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Abstract

The energy resolution performance of the CMS lead tungstatecrystal electromagnetic calorimeter is
presented. Measurements were made with an electron beam using a fully equipped supermodule of
the calorimeter barrel. Results are given both for electrons incident on the centre of crystals and for
electrons distributed uniformly over the calorimeter surface. The electron energy is reconstructed in
matrices of3× 3 or 5× 5 crystals centred on the crystal containing the maximum energy. Corrections
for variations in the shower containment are applied in the case of uniform incidence. The resolution
measured is consistent with the design goals.
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33 Università di Torino, Dipartimento di Fisica and INFN-Sezione di Torino, 10125 Torino, Italy
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1 Introduction

The Compact Muon Solenoid (CMS) experiment [1] is a general purpose detector which will operate at the
LHC proton-proton collider at CERN. The experiment is equipped with a hermetic homogeneous electromagnetic
calorimeter (ECAL) [2] made of lead tungstate (PbWO4) crystals. The crystal material has been chosen for its
fast response and its resistance to irradiation as well as its high density (8.3 g/cm3), short radiation length (X0 ≃
0.89 cm) and small Moliere radius (RM ≃ 2.19 cm), allowing a compact detector to be built. The ECAL was
designed to provide the granularity and the excellent energy resolution which is required, in particular, to detect
the postulated Standard Model Higgs boson via the two photondecay mode.

The barrel of the ECAL is divided into two halves, each composed of 18 supermodules containing 1700 crystals.
The individual crystals have a truncated-pyramid shape with a lateral size of approximately1 × RM and a length
of 25.8X0. The crystals are organized in a quasi-projective geometry, their principal axes making a3◦ angle
with respect to a vector from the nominal proton-proton interaction vertex, in both the azimuthal and polar angle
projections [3].

Extensive measurements were carried out with one supermodule during a test beam campaign on the H4 beam
line at CERN in October and November 2004. The supermodule was exposed to electrons with energies between
20 and250 GeV. In this paper, the energy resolution performance of theECAL is discussed. The calorimeter
response is reconstructed by summing the energy deposits inmatrices of either3 × 3 or 5 × 5 crystals. Results
are presented both for the cases of central and uniform incidence of the electrons on the crystals.

2 Experimental set up

The ECAL supermodule was installed on the H4 beam line on a movable table. The table could rotate in the
polar angle (horizontal plane) and azimuthal angle (vertical plane) thus allowing the electron beam to be directed at
crystals in all parts of the supermodule. The beam electronswere incident at an angle of≃ 3◦ (in both transverse
planes) to the direction of the crystal principal axis to reproduce the average incident angle of the particle with
respect to the ECAL during LHC running. The transverse incidence position of the beam electrons was determined
by four planes of scintillating fibre hodoscopes situated upstream of the movable table.

The supermodule was fully equipped with the final readout electronics [3], briefly described in Section 3, as
well as with the final high and low voltage regulation, cooling, and temperature monitoring systems [4, 5, 6], and
laser monitoring system [7].

Plastic scintillator counters were used to trigger the readout of the supermodule crystals. The trigger defines an
area of20 × 20 mm2, slightly smaller than the front faces of the crystals (≃22× 22 mm2).

3 Readout and Reconstruction

The light produced in each crystal of a supermodule is detected via a pair of avalanche photodiodes. Each
crystal is read out independently. The readout proceeds viaa Multi Gain Pre-Amplifier (MGPA) with 3 parallel
gain stages (with nominal gains of 12, 6, and 1), each followed by an Analog to Digital Converter (ADC). The data
from the channel with non-saturated ADC and which has the highest gain is then read out.

The crystal scintillation signals are digitized continuously at 40 MHz. At the test beam, the phase of the
trigger time relative to the digitization clock was measured with a time-to-digital converter. The signal amplitude
is reconstructed from up to five consecutive digitization samples. The reconstruction uses a method implementing
a digital filter which minimizes the contribution of the electronics noise [8].

