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Abstract

The linear collider community has set a goal to achieve a relative precision of
10~* on the luminosity measurement at the ILC. This may be accomplished by
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 are redefined. This is performed in a generalized manner, so as
to facilitate future modifications, the need for which is foreseen, due to expected
changes in the detector concept.

*List of members can be found at: http://www-zeuthen.desy.de/ILC/fcal/
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1 Introduction

The focus of this study is the luminosity calorimeter (LumiCal) of the International
Linear Collider (ILC). The requirement for LumiCal is to enable a measurement of the
integrated luminosity with a relative precision of about 10™* [1]. Bhabha scattering is
used as the gauge process for the luminosity measurement. This is motivated by the fact
that the cross-section of Bhabha scattering is large and dominated by electromagnetic
processes, and thus can be calculated with very high precision [2, 3, 4, 5, 6].

The performance of LumiCal may be evaluated using several parameters; the precision
with which luminosity is measured, the energy resolution, the ability to separate multiple
showers, viability of the electronics readout, and finally, the integration of LumiCal into
the detector. In the following, each of these criteria will be discussed.

Presently, two detectors are considered for the ILC with the pull-and-push scheme.
Within the next half a year, letters of intent are expected. The European high energy
committee, which has been working on the fifth version of the so-called “Large Detec-
tor Concept” (LDC) [7], has recently joined forces with the Japanese and American
communities to promote the International Large Detector (ILD) [8] concept.

In the current ILD layout, LumiCal is placed 2.27 m from the interaction point (IP).
LumiCal is a tungsten-silicon sandwich calorimeter. The inner radius of LumiCal is
80 mm, and its outer radius is 190 mm, resulting in a polar angular coverage of 35 to
84 mrad. The longitudinal part of the detector consists of layers, each composed of
3.5 mm of tungsten, which is equivalent to 1 radiation length (defined below) thickness.
Behind each tungsten layer there is a 0.6 mm ceramic support, a 0.3 mm silicon sensors
plane, and a 0.1 mm gap for electronics. LumiCal is comprised of 30 longitudinal layers.
The transverse plane is subdivided in the radial and azimuthal directions. The number
of radial divisions is 64, and the number of azimuthal divisions is 48. Figure 1 presents
the segmentation scheme of a LumiCal sensor plane.

In the following study, it will be shown that for the present detector concept, the param-
eters listed above fulfill the requirement of best performance of LumiCal. Finally, the
influence of making changes to the different parameters on the calorimeter performance
will be summarized. This is necessary in order to facilitate setting an optimization
procedure for future changes in the design of LumiCal.

2 Simulation Tools

The response of LumiCal to the passage of particles was simulated using MOKKA, ver-
sion 06-05-p02 [9]. MOKKA is an application of a general purpose detector simulation
package, GEANT4, of which version 9.0.p01 was used [10]. The MOKKA model chosen
was LDCO00_03Rp, where LumiCal is constructed by the LumiCalX super driver. The
output of MOKKA is given in the LCIO format, which may be processed by MARLIN,
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Figure 1: Half plane of LumiCal silicon sensors (every fourth radial segment is drawn).

a C++ software framework for the ILC software [11]. Version 00-09-08 of MARLIN was
used.

3 Intrinsic Parameters

For small angles (< 10°) Bhabha scattering is dominated by the ¢-channel exchange of
a photon [12]. One can write the cross-section, og, as

dog _ 2ma?, sinf  32ma?l 1
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where the scattering angle, 6, is the angle of the scattered lepton with respect to the
beam, a.,, is the fine structure constant, and s is the center-of-mass energy squared.

