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ABSTRACT. The energy resolution of the barrel part of tHdSCElectromagnetic Calorimeter
has been studied using electrons of 20 to 250 @etést beam. The incident electron’s energy
was reconstructed by summing the energy measuradrays of 3x3 or 5x5 channels. There
was no significant amount of correlated noise olexrwithin these arrays. For electrons
incident at the centre of the studied 3x3 arraysrgbtals, the mean stochastic term was
measured to be 2.8% and the mean constant terne ©3%. The amount of the incident
electrons’ energy which is contained within theagrdepends on its position of incidence. The
variation of the containment with position is catel for using the distribution of the measured
energy within the array. For uniform illuminatiorf a crystal with 120 GeV electrons a
resolution of 0.5% was achieved. The energy relsoiuheets the design goal for the detector.

KEYWORDS Calorimeters; Large detector systems for partcld astroparticle physics.
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1. Introduction

The Compact Muon Solenoid (CMS) experim [1] igemeral purpose detector which will
operate at the 14 TeV proton-proton collider, LMECERN. A main goal of the experiment is
the discovery of the Higgs boson. If the Higgs niagsear the lower limit of 114 GeV currently
establishem], a favourable discovery channéisiglecay into two photons. To observe this
decay, the measurement of the photons’ energidshigh resolution and uniform response will
be decisive. CMS is equipped with a hermetic homegas electromagnetic calorimeter
(ECAL) made of lead tungstate (Pb\W@rystals. Lead tungstate has a fast responsésand
resistant to radiation; it has a high density @@m°), a short radiation length (¢ 0.89 cm)
and a small Moliere radius (= 2.0 cm), which allows a highly granular, compdetector to
be built.

The ECAL consists of a cylindrical barrel contami6l,200 crystals, closed at each end
with end-caps, each containing 7324 crystals. Tdreebis made up of 36 supermodules, each
with 1700 crystals arranged in a quasi-projectieergetry. The principal axes of the crystals
are at an angle of 3° to the vectors from the nahgproton-proton interaction vertex, in both the
azimuthal and polar angle projecti[4]. The widlial crystals are truncated pyramids with a
lateral size close toyRand a length of 25.80X

In this paper, the energy resolution of the ECAtedmined from data taken with electrons
of 20 to 250 GeV, in October and November 2004Jissussed. The energy of the incident
electrons is determined by summing the energy medsa an array of 3x3 or 5x5 crystals.
However, these arrays do not fully contain the tebecshower, and the amount of leakage out
of the array depends on the electron’s incidentitipos A correction for the variation of the
amount of the energy contained in the array, basetthe relative sizes of the signals within the
array, has been developed and is also discusghbi$ipaper.

Further details of the results presented here regpund in ref$ [3],[6].
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Figure 1. Beam intensity profiles in the X (left) and Y (rigldirections.

2. Experimental set up

A supermodule (SM10) was mounted on a movable, ctenpcontrolled table at the H4
beamline at CERN. The supermodule’s position wgasaeld such that beam electrons were
incident at an angle of 3° to the axis of a setkcrystal in both transverse directions. The beam
could be directed at each crystal in the superneodul

A beam telescope defining an area of 20x20°nsiightly smaller than the front faces of
the crystals ¥ 22x22 mm) was used to trigger the supermodule readout. ér folane
scintillating fibre hodoscope with 150m spatial resolution was used to determine the
transverse position of the incident partidi@e transverse coordinates X and Y at the hodoscope
correspond to thg (pseudorapidity) and (azimuthal) directions across the supermoduléén t
CMS coordinate systenj. Figurd 1 shows typical beatensity profiles measured at the
hodoscope.

The selected crystal was generally positioned énltbam such that the energy deposit in
this crystal was maximized. Due to the 3° off-pinigtof the crystal axis, in this position the
centre of the crystal front face does not coincidin the beam axis. Nevertheless we refer to
this geometry by saying that the beam is ‘centoedthe crystal. Data were also taken with the
crystals moved half way between the positions okimam response of adjacent crystals; we
refer in this case to the beam being centred oredge (or corner if moved in both directions)
of the crystal, although again the edge (or corakthe front face is not on the beam axis.

