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We r epor t on t he per f or mance of a f i ne- gr ai ned 13- t on l ead/ sci nt i l l at i ng- f i ber cal or i met er , i n par t i cul ar on i t s r esponse t o

el ect r ons, pi ons and mul t i par t i cl es ( r eact i on pr oduct s f r om pi ons i nt er act i ng i n a t ar get upst r eam of t he det ect or ) . The det ect or

si gnal s wer e st udi ed f or par t i cl es i n t he ener gy r ange 5- 150 GeV. The ener gy r esol ut i on was measur ed t o be 12 . 9%/ C f or

el ect r ons, pl us a const ant t er m dependent on t he angl e 0. bet ween t he par t i cl e' s di r ect i on and t he f i ber axi s . Thi s t er m, whi ch i s

1. 2% f or 0, = 3 ° , i s shown t o be due t o anomal ous sampl i ng i n t he ear l y shower st age . I t i s gr eat l y r educed when onl y el ect r ons

ent er i ng t he det ect or i n t he l ead ar e consi der ed. A1. 7X0 t hi ck pr eshower det ect or , i nst al l ed 12 cm t o f r ont of t he cal or i met er , onl y

af f ect ed t he si gnal l i near i t y f or el ect r ons at l ow ener gy . The ef f ect on t he ener gy r esol ut i on was negl i gi bl e.

Si ngl e pi ons wer e det ect ed wi t h an ener gy r esol ut i on of - 30%/ vE pl us a const ant t er m, whi ch t ur ned out t o be mai nl y due t o

t he ef f ect s of l i ght at t enuat i on i n t he f i ber s . Knowi ng t he i mpact poi nt of t he par t i cl es, t hese ef f ect s coul d be ef f i ci ent l y r emoved

f or si ngl e pi ons . For j et s ( mul t i par t i cl es) , t he ef f ect s of l i ght at t enuat i on ar e much l ess i mpor t ant , l eadi ng t o consi der abl y bet t er

on- l i ne ener gy r esol ut i ons . The e/ , zr si gnal r at i o was measur ed t o r ange f r om 1. 03 at 80 GeV t o 1 . 10 at 5 GeV, f or a det ect or wi t h

an ef f ect i ve r adi us of 49 cm. Af t er cor r ect i ng f or t he i nst r ument al ef f ect s, we f ound t he i nt r i nsi c e/ h val ue of t hi s det ect or ( wi t h

our par t i cul ar choi ce of f i ber s and sampl i ng f r act i on) t o be 1 . 15±0. 02 . Det ai l ed r esul t s ar e gi ven on t he det ect or per f or mance

( ener gy r esol ut i on, e/ i r si gnal r at i o, e/ j et si gnal r at i o) as a f unct i on of t he l at er al det ect or si ze and as a f unct i on of t he j et

mul t i pl i ci t y .

1 . I nt r oduct i on

	

chal l enge f or devel opi ng det ect or s t hat can f r ui t f ul l y

oper at e i n exper i ment s wi t h t hese machi nes . Cal or i me

The advent of t he new gener at i on of mul t i - TeV

	

t er s wi l l pl ay a cent r al r ol e i n such exper i ment s, si nce

hi gh- l umi nosi t y pp col l i der s ( LHC/ SSC) pr esent s a

	

t hey have t o pr ovi de t he f i r st - l evel t r i gger i nf or mat i on .

The cal or i met er i nf or mat i on i s t he f i r st f i l t er f or sel ect -

' On l eave of absence f r om I HEP Bei j i ng, Chi na.

	

i ng t he r ar e i nt er est i ng event s under ext r eme back-
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gr ound condi t i ons . Mor eover , t he cal or i met er dat a i s
t he basi s f or st udyi ng t he pr oduct i on of j et s and l ep-
t ons, t he l i kel y messenger s of new physi cs .

Pr eci se ener gy measur ement s ar e a pr i me t ask of
det ect or s i n par t i cl e physi cs exper i ment s . Newunst abl e
par t i cl es wer e al ways di scover ed f r om a ki nemat i cal
r econst r uct i on of t hei r decay pr oduct s, t he qual i t y of
whi ch i s cl osel y l i nked t o t he pr eci si on of t he par t i cl e
ener gy measur ement s . Ther ef or e, t he ener gy r esol u-
t i on of cal or i met er s i n LHC/ SSC exper i ment s i s an
i mpor t ant i ssue, especi al l y si nce al so t he backgr ound
f r om convent i onal pr ocesses t o most of t he envi saged
new physi cs si gnal s i s expect ed t o be ver y l ar ge .

Good e. m. - ener gy r esol ut i on i s consi der ed t o be
i mpor t ant i n vi ew of t he pr ocess H° - - ~ - y- y, whi ch i s
bel i eved t o be one of t he most pr omi si ng channel s f or
det ect i ng t he Hi ggs par t i cl e i f MW<mH < 2mß, [ 1] .
The hadr oni c r esol ut i on i s i mpor t ant f or t he pr eci si on
of mul t i - j et spect r oscopy and t he mi ssi ng ( t r ansver se)
ener gy measur ement s .

