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ABSTRACT. Calibration of the relative response of the individual mhels of the barrel electro-
magnetic calorimeter of the CMS detector was accomplisbefiyre installation, with cosmic ray
muons and test beams. One fourth of the calorimeter was edpgosa beam of high energy elec-
trons and the relative calibration of the channels, thedalération, was found to be reproducible
to a precision of about 0.3%. Additionally, data were cabelcwith cosmic rays for the entire
ECAL barrel during the commissioning phase. By comparirgyittiercalibration constants ob-
tained with the electron beam data with those from the cosayadata, it is demonstrated that
the latter provide an intercalibration precision of 1.5%iomost of the barrel ECAL. The best
intercalibration precision is expected to come from theyais of events collected in situ during
the LHC operation. Using data collected with both electramd pion beams, several aspects of the
intercalibration procedures based on electrons or nepitvak were investigated.
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1. Introduction

The Compact Muon Solenoid (CMS) detectdr [1] is a genergbqse detector installed at the new
CERN proton collider (LHC). The Electromagnetic CalorieretECAL) of CMS [2] is a hermetic
homogeneous calorimeter made of lead-tungstate (PH\WEstals, equipped with avalanche pho-
todiodes (APDs) in the central “barrel” part and vacuum ptraides (VPT) in the end-caps for the
light collection. The barrel calorimeter is organised iB®supermodules, each containing 1,700
crystals arranged in four modules. The coverage is complagea pair of end-cap calorimeters,
each consisting of twdees each containing 3662 crystals.

The design of the calorimeter has been optimised for thectieteof the Higgs boson through
its electromagnetic decay(— yy). This requires an excellent energy resolution and finewgran
larity and led to the choice of PbWQrystals as the detector material. These crystals also have
sufficient radiation hardness to operate in the hostile LiHGrenment for the duration of the ex-
periment. The properties and the performance of the cormierd the calorimeter have been
discussed in previous publicatiorj$ [§—5].

The stochastic and electronic noise contributions to tleeggnresolution of ECAL have been
measured with electrons and demonstrated to be within tigmleequirements of the detectfjr [5].
In CMS an essential issue will be the channel response unitfprvithin ECAL, as this will con-
tribute directly to the overall energy resolution. Thisfoninity is determined by the accuracy of
the calibration of the relative response between diffecbannels across the detector. A set of con-
stants, the intercalibration constants, is used to cofoeetariations in the channel response within

*Corresponding author.
TDeceased.



the detector, and are defined as the inverse of the ratio aéwenel response to some reference
value. In this paper we discuss how these constants wenerdeésl before the ECAL was inserted
into CMS, and some tests that we performed to understaner lle¢tir determination once the LHC
begins operation. Intercalibration constants are defiqetba scale factor, which, once fixed, is
reabsorbed in the definition of the global energy scale.

The main source of variations in the channel-to-channgiaiese in the barrel is the scintilla-
tion light yield of the individual crystals, which has an RMfread of about 15%. In the end-cap,
there is an additional spread with an RMS of around 25% frorfatians in the VPT signal due
to differences in the gain, quantum efficiency and photamdharea. Laboratory measurements
of the crystal light yield and of the readout chain resporeeetbeen used to provide preliminary
estimates of the intercalibration coefficients. Based @sd¢hmeasurements alone, the spread in
relative response of the crystals is less than 5% in bdtfeirfé about 10% in the endcaps.

A precision of 0.5% in these constants is expected to be @athiduring LHC operation by
comparing the energy measured in ECAL of electrons flm- ev decay and the momentum
measured by the tracker. In addition, the invariant massofqn pairs fronv® — yy decays can
be used to obtain the intercalibration constants. Beshsetmethods, intercalibration information
can also be obtained by assuming rotational symmetry artnerioeam axis of the energy deposited
in the calorimeter. While the precision of the intercaltima usingW — ev events will initially be
limited by statistics, the other methods will be limited mdry systematic effect§][7].

