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Abstract

The CMS slecttomagnstic calotimetet & pres=nfly ondet consttoction at CERM. Intet-calibmtion of
the channhek is a ctocial isso= fot physics pethotmance. The mainh sontce of chahnel-to-chan el te-
spohss vatiation in the bate] & the ctystldo-ctystal watiation of scinfillation light yi=d which has
an RMS of 3%. An imptoved method of asing labotototy memsntements prifotmsd doting the ECAL
mz=mbly phas= to ptovide an initil inewcalibistion is pres=nied. The intetalibtation constants de-
tived fioim thess meazntements at= compared o tefetehos cosfficiznts measot=d osing high ehetgy
mlections in o test-b=am. It iz fonnd that the infetcalibiation costficiznt obimined fiom the bbomiory
memntements have an BMS pi=cizion of abont 4%.
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1 Introduction

Eztablizhing an intet-calibiation of the TWM3 BZAL crydal calotimetet channels to be nzed atstat-op of the LHC
collidet opstations & impottint for s=tting initial figget thtmshold, to guatantes a tramohable ehetgy temolotion
and to ehzote a sofficiently ohifotin tesponze of the calotimetet Fot the battel ECAL, only a few of the 36
supetinod nlex, each made of 1700 ctyshils will be exposed o high enetgy slectton =2t bram for intet-calibt=tion
stodies. Labomioty me=azoi=me=hnts, Petﬁuﬂ'nud in th= con=zttncticn Ph:me, can b= pmed to de=rive int=tealibiation
coe=fhic i=nts fot the t=imaining chann=ls [2].

The accotacy of an intet-calibtation beed on labotatoty measote me= iz has beeh vetified by compatizon with =lec-
tioh text b=nim data in 2002 [2]. Tt wos shown that the me=thod o=zing khowledg= on the light yi=ld and longitodinal
tahzmizzion of the PEWO ctyethils the geometry of the ctysfalz, and the m=ociated photo-z= nzitive and amplifi-
cation mlectimnice, can b= peed to achi=vea pr=c ion of d.5%. Thiz Ptﬂ:id-:lh wis mmen to ctitically depehd @ the
det=timination of the light yi=ld of the cryzhals.

In thiz papst, o compatizon is made with election te==t beam dat tken in 2003 and an imptovement of the int=t-
calibtation method bazed on labotatoty measnt=mentz iz pressnted.

1.1 The CMS electromagnetic calorimeter

Th= CM5 Electromagn=tic calotimetet [1] iz mad= of abont 75000 l=ad tongetabe (PEWOY Jecintillating ctyetals. Tt
iz composed of a batte| and two sndecaps. The ctystals in the battel ate gronped in 36 sopetmodoles, sach divid=d
in 4 moduoles azshown in Figote | . The ctystil shaps vaties with 5; in patticolat thete ate 17 diffetent types of
cty=tlsand fot =ach of theim th=t= iz a right and l=f handed v=izich.

Th= PEWO waschomen becan== it i& fa=t and haz azheott todiation lnght and a small Moli=t= odios. Heveithel===,
it inttinzsic light yield iz telatively low, aboot 10D photonsTe% ot 137C. This fact along with the pres=no= of a
ety int=n== magn=tic A=l inzide= th= kari=] l=d to th= choke= ofavalanche Pha‘badiade:i.fhPD:] :ul:lhcl'l:-:ldebﬂ-:lu.
T AP, n:lul:lled ina r:l:uule, at= glo=d oh the =at fac= of =ach ciystal; five ml:lmle: ar= t=ad oot by the =ame=
Yery-Fiont-End (YFE) booid. The WEFE= at= connect=d, in _{tn:lul:uclfﬁ'.e, ta the Fiont-End (FE) boarde, the card=
dezigned to ptocess ahd siote the digitized dota while waiting for the tig get decizion. The data ate tansfet=d o
the off detectot electionics v optical fibtes.

Figot= |: Sopetimod nle of ECAL calotimetet.

