoher-
ent pairs from 10 BX. The energy is integrated over all laydrsumiCal. The energy distri-
butions are shown for two magnetic field configurations, rsaile and anti-DID. InFig. 16cthe
deposited energy due to incoherent pairs from 10 BX as aiamof the polar angle and of the
layer number is shown. The inner radius of LumiCal was sdiédaseline value of 10 cm, and
the magnetic field is in the anti-DID configuration. The eqiéwnt distribution for the solenoid
field (not shown) is not significantly different. Most of theezgy 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 incoherentgpom
10 BX, which cross the first layer of LumiCat;ggx. The black circles represent the inner
and outer radii of LumiCal, 10 and 35 cm respectivél): Dependence of the energy of
the pairs distribution, which is shown in the top figures, loa distance from the center
of LumiCal. A magnetic field of 4 T and a crossing-angle of 2@dwere simulated at
v/s= 3 TeV. The energy distributions are shown for two magnetik fi®nfigurations,
solenoid and anti-DID, as indicated in the figures.

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

Figure 17shows the deposited energy in LumiCal due to incoherens geam 10 BX as
a function of the layer number for the two field configuratiorihe energy distributions are
shown for four different inner radii of LumiCaRmi, = 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 duedo-in
herent pairs from 10 BX. The energy is integrated over akiayf LumiCal and shown
in the xy-plane. A magnetic field of 4 T and a crossing-angl@®mrad were simulated
at/s= 3 TeV. The energy distributions are shown for two magnetid fienfigurations,
solenoid and anti-DID, as indicated in the figurés): Dependence of the deposited en-
ergy in LumiCal, using the anti-DID field configuration, asuadétion of the polar angle,
6, and of the layer numbe,
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field the smallest value dRynin, 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 thah&higher values dRyn

the amount of energy which is deposited in LumiCal by thesp@icomparable or much larger
than the energy signature of Bhabha events fsgel8below).

Solenoid anti-DID
O Rpn =4 cm (1195 GeV) Ryin = 4 cm (1007 GeV)

0O Ry, =6c¢cm (66 GeV)

R.in =8 cm (3 GeV)

R.in =10 cm (2 GeV)
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Figure 17: Deposited energy in LumiCal due to incoherentsplsom 10 BX,E/ 108x,

as a function of the layer numbet, A magnetic field of 4 T and a crossing-angle of
20 mrad were simulated gfs = 3 TeV. As indicated in the figures, two magnetic field
configurations, solenoid and anti-DID, and four differeamter radii of LumiCal Ry =

4, 6, 8 and 10 cm, were used. The numbers in the brackets représetatal amount of
energy which was deposited in LumiCal in each case.

Thebackground-to-signatatio is defined as

B/S= =2 (14)

where E, (Es) represents the energy deposits by the background (signatess in a given
configuration. One may also define the background-to-sigat#d for a layer? in LumiCal,
(B/S)¢, by considering the energy deposits by the background aymhlsprocesses in a given
layer.

The deposited energy as a function of the layer numbeRfgs = 10 cm is presented in
Fig. 18a Shown there are the energy distributions for incohereirs pia the two field setups
along with the corresponding distribution of a 1.5 TeV alectshower, which compares with the
signature of a Bhabha evertigures 18kshows the dependence @/S), on the layer number,
where the signal in this case is represented by the 1.5 Teeteshower. The distributions of
the incoherent pairs is shown for the two magnetic field ceméiions and for 10 and 312 bunch
crossings.
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Figure 18: Deposited energf,, (a) and background-to-signal ratioB/S),, (b) as a
function of the layer numbe¥. As indicated in the figures, the following distributions
are used: the depositions of incoherent pairs in a solenaighetic field configuration,
E/(Solenoid, from 10 and from 312 BX, the depositions of incoherent peiran anti-
DID field configuration,E,(anti— DID), from 10 and from 312 BX and the depositions
by a 1.5 TeV electron showeg,(e).

The amount of background energy which is deposited in Lufd€pends on the number of
bunch-crossings which are read out simultaneously. Cilyreéhe time-stamping resolution for
CLIC is unknown. Figure 18therefore presents both the distributions of deposited gyaergy
for 10 BX and for a full bunch-train of 312 BX. We consider fitisé possibility that the signal is
integrated over 10 BX. In this case, at& < 28, where the electron shower peaks, the amount
of energy deposited by the pairs compared to the electromestie small, withB/S= 0(1071)
per layer. If, however, an entire bunch-train (312 BX) isdeat at once, theB/S= O(1) in
the region where the electron shower peaks. In the latter itasay, therefore, be difficult to
distinguish between the signal of Bhabha events and thgedeposits of the incoherent pairs.