The best ener gy r esol ut i ons f or hadr on det ect i on
ar e achi eved wi t h compensat i ng cal or i met er s, i . e . de-
t ect or s t hat r espond wi t h t he same si gnal t o t he e. m.
and non- e. m. component s of hadr oni c shower s ( t he
e/ h = 1 condi t i on) . I f t he r esponse t o t hese compo-
nent s i s di f f er ent , t he l ar ge and non- Gaussi an f l uct ua-
t i ons i n t he e. m. shower f r act i on wi l l cont r i but e t o t he
ener gy r esol ut i on and domi nat e i t at hi gh ener gi es [ 2] .
Ther e ar e, however ot her pr obabl y even mor e com-
pel l i ng r easons why LHC/ SSC exper i ment s shoul d
pr ef er abl y be equi pped wi t h compensat i ng cal or i me-
t er s . For exampl e, t he ver y st eepl y f al l i ng exper i ment al
di st r i but i ons of quant i t i es on whi ch one wi l l want t o
t r i gger ( El " , Em" ' , et c . ) wi l l cause any event sampl e
sel ect ed wi t h t he cal or i met er dat a t o be st r ongl y bi ased
wi t h event s cont ai ni ng an anomal ous f r act i on of w° ' s,
i f t he e/ h r at i o devi at es f r om 1 . I n vi ew of t he sensi t i v-
i t y of t he t r i gger t o er r or s i n t he ener gy measur ement ,
i t i s i mpor t ant t o have a f i r st l evel t r i gger si gnal t hat i s
a di r ect measur e of t he par t i cl e ener gi es, i ndependent
of t he par t i cl e t ype .

I n 1987, i t was pr edi ct ed [ 3] and pr oven exper i men-
t al l y [ 4] t hat t he compensat i on condi t i on coul d be
f ul f i l l ed f or a l ead/ pl ast i c- sci nt i l l at or sampl i ng
cal or i met er . I n or der t o achi eve t hat goal , such a
cal or i met er shoul d have a sampl i ng f r act i on t hat i s
much smal l er t han usual , ar ound 2%. Ber nar di et al .
measur ed e/ ,r r si gnal r at i os of 1 . 05 ± 0. 04 at ener gi es
f r om 3- 75 GeV, f or a cal or i met er consi st i ng of 10 mm
t hi ck l ead sl abs al t er nat i ng wi t h 2. 5 mmt hi ck pl ast i c
sci nt i l l at or pl at es [ 4] . The ener gy r esol ut i on o-/ E mea-
sur ed wi t h t hi s cal or i met er amount ed t o 24%/ FE f or
el ect r ons and 45%/ F f or pi ons . The same aut hor s
al so measur ed t he cont r i but i on of t he sot cal l ed i nt r i n-
si c f l uct uat i ons ( f l uct uat i ons i n t he f r act i on of t he
ener gy conver t ed i nt o a measur abl e f or m) t o t he l at t er

D. Aeost a et al . / Lead/ sci nt i l l at i ng f i ber cal or i met er

r esul t and f ound ( 13 f 4) %/ vl f [ 5, 6] , t hus pr ovi ng
t hat t he ener gy r esol ut i on of t hi s cal or i met er was l ar gel y
domi nat ed by t he cont r i but i on of sampl i ng f l uct ua-
t i ons . Ther ef or e, an i mpr ovement of t he ener gy r esol u-
t i on may be expect ed by r educi ng t he ef f ect of t hese
f l uct uat i ons .

Si nce t he smal l sampl i ng f r act i on i s i mposed by t he
compensat i on r equi r ement , t he onl y way t o r educe t he
ef f ect of sampl i ng f l uct uat i ons i s by i ncr easi ng t he
sampl i ng f r equency of t he shower s. Thi s can be
achi eved by usi ng sci nt i l l at i ng f i ber s i nst ead of pl at es .

The Spaghet t i Cal or i met er ( SPACAL) was devel -
oped, i n t he f r amewor k of t he LAA pr oj ect at CERN,
as a det ect or i nt ended t o opt i mi ze compensat i ng
l ead / pl ast i c- sci nt i l l at or cal or i met r y, wi t h appl i cat i on
i n an LHC/ SSC exper i ment i n mi nd . I t i s a l ongi t udi -
nal l y unsegment ed Pb/ sci nt i l l at i ng- f i ber cal or i met er
i nt ended f or t he det ect i on of el ect r omagnet i c and
hadr oni c shower s, muons and mi ssi ng ener gy .

Among i t s r emar kabl e pr oper t i es, we ment i on t wo
t hat ar e par t i cul ar l y r el evant f or i t s per f or mance i n an
LHC/ SSC envi r onment , namel y t he ver y hi gh si gnal
speed [ 7, 8] and t he her met i ci t y . The l at t er i s achi eved
because t he f i ber s t hat sampl e t he shower s ar e r unni ng
( appr oxi mat el y) i n t he same di r ect i on as t he i ncomi ng
par t i cl es, so t hat al l t he r eadout i s l ocat ed at t he back
of t he det ect or [ 9] . Al so t he posi t i on r esol ut i on and t he
par t i cl e- par t i cl e separ at i on, whi ch t oget her wi t h t he
ener gy r esol ut i on det er mi ne t he pr eci si on wi t h whi ch
t he mass of event ual new par t i cl es can be measur ed,
wer e f ound t o be ver y good, due t o t he f i ne l at er al
gr anul ar i t y and t he hi gh ef f ect i ve densi t y of t he det ec-
t or [ 10] .