The crystals form an array of 20x85 in thex n directions in the supermodule, numbered
such that crystals 1 - 20 arenat 0 in CMS and crystals 1681 - 1700 are at maximym1.479).

The supermodule was fully equipped with the fimaht end electroni4] as well as with
the final high and low voltage supplies, coolinglaamperature systerps J71,]B,]9], and laser
monitoring systerr@]. Each crystal is read ouwtejpendently. The light produced in each
crystal is detected by a pair of avalanche phoM@. The signal from the diodes is shaped
and amplified in a Multi-Gain Pre-Amplifier (MGPAyith three parallel gain stages, of
nominal gains 12, 6, and 1. The signals with allhgare sampled and digitized continuously at
25 ns intervals by Analogue to Digital ConverteAOCs) and the largest unsaturated ADC
value is read out each time. (If the read-out dveitcto a lower gain as the pulse grows, the
return to higher gain is delayed by five samplésrahe threshold is re-crossed.)
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In the analysis of the test beam data, the sigmalitude is reconstructed from up to five
consecutive digitized samples, using a digitaéfitig method which minimizes the contribution
of the electronics noi@z]. For signals read atugjain 12, pedestal-subtracting weights are
used, which take samples before the pulse to parfor event-by-event pedestal subtraction.
For an electron with energy above about 160 Ge¥,rdadout of the crystal on which it is
incident may switch to gain 6. To achieve good gneesolution in these cases the ratio of the
two nominal gains, 6 and 12, must be preciselyrdeteed. This was done by finding the gain
ratio giving the best energy resolution for datetawith 180 GeV electro6]. For gain 6, the

pedestal is measured periodically in independetié¢gial runs.

In order to equalize the response of each chaanehtercalibration procedure was carried

out [4]} using data taken with beam in the saméepger
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3. Noise measurements

The electronics noise was measured by applyingutmglitude reconstruction procedure to data
taken with a random trigger, when there was nodewi electron signal present (pedestal
events).

The distribution of reconstructed amplitudes fairle channel is shown 2a. The
width of this distribution is obtained from a Gaiassfit and is a measure of the noise. The
distribution of such noise measurements for a lang@ber of channels is shown(in figure 2b.
The mean single channel noise is 41.5 MeV equivtaléhis level of noise is consistent with the
MGPA design godl [13]. Figure|2c aphd figure 2d shberdistributions of the measured noise in
arrays of 3x3 and 5x5 crystals, which have averadees of 127 and 213 MeV equivalent,
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respectively, about 3 times and 5 times the siobbnnel noise. This shows that there is little
channel-to-channel correlated noise.

4. Energy resolution for central incidence

4.1 Resolution at 120 and 250 GeV

Central incidence is defined as incidence withirregion 4x4 mrh around the point of
maximum shower containmelnt [5]. For electrons ianidwithin this area the average amount of
the shower energy contained in the array is alngosistant. Hence using data restricted to
central incidence can provide a measure of theggnersolution of the calorimeter without
contributions from variations in containment loseetercalibration errors. However, only 7%



120 GeV 250 GeV

3x3 5x5 3x3 5x5
Crystal 704 | 0.39% 0.42% 0.40% 0.43%
Crystal 1104 0.43% 0.43% 0.42P6 0.41%

Table 1.The energy resolution measured with crystals 7@414:04 at 120 and 250 GeV in arrays 883
and 5 crystals. The uncertainty on these results i4%.0The contribution from the energy spread of
the beam has not been subtracted.
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Figure 5. Resolution as a function of the energy for th& Zrray of crystals centred a) on crystal 704
and b) on crystal 1104, with beam hodoscope cuds#imnt.

of the events taken with the 20x20 frigger are within the central incidence boundarie
this section, results are given for runs with 30,@@ents taken in two crystals located at the
same azimuth, but different pseudorapidity in CMS.

The spectra of energy reconstructed in arrays 8f & 5x5 crystals centred on crystals
704 and 1104 are shown(in figure 3 @and figre #189 and 250 GeV electrons. For these plots
the mean signal amplitude was normalised to thenbeeergy.