According toFig. 16¢ most of the energy is deposited either at very low angled iayeers,
or at high angles in the first few layers. In addition, it stibloé noted that on the one hand, the
fiducial volume cut eliminates showers which develop at v@mgall angles, while on the other
hand, since high energy electron showers peak at the inperslaf LumiCal, the information
from the first layers is less important. It is, therefore,gdole to perform a cut on a significant
amount of the energy deposited by the incoherent pairs,farsdreduce the respective values of
B/Sfurther. 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 partiolestire front face of LumiCal
for 10 BX at\/s= 3 TeV. A magnetic field of 4 T in a solenoid configuration anda@ssing-angle
of 20 mrad were used. Several inner radii of Lumi@®l, = 4, 7 and 10 cm, were simulated.

It is apparent that the amount of backscattering for lowiradiignificantly larger compared
to Rmin = 10 cm. One should keep in mind, though, that these result©tishow which sub-
detector is hit by the backscattered particles. In ordereterthine the number of hits and the
deposited energy in the vertex and tracking detectors biysloattered 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 detex the optimal value of the inner
radius of LumiCal. On the one hand one would like to Rgt, as low as possible in order to
increase the percentage of the Bhabha cross-section ih&dilucial volume of LumiCal. On
the other hand, for low values &, both the beam background and the backscattering from
LumiCal increase.

The amount of beam background in LumiCal depends on the aoafign of the magnetic
field. For the solenoid setup the amount of incoherent pap®sited at low radii in LumiCal is
large compared to the anti-DID configuration. Rafin = 10 cm the differences when comparing
the two field types are minimal. The anti-DID field configuoatiis preferable to the solenoid
setup, since it allows for more leeway in calibration of thagmetic field; it gives a safety
margin between the distribution of pairs and LumiCal. Tlas be deduced from the fact that
the amount of pair energy B= 8 cm in the anti-DID configuration is significantly smalleath
the comparable distribution for the solenoid case.

The amount of backscattering also drops significantlyRgi = 10 cm compared to lower
values. Since the statistical uncertainty on the lumigogieasurement foRyj, = 10 cm is
smaller than the design goal, we conclude that this is arpéaiole value. It should be empha-
sized that a full simulation of the entire detector is needeatder to determine that the residual
backscattering foRin = 10 cm is indeed acceptable, and that the performance of thexwand
tracking detectors correspond to the physics requirements

3.5 The Outer Radius

The outer radius of LumiCaRnax IS less constrained than the inner radius. The two major
concerns are the total radial size of LumiCal, and the sizheintegrated Bhabha cross-section
in the fiducial volume.

As discussed irsect. 3.1in order to perform clustering in LumiCal, it is necessarypé able
to distinguish between EM showers initiated by differentipbes. The study described i63, 7]
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Figure 19: Energy spectrum of backscattered particles theniront face of LumiCal for
10 BX at{/s=3 TeVin a 4 T solenoid magnetic field. Several values of theimadius
of LumiCal, Ryin, were selected, as indicated in the figurgs, (c) and(e): Scatter plots
of the energy of backscattered particl&€ggck, in the xy-plane.(b), (d) and(f): Scatter
plots of Epack @s a function of the distance from the center of Lumi@®al,
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showed that in most cases a separation of at least one Kloéidius between a pair of showers
is needed in order to resolve each shower, wigje~ 1.5 cm. It was subsequently concluded
in the study that the total radial size of LumiCal should r@smaller than several Moliere radii.

In this context we consider the integrated Bhabha crossesewithin the fiducial volume
of LumiCal, gg. As can be deduced froffig. 12 og becomes small at large angles. It may,
therefore, be inferred that taking into account eventsiwithis angular region does not reduce
the statistical uncertainty significantly. For instance,way consider a geometry whd®gax=
25 cm, for which the total radial size of LumiCal is B). In this case the physical polar
size of LumiCal is 44 to 110 mrad and theduced fiducial volumés roughly 50< Grfed <
90 mrad. The statistical uncertainty in counting the numifeBhabha events may now be
computed for the reduced fiducial volume. Assuming an irtiegr luminosity of 100 fb* and a
Bhabha selection efficiency of 50 % (as fag. 13, the subsequent statistical uncertainty in the
luminosity measurement is 0.08 % @& = 3 TeV. We therefore find that even for the reduced
fiducial volume, the uncertainty is an order of magnitudedottan required.