I n t hi s ar t i cl e, we di scuss t he per f or mance of t hi s
cal or i met er , concer ni ng t he det ect i on of el ect r ons, si n-
gl e pi ons and " j et s" . The l at t er wer e si mul at ed by t he
r eact i on pr oduct s of pi ons i nt er act i ng i n a t ar get pl aced
upst r eam of t he det ect or . I n sect i on 2, t he cal or i met er
and t he t est s i n whi ch t he exper i ment al dat a wer e
obt ai ned ar e descr i bed . I n sect i on 3 we di scuss t he
exper i ment al dat a and t he met hods used f or anal yzi ng
t hem. The e. m. ener gy r esol ut i on i s t he subj ect of
sect i on 4 . Exper i ment al r esul t s concer ni ng t he hadr oni c
ener gy r esol ut i on, t he e/ , r si gnal r at i os and t he e/ h
val ue ar e pr esent ed i n sect i on 5 f or si ngl e pi ons, and i n

sect i on 6 f or mul t i par t i cl e syst ems . The r esul t s ar e
di scussed i n sect i on 7 and summar i zed i n sect i on 8 .

2 . Exper i ment al set up

2. 1. The det ect or

The measur ement s wer e per f or med wi t h a cal or i m-
et er consi st i ng of 155 l ongi t udi nal l y unsegment ed t ow-
er s . Each t ower cont ai ns 1141 pl ast i c sci nt i l l at i ng



f i ber s #' wi t h a di amet er of 1 mmand a l engt h of 2. 20
m.

These f i ber s f or m t he act i ve par t of t hi s sampl i ng
cal or i met er . They ar e embedded i n a l ead mat r i x i n
such a way t hat each f i ber i s equi di st ant t o i t s 6
nei ghbor s ( f i g . l a) . The f i ber spaci ng i s 2. 22 mm
( cent er - t o- cent er ) , such as t o achi eve a vol ume r at i o
l ead : f i ber of about 4 : 1, needed i n or der t o make t he
cal or i met er ( appr oxi mat el y) compensat i ng [ 3, 4] . The
det ect or was const r uct ed by pi l i ng up ext r uded l ead
sheet s wi t h t he appr opr i at e pr of i l e ( see f i g . l a) .

The f i ber s wer e gr ouped t o f or m 155 t ower s . Each
t ower has an hexagonal cr oss sect i on ( 86 mmapex- t o-
apex) . The dept h of t he l ead st r uct ur e i s 200 cm. The
f i ber s st i cki ng out at t he back end of t he t ower wer e
bunched t oget her i n an hexagonal st r uct ur e, machi ned
and pol i shed and coupl ed t hr ough an hexagonal l i ght
gui de ( 79 mml ong, 42 mm apex- t o- apex) t o a phot o-
mul t i pl i er ( PM) #2 . The f r ont ends of t he f i ber s wer e
pol i shed and made r ef l ect i ve by al umi ni um sput t er i ng,
such as t o make t he r esponse mor e uni f or m as a
f unct i on of dept h . Mor e det ai l ed i nf or mat i on about
t he st r uct ur e of t he cal or i met er can be f ound i n r ef . [ 9] .

The l at er al cr oss sect i on of t he det ect or as a whol e
i s shown i n f i g . l b . The cent r al t ower i s sur r ounded by
seven concent r i c hexagonal r i ngs, wi t h t he out er r i ng
i ncompl et e . The det ect or has a r oughl y cyl i ndr i cal
shape wi t h a di amet er of 1 met er .

Because of t he l ar ge f r act i on of hi gh- Z absor ber
mat er i al ( 77. 7% i n vol ume, wi t h 18 . 4% pl ast i c and
3. 9% ai r ) , t he shower di mensi ons ar e r el at i vel y smal l i n
t hi s det ect or . The ef f ect i ve r adi at i on l engt h ( Xo )

#~ SCSF- 38, pr oduced by Kyowa Gas, now Kur ar ay Co. Lt d,
Tokyo, Japan .

#2 Phi l i ps XP 2282, 8- st age.

PM

anode
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Fi g . 1 . Det ai l of t he f r ont f ace of t he cal or i met er ( a) and t he

l at er al st r uct ur e of t he det ect or as a whol e ( b) .
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5052

Fi g . 2 . The handl i ng of t he phot omul t i pl i er si gnal s . See t ext f or det ai l s .
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ADC 4
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amount s t o 7. 2 mm, t he ef f ect i ve Mol i èr e r adi us ( RM)
20 mm, t he ef f ect i ve nucl ear i nt er act i on l engt h ( A, ) 21
cm [ 11] and t he aver age densi t y 9. 0 g/ cm3 . The sam-
pl i ng f r act i on f or shower s i s onl y 2. 3%. The det ect or i s,
t her ef or e, 9. 6 A, deep and 4. 7 A, acr oss .

The PM si gnal s wer e handl ed as f ol l ows ( see f i g . 2) .
The anode si gnal was spl i t i nt o t wo equal par t s by
means of a passi ve spl i t t er i nsi de t he base . One par t

went t o t he count i ng r oom wher e i t was f ur t her f ed

i nt o an act i ve spl i t t er , one out put of whi ch was sent

unchanged i nt o t he ADC syst em ( LeCr oy 2280,

equi pped wi t h a 12- bi t char ge ADC, t ype 2282E) , t he

ot her out put was ampl i f i ed by a f act or - 10 bef or e

bei ng f ed i nt o a char ge ADC of t he same t ype . The

ot her hal f of t he anode si gnal went i nt o a l i near adder ,

wher e i t was combi ned wi t h t ower si gnal s f r om t he

same hexagonal r i ng . The r esul t i ng r i ng sum si gnal s

wer e t r eat ed i n t he same way as t he si gnal s t hat wer e

di r ect l y sent t o count i ng r oom.
The gai n i n t he PM t ube was set t o del i ver - 4

pC/ GeV t o bot h par t s of t he spl i t si gnal i n t he cent r al
det ect or r egi on, gr adual l y goi ng up t o - 20 pC/ GeV
i n t he out er r i ngs, f or t he unampl i f i ed channel s . The
ADC gai n was 4 count s/ pC. Thi s pr ocedur e was cho-
sen t o r educe t he ef f ect s of t he i nsuf f i ci ent dynami c
r ange of our PM/ ADC syst em and t o be sensi t i ve t o
smal l ener gy deposi t s f ar away f r om t he shower axi s .

