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Abstract

The feasibility of using cosmic rays to make ariioalibration of the ECAL Supermodules before ittetian in
CMS has been investigated. In a test with a siogistal a clear signal with a width of 15% rms wgasgn, with
rates as expected. Simulations using a simplifetéator geometry and a parameterisation of theéceéosmic
ray muon flux indicate that it is feasible to uke surrounding crystals as veto counters to erslwagitudinal

trajectory through the crystal, without introduciadarge systematic error. The statistical errouldde around
1% for one week of running.

*On leave from High Energy Physics Institute, Thi@eorgia.
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1 I ntroduction

The Compact Muon Solenoid [1] detector (CMS) wél dne of the two general purpose detectors indtali¢he

14 TeV proton-proton collider LHC under construatiat CERN. The Electromagnetic Calorimeter (ECAL) o
the detector will be a hermetic full energy calater [2] made of 61,200 lead tungstate (Ph)VEystals
mounted in the central “barrel” part, closed byZ4 2rystals in each of the two end-caps. The ECAIL lve
mounted inside the superconducting coil of a 4 &esllenoid. The use of lead tungstate crystalssi¢ach
compact calorimeter but the low light yield of tlaig/stal requires that the light sensors have daithe barrel
part the light emitted by each of the crystals Wigl measured using two type 8864-55 avalanche gioates
(APDs) [3] specially developed by Hamamatsu Phatrior CMS, and in the end-caps with vacuum
phototriodes. The aim of the CMS ECAL is to meastln® energy of photons (and electrons) with as good
resolution as possible, with the goal of 0.67% ain$00 GeV.

In the barrel part of the ECAL the crystals arecassled into units called Supermodules, each contih700
crystals. In CMS 18 Supermodules will be mountetbtan a cylinder covering the region of pseudorépjd,
from O to 1.48 in one direction, and a further 18 wover the same region in the other directioheTbarrel
ECAL crystals are 23 cm long, slightly tapered wétitrance and exit faces of about 2.2 x 2.4 cm2afdc 2.6
cm respectively. APDs are paired in 5 V bins actmydo operating voltage, mounted in a “capsuletl an
subsequently glued onto the exit face of the ckystaslice through a Supermodule is shown in Féglwr
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Fig 1. A slice through a Supermodule, with the talgspointing downwards towards the interactionaegand
the electronics indicated schematically above tigstals. The front of the crystals is at a radii$29 cm, while
a plate closing the electronics (not shown, mountetbp) is at a radius of 175 cm. A Supermodul® s long.

In order to be able to achieve a good intercalibnadf the gains of the full 61,200 channels softerahe start

of the LHC, it was intended to test and make agadésration of all the Supermodules in a high egezlgctron
beam at CERN. However, due to delays in the coctstiu and the absence of beam in 2005 and posaifg
this will not be possible for many SupermodulesisTaper explores the feasibility of an alternativaey to
obtain an intercalibration of the channels usingneic rays. Such measurements would also provide an
additional check that each channel is working prigpand ensure that the gain monitoring systemasntained
and functioning as it should. An initial feasibyjlitest at PSI with a single crystal to check thie end the signal
quality gave a clear signal with a count rate imeliwith expectations. Simulations with a simpleedtir
geometry and a parametrisation of the vertical 8ficosmic ray muons were then used to simulatedbponse

of a crystal embedded in a matrix and to exploresiide triggering modes. This paper outlines the
considerations for a cosmic rate study of the Smpdules, and describes and gives the results fnentest and
the simulations.