Doe to the tight constinction sched ok only a few of the 36 sopet-madoles will b= clibimted in o test-beam with
high =netg y electiohs before installation in CW35. Howevet, having a sttting point for the cletimetet calibtation
is impottant fot s=tling the trigget thteshold ahd to goatantes a t=amohable initial shetgy resolotion . Fotthe kate]
ECAL the main sontes of chanhe Ho-chanhel tesponss vatiation in the baitel & the ctystlto-ctystl vatiation of
scintillation light yield which haz an EMS of 3%. Foi thome channels that will not b= calibiated with the beam, it
has be=h snggested to nse the ctystal light yizld me=asot=ments petiotmed in the cohgttoction phase. The accotacy
of thiz m=thod can be vetifisd compating test-beam crystl calibttiohs with the prediction from bbomioty. Tn the
20012 it was shown that this methed cah achisve a precizsion of 4.5% fot a laige statistics of crysak [2]

Thiz analysis shows that an imptovement of this precizion can be tmached combining all available labomiety
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1.1 ‘lest benm setnp

Doting Summet 2003 100 ctysak of a type 4 modole wete f22ted at Ceth oh the H beam of the CERM SPS. The
APD= wete tead out by VEE catds equipped with FPPA (desctibed in [3]) to amplify the zighal. The final HY
sysiem conosived fot the CWMS-ECAL vwas uzed tosopply the APDe. The ciate was conhecied to the modoleviaa
cableot 120 m, o= it will b= fot the final installation in the sxpstiment. The modole was sitting oh ameving Table,
which allowed a position scan with the beam. It wos cooled and mantained ot 18 £ 00570

2  Optical characterization of the PbW O, crystals

Al BCAL cty=tals ate chatact=tized in two tegional Centies: CTERN and Roima (INFM-EMEA at Casaccia) befoi=
E==in |:||_-,'. Th= l:t_',':h| chatct=tizatioh con=siztz of the mesot=m=nt of th= |n:lhgi‘|:udir|:|| (LT and tansvet=al (TT)
n:lPtir..ﬂ tanzmistion, the scintillation |i_{|11: _','iEH (L% and th= dim=hgioh=s. Thets me=mot=m=niz at= PEt'E:l'I:l'nEd
in an apomatic way with specil machines called ADTOS (Avtomatic Ctystal Contiol System) [4] The CERM
c=hite has boilt thime ACC0E machines { hamesd ACC0E, ADCCTEL and ADCOCE?). The Fome c=ntie ha L
machine { ADCOR). Croms calibiation of the CERM and Roime machines i desctibed in [5].

The tezolts of Rome meazotements have besn presented in [6] The LY and the Longitodinal Tmnzmizsion (LT}
meaznteme it petfotined at the CTERN centte ate desctibed in the followin g secfion= 2.1 and 2.2,

2.1 Light Yield measurement

At the CERM centte, the LY iz measoted with the photoh conntin g techniqu e desctibed in Bef [7]. The measate-
ment involves a scan with a tadicactive sontos in st ps of | cmalong the full ctyztal kength, making nze of o =t=p
imotot The PEWC, Iight i ool lmcted |:|_'.' a Phn:l‘l:l.l:nuHiPht {PL

Ciystals ate acoepted i theit LY is greatet than 3 photos lectio ns pet BeW { pe/WleV). This limit & ==t fot ctyshls
winpped inaTyvek emvelope ahd coo pled 1o the PM with aspecial optical greas=. Only a sobeet of ctyshlzis tested
in thiz condition. In the ATCOS machines ctystals at= hot wiapped and thet= iz no optical contict betwesn them
and the photomuokipliet. A et of costficientz is uzed to convett the ADTD S meazote mentz inio the afote me= ntiched
acoephinoe cohditions; they ate detetinined peticdically using the ctystals tested on both test s=tope.

The LY vetzos posifioh memsotements ate fitted with two stiaight lines fiom 3.5 to 115 cm from the cty=al front
and frem L L5t 195 em. The :l\:IPE of the== fitz in nnits of mdintion l=ngth= (50 l:n:lth:Pclhd:t-:l the -zl l=d Front
ahd Reat Won-Unifotinity. From the fit tesoltz the LY ot 3 X, { distines cottezponding to the showst-maximuom
for o 50 GeV slectronz) iz alsc dedoc=d. Thiz iz what iz ozoally t=f=it=d o o= “the 1Y’ of the ciy=tal.