A measurement of the noise in the ECAL supermodule for a single crystal and for crystal arrays is presented in
Section 3.1. The amplitude reconstruction over the range ofincident electron energies used requires the determi-
nation of the ratio of MGPA gains. This is discussed in Section 3.2.

3.1 Measurement of the signal noise

A measurement of the electronics noise is made by applying the amplitude reconstruction procedure to data
(pedestal events) taken with a random trigger, in the absence of an electron signal. Pedestal subtracting weights [8]
are used for the amplitude reconstruction. This method makes use of three signal samples measured before the
pulse, to perform a subtraction of the pedestal on an event-by-event basis.

The distribution of reconstructed amplitudes for an individual channel is shown in Fig. 1a. The width of this
distribution obtained from a Gaussian fit is a measure of the noise. The distribution of such noise measurements for
a large number of individual channels is shown in Fig. 1b. Dueto fast control problems, about 25% of the channels
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could not be reliably read out. The mean noise in a single channel is found to correspond to a signal dispersion of
41.5 MeV. Figures 1c and 1d show the distribution of the measured noise in matrices of3 × 3 and5 × 5 crystals.
On average, a noise equivalent to about127 MeV is measured for the3 × 3 matrices, and213 MeV for the5 × 5
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Figure 1: Measurement of the energy-equivalent signal dispersion from electronics noise in individual crystal
channels and in matrices of crystals of the ECAL supermodule; a) distribution of the amplitude reconstructed for
a single channel; b) distribution of noise measurements in 1175 individual channels; c) distribution of the noise
measured in 839 matrices of3× 3 crystals; d) distribution of the noise measured in 518 matrices of5× 5 crystals.

matrices. This corresponds to, respectively, about 3 timesand 5 times the single channel noise, as expected in the
absence of channel-to-channel correlated noise.

3.2 Determination of gain ratios

All crystal channels are intercalibrated at gain 12 using120 GeV electrons. A signal amplified by gain 12
saturates the ADC for an energy deposit in an individual crystal of about140 GeV; this energy deposit in a single
crystal can be reached by160 GeV electrons incident on the centre of the crystal, or by electrons of higher energy
for off-centred incidence. In order to reconstruct the energy of electrons with energies above160 GeV, the ratio of
the gains of the MGPA paths with nominal gains 6 and 12 must be determined.

Two different methods were used in dedicated data taking runs to determine the relative gains for each crystal
channel, the “Test Pulse” and the “Laser Ramp” methods.
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• Test Pulse method: a charge is injected into the MGPA and thensampled by the ADC at a fixed phase, with
the gain path forced to a particular choice; the ratio of the reconstructed amplitudes gives the wanted gain
ratio.

• Laser Ramp method: a laser ramp is performed by slowly increasing the intensity of laser pulses injected
into the crystal by the laser monitoring system [7], with thegain path forced to a particular choice. The ratio
of the slopes, measured for different gain paths, corresponds to the wanted gain ratio.

The two methods agree to an accuracy of 0.5 %.
The gain ratio can also be evaluated using electron data. Forelectrons with energies of e.g.180 GeV incident

on the centre of a crystal, the energy deposited in this crystal fluctuates about the critical value of140 GeV,
depending on the shower development and incident position.As a consequence, the gain path used for this crystal
varies from event-to-event, and the energy resolution becomes particularly sensitive to the gain ratio. An example
of the variation of the energy resolution for180 GeV electrons, as a function of the gain ratio, is shown in Fig. 2.
The energy measurement uses a3 × 3 crystal matrix centred on the incident beam axis, and a shower containment
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Figure 2: Variation of the energy resolution
as a function of the ratio of amplification
gains (“gain 12” over “gain 6”) for elec-
trons of 180 GeV. The electron beam is
incident on crystal 1104 and the measure-
ment is performed in a fixed matrix of3×3
crystals. Corrections for the position de-
pendence of the shower containment have
been applied. A dispersion of 0.14% from
beam momentum uncertainty and effects of
synchrotron radiation is included.

correction [9] is made as a function of incident position to account for the variation of the amount of energy
contained in the matrix. It can be inferred from Fig. 2 that a precision of 0.5 % on the gain ratio, as obtained from
the dedicated runs via the Test Pulse and Laser Ramp methods,is insufficient to achieve the best possible energy
resolution.