This means that the total Bhabha cross-section within the angular range [0,in, Omaz| is

75~ 5 (B = ) ~ 50 ()
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where the 0,,,, dependence can be neglected. To measure the integrated luminosity, £,
one counts the number of Bhabha events, Npg, registered in LumiCal, using the respective
integrated cross-section,
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3.1 Development of Electromagnetic Showers

When a high-energy electron or photon is incident on a thick absorber, it initiates an
electromagnetic (EM) shower as pair production and bremsstrahlung generate more elec-
trons and photons with lower energy. The characteristic amount of matter traversed for
these related interactions is called the radiation length, Xy. It is both the mean distance
over which a high-energy electron looses all but 1/e of its energy by bremsstrahlung, and
£ of the mean free path for pair production by a high-energy photon [13]. 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
Moliere radius, Ry, given by [14]

Es
ij[ — XOE 5 (4)

where F, ~ 21 MeV, and E, is the critical energy, which is defined as the energy at
which the ionization loss per radiation length is equal to the electron energy [15]. On
average, only 10% of the energy of an EM shower lies outside a cylinder with radius
Ryt around the shower-center. Figure 2 shows the distribution of the distance around
the shower-center, in which 90% of the integrated shower energy may be found, using
250 GeV electron showers. The distribution is centered around 14 mm.

3.2 Reconstruction of the Polar Angle

The polar angle is reconstructed by averaging over the individual cells hit in the detector,
using the cell centers and a weight function, W;, such that

(5)

Weights are determined by the so-called logarithmic weighting [16], for which

E;
W, =max{ 0, C+1In } (6)
Etot
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Figure 2: Distribution of Ry, the distance around the global-shower center, in which
90% of the integrated shower energy may be found.

where F; is the individual cell energy, Fi, is the total energy in all cells, and € 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.
This cut, which depends on the size of the different cells, and on the total absorbed
energy, is determined by C.

The polar resolution, oy, and the polar bias, Af, are, respectively, the root-mean-square
and the most probable value of the distribution of the difference between the recon-
structed and the generated polar angles. The existence of Af is due to the non-linear
transformation between the global coordinate system of the detector, and the coordi-
nate system of LumiCal, in which the shower position is reconstructed. There is an
optimal value for @, for which oy is minimal. This is shown in Fig. 3a using 250 GeV
electron showers. The corresponding values of Af are presented in Fig. 3b. Accord-
ingly, the polar resolution and bias of LumiCal are oy = (2.18 4 0.01) - 1072 mrad and
Af = (3.2 £+ 0.1) - 1072 mrad, respectively.

3.3 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. Prevention of leakage through
the edges of LumiCal is possible by defining fiducial cuts on the minimal and on the
maximal reconstructed polar angles of the particle showering in LumiCal, 0,,,;, and 6,4,
Stable energy resolution is the hallmark of well-contained showers. The relative energy
resolution, og/F, is usually parametrized as
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Figure 3: The polar resolution, oy, (a) and the polar bias, Af, (b) as a function of the
logarithmic weighing constant, €, using 250 GeV electron showers.
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where E and o are, respectively, the most probable value, and the root-mean-square of
the signal distribution for a beam of electrons of energy Fjyeum. Very often the parameter
ares 18 quoted as resolution, a convention which will be followed here.

Figure 4a shows the energy resolution as a function of 8,,;, for 250 GeV electron showers.
The maximal polar angle is kept constant. The best energy resolution is achieved for
Omin = 41 mrad. A similar evaluation was done for a constant 6,,;, and a changing 0,,,.,
resulting in an optimal cut at #,,,, = 69 mrad, as shown in Fig. 4b. The fiducial volume
of LumiCal is thus defined to be within the polar angular range: 41 < 6 < 69 mrad.

The dependence of the energy resolution on the energy of the electron which initiated
the shower, Fgep, is shown in Fig. 5. Only electron showers inside the fiducial volume
of LumiCal are taken into account. The energy resolution is, therefore, a,.s = (20.66 £

0.01) - 1072 \/(GeV).

3.4 Error on the Luminosity Measurement

The luminosity is measured with a statistical counting error,
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Figure 4: The energy resolution, a,.s, for 250 GeV electrons as a function of the minimal
polar angle, 6,,;,, (a) and as a function of the maximal polar angle, 6,4, (b).
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Figure 5: Dependence of the energy resolution, a,.s, on the energy of the electron which
initiated the shower, Fge,,.
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and an additional error, which is proportional to the relative error on the Bhabha cross-

section,
AL A6
— ~ 2
( L )rec emm 7 (9)

due to the reconstruction of the polar angle [17].

(%) AN /Np 1
stat

The analytic approximation of Eq. (9) has been shown to hold well in practice [18, 19].
Its implication is that A# and 6,,;, 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.