At the start of LHC operations having previously-deterndipeecise intercalibration constants
will help with the rapid understanding of the detector perfance. Furthermore they can provide a
reference for the validation of the intercalibration prdwees that are based on physics events. For
this reason all of the 36 supermodules of the ECAL barrel veadh commissioned by operating
them on a cosmic ray stand for a period of about one week. A icosay muon deposits about
250 MeV when it traverses the full length of a crystal and Higgal was used to obtain intercal-
ibration constants for every crystal. In addition, nineesmpodules have been intercalibrated in a
test beam with 90 GeV and 120 GeV electrons. The supermogdes mounted in a stand that
ensured that the incidence angle of the electrons was the aarim the final detector. The exper-
imental procedures and the results obtained from theseuregaents are presented in this paper.
Calibration of the response of the individual channels wittctron beam data was demonstrated
to be highly reproducible, with a precision of about 0.3%isTgrecision was exploited to validate
and test the precision of intercalibrations with cosmicstayhich was shown to be better than 1.5%
on the average.

The ECAL endcaps were not intercalibrated with the sameigioecas the ECAL barrel.
There was insufficient time to intercalibrate the endcaph wn electron beam. Furthermore,
mechanical constraints prevented rotation of deesto an orientation suitable for cosmic ray
intercalibration. The residual 10% spread in the relatesponse at startup is expected to be
reduced to a few percent in about 10 phof integrated luminosity by means of in situ calibration
procedures exploiting LHC data.

Additional studies were performed with the electron beara,di@ qualify some aspects of
the intercalibration procedure that will be used with— ev events in the CMS experiment; for
example the stability of the intercalibration algorithnrmel@eometrical effects in the reconstruction
of the electron energy. Studies @ reconstruction and of intercalibration algorithms basede



measurement of invariant mass of selected photon pairsalsregerformed with data collected in
one supermodule exposed to a pion beam. Results of thesessaud discussed to the extent to
which they are relevant for the calibration procedure of E@Aring LHC operation.

2. TheCMSbarrel electromagnetic calorimeter

A detailed overview of the CMS barrel electromagnetic daieter can be found elsewhef¢ [#, 6].
Here, only the aspects of the geometry that are relevanh®discussion of the intercalibration
procedure and results are reviewed.

The crystals in the barrel part of the calorimeter have aregpshape, depending slightly on
location in the detector. The front face of a crystal is agjmnately 22 x 2.2 cn?, and the crystals
are 23 cm long, corresponding to 25.8 radiation lengths. vbadacracks aligned with particle
trajectories, the axes of the crystals are tilted Byn3both polar and azimuthal angles away from
the direction of the nominal interaction point. The crystafte grouped into:62 matrices, held in
glass fibre alveolar submodules, of which 40 or 50 are mounteda module. The modules are
held by an aluminium grid, which supports most of their weijom the rear. Four modules (of
different types according to the position in pseudorapiditwithin CMS) are assembled together
in a supermodule, which thus contains 1,700 crystals. E@hsupermodules form a half barrel
covering the range of pseudorapidjty| from O to 1.48. For the purpose of the discussion in this
paper and with reference to the standard CMS coordinaterayshe position of a crystal within a
supermodule is identified by the indicesand ip, which span a square matrix of 85 crystals along
[n| and 20 crystals along the azimuthal angle respectively.

3. Intercalibrations at start-up

Specific pre-calibration operations were designed andechout during the commissioning phase
of ECAL, to provide an acceptable detector performance atstart-up of LHC operation. In

particular, all the supermodules of the ECAL barrel havenhietercalibrated by exposing them to
cosmic ray muons. One fourth of the supermodules was alsosexpto electron test beams. In
both cases, all supermodules were fully assembled in thet ¢onfiguration, including readout
electronics, high and low voltage regulations, coolingnitwing and data acquisition systerfis [4].