Th= FHUF i= a crocial patametet for the clotimetet petfotinance, brcaoss itconttibotes to the constant tetm of
the snetgy tezolotion. Becmoze of the fapsted shape of the ctystalz, a sttong focuzing e fiect fokes place and =o the
ctystil light yied piofile iz not natotlly fist. In otdet to have a onifotin light yvield, one of the lobetal foces of
the ctyztilz & depolizhed by the ptodocet. This procedote is dizcozzed in [7]. The ctystals for which the FNUF
iz found ount=ide the specifications ate fotthet depolished o CERN. In what follows we will call thess ctystls
"hand-ohitotmized”.

11 Longitodinal Tramsmission Measurement

At CERN the longitndinal tanzmission (LT} is memotsd osing special spectiophotomet=i= [7]. The light going
thicogh the ciystal iz emitted by a halogen lamp and detect=d by a latge UV -=xt=ndsd pin photediods. The kngi-
tudinal tansm sxioh iz memoted ot L1 wavelengths s=lected with o ==t of optical filt=t=: 330, 340, 350, 360, 330,
392, 405, 420, 450, 500, 620, 700 nm. A typical LT cotve i shown in Figors 2.

Tt haz a phtean fot high wovel=hgths and a seep d o=t aton nd 360 hm. The LT cotve i fittsd in the t=gioh of the
=dg= with the following fonction:
ET(A)= [l — P3 . e WPy g7 IA-F0LPL | by (L)

whete P4 iz fixed 1o 92 nim. Thiz fonctioh hazan inflsction pointon the =dge; the slops ot the inflsction pointand
the LT ot 360 hm o= considet=d a= ind icoiots for diation hatdness The LT at 420 nm and 620 nm are conzidet=d
fot genemlctystal quality. Crystls ate accepted if: LT(360 nm)>25%, LT 420 nm = 55%, LTi620 nm) »>65% and
Slops = 3%/nm. Inotdet to imptove the precision we ose the fit tesolts to detetimine the LT at 360 nm (LTygq).
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Figot= 1: Typical longitodinal tansmission cotve measored ot Cetn.

3 Improvement of the Light Yield resolution

Doe to the zmall ameoont of FEWO,; scintillation light, it is vety difficolt to measures preciz=ly the Light Yiel
for PEWO, ctystals in the labotatoty with low enetgy tadicactive soutoes. The meazotement precizion can be
imptoved by applying cottections detived fiom t=gobt = peated measor=ments of tefetznos ctystals, and also by
nzing the cott=lation betwes=n the meaznted longitodinal tansmittines and the light yi=ld.

3.1 Reference Crystal Correction

A p=t of tefet=no= crystals iz meazated daily on ADCOE in oidet to monitot the machine =tability [7]. The teso-
lution of the LY measot=ments can be imptoved [6] by tezmaling sach taw ctystal LY measor=ment by the daily
meaznt=ime=ntofthe t=fet=nce ciystals accotding to the fotmuok:

. A . EYrqu lerpatal Ref, day ()
EYeorrleryatal X, day o) = LY rqulerysial X, day ) - LY. icrystal Re [, day d)’

(2

Figote 3 shows the measotements of the t=fetence ctystal light yield petfotmed by the two CERN ACCOS ma-
chin=z

Figotes d and 5 show the effect of the cottection of Eq. (21 on the tesolotion of the tefetehos ciystals. The plots
t=pt=s=ht the tw and cottected light yied notimalized o the valoe ot day 0. The cottect=d dizttibotions have a
tezolution which mnges between 0.9% and 1.7%. Thez= tezolts ate not 2z good az the one tepotted in [8] fot
ADCOR becanz= at Ceth the nombetof meazoted tef=tence ctystals varies evety day while in Rome the =ame five
tefetence ctyshls ate menzoted daily. Wevetthelesz, the imptovement cleatly visible for the ADZOZED crystals
confittnz the fact that thiz cottection iz impottant in iz of latge fluctuations of the AZCOS devieez Figors &
showsall tefetence ctystal measutements in one plot withootand with the daily cott=ction. The ovenll cottect=d
diztribotion has astandad deviation ofaboot L.7%. Becanss of the =ffectiven=s= of this cotrection, in thiz anal y=is

we nz= it in the detetmination of the LY.