In the following analysis the correct gain ratio for each channel was determined by minimizing the energy
resolution for180 GeV electrons.

4 Energy resolution for central incidence

4.1 Resolution at 120 and 250 GeV

Central incidence is defined as electrons incident within anarea of4 × 4 mm2 around the point of maximum
shower containment [9]. The energy contained in a finite crystal matrix depends on the electrons’ incident posi-
tion. Investigating the energy resolution with central incidence, with containment losses almost constant, gives a
measure of the intrinsic resolution of the calorimeter. However, only 7% of the events taken with the20× 20 mm2

trigger fall within the central incidence boundaries. In the following, results are given for runs with 30 000 events
taken in two crystals located at the same azimuth, but different pseudorapidity,η, in the CMS detector; namely at
η = 0.62 (crystal 704) andη = 0.97 (crystal 1104).

The energy spectra for 120 and 250 GeV electrons reconstructed in a3 × 3 matrix centred on crystals 704 and
1104, are shown in Fig. 3, and for energy reconstructed in a5 × 5 matrix in Fig. 4. The energy scale in these plots
is obtained by normalizing the mean signal amplitude to the beam momentum. The crystals were intercalibrated
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Figure 3: Distribution of energy reconstructed for centralincidence in3 × 3 crystal matrices for different central
crystals and electron energies; a) 120 GeV electrons on crystal 704; b) 250 GeV electrons on crystal 704; c)
120 GeV electrons on crystal 1104; d) 250 GeV electrons on crystal 1104.
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Figure 4: Distribution of energy reconstructed for centralincidence in5 × 5 crystal matrices for different central
crystals and electron energies; a) 120 GeV electrons on crystal 704; b) 250 GeV electrons on crystal 704; c)
120 GeV electrons on crystal 1104; d) 250 GeV electrons on crystal 1104.
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Energy (GeV) σp/p(%)

50 ∼ 0
120 ∼ 0
150 0.05
180 0.11
250 0.23

Table 1: Root mean square fluctuations in the momentum of elec-
trons in the beam due to synchrotron radiation.

with constants determined directly from the test beam data.The determination of the MGPA gain ratio which is
used in the 250 GeV runs, was described in Section 3.2.

A tail towards low energy can be observed in all these distributions. The shape of the signal pulse for the events
in the tails is compatible with the expected waveform, whichshould lead to a correct estimation of the amplitude.
However, the number of hodoscope fibres which fired and the corresponding hit patterns suggest that these events
might be due to electrons showering upstream in the beam line.

In order to cope with the non-Gaussian distributions, the resolution was determined using a fit with a Gaussian
combined with a polynomial tail.

4.2 Beam related effects

The spread of electron momentum in the beam has two main sources. The first is the apertures of the beam col-
limators placed before and after the momentum defining dipole. The second is synchrotron radiation fluctuations.
The percentage spread from the collimator setting is given by the formula

σp

p
=

1√
3

√

C2

3
+ C2

8

27
; (1)

whereC3 andC8 are the half-widths (in mm) of the two collimators. Both half-widths are about 3 mm giving a
spread in the beam momentum of roughly0.09% at all energies.

The Table 1 shows the values of the synchrotron radiation fluctuations for increasing values of the beam energy.
These numbers have been calculated using a Monte Carlo simulation of the beam [10]. The overall uncertainty
on the electron energy due to synchrotron radiation is non-negligible only towards high energies. The energy
resolution obtained for central incidence after quadraticsubtraction of the beam momentum spread is summarized
in Table 2.