3.1 Intercalibration with electron test beams

A full scan over supermodules with beam electrons at a siegéegy allows the crystal response
to be precisely equalised. The procedure used was to corttparesponse of each crystal when
the electron beam was directly incident on it. This intdbration procedure (the single crystal

analysis) was developed using test beam data collected RNGietween 2000 and 2004 with

prototypes of the ECAL barrel. During 2006, nine fully ecquiol supermodules were exposed to
electrons at the H4 test beam facility at CERN, prior to iltstian in the CMS detector. The beam

line was capable of supplying electron beams with a narromnerdum bite, correponding to an

RMS spread of 0.09%, between 15 GeV/c and 250 GeV/c. Inibratibn data were collected at a

fixed beam momentum of 90 GeV/c on five out of the nine supermesdexposed to the beam and
at 120 GeV/c on the remaining four supermodules.
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Figure 1. The mean and the RMS of the analog response of a crystal astiofunf the electron position
of incidence for thex (left) andy (right) coordinates measured by the hodoscopes are desplay fourth
order polynomial fitted to the data is superimposed (cowtirsdine).

In the test beam, supermodules were mounted on a rotatite ttadt allowed the beam to
be directed onto each crystal of the supermodule in turn. t@ihke moved the supermodule so
that the angle between the crystal axis and the beam dinentioproduced the quasi-projective
geometry of the calorimeter when it is installed in CMS. Tallé motion was controlled by the
data acquisition system, and for every crystal the tabldipnsvas chosen to maximise the fraction
of energy deposited by the beam electrons in the crystal.tfigger was formed from the signals
from plastic scintillator counters placed along the beaaliThe acceptance of the trigger system
had transverse dimensions of 220 mn¥, slightly smaller than the front faces of the crystals.
In the beam line there were four planes of fibre hodoscopésatbie read out with each trigger.
Information from the hodoscopes was used in the off-lindyaigato determine the incident position
of the electron at the front face of the crystal, with a re8otuof about 15Q:m in either coordinate
transverse to the beam axis.

The fraction of energy deposited by an electron within atatydepends on its position of
incidence. In the off-line analysis, a parametric corattio the single crystal response was ap-
plied according to the measured dependence of the signaitadepwith the incident position (see
figure[1). The correction function, factorised in both caoates, was determined from a sample
with high statistics collected on a reference crystal. Tharanetry around the point of maximum
response of the crystal, observed in both coordinates, @mseguence of the angle between the
crystal axis and the beam direction.

By taking data with other crystals located in different piosis within a supermodule, the uni-
versality of the correction function was confirmed. To avaitertainties due to large corrections,
only the electrons impinging on an area ok & mn? around the point of maximum response of
the crystal were retained in the analysis. This selectitairred about 10% of the events.

After correcting the energy for the electron’s position ntidence, the distribution of the
energy deposited typically had an RMS of 1% and was well destrby a Gaussian with a small
exponential component on the low energy side (filire 2). Bohehannel this functional form
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Figure 2. Distributions of the single channel response in ADC couefsie (dashed line) and after (dotted
line) correcting for the impact point for a typical crystadpesed to 120 GeV electrons. The best-fit of a
Gaussian curve with an exponential left tail to the datar afderection is superimposed (continuous line).

was fitted to the data and the value of the peak position detetnThis value, scaled by the beam
energy measured from the currents of the bending magnets;avapared to the average response
of a set of reference crystals (arbitrarily fixed) to defireititercalibration constant of the channel.
The distribution of the calibration constants for the chelarof the nine supermodules exposed to
the beam had an RMS spread of about 13%, which is consistémimdasurements of variations
in the crystal light yield as discussed in the introduction.

The statistical uncertainty of the intercalibration prdwe was determined by comparing the
results of two statistically independent data samplesctd in the same conditions. From this
comparison, a statistical precision of 0.2% in the measargmof the intercalibration constant was
derived for the full data sample. The robustness of the detation of the intercalibration con-
stants was also demonstrated by repeating the analysislifféhent corrections for the variation
of the crystal response with the position of incidence. €hasluded changing the fiducial selec-
tion around the crystal centre, the choice of the referenggtal, and in the parameterisation of the
correction. The procedure was also found to be stable ggdifferent choices for the estimator
of the peak value of the crystal response after correctidhs. insensitivity of the results to these
variations implies that the precision is dominated by stiatl rather than systematic uncertainties.