4 Geometrical Parameters of LumiCal

4.1 The Number of Radial Divisions

For different radial cell sizes one needs to re-optimize the logarithmic weighing constant,
C, of Eq. (6), as the distribution of deposited energy in a single cell changes for each
case. The polar resolution and bias are plotted in Fig. 6 as a function of the angular cell
size, . In each case the appropriate optimal value of € was used. The respective values
are presented in Table 1, along with the corresponding relative error in the luminosity
measurement (Eq. (9)).

Both gy and Af become smaller as the angular cell size decreases. The relative error
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 minimal polar angle, 6,,;,, is the same (41 mrad) for all the entries of Table 1.

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 of cells as low as possible. The chosen baseline number of 64 radial
divisions is, therefore, a compromise between minimizing the relative luminosity error,
and limiting the number of channels.
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Figure 6: The polar resolution, oy, (a) and the polar bias, A#, (b) for the appropriate
optimal logarithmic weighing constants, as a function of the angular cell size,

ly. Electron showers of 250 GeV were used.

Ar ly [mrad] op [mrad] | Af [mrad] %

96 0.5 1.8-1072 1.3-1073 0.6-107*
64 0.8 2.2-1072 3.2-1073 1.5-1074
48 1 2.7-1072 6.9-1073 3.1-107*
32 1.5 3.5-1072 13.7-1073 6.2-1074
24 2 4.4-1072 24-107* | 10.9-107*
16 2.5 6.4-1072 44.4-1073 | 20.2-107*

Table 1: The polar resolution, oy, and bias, Af, for LumiCal with different numbers
of radial divisions, Ar, corresponding to different angular cell sizes, ¢y. The
corresponding values of the relative error in the measurement of the luminosity

are also shown.
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4.2 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, the rounding errors, due to
digitization of the signal, are small for the range of cell sizes which is being considered.

The importance of constraining the azimuthal cell size is in improving 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, ete™ — ete ™. In a
simplified picture, a Bhabha event may be depicted as occurring in three steps: emission
of radiation from the initial particles, Bhabha scattering, and emission of radiation from
the final particles. It should also be noted that the initial state radiation is mostly
emitted in the direction of the beams and travels through the beampipe, thus remaining
undetected®.

The ability to distinguish between a final state radiative photon and its accompanying
lepton is determined by 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 [17, 20]. The
conclusion was that there is a bound on the minimal azimuthal cell-length. This bound
is defined in terms of Ry, and so the respective number of azimuthal divisions depends
on the distance of LumiCal from the IP. For the present distance of 2.27 m, 48 azimuthal
divisions constitute the low bound.

4.3 The Structure of Layers

Each layer of LumiCal consists of 3.5 mm of tungsten, which is equivalent to one radiation
length, Xy. A distribution of the energy deposited in a layer by 250 GeV electrons for a
LumiCal of 90 layers is presented in Fig. 7a. Only 0.4% of the event energy is deposited
beyond 30 layers. The distribution of the total event energy for 250 GeV electrons
is plotted in Fig. 7b for a LumiCal with 90 layers and for a LumiCal with 30 layers.
A small difference is apparent in the mean value of the distributions, but this bears
no consequence, as the energy resolution is the same for both cases. It is, therefore,
concluded that 30 layers (30 Xj) are sufficient for shower containment.

The Moliere radius of LumiCal, Ry, is plotted in Fig. 8a as a function of the gap between
tungsten layers. Since a smaller Ry improves both the shower containment and the

'Tn the angular scattering range considered for the luminosity measurement, one can discard the effects
of interference between the initial and final state radiation.

10
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Figure 7: (a) Normalized distribution of the energy deposited in LumiCal as a function
of the layer number, ¢, for a detector with 90 layers. (b) Comparison of the
distribution of the total deposited energy, E;y, for a 90 layer LumiCal with
that of a 30 layer LumiCal, as denoted in the figure.

ability to separate multiple showers, the air gap should be made as small as possible.
Figure 8b shows the dependence of the Moliere radius on the tungsten thickness, djqyer-
It is apparent that there is no significant change in Ry over the considered range.