For t he dat a di scussed i n t hi s ar t i cl e, t he ADCgat e
wi dt h was 400 ns . Spar se dat a r eadout was enabl ed :

si gnal s smal l er t han 4 count s above t he pedest al val ue

wer e not r ecor ded . Thi s cor r esponds t o a cut of f of 5

MeV ener gy deposi t s i n t he ampl i f i ed channel s of t he

out er r i ngs, gr adual l y goi ng up t o 25 MeV i n t he

cent r al - det ect or r egi on . I n t hi s way, we coul d det ect

ener gy deposi t s r angi ng f r om - 200 GeV ( t he f ul l

r ange of t he ADCf or t he unampl i f i ed channel s i n t he

c ó

E á,
o w
r vc
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x

z - - J`

cent r al r egi on) down t o 5 MeV ( t he cut of f l i mi t i n t he

ampl i f i ed channel s i n t he out er r i ngs) , whi ch cor r e-

sponds t o a dynami c r ange of mor e t han f our or der s of

magni t ude . Never t hel ess, as wi l l be shown i n sect i on 5,

t hi s t ur ned out t o be i nsuf f i ci ent . I n par t i cul ar , t he

hadr oni c si gnal s at l ow ener gy wer e syst emat i cal l y un-

der est i mat ed by a si gni f i cant amount .

2. 2. The beam l i ne

The measur ement s wer e per f or med i n t he H2 beam
l i ne of t he SPS at CERN. The det ect or was mount ed
on a pl at f or m t hat coul d move hor i zont al l y and ver t i -
cal l y wi t h r espect t o t he beam l i ne, wi t h an accur acy of
about 1 mm. Mor eover , t he det ect or coul d be r ot at ed
ar ound i t s ver t i cal axi s, so t hat t he par t i cl es coul d be
sent i nt o t he det ect or at a chosen angl e 62 ( usual l y a
f ew degr ees) t o t he f i ber axi s . The accur acy of t he
angul ar movement was bet t er t han 0. 1 mr ad . Dur i ng
t he beam t est s we f ound t hat t he det ect or was sl i ght l y

t i l t ed ver t i cal l y wi t h r espect t o t he beam l i ne, by a f ew

t ent hs of a degr ee .
Behi nd t he det ect or , a smal l er ( 20- t ower ) pr ot ot ype

of t he same st r uct ur e was i nst al l ed . I n pr act i ce, we
used t hi s det ect or t o i dent i f y and r emove muons f r om
t he dat a sampl es [ 12] . About 12 cm upst r eam f r om t he
SPACAL cal or i met er , a pr eshower det ect or ( PSD) was
mount ed . Thi s pr eshower det ect or consi st ed of an ab-
sor ber 1 . 14X, t ungst en + 0. 53X, l ead) , f ol l owed by a
sci nt i l l at i on count er ( S6) . The si gnal i n t hi s sci nt i l l at or
pr ovi ded separ at i on bet ween el ect r on and pi on event s

[ 8] . Fur t her upst r eam f r om t he cal or i met er s, a t r i gger
count er t el escope was i nst al l ed. I t consi st ed of f i ve
sci nt i l l at i on count er s ( S1- S5) and t wo dr i f t chamber s
wi t h x, y r eadout ( BC1, BC2) . The l ayout i s shown i n
f i g . 3 .

Fi g . 3 . Layout of t he beam l i ne, as seen f r om above . El ement s t hat wer e not al ways mpl ace dur i ng t he beam t est s ar e i ndi cat ed i n
br acket s . I n our convent i on, t he angl e Bz shown i n t he f i gur e has a posi t i ve si gn



Beams of el ect r ons and negat i ve pi ons at 5 . 0, 9 . 7,
20, 40, 80 and 150 GeV wer e sent i nt o t he det ect or at
an angl e 0. wi t h t he f i ber axi s . For most of t he r esul t s
r epor t ed her e, 0, was 3' . The beampar t i cl e r at es wer e
10 2- 103 event s per 2 . 6 s spi l l . The spi l l s wer e r epeat ed
ever y 14 s . At hi gh ener gi es ( >_ 40 GeV) t he beamwer e
ver y cl ean, t he cont ami nat i on of el ect r ons ( pi ons) i n
t he pi on ( el ect r on) beambei ng f ar bel ow t he 1%l evel .
At l ower ener gi es t hi s was di f f er ent . The event sampl es
wer e cl eaned up usi ng dat a f r om t he pr eshower det ec-
t or . At 5 and 9. 7 GeV, wher e t he beams wer e most
cont ami nat ed, t he PSD si gnal was par t of t he t r i gger .
For el ect r ons, t he si gnal was r equi r ed t o be above a
t hr eshol d, set at - 7 t i mes t he mi ni mumi oni zi ng val ue,
f or pi ons t he si gnal was r equi r ed t o be bel ow t hi s
t hr eshol d .