As a further test of the stability of the determination of thiercalibration constants, the same
supermodule was exposed to the electron beam in two diffeeriods, separated by an interval of
a month, with the same beam conditions. The distributiohefdifference between the constants
obtained from the two data sets had an RMS spread of 0.27%atimtyy a reproducibility within
the statistical precision of the individual measuremefiggife [3a).

Moreover, about 450 crystals of one supermodule were expimselectrons of different en-
ergies, corresponding to beam momenta of 90 GeV/c and 120dG8We observed RMS spread
of about 0.2% of the intercalibration constants obtainethétwo cases using the same reference
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Figure 3. a) Distribution of the relative difference between the inédibration constants from a super mod-

ule exposed to 90 GeV electrons on two occasions at one-nmdathal, in August (label A) and September

(label S) 2006. The observed spread of the intercalibratmstants is consistent with the statistical pre-
cision of the individual measurements. b) Distribution lof trelative difference between intercalibration
constants obtained with 90 GeV and 120 GeV energy electibms.observed RMS spread and offset were
about 0.2% and 0.15% respectively.

scaled according to the beam momentum (fidlire 3b) is agaisistent with the statistical preci-
sion of the individual measurements. However, a globaksshift of 0.15% between the two cases
can be seen. This offset is attributed to a scale uncertaingpout 100 MeV/c in the measure-
ment of the beam momentum. The contribution to the offsehftioe variation of the longitudianl
leakage at the two energies is estimated from simulatiorettess than 0.1%. By using crystals
exposed to both beam energies, these residual scale untestaan be eliminated from the inter-
calibration procedure. Still a systematic error of 0.1%asservatively assumed to account for the
reproducibility of the beam conditions during data takindpath energies.

3.2 Intercalibration with cosmic ray muons

Besides the intercalibration of nine supermodules withtedas, we also measured all the intercal-
ibration constants for every crystal in the ECAL barrel wittsmic ray muons, with a procedure
previously tested on a small number of crystfll$]8, 9]. esebn the selection of cosmic ray muons
which traverse the crystals along their length and whosectian is approximately aligned to the
crystal axis. Typically about 250 MeV is deposited by a tlyimgoing muon in a crystal, and since
this is well above the electronic noise of a single chanmel distribution of the energy deposited
by cosmic ray muons can be used to derive intercalibratiorstemts.

After assembly and before installation in CMS, all 36 supmtoies were exposed, in turn, to
cosmic ray muons for a period of about one week, on a cosmisteand hosting one supermodule
at a time (figurg]4). The coincidence of two planes of scattit counters was used to trigger the
data aquisition system. The scintillators were arrangeslgeometry providing a rough selection
of muons directed along the crystal axis. A first layer cosdhe full supermodule surface on the
underside; a second smaller one was placed at the focalgidive quasi-projective geometry of the



Figure 4. Schematic drawing of the cosmic ray muon stand hosting operswdule inclined by 10with
respect to the horizontal. In this view, crystals are idesdiby indices spanning froomi= 1 to in = 85
from left to right. Trigger scintillator counters placedlidne the supermodule and at the focal point of the
guasi-projective geometry of the crystals are also showadn

crystals. The supermodule was mounted with the long axetll® with respect to the horizontal
in order to increase the flux by nearly a factor of two throughdrystals at largeji index.

During data taking, the APDs were operated with an incredsasl voltage, so that their
gain was a factor of four above the standard gain of fifty ugeigst beams and in CMS. At this
increased gain, the observed RMS electronic noise per ehavas equivalent to about 10 MeV.
Cosmic ray muons well aligned with the crystal axis give a&alde signal in either one or two
neighbouring crystals. These two types of events could &dilseselected off-line by requiring no
detectable energy deposition in the surrounding cryskalthis way we circumvented the need for
any external tracking. Before extracting the intercalilora constants, a correction was applied to
the data for the factor of four increase in the operating gathe APD. The exact ratio of the gain
of each channel was determined in dedicated runs, wheree#itmut response of the individual
channels to the injection of laser light was measured.