A tail towards low energy can be observed in aflsth distributions. Nothing abnormal
could be found in the signals for the events irs¢hiils, but it is possible that they are due to
electrons showering upstream in the beam line.

The energy resolution was determined using a fihve Gaussian combined with a
polynomial tail. The resolutions obtained from theta shown in figure|3 and figurg 4 are given
in fable 1. All these results have uncertaintiesOd¥1%, but have not been corrected for
contributions from the energy spread of the beam.

4.2 Resolution as a function of energy

At all energies there is a spread in electron gnefg 0.09% rms due to the beamline optics. In
addition, fluctuations in synchrotron radiation raasignificant additional contributions to the

energy sprea@] at the higher energies. Thes®.86%, 0.11% and 0.23% at 150, 180 and
250 GeV, respectively, with estimated uncertaingéalf these values. The results given in
this section have both these contributions to theeosed energy resolutions quadratically
subtracted.



Energy (GeV) | 20 30 50 80 120 180 250
Resolution (%) | 0.94 | 074 | 056 | 045| 040 038 034
Rms Spread (%) + 0.058| +0.044| +0.025| + 0.031| +0.021| + 0.026| + 0.027

Table 2. Mean values of the energy resolution for array3># crystals centred on 18 different crystals,
for each incident beam energy, and the rms spreadtbe 18 crystals. The contributions from thergpe
spread of the beam have been subtracted.
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Figure 6. Stochastic (left) and constant (right) terms oladinfor 18 crystals, with the energy
reconstructed in*&3 arrays.

The energy resolution was determined for centreidence for seven electron energies
between 20 and 250 GeV. The results were theml fiigea function of energy according to:

(&) (&) (&) -

where S is the stochastic term, N the noise ante@dnstant term, and E is the energy in GeV. The f
performed with the noise term fixed for each cryatahe value measured in the pedestal runs.

The energy resolutions using the 3x3 arrays cemnecrystal 704 and on 1104 are shown
in [figure 5, together with the fitted resolutionnfition curves. The error bars include both
statistical and systematic errors, with the staastuncertainties becoming large at the lower
energies.

Data were also taken with the beam centred on ehtthe nine crystals forming the 3x3
arrays around each of the two reference crysté@é énd 1104). The mean values of the energy
resolution measured for all 18 crystals are listeigble 2, for each incident energy.

The results for all 18 crystals were fitted usimg . The values of stochastic and constant
terms thus obtained are showr[in figute 6. The medme of the stochastic term is 2.8% and
that of the constant term is 0.30%.

The values of the stochastic and constant termsaarexpected from the statistical
fluctuations in the number of photo-electrons patlin the APDs, the effects of longitudinal
non-uniformities of the crystal response and thaisdtcal fluctuations of the containment

losseq [3].
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Figure 7. Left: mean energy measured in3arrays centred oarystals 184 (dots), 204 (squares),
(triangles) as a function of incident positiopn Right: same for %5 arraysThe arrows indicate the regi
where crystal 204 has the largest energy deposit.

5. Correction for shower leakage

The 3x3 and 5x5 arrays of crystals used to dete&rmmincident electron’s energy do not fully
contain the electron shower. The amount leakingadfuhe array depends on the electron’s
incident position, due to the finite size of theagrand because of the small gaps between the
crystals. To achieve the desired energy resolw@imhuniformity of response when the incident
electrons are distributed over the full crystahtréace a correction must be applied on an event-
by-event basik [$].

The variation of the measured energy with the ieidposition is illustrated ip figure] 7,
which shows the energy measured in the 3x3 andabrelys centred on each of three adjacent
crystals as a function of incident position (in thedirection, measured with the beam
hodoscope). The maximum response has been norohabzthe beam energy (120 GeV) in
each case. The region of incident position wheee déntral crystal has the largest energy
deposit (indicated by the arrows) does not coineith the position of that crystal’s front face
because of the 3° off-pointing, which is also resilole for the asymmetries observed. For each
curve the envelope is determined largely by theatian of lateral leakage out of the array,
while the dips near the vertical lines show the&fbf the gaps between the crystals.