σE/E(%) for Crystal 704 σE/E(%) for Crystal 1104
Crystal Fit of Raw p spread p spread & radiation Fit of Raw p spread p spread & radiation
Matrix Results subtracted subtracted Results subtracted subtracted

E = 120 GeV

3 × 3 0.39 0.38 0.38 0.43 0.42 0.42
5 × 5 0.42 0.41 0.41 0.43 0.42 0.42

E = 250 GeV
3 × 3 0.40 0.39 0.33 0.42 0.41 0.34
5 × 5 0.43 0.42 0.35 0.41 0.40 0.33

Table 2: Energy resolutions in3× 3 and5× 5 crystal matrices. The results obtained from the fits shown inFigs. 3
and 4 are summarized in the first column. The results obtainedafter subtracting the beam momentum spread
are shown in the second column. The final results after subtracting both the beam momentum spread and the
synchrotron radiation fluctuations are shown in the last column. The errors on these numbers are roughly±0.01.

The systematic error on the beam momentum spread is quite large. Relative errors of 10% on the spread coming
from the collimator settings and of 50% on the spread coming from the synchrotron radiation fluctuations are used
in the following for functional fits to the resolution as a function of beam energy. Both types of systematic errors
are assumed to be fully correlated between energy points.
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4.3 Resolution as a function of energy

The energy dependence of the energy resolution is studied for data taken at 20, 30, 50, 80, 120, 180 and
250 GeV. The energy dependence is fitted by the following functional form:

( σ

E

)2

=

(

S√
E

)2

+

(

N

E

)2

+ C2 (E in GeV) (2)

whereS is the stochastic term,N the noise andC the constant term. The fit is performed with the noise term fixed
for each crystal at the value measured in the pedestal runs.

The energy resolution for3 × 3 matrices centred on crystal 704 and on 1104 are shown in Fig. 5, together
with the fitted resolution function curves. The error bars include both statistical and systematic errors, with the
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Figure 5: Resolution as a function of the energy reconstructed by summing in3 × 3 crystals centred on a) crystal
704 and b) on crystal 1104, with beam hodoscope cuts of4 × 4mm2.

statistical uncertainties becoming large at the lower energies. The constant terms are around 0.3%.
The resolution as a function of energy for 18 different positions of the3 × 3 matrices is shown in Fig. 6. The

results are obtained for data taken when the beam is centred on each crystal of two sets of nine crystals, including
the reference crystals (704 and 1104) and their eight neighbours. The mean of the 18 values of energy resolution
at each energy are listed in Table 3.

Energy (GeV) Resolution (%)

20 0.94± 0.05
30 0.74± 0.04
50 0.56± 0.03
80 0.45± 0.02
120 0.40± 0.01
180 0.38± 0.01
250 0.34± 0.01

Table 3: Mean values of the energy resolution obtained
in matrices of3× 3 crystals centred on 18 different crys-
tals. The results are presented for various incident beam
energies. The beam spread contributions have been sub-
tracted.

Figures 7a and 7b show the 18 values of stochastic and constant terms obtained from the 18 fits performed on
the data shown in Fig. 6. The error bars represent the total error on these parameters, the dominant one being the
statistical error. The mean value of the stochastic term is around 2.8% and the mean value of the constant term is
around 0.30%. The global dispersion of both parameters is dominated by the uncertainties. Thus, each crystal’s
term is compatible with average value.
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Figure 6: Resolution as a function of the energy reconstructed by summing matrices of3 × 3 crystals. The
plot shows the resolution obtained for 18 different centralcrystals after applying the beam hodoscope cuts of
4 × 4 mm2.
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Figure 7: a) Stochastic term obtained for 18 crystals. b) Constant term obtained for 18 crystals. The average values
are represented by the lines and the dashed lines correspondto±1σ.
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5 Energy resolution for uniform incidence

5.1 Resolution at 120 GeV

In this section the data from all electrons in the20 × 20 mm2 trigger are used. The trigger is roughly centred
(±3 mm) on the point of maximum response of a crystal. Figure 8 shows the beam profile for a typical run. These
profiles give a rather uniform distribution of the beam over the front faces of the crystals. The reconstructed energy
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Figure 8: Beam profile at 120 GeV measured by the hodoscope in:a) the horizontal (x) direction; and b) the
vertical (y) direction.

varies with the position of the incident electron. A method using only the distribution over the crystal matrix of the
energy deposited in the crystals has been developed to correct for the dependence on incident position. A single
parametrized function of each transverse coordinate is used for correction in all parts of the supermodule [9].