In conclusion, the nominal value of the outer radit,{x= 35 cm) may be reduced, if it
becomes necessary due to external constraints, such asrthiaréf Tracking. Care would have
to be taken in order to verify that the total radial size of LiGal always remains larger than a
few Moliere radii. In addition, the integrated Bhabha srsgction within the reduced fiducial
volume should not decrease too much, so that the subsedagstical uncertainty in the lumi-
nosity measurement remains small. It should also be notdftthe size ofRyax is changed,
the number of radial divisions will have to be modified as wedl that the radial size of cells
does not exceed 2 mrad, as discusse8idnt. 3.1

4 Physics Background and Selection Cuts

4.1 Methodology

Four-fermion neutral current processe®™ — || (Il =e u) ande et — g gq" (g=u,d,c,s,b)
are considered to be the main source of physics backgrountidduminosity measurement.
They are dominated by the multiperipheral processes (Zsphexchange). The contributing
four-fermion Feynman diagrams are giverig. 20

A set of topological cuts is applied in order to distinguishaBha scattering from the back-
ground processes. This is done by comparing the positiothenehergy of EM showers, which
are initiated in the two arms of LumiCal by the scatterediplag [27,21].

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

We define theelative energy cut

AE, _ |E—E|
E,  min{E,E}’ (15)
and thepolar angle cut
AerJ = |6r - 6| | 5 (16)

whereE,; andE, (6, and ) are, respectively, the energy (polar angle) of the clestahower

in the right and left arms of LumiCal. We then demand that thlees of the two cuts be larger
than some given constantd; andCg, for each event considered. In addition to the topological
cuts, the polar angle in either arm must lie within the fidle@dume. The three restrictions can
be summarized as

AE,
e 16-6/<C i< 6,6 <6 (17)

rl
Only events that pass the cuts are counted as Bhabha suatteents.

One may define thselection efficiencyand thebackground-to-signal ratio of selectioof
Bhabha events as
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~ Ngp(cut) ~ Npkg(cut)
U= Ngn(all) (B/Seu = NBhg(cut)’

(18)

respectively. The symbdligy(all) represents the number of Bhabha events which were simu-
lated, whileNgh(cut) andNpkg(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, bl and (B/S)cut grow, since more events
from both Bhabha scattering and background sources passithe As€c: becomes smaller,
the statistical uncertainty of counting the number of Blebbatterings grows (seé&y. (10).
One the other hand, &B/S).,: grows, the relative bias in counting grows (&&# (2). For the
optimal set of cuts, the value @k will be as large as possible and the valugBf S)cy: will
be as small as possible. One therefore has to find the midallmdhbetween the two conflicting
trends.

As discussed irbect. 3.4.2prior to the Bhabha scattering, the interacting partiatlesach
bunch are likely to have been deflected due to interaction thig opposite bunct2p]. In order
to account for this, the polar angle cut shall be adapted. gsipte method of correction is to
introduce an asymmetry in the difference in polar angles&en the two arms of LumiCa2f].

The second consequence of the beam-beam interaction &f lesergy due to beamstrahlung.
This effect causes the energy of the scattered particle®idoge, either before or after the
Bhabha scattering. As a result, it might be required to nyottié relative energy cut. In any
case, it should be noted that the energy loss effect is ralylio present a problem. As will be
shown below, the relative energy cut may be made rather |@ogkso the changes will tend to
cancel out.

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

4.2 Fast Simulation

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

The sample of Bhabha scattering evestse™ — e~ e, consisted of 1Devents, generated at
v/S=3 TeV using BHWIDE. The sample contains only events in whighleptons are scattered
within 44 < 8 < 153 mrad, the physical polar angular range of LumiCal.

To simulate physics background, a sample df fiuir-lepton eventse— e — ||+, and 10
corresponding hadronic events,e” — q-q", have been generated with WHIZARD, with re-
spective total cross-sections of.2610* and 34- 10* fb. The samples were simulated assuming
event generation through contributions of all neutral entrtree-level processes. The simu-
lation was performed in the full polar angular range, assgnthat the invariant mass of the
outgoing lepton pair and that the momentum transfer of tleh@xged photon are both greater
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than 1 GeV £g]. .

WHIZARD is a program, which is commonly used for the caldalatof multi-particle scat-
tering cross-sections and event samples. Other physiesajers, such as BDK2P], have also
been used for simulating four-lepton events. While the shay the event distributions from
different generators are compatible, the values of thesesestions seem to vary by up to an
order of magnituded(d]. Currently it is not clear which generator produces thet besults.
Comparison studies are planned.

As discussed above, in the current study the luminosity tejpe¢ due to the emission of
beamstrahlung radiation, was not taken into account wheergéng the BHWIDE and the
WHIZARD event samples. The nominal center-of-mass engygy- 3 TeV, was used instead.