In the region indicated by the arrows (where thergy measured in the array around
crystal 204 would be used) the maximum variatiothenmeasured energy is about 2.5% for the
3x3 array and 1.6% for the 5x5 array. Similar distiions are obtained when plotting the
measured energy as a functiorirafident position in th@ direction.

5.1 The correction method

The method used to correct the non-uniform respilsgrated in[figure ¥ uses the distribution
of energy measured in the array itself to determtine correction@]. Corrections are
determined according to the distributions in thand® directions independently. No position
measurement external to ECAL is required, but acste variable In(E2/E1) is used, which is
closely related to the electron’s position of iremide. Knowledge of the energy of the incident
particle is also not required.

The determination of the variable In(E2/E1) issthated irf figure B for a 3x3 array. By
definition, the array is formed around the crystéh the largest energy deposit. To determine
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Figure 8. Definition of E1 and E2 when a) W1 < W2 and b) W2 (see text). The star represents
electron’s incident position.
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Figure 9. The parameter In(E2/E1) versus coordinate X for G2¥ electrons incident on crystal 204.

the quantities E1 and E2 related to the energyiloigion in then direction, the energies
measured in the single crystals on the high andr@ides of the central crystal (W1 and W2
respectively) are compared. Then the energies medsu each of the three columns of three
crystals are summed, and the sum in the centralhoolis added to the sum in the column
containing the smaller of W1 and W2. This formstilve quantities E1 and E2:
o IfW1<W2 a) E1l is the sum of the eneirgyhe central and high columns,
and E2 is the sum of the energy in the columnwatyoln this case E2 < E1.
o IfW1>W2 b) E1l is the sum of the eneigyhe column at high only, and
E2 is the sum of the energy in the central andrj@elumns. In this case E2 > E1.

The sum of the energy measured in the 3x3 arrdlyeis evaluated as a function of the
variable In(E2/E1). The logarithmic function is clem because the energy density of
electromagnetic showers falls off exponentiallyside the shower core, making the distribution
of events over In(E2/E1) more uniform than thatroi@ example, the simple ratio E2/E1.

shows the correspondence between In(E2/&d the spatial coordinate X at the
front of the crystal, as measured with the beanobodpe. Large values of |In(E2/E1)| occur for
electrons near the centre of the crystal so thaitrabthe energy is deposited in the central
column of the matrix, belonging either to E2 (iniethcase E2>>E1) or E1 (in which case
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incident.
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Figure 11.The same as figure 10, but for theb5array around crystal 204.

E1>>E2). For electrons incident near either edgehef crystal the energy is shared nearly
equally between E1 and E2 and |In(E2/E1)| apprca@he

To determine the correction, the mean measuredygrierdetermined as a function of
In(E2/E1), and polynomials are fitted to the rasgltdistribuitions. Finally these polynomials
are used to correct the data on an even-by-eveig.ba

5.2 Application of the method

The mean energies of 120 GeV electrons measurdteiBx3 and 5x5 arrays are plotted as a
function of In(E2/E1) i figure 10 arld figure 1 brfoothn and® directions. The mean energy
is normalized to 1 at In(E2/E1) = -3. The data war&ined with the electron beam incident in
turn on the centre of crystal 204 and on the middleach of its four edges (as defined in
section 2). Only events where crystal 204 contaihedlargest energy deposit were used. The
positive and negative In(E2/E1) distributions ace symmetric because of the 3° off-pointing
geometry of the crystals. The curves are the paiyals fitted to the each of the positive and
negative regions of theand® distributions independently.

The polynomial functions resulting from the fit®arsed to correct the energy measured in
the array on an event-by-event basis. For eacht ¢éivemroduct of the correctionsijnand in®
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Figure 13. Simulated normalized mean energy measured in #3a8ray around crystal 204 ver
In(E2/E1) in theD (left) andn (right) directions.

is applied. The maximum correction is about 0.58@dainn than in® for both the 3x3 and the
5x5 arrays.

The energy reconstructed in the 3x3 array aftectieections have been applied is plotted
as a function of the X and Y positions measuredHgy beam hodoscope [n figure|12, with
crystal 204 centred on the beam axis. The disidbatobtained when the edge of the crystal is
on the beam axis show a similar uniformity, as lditha distributions for the 5x5 array.