Changing the thickness of tungsten layers increases the sampling rate. In order to ensure
shower containment, the total number of layers must remain 30 X,. Consequently, for
smaller values of dj4yer, more layers are needed, as shown in Table 2.

drayer [mm]‘Q.O 25 3.0 35 4
Nigyer ‘53 4235 30 26

Table 2: The required number of LumiCal layers, Njqye,, as a function of the thickness
of each tungsten layer, djsyer.

Figure 9 shows the normalized distribution of the energy deposited per layer as a function
of layer thicknesses, and the energy resolution, a,.s, for each configuration. Figure 10
shows the corresponding polar resolution, oy, and bias, Af.

Due to the fact that more layers encompass the shower-peak area for smaller values
of digyer, the energy resolution is improved. The polar reconstruction and the Moliere

11
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Figure 9: (a) Normalized distribution of the deposited energy for 250 GeV electron show-

ers as a function of the layer number, ¢, for several layer thicknesses, djgyer,
as denoted in the figure. (b) The energy resolution, a,.s, as a function of the
thickness of tungsten layers, djqyer, for electron showers of 250 GeV.

12



EUDET-Memo-2008-09

-6 -6
L | 25?\\0\ T ‘ L LI LI T T T LI \7 — ,\\0\ T ‘ T 1T T T T T 1T T 1T L=
° r T 6 -
] [ © F ]
= o4l B = r ]
o f 3 sF g
231 ] r ]
F a- 3
2, . P NS S
211 ] : ]
[ 2 =
201 3 F 1
E - 3
19 - F :
L (V] 7
P | L | Lo | | Ll ]
§.5 2 2.5 3 3.5 4 4.5 1.5 2 2.5 3.5 4 4.5
d [mm] d [mm]

layer

(a) (b)

Figure 10: The polar resolution, oy, (a) and bias, A, (b) as a function of the thickness
of a LumiCal layer, djqyer, using 250 GeV electron showers.

radius are not affected. The trade-off for choosing a given thickness of tungsten, is
then between an improvement in a,., and the need to add more layers. Since increasing
the number of layers also involves an increase in the cost of LumiCal, a clear lower
bound on a,.s needs to be defined, so as to justify the additional expense. Currently,
ares ~ 0.21 1/(GeV) seems sufficient, and so djuye, = 3.5 mm was chosen.

4.4 Inner and Outer Radii

It is important to keep the total radial size of LumiCal, AR = R,.ac — Rmin, large
compared to the Moliere radius, in order to ensure containment of showers, and to
increase the capability of resolving multiple showers. For the choice of AR = 110 mm
(~ 8 Ryq), setting the values of the inner and outer radii, R, and Ry, has several
implications.

Since the Bhabha cross-section falls off quickly with the polar angle (see Eq. (1)), it is
advantageous to set R,,;, as low as possible in order to increase the number of Bhabha
events within the fiducial volume of LumiCal. Table 3 gives the integrated Bhabha
cross-section, og, in the fiducial volume defined by several choices of R, and R,q.,
for a center-of-mass energy, /s = 500 GeV. The number of Bhabha events and the
relative statistical error are calculated according to Eqs. (3) and (8), respectively. An
integrated luminosity of 500 fb™! was assumed. The relative error resulting from the
polar reconstruction (Eq. (9)) is also shown in the table, where a polar bias, A§ = 3.2 -

13
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1073 mrad (Table 1), and the appropriate minimal polar angles were used in each case.

Rpin — Rmax Omin Omaz 0B ANg 2A0
[mm] [mrad] [mrad|] [nb] Np Ormin
60 — 170 33 59 2.58 2.8-107° 1.9-107*
70 — 180 37 64 1.98 3.2-107° 1.7-107*
80 — 190 41 69 1.23 4-107° 1.5-107*
90 — 200 20 74 0.86 4.8-107° 1.3-107*

Table 3: The fiducial volume bound by the minimal and maximal polar angles, ,,:,
and 0,,,., for different inner and outer radii of LumiCal, R,,;, and R,,.., and
the integrated Bhabha cross-section, op, for a center-of-mass energy, /s =
500 GeV. The two relative errors on the luminosity measurement, the statistical
error and the one resulting from reconstruction of the polar angle, are also
shown. The number of Bhabha events, Npg, is computed for an integrated
luminosity of 500 fb™!, and the polar bias used is A8 = 3.2 - 10~% mrad.