31 Correlntion between longitudinal transmission and light vield.

The LT meazoteimeznt iz simplet and mote precize that the LY measotzment. A cottelation of the LT measoted at

360 nim and the ctystal LY was t=potted in Ref. [3]. It is proposed het= o =xploit this cottelation betvween LTg,
and the LY to imptove the ptecision of the detetmination of the LY.

The depzndence between the LY and the LTy, can be fitted by a sttaight line
LY = pl + p2 - LT (3
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Figot=3: Light yi=ld ofthe ACCOSE (a) and ACCCOTE2 (B pedet= no= ciystals notmaliz=d to theit m=an light v =l
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Figot= d: Raw (l=ft plotz) and cottect=d (tight plot) light yield fot some of the tefetenos ctystals meazotsd by

ACTOS.
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Figote &: Baw (left plot)and cottected (tight plot) light yield forall the tefetence ctyztals meoted by all AZC0S
machinez. Evety ctysial menznt=im=nt iz cottected with the daily men=ntements of the othet t=fetence cty=tal=.

and the patametets pl and pl can be ozed to detive anew valoe forthe light yield I:L]:'lrm Ll

The cty=talk me=mmnted at C=ih 5o fardo not have sxactly the same chamctetigics: the fit 4 cryztl botch == have a
single dopant, while fom middle of batch 5 onwatds the ctysiak have a dooble doping. Moteovet, the oghnes=
of the depolizhed foce was changed duting the pte-ptoduoction peticd in otdet fo optimize the FHUFE. In thiz texpect,
we can disting uish foot ctystal groops ax in Table L.

Tionp | Doping | Fooghness{um) | Ciystal Type Babch

Q singls 0.25 all L-5

L donble 0.25 all 5-7

2 donble 0.35 all 3-14, P1-P&, 51

i donble 0.30 L from 52 and fiom BT
i donble 0.35 18 from 52 and fiom BT
i donble 0.30 L0-13 from 52 and fiom BT
i donble 0.25 Ld-17 from 52 and fiom BT

Table L: Rooghhes and doping of ctystals measoted 2t TERN. The ptodoction batchez ate indicoted with l=tt=t P
and 5 depending oh the conttact.

Tt ha=z be=n shown in Ref. [T] that the tonghnes has an =ff=ct on the meazoied LY Momovet, the memmored LY
mightdep=nd oh the ctystl type, becanss of the diffet=nt shaps; =0, fotthe detetmination of the poramet=t= pl and
P2 infotmaola 3, it is appioptiate to analiz= s= paiatel y ctystals with diffst=nt tooghhesz and shaps. Figot= 7 shows
the de=p=hdence of the LY on the LTaan fot diff=t=nt Lind of ciystals.

A collection of memotements from the ACTOS and ACTOCE? machines have bemn analy=sd fotaboot L0000
ctystils of diff=t=nt batches which wete monntsd in ECAL supstmeduoles fiom O o 3. The ctystals which had
b==n “hanhd nnifotmized”’ have be=n excloded fiomm this analy sis becanss of theit pscoliatity. Table 2 shows the
patam=t=iz pl and p fiom the fit of the diffet=nt gioops. In the lazt colomn of this Table we abo tepott the
calcolated LY ot LTy0=30%. Thiz patametet iz ind=ps ndent of the ctystal quality of the bakhand can be pz=d 1o
compate ok and new botches. Figote 3 shows the LY ot LT 44,=30% vemos ctystal ty pe for diffzt=nt toughnems.

4 Comparison with the test beam data.
The= light yi=ld can be d=t=timined wzing high =h=igy =l=ction b=me o=

=
LY = (4]
EeoniBdaamT apnla €

whete 5 iz the sighal amplitod=s measnted in the centml ctishl, £,y the containment factot, By, ., is the shetgy
of the beam, {7 4 pp & the gain of the capsules, {7, iz the gain of the electioniczand = the el=ctton chatge.