5.3 Simulations

Simulations were made using H4SIM [15] to define geometry and GEANT4 to describe the
electromagnetic showers. The results for 120 Ge¥telns are shown |n figure |13 gnd figurg 14
for the 3x3 and 5x5 arrays. The observed asymradigeveen the positive and negative regions
of In(E2/E1) are well reproduced, as well as tHeedence in the asymmetries for the two arrays.
However, the 0.5% differences in the maximum cdmadietween thg and® directions seen

in the data are not reproduced. This is not yettstdod.

5.4 Dependence on position in the calorimeter

The data taken for crystals 204, 704 and 1104 weeel to investigate the dependence of the
leakage correction on the positionnjtin the calorimeter. The results are showfi in &gl for

the 3x3 arrays. In thg view, the spread between the three sets of digiiis is smaller than
~0.2%, while in® differences up to ~1% are seen. Broadly simildravéour is seen for 5x5

-11-
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Figure 16. Distribution of measured energy before (unshaded) after (shadedgorrection for th
shower leakage, for crystal 204, using (left) th8 array of crystals and (right) theSarray.

arrays. This dependence on position in the caldams also seen in simulations, although the
effects are somewhat smaller. However, these sffad neglected here and the correction
functions determined for crystal 204 at 120 GeV ased for all crystals and all incident
energies.

5.5Energy resolution

shows the effect of the corrections @nehergy resolution when 120 GeV incident
electrons are centred on crystal 204, using thé 20k20 mni trigger. The data were
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the crystals. Right: Schematic indication of thesam positions marked with crosses.

normalised such that the mean signal after theecbon equals the beam energy. The corrected
distribution is fitted as the sum of a Gaussian anqmblynomial to describe the low energy tail.
The energy resolution, for the sum in the 3x3 grdsfined as the ratio of the rms of the
Gaussian fit to the energy, is 0.43%. In the cdgben5x5 array, it is not significantly different.
compares the energy resolution for ceimidence with that using the full
20x20 mm trigger, with the shower leakage correction amplias a function of incident
energy, measured in the 3x3 array around crystad.1Crystal 1104 was taken for this plot to
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be different to the crystal from which the correantifunctions were evaluated. The energy
resolution obtained using the full trigger is abOL% worse than that for central incidence.

Finally, shows the effect of the correns for data in which the beam was in
turn centred on the centre of all crystals in th8 array around crystal 204, on all four corners
of the central crystal, and on the edges betweemitie crystals. (As explained in section 2, the
term centre refers to the position where the shaveertainment in the crystal is maximum,
while edge and corner refer to positions mid waywken the positions of maximum
containment of two crystals.) This combination,hmibughly equal amounts of beam in each
position, approximates uniform coverage of theyarss for [figure 1§, the data have been
normalised such that the mean signal after theecbon equals the beam energy. The measured
resolution is 0.50%. This value can be compared.48% (figure 16) for electrons incident
over the full 20x20 mAtrigger area centred on the crystal.

6. Conclusions

The average measured noise of the ECAL read-oatreiecs is 41.5 MeV equivalent, meeting
the design goal of the electronics, and there isigioificant correlated noise in arrays of 3x3 or
5x5 crystals used to reconstruct the energy otlardi electrons.

The energy resolution was measured for inciderdtrles of seven energies from 20 to
250 GeV. For electrons incident within a 4x4 fremea about the point of maximum response,
the measured resolutions are consistent with eapens, with mean values of the stochastic
and constant terms of 2.8% and 0.3%, respectively.

A method to correct for shower leakage out of thhayaused to reconstruct the electron’s
energy has been developed, which uses only thabdison of energy measured within the
array. Applying this correction for 120 GeV electsancident on the central crystal of an array
of 9 crystals, uniformly covered by the incideneatfons, results in a energy resolution of
0.50%.

In CMS there will be an additional contribution tbe constant term for the overall
resolution from the precision of the intercaliboatiof all channels. However, with enough
events the intercalibration errors are expectelubtemal and the results in this paper show
that the CMS ECAL should perform consistently whik design goals of the experiment.
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