2 Outline

The basic requirements for a cosmic ray study téebsible are that there is a clear enough signbétable to
compare the channels with a useful accuracy, tmatsgstematic errors are small and that the rapzastical.
Cosmic rays crossing the crystals transversely slepbout 25 MeV on average (normal incidence),simall to
be useable. However, those passing longitudinbliigugh the full length of the crystal deposit ab2b0 MeV,
which should give a clear signal, but with a rathew count-rate. The crystals produce around 4.5
photoelectrons in the pair of APDs per MeV, so that energy deposit of 250 MeV would give 1125
photoelectrons. In addition to the crystal respahsee will be a contribution from the so-callecclmar counter
effect due to muons passing through an APD, whiethave estimated to be 90 MeV for APDs operatirgpat
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250, used in the test reported here. However, riée @f the two APDs sensitive to traversing pagticincluding
a region outside the optically sensitive area,nily @bout 10% of the area of the crystal back face so this
should not significantly interfere with the measuents.

A Supermodule would be supported lying horizontadlg in Figure 1, such that crystals which will diethe
centre of CMS1{ ~ 0) would be oriented nearly vertically. Howeviigse at the other end of the Supermodule
(largen in the detector) would be at angles up to 64 degte the vertical. At such large angles the rédite o
cosmic ray muons is significantly lower, and thedpm is harder than the vertical spectrum [4JusTthe
average energy deposited in the crystals in a Sugpdule lying horizontally will change with the aegbf the
crystal, but not by a large amount. The expectaddraund from electrons and protons appears tcelgégible

[4]. Triggering would be provided by scintillatoabove and below the Supermodule.

In order to have a clean signal, it is necessangstrict the data to muons passing through theaec¢ and exit
faces of the crystals, or entering or leaving tide f the crystals close to the end. This coulcebsured by
mounting tracking devices such as drift chambemsakand below the Supermodule, but because ofatige |
size and range of angles to be covered this didppéar to be practical. An alternative which scdssed here
is to use the crystals surrounding that where thempassed as veto counters.

2.1 Count rate

The cosmic muon rate at the ground passing threugbrizontal plane is 80 per trar sec) for “hard” muons
[4]. The total flux is about 25% higher. For a ¢ay23 cm long, with a 2.2 x 2.4 cm front face and.4 x 2.6
cm back face placed vertically, the hard rate shogn be 3600 x 80 x 2.2 x 2.4 x 2.4 x 2.6/(2Bx21() =
1.8 per hour, or 300 per week. The angular distigbus expected to follow a codistribution so that crystals at
an angle of 64 degrees would have a rate a facdotver.

2.2 APD gain

With the APDs operated at the planned mean gaibOodfor each capsule, the ECAL read-out electroh&s
been demonstrated [5] to have noise levels equivabearound 40 — 50 MeV rms. In order to improive signal
to noise ratio and thus reduce the sensitivitynannel-to-channel variations of light output anisapthe APDs
can be operated at a higher mean gain.. Each ABDéd®n qualified for use in CMS by testing thaythehave
without problem up to gain 300 [3]. Higher gainaiacreases the sensitivity to energy depositeddjacent
crystals, allowing a lower level veto in adjacentstals to be applied. In the test reported head 50 was
used. However, in order that neither APD of a jraia capsule be operated at a gain over 300 a geanof
200 is assumed in the simulations reported here.attual increase in gain of each pair of APDgikelao the
operating gain must be determined by the laser tmong system [2]. The reliability and charactddstof the
APDs at high gain are discussed in Section 5.

3 Test with asingle crystal

In order to verify that a clear signal could beiaghd, a test set-up with a single crystal wasalfest at PSI.
Measurements were made with the crystal placedcaéiyt (0 degrees) and at about 13 and 67 degrE®s.
crystal was a standard ECAL crystal, with a paiiA®Ds mounted on the crystal in a capsule in thedsrd
way, but operated at mean gain 250. The crystabvapped in Tyvek. Figure 2 shows the set-up sctieaily.
Trigger scintillators (S1 and S2) of widths 2.0 2 2nd 2.2 x 2.4 mm were mounted about 1 cm froen th
crystal’s front and the back faces, respectivelyese scintillators were 2mm narrower than the atystds in
both dimensions, to restrict the tracks to thosesipg through the end faces of the crystal. Lapgetdles (S3
and S4) of 22 x 22 cm and 15 x 15 cm (13 x 13 crritfe off-vertical measurements) were mounted beloav
crystal. 5 cm of lead was placed above S4. Thgdrifpr the data acquisition was a coincidence beiwS1 and
S2 and a coincidence register recorded hits inn83S#. The APDs were read-out through a preamphfiel an
Ortec type 450 shaping amplifier with a shapingetiofi 100 ns and gain 5 feeding a Lecroy 2249 W A a
100 ns wide gate to simulate a peak-sensing AD€.nidise at the ADC input was measured to be abMa\b
equivalent rms.