)
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To compare the memotements petfotined in the labotatoty with the ohes petiotmed oh beam we have ozsd the
imethod desctibed in [2]. As proposed in this hote, we o= the t=lative light yield (RLY ), defined o the light yi=l
co=ffici=nt of =mach ciystal, netmalized o the avemge:

LY L ayme)
RLY  ayre) = oam5— i3
LY, cvire
and the differ= no=:
ARLY = T — Rﬂ”"“‘: (&)

RLY .y

In Figni= 9@ we= show the digttibotion of ARLY forthe 58 SB0 not hand-o nifotmiz=d ciy=tals calibimted with 120
e electton beam. In plot (a) the ARLY hos been calcobted with the tow LY o, neglecting the APD and the
electiohics cottection in fotmob 4. A ganssian fit iz = petimpossd to the dotn. The gandatd deviation of the distri-
bution i=(4 32£0.2)% in good agreement with what has been tepotied for MO in [2]. We have afterwatds appli=d
all cottections propossd in S=ction 4. Plot (b) teptes=ni= the dizttibofion obfained cottecting fot the vatiation of the
tef=t=nce ciystal light yi=ld (fotmuok 23 The standatd d=v bticn fiom the fit iz in this com= =lightly bt d 6202
%) although we do not expect o vety big imptovementzinoes the ctysiak moonted oh the mme modole at= genetally
tezted in o shott peticd of time. This cottection will be mote impottant when we detetinine the intet-calibt=tion
co=ffici=nts fot crystls of diff=r=nt moduol=s. Fignt= 9 (c) shows the ARLY" whete LY a0 iz calcolated fiom
I T5a0 o in fotmola 3. The ganssian At gives a o=(4.3480 2% . Thiz valo= colmpates wall with the re=a=lotion of
plot(b) obfnined ditectly fioim the light yied memotement. Since the tso meazntements ate indep=hdent we hove
de=fin=d the m=an light yi=ld a=:

LY¥eas + LY prem o1
3 .

Flet 9(d)zhows the AR LY obiained with the MIEAN LY. The standaid deviation of this distiibotion ize=(4. [£0.2)%.
The imptovement of the tesolotion obfained with the MEATN LY method is patticolat]y inte testing fot the stitegy

MEANLY = (7

Lo



of initial calibiation of the calotimetet. The fact that the MEAN LY iz in 2 betiet agimein=nt with the t==t beain
lightyied =0 ggests that it coold give a bettet prediction of the inte tcalibiation factot fot the o petimod o b= that will
not ke calibiated with the beaim.

Finally we have cottected the data with the teal gain of the APD=and of the pteamplifiet of the VEE boatrd. The
t=zoh= at= shown in Fig. Y =) and ) teul:lev:thel_'.'. Th= tezclotion obmined B ¢ = (4.1 £ (L1%. A foithet
cottection could come from the ADT clibiation which wete not available for this module. Figote 10 compates
th= bbsimiety and the st bmm LY befot= and aft=tthe de=ctibed cottections.

5 Fine correction for the inter-calibration.

In otd et to dedoce statt-o potystal infetcalibmotions fiom the labotatoty meazotement with the best poexible tex-
olotioh all fine =ff=ctz zhoold b= fak=n intoaccoont. Among thess, =o fat, two effects have b==n investigat=d: th=
vatition of the containment factot (. in Eq.(4))and of meazoted light yied with the ctystal type.

5.1 Containment factor

Since ctystals have LT d Hfetent shapes, in ptinciple the conbinment factot coold vaty fom type to type. This
effect has been investigabed o=zin ga foll Monte Catlo zimolation of the tezt be=nm desctibed in [9]. El=ctionz with
an enetgy of 1205V wete ditected of the ctyzthls ot tefete nos locmtions cottesponding fo the points of maximuom
containment for 50 G elections (for mote defails, === [9]1 Figote || shows the =n=tgy contained in a matrix
of Lxl, 3x3 and 55 ctyshls vemos ctystal type. Fot all ctyztal typex, sxcept the ahomaloozly shaped type 1, the
confainment vaties by les= than 0. 1%, Even fotctystals of type | the cottection only amounts to 0 5%.