Figure 9 shows the distribution of energy reconstructed at 120 GeV in3 × 3 and5 × 5 matrices of crystals
centred on crystal 704 and 1104 for all triggered electrons when the method described above is used to correct for
the energy containment variation.

5.2 Resolution as a function of energy

The resolution as a function of energy is extracted for the case of uniform incidence with the shower contain-
ment corrections described in a previous section applied. The functional form of Eq. 2 is used.

Figure 10 shows, for the3 × 3 matrix centred on crystal 1104, the squared fractional energy resolution after
subtraction of the squared fractional measured noise plotted against the reciprocal of the beam energy. A straight
line is fitted to extract the values of the stochastic and constant terms.

Figure 11 shows the energy resolution as a function of energywhen summing either3 × 3 or 5 × 5 matrices,
with the beam directed either on crystal 704 (Fig. 11a) or on crystal 1104 (Fig. 11b). The errors quoted on the
fitted parameters include both the statistical and the estimated systematic uncertainties discussed in Section 4.2.
The resolution is better than 0.5% for electrons of energy greater than 100 GeV. Compared to the results obtained
for central incidence (Fig. 5) a slight increase of the stochastic term is observed.

The fitted resolution as a function of energy is shown in Fig. 12 for 18 different positions of the3 × 3 matrices.
The results are obtained for data taken when the beam is directed on each crystal of two sets of nine crystals,
including the reference crystals (704 and 1104) and their eight neighbours. Compared to the results obtained for
central incidence (Fig. 6) a slightly larger dispersion of the stochastic and constant terms is observed.

6 Conclusion

Test beam data taken in 2004 allowed exhaustive performancestudies to be made on one CMS ECAL super-
module.

A noise level of 41 MeV per channel is observed. The average value of the total noise summed in matrices of
3 × 3 and5 × 5 crystals is found to be respectively 127 MeV and 213 MeV. These averages are obtained from
roughly 900 different summed matrices.
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Figure 9: Distribution of energy reconstructed for electrons at 120 GeV with uniform incidence on the central
crystal and measured in a)3 × 3 crystals centred on crystal 704; b)5 × 5 crystals centred on crystal 704; c)
3 × 3 crystals centred on crystal 1104; d)5 × 5 crystals centred on crystal 1104.
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Figure 11: Resolution as a function of the energy reconstructed by summing5 × 5 crystals compared to the sum
of 3 × 3 crystals centred on the a) crystal 704 and b) crystal 1104.
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Figure 12: Resolution as a function of the energy reconstructed by summing in3 × 3 crystals. The plot shows the
resolution obtained for 18 different central crystals.

Consistent energy resolution is obtained for electrons with incidence in different areas of the supermodule.
For a beam with central incidence on 18 different crystals and after subtraction of the beam spread, the average
resolution obtained for electrons of 120 GeV is 0.40±0.01% when using energy reconstructed by summing3 × 3
crystals. A typical energy dependent resolution function obtained for such central incidence is:

( σ

E

)2

=

(

2.8%√
E

)2

+

(

.125

E

)2

+ (0.30%)2 (E in GeV) (3)

A coherent set of resolution functions are obtained for the 18 cases with stochastic and constant terms having a
relative dispersion of 10% around their central values.

For a uniform beam incidence, after correcting for the dependence of the reconstructed energy on incident
position, only a slight increase of the stochastic term has been observed. The average energy resolution in the 18
crystal matrices is found to be better than 0.5% for electrons above 100 GeV, both for energies reconstructed in
3 × 3 and in5 × 5 crystal matrices.

The performance of a fully equipped CMS ECAL supermodule meets the design target for energy resolution
and noise level.
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