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

1. Each class of eventg, e” — e e", e e" — e el |T ande e — e e"q g, was
treated separately.

2. For a given event, the polar angle was computed for eaditlparParticles whose polar
angle was outside the fiducial volume of LumiCal were disedrd

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

4. The energy and polar angle of the “clustered shower” iriilzedirections was compared
by computingEgs. (15)and(16). The selection cutsHg. (17) were then applied.

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

6. The parameter&. and(B/S)cu were computed.
7. Stepq?2) - (6) were repeated for different values of the cut parame@&sndCg.

The results of the study are shownFig. 21 The two figures show¢,; and (B/S)cut as a
function of the polar angle cu€g, for several values of the relative energy cig,

While (B/S)cut rises steadily witt€g, the increase in efficiency levels off at high values of the
polar angle cut; beyondy = 7 mrad the increase i is small. As for the relative energy cut,
a sharp increase ificy; is apparent betweeBe = 1 and 5 %, but no significant improvement
is seen for higher values @fz. The signal to noise ratio does increase, though, for higaer
values. We therefore conclude that a reasonable set ofsuts i

AErJ

rl

<5% |6 —6|<7mrad (19)

for which
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Figure 21: Background to signal ratio of the selection of ldfeevents, (B/S)cu, (a)
and the Bhabha selection efficien@gy;, (b) as a function of the polar angle cuy.
Different data sets are shown, corresponding to severaksaldf the relative energy cut,
Cg, as indicated in the figures.

(B/Seut=2.3-102 &y =61% (20)

In principle one may predict the number of background eveshiish pass the selection cuts,
Nokg(cut), as done above. In this case the uncertainty on the lumynosasurement depends
on SNyyg, the error in estimatinglykg(cut). One then replacesec by (Ngen+ 5kag) in Eq. (2)
so that together witleq. (3)

Ormax
% - M . (21)
L Ngen erI]in
In light of this result, it becomes obvious thidgyg(cut) reflect an upper bound on the number
ONpkg. With this in mind, we can consider a worst-case scenaria@éilg = Nokg(cut). The
bias in the luminosity measurement is then exactly the vafu/S)c,:, which is an order of
magnitude smaller than required by the design specificatadriumiCal. It should be noted
that a more detailed study, in which beam-beam backgroumgsigs 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 nurnb&habha scattering events
in a well defined polar angular range. In order to ensure kieattoss-section is integrated in the
correct polar range, the polar angle of incident showersheriuminosity calorimeter must be

measurable with high precision. It has been shown heredh#ié proposed design of LumiCal,

such a measurement is possible.

The geometry of LumiCal has been optimized, such that tharpekolution meets the pre-
cision requirements for the luminosity measurement. Tleeggnresolution for this design was
found to be roughly @21 /GeV. Additionally, the range of signal for the electroniesdout
of LumiCal was defined. Further studies on this issue ill beessary, once it is determined
whether or not MIP signals need to be read out in congruenttehigh-energy showers.

The issue of the background of incoherent pairs in LumiCalldeen investigated in detail. It
has been demonstrated that the geometric parameter wharmitees the influence of the beam
background on the design of the calorimeter is the inneusadf LumiCal,Ryin. For low inner
radii the amount of energy which is deposited in LumiCal, &l &s the number of particles
which are backscattered from LumiCal, are high. For the Ibesgalue ofRy;s, it was shown
that both effects are relatively small.

Concerning the energy deposits of the incoherent pairs miCal, the results depend on
the number of bunch-crossings which are simultaneously oe& Provided that no more than
10 BX are read out at once, the deposited energy in LumiCataler by an order of magnitude
than the signal of high energy electron showers for the basehklue ofRy,,. However, if it
turns out that an entire bunch-train must be integrated, tiven the background-to-signal ratio
of the incoherent pairs may become too large. In order toangthe ratio, topological cuts
may be devised. Further study of this issue is necessarydditi@n, it should be stressed that
the present analysis is based on perfect head-on collisibtiee CLIC bunches. Fluctuations
in position and angle will change the magnitude of the beaambeffect and of the consequent
background. Further detailed studies are required.

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

In order to distinguish Bhabha scattering events from thesios background, a set of selec-
tion cuts has been devised. It has been shown that thesellowisaameasurement of roughly
60 % of the Bhabha cross-section in the fiducial volume. Thkpeetive background-to-signal
ratio is then smaller by an order of magnitude than the degagh. Further study is necessary
in order to investigate the influence of the beam-beam ioterss on the selection cuts. A com-
parative study with different physics generators is plahas well. It has further been shown
that the integrated cross-section in the fiducial range ofiGal is large, even when taking into
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account a pessimistic acceptance rate of 50 %; the statisticertainty in counting the number
of Bhabha events in this case is still smaller than the degigh We therefore finally conclude,

that it may be possible to measure the luminosity with a ikgaincertainty which is smaller
than 1 %.
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