The pi on beams al so cont ai ned some f r act i on of
muons, var yi ng f r om - 2%at 150 GeV t o - 80%at 5
GeV. The el i mi nat i on of t hese muons f r om t he pi on
event sampl es wi l l be descr i bed i n det ai l i n sect i on 3 .

As an at t empt t o si mul at e j et det ect i on wi t h t he
cal or i met er , we measur ed t he r eact i on pr oduct s of
pi ons i nt er act i ng i n a t ar get pl aced upst r eam of t he
det ect or . The t ar get , a 10 cm t hi ck bl ock of par af f i n,
was i nst al l ed at ei t her 44 cmor 147 cmupst r eam of t he
cal or i met er f r ont f ace . We wi l l r ef er t o t hese conf i gu-
r at i ons as posi t i on 1 and 2, r espect i vel y . I nt er act i ons i n
t hi s t ar get wer e sel ect ed wi t h a sci nt i l l at or count er ( S, )
downst r eam of t he t ar get ( see f i g . 3) . For t hese mea-
sur ement s, t he S, si gnal was r equi r ed t o be at l east
t wi ce t he mi ni mum i oni zi ng ( mi p) val ue and was par t
of t he t r i gger . I nt er act i on t r i gger measur ement s wer e
done wi t h 40, 80 and 150 GeV pi ons . Si nce t he
pr eshower det ect or ( S6, see f i g . 3) cover ed onl y an ar ea
of 15 X 15 cm2 i n t he cent r al r egi on of t he cal or i met er ,
i t was r emoved dur i ng t he i nt er act i on t r i gger measur e-
ment s .

Of f - l i ne event sel ect i on r equi r ed a si ngl e t r ack, by
cut t i ng on t he pul se hei ght of t he sci nt i l l at i on count er s
S1, S2 and S3 bet ween 0. 5 and 1 . 7 t i mes t he mi p val ue .
The x and y coor di nat es measur ed i n t he t wo beam
chamber s had t o agr ee wi t hi n 1 cm. Beam hal o par t i -
cl es wer e r emoved by cut s on x and y i n t he beam
chamber s .

3 . Exper i ment al dat a and anal ysi s met hods

The SPACAL cal or i met er was cal i br at ed wi t h 40
GeV el ect r ons . About 1500 el ect r ons wer e sent i nt o
t he cent r al r egi on of each of t he 155 i ndi vi dual t ower s,
at an angl e 0. of 3 ° t o t he f i ber axi s . I n t hi s way, t he
el ect r omagnet i c shower s t hat devel oped wer e on aver -
age - 95%cont ai ned i n t he t ower concer ned . Of f - l i ne,
t he cal i br at i on const ant s ( t he r el at i on bet ween pC' s
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and GeV' s f or each i ndi vi dual t ower ) coul d be det er -
mi ned wi t h a st at i st i cal pr eci si on of - 0. 3%f r om t hi s
dat a . However , syst emat i c ef f ect s l i ke f i ber - t o- f i ber r e-
sponse f l uct uat i ons, hi gh- vol t age i nst abi l i t i es, et c. made
t he t ower - t o- t ower cal i br at i on much l ess pr eci sel y
known . We wi l l come back t o t hi s poi nt i n sect i ons 4. 1
and 5. 3 .

The r esul t s descr i bed i n t he f ol l owi ng sect i ons wer e
obt ai ned by anal yzi ng t he f ol l owi ng set s of dat a :
- El ect r ons and pi ons of 5. 0, 9. 7, 20, 40, 80 and 150
GeV ent er i ng t he SPACAL cal or i met er at an angl e
Oz = 3 ° wi t h r espect t o t he f i ber axi s . Typi cal l y, - 3000
el ect r on and - 5000 pi on event s wer e accumul at ed per
r un, except at 5 GeV, wher e t he event st at i st i cs wer e a
f act or t wo l ower because of t he l ow beam i nt ensi t y .

- Pi ons of 40 GeV ent er i ng t he SPACAL det ect or at
angl es 0, r angi ng f r om 0 ° t o 5 ° , i n st eps of 1 ° . Al so
her e, - 5000 event s wer e r ecor ded at each angl e .
- El ect r ons of 80 GeV ent er i ng t he det ect or at angl es
0, r angi ng f r om 0 ° t o 6 ° and at 90 ° . These dat a wer e
t aken wi t h a pr ot ot ype of t he SPACAL det ect or , con-
si st i ng of 20 t ower s of t he same st r uct ur e .
- Mat r i x scans f or 80 GeV el ect r ons and pi ons at
Bz = 2 ° , ent er i ng t he SPACAL det ect or at 49 di f f er ent
i mpact poi nt s, i n cont r ast t o t he ot her ment i oned dat a,
wher e t he pi ons al ways hi t t he SPACAL det ect or i n
t he cent er . The dat a wer e t aken i n t he f or m of a 7 X 7
gr i d scan, wi t h t he el ect r ons cover i ng an ar ea of 12 X 12
cm2 i n t he cent r al r egi on of t he cal or i met er sur f ace
and t he pi ons cover i ng 24 X 24 cm2 . For each poi nt ,

2000 event s wer e r ecor ded .
- Mul t i par t i cl e r uns wher e 40, 80 or 150 GeV pi ons
i nt er act ed i n a t ar get pl aced ei t her 44 cm or 147 em
upst r eam of t he cal or i met er . React i on pr oduct s of t hese
i nt er act i ons wer e det ect ed wi t h t he SPACAL cal or i me-
t er . Per r un, - 10000 event s wer e accumul at ed .