3.1 Dependence of the light vield on the crystal area.

Figot= 12 shows the vatition of the teat ctystal atea. Cryshibk of type | have a pecoliat shape; fot the othets the
atea dectemes of about L% fom type 2o 17, The mume tt=nd iz obsetved fot the light yield in Figot= 3. Since
the photodetectots uzed to meazot= the light yield in the labotatoty covet the whele tar ctystal sotface, this is
expected. Howevet, the APDs coveta fined aten of the ctystal teat sotface, and it iz expecied that a cottection will
ne=d to be applied to the abotatoty measutzment o account fot this d Hetence. Detailed stody with @y tacing
Meonte Catlo might help in ondetstanding the behavioot. Resolts from the stody of a complete supetmodole test=d
in the b=aim will be available zoon.

Conclusion

The labotatoty meaznte=m=niz of abont L0000 ctyzials have be=n analyzed. The teb=t=no= cty gal cottection btings
an imptovement of the light yield teaolotion impottant when compating ctyshls meazored on diffztent machines
and at vetry diff=tent time=s. With this cottection the light yi=ld tesclotion iz abont 1-1.5%. The coti=lation bets ==n
the LT and the LY imptoves the ctystal intet-clibtation fiom labotatoty measutements, showin g that a teolation
of 4% can be obmined. In otdet to dedoce statt-up intet-calibtation of the cty=tals from the labotatoty meazot= ment
with the maximom possible tezclotion vatious effects incloding fine cottections de=pending on the ctystal geom-
etty, should be fal=n info account A compatizon of intet-calibtation cosfficients from labotiety measutements
with electton =2t beam meazotements of a foll sopetinoduole & toq oited to bettet mastetize all systematic effects.
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Typ= | Foughhes= | Gioup pl Pl LY ot LTaen=30%
et ) I:PEME'V] I:Pa.'rhﬁev."i%]] I:_FE-'T'.'TE ™
1 0.25 1 4603 Q. 149 QoTy
2 0.25 1 4,801 0. 148 Q252
E| 0.25 1 4002 0. & 3000
4 0.25 1 &.036 a1l Q391
5 0.25 1 ER ] 0. 185 3045
] 025 1 ho data ho data no data
T 025 1 ho data ho data no data
i 025 1 ho data ho data no data
Q 025 1 ho data ho data no data
12 0.25 1 ho data ho data ho data
11 0.25 1 ho data ho data ho data
12 0.25 1 ho data ho data ho data
13 0.25 1 4287 0. 144 2520
14 0.25 1 4. 358 0,122 3543
15 0.25 1 i.3438 Q171 3494
l& 0.25 1 1.7 0158 3528
17 0.25 1 4. 1345 0. 143 3451
1 0.35 2 15817 0. 144 3165
2 0.35 2 31851 0.153 3452
E| 0.35 2 4. 104 Q.147 3535
4 0.35 2 i.6338 0. 155 3388
5 0.35 2 1512 Q157 3225
a] 0.35 2 4.427 Q.137 3557
T 0.35 2 4.323 Q.127 3.1al
) 0.35 2 i.6338 0. 156 3389
Q 0.35 2 3.849 Q.141 3084
12 0.35 2 i.680 Q.147 2079
11 0.35 2 2319 Q171 TR55
12 0.35 2 1727 0. 144 3057
13 0.35 2 134 Q. 16 3080
14 0.35 2 1870 0,122 T536
15 0.35 2 i.831 0.125 Tall
l& 0.35 2 4007 0.131 To43
17 0.35 2 3.889 0.134 TRl5
1 0.30 E| 4.12%9 0151 3a76
2 0.35 E| 5.987 Q110 Q20
E| 0.35 E| 4.323 0.152 3008
4 0.35 E| 4.330 0.152 39068
5 0.35 E| no data no data no data
G .35 k| no data no data no data
) 0.35 E| no data no data no data
) 0.35 E| no data no data no data
Q 0.35 E| no data no data no data
12 0.30 E| no data no data no data
11 0.30 E| no data no data no data
12 0.30 E| no data no data no data
13 0.30 E| no data no data no data
14 0.25 E| 4. 561 0.133 3584
15 0.25 E| 4.329 Q. 140 3545
1& 0.25 E| 4. 366 0136 3487
17 0.25 E| 4.756 Q110 3074

Tabl= 2: Pammetetz detived fom the fit of the LY verzos LTago fot diff=tent Lind of ctystals.
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