Initial tests gave many triggers with no data frtme crystal and it was concluded that there wetet af
coincidences from Cerenkov signals from the triggmmters’ plexiglas light guides. As a result #ivaélds were
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Fig 2. Schematic of the set up for the test witBirggle crystal. S1 and S2 were plastic scintillataith
transverse sizes 2 mm smaller than the end ofrifstat they were positioned above or below. S3 &4dvere
large scintillators, not included in the hardwatigder.

increased, which reduced these bad triggers bugaappalso to have reduced the efficiency of thedieadfor
real tracks by some 5%. The efficiencies of S1 &2dnay therefore have been similarly reduced.

The temperature was not stabilized but recordet edgtch event. Figure 3 shows the correlation betwhee
signal and temperature for the 0 degree data. ihbad a linear fit to the data giving a temperatdependence
of the crystal plus APD of about -8.5 % per degeseexpected, which was used to correct the data.
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Fig 3. The correlation between temperature and Ab&nhnel for data between channels 150 and 450.

Figure 4 shows the temperature corrected datadag€ees after 12 days for the raw trigger, withearcsignal
visible. The peak around channel 30 is the pedeéstiitating that the triggering was still not verean.

Figure 5 compares these data with those when ct@nces in S3 and in S3 and S4 are also requireplifitey
these extra coincidences principally reduces thmabmau of bad triggers (histogram entries below ckeai60),
with a reduction of counts in the peak of about §#r additional coincidence, which we attribute to
inefficiencies in these detectors. There is no olwieffect on the spectrum shape of the lead abspthced
above S4. Taking the data shown in Figure 4 betwebannels 160 and 400 as the signal, the rate viaget
hour or 168 per week, compared to 180 per weekategdor hard muons in this geometry.

Figure 6 shows the results for the run at 67 degndech lasted 15 days. The conclusions are the sanfor the
0 degree run except that the rate, 4.4 per day,anvictor of 5.4 lower than at 0 degrees compaoethe
expected (1/c3§67°)) factor of 6.6. The more striking removal déta at low channels with the 4-fold
coincidence may reflect an improved geometry ofgbieup with the light guides oriented differentityreduce
coincidences from Cerenkov signals in them.
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Fig 4. The data at 0 degrees for events with cdengies in the counters S1 and S2 only. The datsiramed in
15 ADC channels.
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Fig 5. The data at O degrees with the three diffeceincidence conditions, binned in 15 ADC chaanel
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Fig 6. As for Fig 5 but for the data at 67 degrees.

Figure 7 shows best fits of Gaussians to the Oetegata binned in 10 ADC channels. First a Gaussas
fitted to the data in channels 150 to 300, and theecond Gaussian was added with the widths bffoatd to
that found in the first fit. The rms width of thédtéd Gaussian is 29.5 channels or 14.6% of theegtad
subtracted mean channel (202). If the main peasssimed to correspond to 250 MeV energy deposit, tie
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second, smaller Gaussian is centered 115 MeV hig¥ithr an area 12.5% of the main peak. Our estirohthe

size of the nuclear counter effect was 90 MeV, witlmagnitude of about 10% of the main peak. Howether
simulations indicate (see Fig 9) that the energyodi spectrum itself has a tail towards highergies and so
the nuclear counter effect cannot be considerdsktthe only source of the observed high energyAadimilar

fit to the 67 degree data gave exactly the samewidth as that at O degrees, which is fortuitougegithe
statistical accuracy. The position of the main paia&7 degrees is 3.6 + 2.1 % higher than thatdegdees.
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Fig 7. The 0 degree data in channels 150 to 41th&61.S2 trigger, in 10 ADC channel bins. Thediare best
fit Gaussians (see text) and the errors statistical

Combining the rms width of the peak and the nunadfeounts gives statistical accuracies of 1.2 aB6®2 at 0
and 67 degrees, respectively, in one week.