In the offline analysis the data were divided into two indejmt data sets. One, the “single
crystal” sample, where exactly one crystal was above alibld€orresponding todthe electronic
noise and another, the “crystal pair’ sample, where the doedbsignal of two adjacent crystals
was above a similar threshold. The crystal pair sample wésdiudivided in two subsamples, one
composed of pairs aligned ip and another aligned in. For a typical exposure of one week,
approximately 300 events per crystal at+ 15 and about 100 events &t + 80, corresponding,
respectively, to crystals pointing towards, and at thedsr@ngle from the zenith, were collected
in the single crystal sample. For each of the crystal paimdesrates of about 250 events and 50
events per crystal were obtained t+ 15 and i ~ 80, respectively.
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Figure 5. Observed spectra of cosmic ray muons crossing ECAL crystdlse “single crystal” sample.
The two histograms show the spectrum observed in crystidsgieg to module of type 1 (blue), located at
small angles to the zenith, and in crystals belonging to reodifred), located at large angles to the zenith.
These distributions were obtained by adding single crgstalples collected in the supermodules previously
intercalibrated with test beam electrons (see text).

As an illustration, the energy distributions observed ia $ingle crystal sample for crystals
far from the edges of a supermodule and located at small)(Bhatlarge (red) angles to the zenith
are shown in figurf]5. These distributions were obtained bjnadthe single crystal samples col-
lected in crystals belonging to module of type 1, locatedhalsangles to the zenith, and module
of type 4, located at large angles to the zenith, in the supdutes previously intercalibrated with
test beam electrons. The observed width of the distribafioarresponding to a relative variation
of 12-15% in the measured energy, is consistent with estisnat contributions from variations
of the muon track length inside the crystal, from intrisicctluations in the energy deposition, in
the photoelectron statistics and in the photodetectororesgp The observed energy distribution
is somewhat angle dependent, due to a combination of gelcaiegffects and of the angular de-
pendence of the cosmic ray flux. Variations with the anglehefénergy deposited within ECAL
were more prominent in the sample of muons crossing crysties pt constang, as the average
track length through the crystal pair is sizealydependent in that case due to the staggering of
the crystals along). These effects were reproduced by means of a Monte Carldaiom of
the setup, including a parametric description of the cosmyjcflux at ground level, which helped
optimise the analysis procedure.

In order to derive the intercalibration constants, a rédisdstimate of the distribution of the
crystal response to muons was necessary. The shape of thieutisn depended on the position
of the crystal in the supermodule, due to changes in the @ospispectrum with zenith angle and
the geometrical effects discussed above. The distribsitreere derived from the data itself, with-
out any reference to information from Monte Carlo simulasioThis was done by averaging over
the energy distributions of cosmic ray events in crystals ebnstant; from the nine supermod-



ules intercalibrated with test beam electrons. In this wayplete sets ofj-dependent reference
distributions, similar to the ones shown in figlfe 5, weréveet.

Within the above samples, reference distributions weré bpecifically for crystals at the
supermodule edges or at the edges of a module, for which théased on neighbouring channels
was less efficient, causing broader distributions in thegynspectra.

In the single crystal analysis, the intercalibration canstor each channel was then extracted
from a maximum-likelihood fit to the observed spectrum ofréfference distribution corresponding
to the samern index. The reference distribution was fixed in shape, whigedverall normalization
and the energy scale factor, which defines the calibratioistent, were left as free parameters in
the fit. The analysis of the crystal pair samples followednailar path, with seperate reference
samples used for the the two subsamples. This was necessayde of the different effect on the
two samples of the crystal geometry. The intercalibratimmstants for each channel were extracted
from the pairs data by solving a system of equations reldtiagnean value of the energy spectrum
observed in all the crystal pairs to the mean value expedtiéaatin. With the collected data, the
statistical precision of the procedure ranged from aboufd%rystals pointing to the zenith to 2%
for crystals at largen; on the single crystal sample, while it was about two timessean each of
the crystal pairs samples. The statistical precision wassored, as with the electron calibration
data, by dividing each sample in two statistically indem@richalves and comparing the results.