As expected from Eq. (1), the number of Bhabha events increases for low values of
R,.in, thus decreasing the statistical error. As the polar bias depends on the angular cell
size, which was kept constant, and not on the radii, the error resulting from the polar
reconstruction decreases slightly for higher values of 6,,;,. Both effects contribute to the
overall uncertainty in the luminosity measurement.

It should be noted here that in practice the counting rates of Bhabha events will be
lower than presented in Table 3. This is due to the fact that the efficiency for counting
Bhabha events is not 100% due to selection cuts [19]. This in itself does not add to the
luminosity error, as long as the efficiency is known to high precision, but it does increase

the statistical error'®.

The contribution of the error due to the polar bias also needs further consideration. In
practice it will be possible to determine the polar bias using a test beam, and correct
for this effect. The final error will then depend on how well one can correct for the bias,
so that the values given in the table are an upper bound on the error.

At the ILC, the colliding electron and positron bunches disrupt one another [21]. Prior
to the Bhabha scattering, the interacting particles are likely to have been deflected by
the space charge of the opposite bunch, and their energies reduced due to the emission
of beamstrahlung.

In the detector integrated dipole (DID) [22] field configuration, the magnetic field is

T For instance, for a pessimistic selection efficiency of roughly 50%, the error will increase by a factor

of V2.

14
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directed along the incoming beam lines with a kink at the transverse plane containing
the IP. Conversely, the magnetic field may also be directed along outgoing beam lines
with a kink at the IP plane, a configuration referred to as anti-DID. Figure 11 shows
a projection of the energy of the beamstrahlung pairs on the face of LumiCal for the
anti-DID and the DID magnetic field configurations of the accelerator, for the nominal
accelerator operational parameters [23]. The two inner concentric black circles represent
possible inner radii of 60 and 80 mm, while the outer circle is set at 190 mm. The
beamstrahlung spectrum was generated using GUINEA-PIG [24].

E [GeV/cm?] E [GeV/cm?]
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Figure 11: Projection of beamstrahlung pair energies on the face of LumiCal for an
anti-DID (a) and a DID (b) magnetic field setup, for the nominal accelera-
tor operational parameters. The concentric circles represent possible inner
LumiCal radii of 60 and 80 mm, and an outer radius of 190 mm.

For a DID field, the beamstrahlung pair distribution grazes LumiCal, while for the anti-
DID case it does not, though the distribution comes close to the LumiCal inner edge. The
effect of exposure to the extremely high energy dose will cause massive damage to the
silicon sensors in a matter of months [25]. The anti-DID field is, thus, the better choice.
The difference between the two distributions of Fig. 11 suggests that small fluctuations
in the magnetic field from the nominal configuration will cause the pair distribution to
become wider. It is, therefore, concluded that it would be preferable to add a safety
margin to the minimal choice of the inner radius (60 mm).

It has also been shown [26] that for R,,;, < 70 mm there is a significant increase in the
amount of backscattered particles from LumiCal to the inner detector (the TPC). This
too constitutes a motivation for setting R,,;, at a higher value than 60 mm.

15
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In conclusion, even given the realistic lower counting rate and no corrections of the polar
bias, it is apparent that for the range of R,.;, — R given in Table 3, the relative
error on the luminosity measurement is well within the design goal. Aiming to increase
the available statistics as much as possible, while maintaining a safe distance from the
beamstrahlung pairs, R,.;, = 80 mm was finally chosen.

5 Readout Scheme

For a given granularity of LumiCal, it is necessary to define the dynamical range of the
electronics required to process the signal from the detector. Once the dynamical range
is set, the digitization scheme depends on the ADC precision. The energy resolution
depends on the digitization scheme.