Much of the vertical cosmic ray muon spectrum hamaentum of less than 1 GeV/c. In passing thrd2gjbhm
of lead tungstate they suffer multiple scatteringtlte scale of 1 cm lateral displacement. Thereffmra crystal
embedded in a matrix the possibility should be m®red that significant numbers of muons mighttecatut of
the crystal, and then rescatter in an adjacentairpack into the original one. This would thenegev tail in the
spectrum to lower energies corresponding to theggndeposited in the neighbour. To investigate, theta
were taken with and without the crystal wrappe® imm of lead (excepting 2.8 cm at each end), is thise
with the crystal at 13 degrees to the vertical. Tine with the lead gave essentially the same resulthat
without, with at most about 5% more counts in tBecannels below the peak. This indicates thatagtering
should not be significant for crystals embedded Bupermodule.

4 Simulations

In practice, for a Supermodule test, it is baredasible to define the incident and exiting trackhwihe
millimetre precision used in the test. The sizeaddupermodule is such that any tracking device ssctirift
chambers would need to be metres long. Those ftuhe readily available typically either could mbvide
the resolution or were themselves sufficiently messo cause significant multiple scattering, delgmng the
resolution of track projections. Further, it is paissible to get very close to the back face ottlystals because
of the read-out electronics, compounded by theeafgrystal angles. Therefore it was decided fae the
possibility of using the surrounding crystals asoveounters to ensure proper trajectories, usingit¥lcarlo
simulations.

The APDs are paired in the capsules accordingédamtierating voltage, in 5 V wide bins, such that tiean
operating voltage of the pair is always at the d@ntre. However at gain 250, the change in gaih wiltage
(dM/dV) is so large that individual APDs at the edgf the 5V bin would be operated at gains of B@&0, the
maximum gain at which the APDs were tested to bsenfsee. Therefore in the simulations, an APD gdi200
was assumed. Then the effective read-out elecsanitse is “reduced” from around 45 MeV to 11 Mansr

In order to use the adjacent crystals as vetodsouiitlarge losses due to accidental vetoes frormdise, the
veto level cannot be much below 3 times the rmsievalf the noise; in this case if the noise distidruis
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Gaussian and all eight surrounding crystals ard asevetoes the accidental veto rate would be 2-&%tvever,

a veto level of 3 times the rms noise would be 38/Mwhich is about 13 % of the signal size. Thisangethat
about 13 % of each end of the crystal is effecfiedposed without adjacent vetoes, for the vertieaimetry in
the Supermodule where the end faces are co-pl8pld angle considerations then indicate that theyeld be

about the same number of muons entering or lea\@ngoth) through the “exposed” sides of the ciyatahe

ends, which would not trigger a veto in an adjacenystal, as muons with correct trajectories thiotle

entrance and exit faces; these would deposit UP686 less mean energy in the crystal than muons thih
proper trajectories. The geometry at larger aniglesore complicated with a tooth-edged profile, anlinot be

considered here.