For t he anal ysi s descr i bed i n t hi s ar t i cl e, cl ean and
unbi ased event sampl es f or el ect r ons and pi ons wer e
needed . Thi s was easi est t o achi eve f or el ect r ons, si nce
t he el ect r on beams wer e ver y cl ean t o st ar t wi t h, i n
par t i cul ar al so at l ow ener gi es, wher e par t i cl e i dent i f i -
cat i on was most di f f i cul t . The f ew pi ons wer e r emoved
wi t h a cut on t he si gnal i n t he pr eshower det ect or ,
r equi r i ng at l east t wo mi p f or t he event t o be consi d-
er ed an el ect r on . Muons wer e r emoved usi ng t he si gnal
i n t he backi ng cal or i met er . Any event wi t h mor e t han
125 MeV deposi t ed i n t hi s det ect or was di scar ded .

At hi gh ener gi es ( >_ 40 GeV) , est abl i shi ng a cl ean
and unbi ased pi on event sampl e was st r ai ght f or war d
t oo . The beams wer e ver y cl ean and t he f ew cont ami -
nat i ng el ect r ons and muons pr oduced si gnal s i n t he
var i ous det ect or s t hat wer e ver y di f f er ent f r om t he
pi on ones . El ect r on event s wer e r emoved wi t h a cut on
t he PSD si gnal , r equi r ed t o be smal l er t han t wo mi p
f or t he event t o be consi der ed a pi on . The muon
si gnal s i n SPACAL, wel l descr i bed by a Landau di st r i -
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but i on wi t h a most pr obabl e val ue of 4- 5 GeV, coul d
be ef f i ci ent l y r emoved by a cut on t he t ot al si gnal .

At l ower ener gi es, wher e t he pi on si gnal s i n
SPACAL wer e cor r espondi ngl y smal l er whi l e t he si g-
nal s f r om muons st ayed essent i al l y t he same and t he
f r act i on of muons i ncr eased, t he compl et e el i mi nat i on
of muons f r om t he event sampl es gr adual l y became
mor e di f f i cul t . Al so, t he e/ ar separ at i on by means of
t he PSD si gnal wor ked l ess wel l t han at hi gh ener gi es .

Muons coul d be ef f i ci ent l y r emoved usi ng t he back-
i ng cal or i met er si gnal s . Al l muons t r aver si ng t hi s de-
t ect or pr oduced a si gnal of at l east 125 MeV. Of
cour se, i n t hi s way one i nt r oduces i n pr i nci pl e a bi as i n
t he pi on sampl es, si nce t hese woul d be r est r i ct ed t o
event s pr oduci ng l ess t han 125 MeV i n t he l eakage
det ect or . However , t he ef f ect s of such a bi as on t he
hadr oni c ener gy r esol ut i on and on t he aver age hadr oni c
si gnal wer e mar gi nal , as wi l l be shown i n a f or t hcomi ng
paper [ 12] . The f r act i on of pi ons shower i ng i n t he 9. 5A,
deep SPACAL det ect or and pr oduci ng si gnal s l ar ger
t han 125 MeV i n t he l eakage cal or i met er r anged f r om
< 1% at 10 GeV t o - 14% at 150 GeV. I n t hi s

anal ysi s, event s wi t h mor e t han 125 MeV deposi t ed i n
t he l eakage cal or i met er wer e di scar ded .

At t he l owest ener gi es ( 5 . 0 and 9. 7 GeV) , wher e t he
f r act i on of beammuons was ver y l ar ge ( because of t he
ver y l ong di st ance bet ween t he det ect or and t he beam
pr oduct i on t ar get ) , t hi s cut di d not compl et el y r emove
al l t he cont ami nat i ng event s . Some muons may have
mi ssed t he l eakage det ect or because of mul t i pl e scat -
t er i ng i n t he bi g cal or i met er . At 5 GeV, some of t he
muons wer e pr obabl y even compl et el y st opped i n t he 2
mof l ead . And al so some of t he el ect r ons deposi t ed
ver y l i t t l e ener gy i n t he pr eshower det ect or and passed
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Fr act i on i n 6 " hot t est " t ower s

Fi g . 4 . The f r act i on f e of t he t ot al si gnal r ecor ded i n t he 6
hot t est SPACAL t ower s, ver sus t he t ot al SPACAL si gnal , f or
t he event s f r om t he 9 . 7 GeV pi on beam ( a) . The same