A study was conducted, in which the response of LumiCal to the passage of minimum
ionizing particles (MIP) and of 250 GeV electron showers was simulated [27]. These
conditions represent the minimal and the maximal cases of energy deposition in LumiCal,
respectively. The dynamical range of induced charge in a single LumiCal cell, C.;;, which
was found, is 3.9 < C..;; < 6-10% fC. This result depends on the choice of cell size, as for
larger LumiCal cells, the energy deposition in a single cell increases. The dependence of
the signal on the size of LumiCal cells can be observed in Fig. 12a. The figure presents
the distribution of collected charge per cell for 250 GeV electron showers for a LumiCal
with 96 or 64 radial divisions, which correspond to angular cell sizes of 0.5 and 0.8 mrad,
respectively. The distribution of the maximal charge collected in a single cell per shower
for 250 GeV electrons is shown in Fig. 12b for the two radial division options.

The affect on the detector signal of digitizing the signal was also investigated in [27]. It
was shown that a digitization constant larger than 8 bits is required in order to minimize
the energy resolution, and that digitization of the signal does not produce energy bias.

6 Summary

In the following, the dependence of the various performance parameters on the geometry
of LumiCal are summarized.

Energy resolution - The energy resolution depends on the containment of the EM
shower, on the precision with which each cell is read out, and on the sampling rate of
the shower.

- Containment of showers is achieved by keeping the total number of layers 30 X
thick, and imposing fiducial cuts on the polar angle of incident showers.

16



EUDET-Memo-2008-09

Number of MIPs

Probability / 4 [fC]
=

iy
o
&

=y
e
o

107

Figure 12:

002 04 08 08 1 12 14 160

I I R I \H‘\j

96 Divisions
64 Divisions

x10°

C_., [fC]

cell

(a) Normalized distribution of the charge deposited in a detector cell, C. oy,
by 250 GeV electron showers for a LumiCal with 96 or 64 radial divisions,
as denoted in the figure. (b) Normalized distribution of the maximal charge
collected in a single cell per shower, C7%i*, for 250 GeV electron showers for
a LumiCal with 96 or 64 radial divisions, as denoted in the figure. In both

o

Number of MIPs

0.16
0.14

0.12

o
Y

0.08

Probability / 163 [fC]

0.06
0.04
0.02

2
—h

max

92040898 1 12147818 2 e’

96 Divisions
64 Divisions
TR L ST [
4 5 6 max7 8
Ceen [fC]
(b)

figures a corresponding scale in units of MIPs is also shown.
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- The accuracy of reading out cell energies is guarantied not to degrade the energy
resolution, so long as a digitization scheme with high enough resolution is imple-
mented. The restriction on the digitization constant depends on the size of the
signal, which in turn depends on the size of LumiCal cells.

- The sampling rate of the shower is determined by the thickness of each tungsten
layer. The best way to improve the energy resolution is to decrease the thickness
of layers. One must increase the number of layers accordingly.

Moliére radius - Keeping the Moliere radius small improves both the shower contain-
ment, by relaxing the fiducial cuts, and the ability to resolve multiple showers. This may
be done by decreasing the gap between tungsten layers to the minimal possible value. In
general, the ability to separate multiple showers hinges upon the Moliere radius being
large in comparison to cell sizes, which puts low bounds on the number of radial and
azimuthal divisions.

Inner and outer radii of LumiCal - The inner radius of LumiCal determines the
minimal polar angle which is accessible by the calorimeter. Since the rate of Bhabha
events falls off rapidly with the polar angle, it is preferable to decrease R,,;, as much
as possible. The lower bound on R,,;, must be set such that the beamstrahlung pairs
do not enter LumiCal, and the backscattering from LumiCal into the inner detector is
acceptable. The outer radius of LumiCal is less important in terms of a gain in statistics,
but the total radial size of LumiCal, AR = R,,4; — Rmin, must be kept large compared
to the Moliere radius.

Relative error on the luminosity measurement - Possible future changes in the
position and size of LumiCal may affect its angular coverage and its angular cell size.
This will influence the accuracy of the polar angle reconstruction, and accordingly the
relative error on the luminosity measurement. The number of radial divisions must
therefore be adjusted, so that the angular cell size remains ~ 1 mrad.

Dynamical range of the signal - Reducing the maximal signal of a single cell may
be accomplished by increasing the number of cells. A low signal size brings about
less rounding errors when digitizing the induced charge in a cell, and is also preferable
from the readout electronics point of view. This change, however, carries the added
complication of increasing the number of channels, which in turn hinders the readout,
as discussed above.
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