The simulations used the standard GEANT 3.21 parKéftogether with programs developed to simulate
similar cosmic ray tests for an experiment at P8l The “target” crystal was defined as a 2.4 croasq
(untapered) rod at the centre of a 23 cm thickdddP0 cm square) block of lead tungstate. Thestargstal
was surrounded by eight similar crystals. An eweas vetoed when the energy deposit in any oneeoéifht
surrounding crystals exceeded the veto level. Hhtiah, trajectories could be confined with loossogetrical
cuts to be approximately correct, such as mighinfgosed if a CMS muon Drift Tube chamber were mednt
below the Supermodule. Simulations were also madé® @& minimum outgoing energy of 380 MeV,
corresponding to the range in 30 cm of iron, toneix@ whether such a filter before the lower triggeunter
could be helpful. The incident momentum spectrurmabns was that measured for vertical cosmic ragnmau
[4], with a cut-off at 10 GeV/c (removing about S%fothe flux), and no angular dependence. The landstate
block was uniformly illuminated at its centre ower area of 10 x 10 cm, and with the cosmic ray aasnuthal
angular distribution over the range 0 to 20 degrées the results presented here 1 million evergsew
generated.

Figure 8 shows the energy deposited in the tanystal with no additional geometric cuts beyondsthof the
incident distribution, as a function of the assurmetb level. E-out is the maximum energy depositedne of
the surrounding eight crystals. The condition E-o@® MeV thus corresponds to muons entering andrigahe
target crystal’s front and back faces, and witheamuexcursion out of the crystal en route. If E-oak set to 33
MeV it would correspond to the veto being 3 timies tms noise as discussed above. The peak arouli@V5
which grows as the veto level is increased is dumtions traversing the crystal at relatively stapgles and
depositing energy in around four of the neighbayidrystals.
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Fig 8. The energy deposited in the target crystéhé simulations, for various values of the peteditnaximum
energy deposited (E-out) in any of the surroundirigystals. The lines through the E-out = 0 anddM&V are
to guide the eye. No additional cuts on the geedradcident muon distribution were applied.

Figure 9 shows the same spectra as in Figure 8yiblutthe assumption that there is a wire chamletove the
Supermodule which is used to remove tracks at siegpes and with exit coordinates well outside tdrget
crystal exit face. The two figures show the spesaiithout constraint on the outgoing muon energy waittl the
requirement that it should be at least 380 MeV.r&h& no obvious significant difference betweentthe plots.
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Fig 9. Top: the same as Figure 8, except that smeth large exit angles or positions far from taeget crystal
have been excluded. Bottom: as for the top pare&m that the muon was required to have an erefrgyleast
380 MeV on leaving the crystal.
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Fig 10. The mean energy deposited between 100 @hd/8V as a function of the veto level, dividedtbgt for
a veto level of 0 MeV, for the data of Figure 9.eThll line is for all muons and the dashed line fauons
leaving the crystal with at least 380 MeV.

Figure 10 shows the mean energy of the spectréggafé&9 between 100 and 500 MeV, as a functiomefvieto
level in the neighbouring crystals (E-out), expessss the ratio to that for E-out = 0 MeV. The effef
requiring a minimum of 380 MeV for the outgoing nmuis not significant. The slopes of these curves atto
level around 33 MeV indicates that no great caetrige taken to ensure that each channel has aicalereto
level, to achieve a precision in the per cent range
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Fig 11. The number of counts in the spectra betwié¥hand 500 MeV as a function of the veto leveltfe
data of Figure 9. The full line is for all muonsdathe dashed line for muons leaving the crystahattleast 380
MeV.

Figure 11 shows the total number of counts betwid¥hand 500 MeV in the spectra of Figure 9 asnatfan
of the veto level. For a veto level of 33 MeV thember of counts is nearly double that for E-out M&V, as
expected from solid angle considerations. Togetfiguyres 10 and 11 suggest that having a hon-zetimlevel
allows a significant improvement in statistical a@cy with little extra systematic uncertainty. éed, further
studies may be helpful to ascertain the optimuro \etel.