Detailed comparisons of the cosmic ray intercalibrationstants and the test beam results
were performed in order to calibrate the angle dependentgstfor systematic effects and de-
termine the accuracy of the procedure. On both the singlstalrand crystal pair samples, the
precision of the intercalibration, measured at earhy the spread of the difference between test
beam and cosmic muon constants, was found to be somewhat thars the statistical precision.
This value for the precision was used in the derivation offith@ set of intercalibration constants
for all the 36 supermodules, by computing the weighted mé#reaesults from the three data sets.

A summary of the estimated precision of the intercalibratiwocess is shown in figuré 6,
where the final set of constants from cosmic ray muons is comdpt test beam data for the
available supermodules. The intercalibration precisimraged over a supermodule is about 1.5%
(figure[$a), ranging from 1.4% in the central region to 2.2%hathighn end of the ECAL bar-
rel (figure[6b).

In conclusion, in spite of the significant differences inlbtite process of energy deposition
and the value of the energy deposited between high energyrais and cosmic ray muons, a
precise set of intercalibration constants for the entireAE®arrel derived from the analysis of
cosmic ray muon data will be available at the start of LHC afiens.

4. Additional intercalibration studies

During LHC operation, once the CMS tracker is well aligndeh intercalibration of different crys-
tals will be performed by comparing the momentum and enefggotated electrons. When cali-
brating the electromagnetic calorimeter in CMS, the enerfggn isolated electron will be recon-
structed by summing the signals in % array of crystals around the crystal with the maximum
signal. Statistical considerations preclude restrictimg selection of electrons to just those that
impinge on a small fiducial region in the centre of a crystalor&bver, the measurement of the
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cluster energy does not require the single crystal con@ntrmorrection, which would always be a
potential source of systematic error.

As each energy measurement will contain the contributiomahy crystals, each with its
own intercalibration constant, to extract the constantsitdividual crystal contributions must be
unfolded. This is done by minimising the difference betwtdenenergy and momentum measure-
ments over a set of events. A procedure to do this was testadive electron beam data.

Operationally, in CMS there will be a tracker in front of ECAlhere electrons will loose
energy through bremsstrahlung affecting the measurenfidratlo the energy and momentum. No
effort was made to reproduce this effect in the test beam. liftigations implied by selecting
electrons with negligible energy radiation in CMS have bpeaviously studied with Monte Carlo
simulations [IP] and are not covered by this study. Here aspects related to the stability of the
intercalibration algorithms and to the understanding afrgetrical effects are discussed.

This difficulty is avoided in intercalibrations that are bdson unconverted photons, as, for
example, in the reconstruction of the invariant mass ofmaépions. As with the in situ electrons,
the energy reconstruction will be based on a matrix of cltyst&he procedure for extracting in-
tercalibration constants was tested in a pion beam. Agaimttempt was made to reproduce the
exact geometry of CMS and to study in the test beam the cdyabilselecting in CMS a clean
sample of unconverted photons.

4.1 Intercalibration studies using matrices of crystals with electron beams

In this study, electrons were selected with the hodoscdpieey impinged on a supermodule in
a region of 18x 18 mn? around the point of maximum response of a crystal, almos¢riny the
whole crystal surface. Due to the wider acceptance on thadgtgmint, the overlap of this sample
to the one used in the single crystal analysis was around 2ll8é.energy in a matrix of x5

—10 -



0 C I “ I ] [t C I e 1 7
o [4Y)

[} r b i, r b
= L ] = L ]
LIJO_82; - LLIO_82; b) » ]
C ] L - - ]
0.815— — 0.815— - —
. ] r ]

L . 4 ,u_‘m - - - - 4
08154 — 0.81— o -
r SM 06 ] [ ]
0.805— SM12 = SM22 q 0.805— ]
F « SM16 SM 24 - 120 GeV - F e

C SM 17 s SM24- 90 GeV C ]