di st r i but i on f or t he 9. 7 GeVel ect r on beam( b) .
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t he cut on t he PSD si gnal . However , t he r emai ni ng
cont ami nat i on coul d be easi l y r ecogni zed due t o t he
f i ne l at er al segment at i on of t he cal or i met er . A cr i t e-
r i on was devel oped, based on t he ener gy deposi t pat -
t er n i n t he cal or i met er . The cr i t er i on expl oi t s t he f act
t hat muons, whi ch t o f i r st or der onl y l ose t hei r ener gy
t hr ough i oni zat i on, onl y pr oduce si gnal s i n a ver y l i m-
i t ed number of t ower s, cont r ar y t o shower i ng pi ons .
Thi s i s i l l ust r at ed i n f i g . 4, wher e t he f r act i on ( f e) of
t he t ot al si gnal r ecor ded i n t he si x t ower s t hat gave t he
l ar gest cont r i but i ons t o i t i s pl ot t ed agai nst t he t ot al
si gnal i n t he SPACAL cal or i met er , f or t he par t i cl es
f r om t he 9. 7 GeV beam. Fr om f i g . 4a, i t can be seen
t hat f or exampl e a cut f e < 98%r emoves pr act i cal l y al l
t he muons, whi l e al most al l pi ons pass such a cut . Al so
pr act i cal l y al l el ect r ons ar e r emoved by t hi s cut ( f i g .
4b) . I n t hi s way, i t was possi bl e t o def i ne ver y cl ean
pi on event sampl es wi t h mi ni mal bi as, al so at l ow

ener gi es . Even at 5 GeV, wher e el ect r ons, pi ons and

muons pr oduced on aver age al most t he same si gnal i n
t he SPACAL cal or i met er , t he par t i cl es coul d be ef f i -

ci ent l y separ at ed t hr ough cut s expl oi t i ng t he di f f er -

ences i n t he ener gy deposi t pat t er n .
I n summar y, el ect r ons and pi ons wer e sel ect ed

t hr ough t he f ol l owi ng cut s :
- S6 ( PSD) > 2 mi p f or el ect r ons, S6 ( PSD) < 2 mi p

f or pi ons,
- l ongi t udi nal l eakage < 125 MeV f or al l event s,
- f e < 98%f or pi ons, f e > 98%f or el ect r ons .

The number s of el ect r on and pi on event s t hat wer e
used f or t he pr esent anal ysi s ar e l i st ed i n t he var i ous
t abl es .

4 . El ect r on det ect i on

4. 1 . Ener gy r esol ut i on and si gnal uni f or mi t y

The ener gy r esol ut i on f or t he det ect i on of e. m.

shower s was st udi ed as a f unct i on of t he ener gy f or

el ect r ons ent er i ng t he cal or i met er at an angl e Bz = 3 ° .
The pr eshower det ect or was i n pl ace f or t hese mea-
sur ement s . A t ypi cal si gnal di st r i but i on, f or 80 GeV
el ect r ons, i s shown i n f i g . 5 . Ther e ar e no si gni f i cant
devi at i ons f r om a Gaussi an l i ne shape at t he hi gh- en-
er gy or t he l ow- ener gy si de of t he peak. Thi s was t r ue
at al l ener gi es f or whi ch r esul t s wer e obt ai ned . Gauss-
i an f i t s wer e per f or med wi t hout r est r i ct i ons on t he

ar ea ar ound t he peak val ue, al l event s wer e i ncl uded .
I n t abl e 1 t he r esul t s of t hese f i t s ar e gi ven .

The si gnal f r om f i g . 5 was obt ai ned by summi ng t he
si gnal s of 37 cal or i met er t ower s, t he cent r al t ower pl us

t he f i r st t hr ee hexagonal r i ngs sur r oundi ng t hi s t ower
( see f i g . l b) . Addi ng mor e t ower s di d not si gni f i cant l y
change t he r esul t s . Thi s i s i l l ust r at ed i n f i g . 6, wher e a
t ypi cal l at er al e. m. shower pr of i l e i s shown. The ener gy
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Fi g . 5 . Si gnal di st r i but i on f or 80 GeV el ect r ons ent er i ng t he

Spaghet t i Cal or i met er at an angl e 0, = 3 ° .

densi t y f al l s ver y st eepl y, by t hr ee or der s of magni t ude

over 10 cm. The f i gur e al so shows t hat t he noi se l evel

of t hi s cal or i met er i s ver y l ow. Aver agi ng over 1000

event s, t he l at er al shower pr of i l e coul d be measur ed

over si x or der s of magni t ude. I n f act , t he r esul t s gi ven

i n t abl e 1 ar e not ver y di f f er ent f r om t he ones f or t he

cent r al t ower al one . On aver age, - 95%of t he ener gy

was deposi t ed i n t hi s t ower and t he ener gy r esol ut i on

i mpr oved onl y by - 5% on aver age when t he sur -

r oundi ng t ower s wer e t aken i nt o account as wel l . Si nce

t he e. m. shower s ar e so nar r ow, t he si gnal di st r i but i ons

ar e ver y sensi t i ve t o f i ber - t o- f i ber r esponse f l uct uat i ons

[ 13] and, t her ef or e, one may ask t he quest i on how

r epr esent at i ve t hese r esul t s, obt ai ned i n one poi nt of

t he cal or i met er , ar e f or t he det ect or as a whol e. The

answer i s gi ven i n f i gs . 7 and 8. Fi g . 7 gi ves a di st r i bu-

t i on of t he ener gy r esol ut i on f or 40 GeV el ect r ons

measur ed i n each of t he 155 i ndi vi dual t ower s of t he

det ect or . Each ent r y i n t hi s hi st ogr am r epr esent s t he

ener gy r esol ut i on measur ed at a di f f er ent poi nt ( t he

cent er of a t ower ) . The val ue obt ai ned f or t he cent r al

t ower and t he st at i st i cal pr eci si on of t he measur ement s

Tabl e 1

The e. m. ener gy r esol ut i on measur ed i n t he cent er of t he det ect or at an angl e 0, = 3 ° , wi t h a 1 . 7Xo pr eshower det ect or mount ed
12 cm upst r eam of t he cal or i met er .
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Fi g . 6 . Lat er al shower pr of i l e f or 150 GeV el ect r ons, aver aged

over 1000 event s . The ener gy densi t y ( GeV per t ower ) i s

shown as a f unct i on of t he di st ance of t he t ower cent er t o t he

cent er of gr avi t y of t he ener gy deposi t pr of i l e .

ent er i ng t hi s hi st ogr am ar e i ndi cat ed i n t he f i gur e .