5 APD Reliability and Characteristicsat High Gain

All APDs installed in the CMS ECAL have been powkre to breakdown many times during the screening
procedure for acceptance for ECAL [3]. Furthermamgny tests over many years, especially during the
development phase, have indicated that the Haman#s®® is a very robust device, which survives even
accidental gross mistreatment without any changss ielectronic characteristics. It is thereforeught unlikely
that running all the APDs in the ECAL at gains ard®200 for a period of around a week would cause an
damage, although it could possibly identify any kvé&®Ds which slipped through the screening. Newetbs

to confirm this, 39 APDs were run at gains betw&éf and 320 for 24 days. Their dark currents ami th
operating voltage for gain 50 as well as their kdeavn voltages were measured before and afterwaitbre
was no measurable change in either the operatitigeobreakdown voltage of any APD, but the darkenirat
gain 50 was reduced for all APDs, by typically 30f#dicating that some remaining small defects may b
annealed by running them at raised gain for a gerio

All APDs delivered by Hamamatsu were required tofldey depleted at gain 50, which was checked fibr a
APDs upon receipt of their test data. Thus at higlens there is no change in the capacitance ttaanly
expected significant changes in the APD charadiesisare increased excess noise factor, and vokage
temperature coefficients [8], which become 3, 8% \¢&lt and -5% per °C respectively at gain 200wdwaer,
these changes are not sufficient to impinge on oreasents with a Supermodule, as the single criessalat PSI
confirmed.

6 Discussion and Conclusions

The results of the tests with a single crystal ahthe simulations indicate that it should be plolesto obtain
intercalibrations of the crystals in ECAL Supermigduwith statistical accuracy in the per cent ragio one
week.

The results of the test with the single crystalvet a clear signal, with a possible contributicanirthe nuclear
counter effect in line with expectations. The ratese consistent with those expected. The stadigticcertainty
for one week of running based on the geometry useldis test would be between 1 and 3% dependinthen
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crystal angle. The test indicated that there da¢sppear to be a need to have a thick absorlremnove slow
cosmic rays from the trigger. There was some evid@f a few per cent increase in signal size ati€grees,
but the statistical accuracy is poor. A mean AP gh250 was used for these tests.

The simulations have indicated that it should bgsfide to achieve a clean and reliable signal Supermodule
by using the surrounding crystals as veto countéhe rates with such a configuration would be with
significantly higher than if a “perfect” geometricaut on the trajectories was applied, withoutrgéaincrease in
systematic uncertainty due to possible channehtminel variation in the veto level. This relatimsensitivity to
the precise veto level is important because thd-oed electronics feeds the ADC with a scale (fetDAgain
200) of 9 MeV per channel. Thus veto levels of &itA7 or 36 MeV are probably the only options, #mete
will be no possibility to fine-tune the level withithis step to account for any inherent channelkannel
variations. The simulations included neither naise the nuclear counter effect, but these shoutcchange the
main conclusions of these studies. The simulatom¥firmed that there appears to be no need foraayhe
absorber above the lower trigger scintillator. Thegumed that a mean gain of 200 would be usatidgrair of
APDs on a crystal, to avoid individual APDs runnatggains over 300.

There will be systematic changes as a function iof such a test, due to change in the cosmic ragtagm and
to geometrical effects. We have not explored tleffeets in detail. However, any systematic erroadsnction

1 should be the same for all Supermodules and piplzaiuld be corrected for by a uniform and reasdnab
smooth function. We have also not explored how uisttie signal obtained from crystals at the eddethe
Supermodule would be, where three of the eighthimigring vetoes would be missing.

Another source of possible systematic error is mmy-linearity in the electronics since the effeetsignal of 1
GeV needs to be extrapolated 1 — 2 orders of madmito be useful in CMS. Cosmic ray muons gendigtiée

in the crystal as a uniformly bright single linespang through it, while electron and photon showssluce
light with a very different distribution, which clibialso introduce systematic differences. Neveebglthe best
test of the reliability of such an intercalibratiovill be comparison with results from calibrationsing high
energy electron beams; recent preliminary resultsuzh a comparison for part of a Supermodule look
encouraging.
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