C « SM18 SM 25 ] C ]

080l e b e L 080l e b b b L L L
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90

n index n index

Figure 7. Ratio of the energy contained in the central crystal to thergycontained in a matrix of 55
crystals as a function of thg index as measured for several different supermodules exigoshe electron
test beam (a) and as predicted by the Monte Carlo simulafithealetector (b). Discontinuities are observed
at the module boundaries in a supermodule, where part ofrtbrye is lost through rear leakage near the
intermodule gaps.

crystals around the crystal with the maximum signal was tieeonstructed and compared to the
beam energy. In this way, the intercalibration constante@fndividual channels could be derived
up to a global scale factor depending on the fraction of beaengy contained in a &% 5 matrix.

The unfolding of the individual channel calibration comttawas performed by solving nu-
merically ax? minimisation problem, in which the quadratic differencévimen the energy mea-
sured in the crystal matrices and the beam energy is minthoser the set of events collected
over an entire supermodule. Alternatively, an iterativecedure, developed for the in situ cal-
ibration of the L3 calorimeter at LER [[11], was used. In bo#ises, corrections to the recon-
structed energy were required to take into account the medololindaries and the rare cases of
non-responsive channels.

The unfolding procedure was checked by comparing the ialieration constants from this
analysis with those from the single crystal analysis. rddependent correction was required to
make the intercalibration constants from the two methodseagThis correction was needed be-
cause of variations of the fraction of energy that is depdsity an electron within a 55 crystal
matrix as a function ofy. This occurs because of changes wijtin the detector geometry.

Then-dependency was studied in detail with electron beam datd/mmte Carlo simulations.
The results are summarised in figlite 7a, showing the ratibeoBhergy contained in the central
crystal to the energy contained in a cluster of 5 crystals for electrons impinging in @22 mn?
area around the point of maximum response in the centralatrya addition to the discontinuities
observed at the module boundaries in a supermodule, whereffhe energy is lost through rear
leakage near the 6 mm intermodule gaps, a relative variafiabout 0.7% over a supermodule is
observed in the ratio of the energy contained in the singlstalto the 5< 5 crystals clusters. This
effect is attributed to the increase of the longitudinakéege of the shower energy with increasing
n index, due to the staggering of the crystals. The shape ajliberved variation was the same in
all the supermodules exposed to the beam and also well negeddn the Monte Carlo simulation
of the test beam configuration (figure 7b). Yet, as visible gurié[Ta, the absolute scale of the
effect was slightly different between supermodules, witheasured RMS spread of about 0.1%.
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and the 5« 5 crystal matrix analyses (S25), for the supermodules eegtsthe 90 GeV (a) and 120 GeV
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removed from the comparison.

This figure is taken as systematic uncertainty offjadependent correction.

Once corrected for this effect, the results of the unfoldimgcedure agreed with the single
crystal analysis to better than 0.4% (see fidjre 8), whiclisistent with the statistical and sys-
tematic precision of the measurements. The same correstibbe needed in the analysis of iso-
lated electrons in CMS, to derive intercalibration conttdhat are compatible with those defined
by single crystal methods at the test beam and with cosmimtayns.

The comparisons of intercalibration constants of the sairpersnodule exposed twice to the
test beam showed a reproducibility of around 0.3%, somewbete than that for the single crys-
tal algorithm.

4.2 Intercalibration studieswith pion beams

In addition to the studies made with electrons, a differeathrad to intercalibrate the electromag-
netic calorimeter using neutral pions was also studied.aDadre collected in a dedicated run at
the CERN H2 beam line with one supermodule, where ebeam was incident on an aluminium
target to produces. To select events enriched witl candidates a trigger was formed with the
signals from two scintillation counters upstream of tharghium target, and a third one in veto
downstream of the target. Data were collected with 9, 20 @&/ 1~ beams.

In the analysis of the data, pairs of electromagnetic shewsare identified and for each
shower the energy was computed as the sum of the energy tiepesh a 3x 3 crystal matrix
centered on the largest deposition. Only events with twdgrhoandidates with energies higher
than 1 GeV and with no overlap between the two crystal matneere retained. The latter selection
was more efficient at low energies and about 60% ofrtheandidates were collected during the
9GeV running. The invariant mass distribution of te candidates identified is displayed in
figure[9, showing that a rather clean sample could be selestdtan invariant mass resolution of
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about 5.5%. Selected® candidates had an average energy of about 9 GeV, close texipatted
for ° production at the LHC.

To perform the intercalibration witl® — yy decays, the L3 calibration algorithrp J11] was
used. This is an iterative method where the reconstructeatiant mass of each® candidate is
found with the current constants. From this a new set of emtstare derived, which are then used
to reconstruct the invariant masses again. With eachibersihe photon pairs with an invariant
mass within a window of two standard deviations, as detesthiny the previous fit, around the
fitted value for the mass of tha® were included in the fit. After each iteration, the energy and
the impact point of each photon were recalculated using ¢heintercalibration constants. This
procedure is repeated until the average relative chandpe icalibration coefficients with respect to
those derived in the previous step was below 0.1%. This&jlgicequired about five iteration steps.

In CMS, this procedure is expected to achieve a precisioovb&pe with about 1000 photons
from an® candidate per crystal. At the test beam, most ofrtheandidates had one photon within
a region of 9« 8 crystals around the beam axis, where about 140 photonsystalonvere selected.
With this sample, the intercalibration precision was statally limited to about 1%.

Due to tight construction and test beam schedules, thigsugakile was not exposed to elec-
trons in the H4 beam line and a set of high precision intdscatiion constants to which compare
the results of thet® calibration procedure was not available for this supernemdHdowever, data
were collected with 9 GeV and 50 GeV electrons in the H2 bea& from which a quantitative es-
timate of ther® intercalibration precision was derived. For each crystaktogram was filled with
energies of only those electrons that are centered on tyss$aty identified as the one containing
more than 50% of the reconstructed energy. The electromggneas reconstructed in 5x5 crystal
matrices, using the intercalibration constants derivethfthe 7° analysis. These histograms were
then fitted to a Gaussian and the peak positions from the fistamen in figurd 10. The standard
deviation of this distribution is .87+ 0.07% for the crystals belonging to the selected region of
9 x 8 crystals around the beam axis. From this, as the electelasted for this analysis deposit
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only about 70% of their energy, on the average, in the ceotyaktal, an intercalibration precision
of 1.0+ 0.1% is estimated, which is in good agreement with statisegglectations. Over a wider
region of crystals, a degradation in the calibration prenisonsistent with the decrease in the
available statistics was observed. These results wereatsiomed by a direct comparison of
intercalibration constants to those obtained from elestraf 9 GeV and 50 GeV using the single
crystal analysis method.

In summary, intercalibration results obtained at the past beam were found to be consistent
with the expected statistical precision of the method andaod agreement with earlier studies
based on simulated data. Thus, with these tests, we havaghewiability of this intercalibration
method with real data.

5. Summary and conclusions

Prior to installation in CMS, an extensive pre-calibratjprogram was carried out on all the 36
supermodules of the barrel part of the ECAL electromagnediorimeter. Intercalibration con-

stants of the relative response of the individual channéls an average precision of about 1.5%
were derived for all the 36 supermodules of the ECAL barritéraoperating them on a cosmic
ray stand for about one week each. A much better precisioabadfit 0.3%, was achieved on nine
supermodules exposed to test beam electrons.

These results provide an initial set of intercalibratiomstants to be used at the start-up of
LHC operation. In addition to guaranteeing a resonablecti@mtgoerformance with the first data,
comparisons of these constants with those obtained in sitprovide an important tool for val-
idation and development of complex intercalibration pohges based on physics events during
CMS running.
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An experimental study of some aspects of the in situ intémegtion procedures, based on the
use of single electrons in CMS and the reconstruction ofrakpions from photon pairs, has been
also performed with data collected with electron and pi@h beams. Results have been reported,
demonstrating that the algorithmic part of these intebcation procedures is understood.
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