Whi l e f i g . 7 concer ns measur ement s i n t he cent er s of

al l t he di f f er ent SPACAL t ower s, f i g . 8 shows t he

r esul t s of a f i ne scan cover i ng an ar ea of 144 CMZ i n

t he cent r al r egi on of t he det ect or . The scan was per -

f or med wi t h 80 GeV el ect r ons, wi t h t he beamcent er ed

on 49 di f f er ent i mpact poi nt s . The r esul t s ar e gi ven as

squar es, t he si zes of whi ch i ndi cat e t he numer i cal

val ues ( not e t hat t he chosen scal e l ar gel y exagger at es

t he di f f er ences) . I n f i g. 8a t he ener gy r esol ut i on i s

gi ven, i n f i g . 8b t he aver age si gnal .

The spr ead i n t he di st r i but i on shown i n f i g . 7 i s

cl ear l y l ar ger t han one woul d have expect ed on t he

basi s of t he st at i st i cal er r or s i n t he measur ement s . I n

f act , we f ound t hat t he ener gy r esol ut i ons i n t he bot -

t om hal f of t he det ect or wer e on aver age si gni f i cant l y

wor se t han t he ones i n t he t op hal f . Thi s mi ght i ndi cat e

t hat t he qual i t y cont r ol of t he f i ber - t o- f i ber r esponse

f l uct uat i ons benef i t t ed f r om a l ear ni ng cur ve and gr ad-

ual l y i mpr oved dur i ng t he si x mont hs needed f or t he

Ee [ GeV] Event s ( si gnal ) [ PC] 0- [ PC] Q/ E [ %] o- / E ( l ead) [ %]

5. 0 645 18. 65 ±0. 05 1 . 33+_ 0. 04 7. 04+0. 200. 20 -

9. 7 2492 36. 73+0. 040. 04 2. 02+0. 030. 03 5. 49+0. 08 -

20. 0 1350 78 . 90+_0. 09 3. 23+0. 060. 06 4. 06+0. 08 3. 66+0. 39
40. 0 2074 158. 9+0. 1 5. 24+0. 080. 08 3. 29+0. 05 2. 73+0. 19
80 . 0 1924 317. 8 +_ 0. 2 8. 58+0. 140. 14 2. 72±0. 04 2. 07±0. 15

150. 0 1032 579. 2 +0. 4 12 . 74+0. 28 2. 23±0. 05 1 . 48±0. 15
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Fi g . 7 . Di st r i but i on of t he ener gy r esol ut i ons f or 40 GeV
el ect r ons, measur ed i n each of t he 155 i ndi vi dual t ower s of
t he cal or i met er . Each t ower cor r esponds t o one ent r y i n t hi s
hi st ogr am. The val ue measur ed f or t he cent r al t ower i s i ndi
cat ed, t he st at i st i cal pr eci si on of t he i ndi vi dual measur ement

r esul t s di st r i but ed i n . t hi s hi st ogr am i s shown as wel l .
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Fi g . 8 The ener gy r esol ut i on ( a) and t he aver age si gnal ( b) f or
80 GeV el ect r ons ent er i ng t he cent r al r egi on of t he cal or i me
t er at a l ar ge number of i mpact poi nt s . The si ze of t he squar er

i ndi cat es t he numer i cal val ue ( not pr opor t i onal ! ) .

pr oduct i on of al l t he f i ber s . However , ot her expl ana-
t i ons of t hi s phenomenon cannot be r ul ed out . The
aver age si gnal i s even mor e sensi t i ve t o r esponse f l uc-
t uat i ons t han t he ener gy r esol ut i on . I n t he upper par t
of t he cent r al t ower , t he cal or i met er r esponse i s sys-
t emat i cal l y, up t o - 10%, l ower t han t he aver age val ue
( f i g . 8b) . Measur ement s on t he t r ansmi ssi on of ambi ent
l i ght , whi ch wer e done wi t h a CCD camer a af t er t he
beam t est s wer e compl et ed, r eveal ed t hat t he f i ber s i n
t he t op quar t er of t he cent r al t ower wer e si gni f i cant l y
dar ker t han t he f i ber s i n t he r est of t hi s t ower . Si mi l ar
measur ement s on si x ot her , r andoml y chosen t ower s
showed t hat t he si ngl e- f i ber r esponse was much mor e
uni f or m i n t hese t ower s t han i n t he cent r al one . Thi s i s
i l l ust r at ed i n f i g . 9, whi ch shows t hr ee of t hese t ower s
and t he cent r al one . Fi g. 8b shows t hat , apar t f r om t he
pr obl em i n t he upper par t of t he cent r al t ower , t he
si gnal uni f or mi t y i n t he scanned det ect or ar ea i s qui t e
good . I n par t i cul ar , t her e ar e no si gni f i cant boundar y
ef f ect s bet ween t he var i ous t ower s . Thi s conf i r ms ear -
l i er dedi cat ed measur ement s i nt ended t o st udy such
ef f ect s [ 9] .

The dat a f r om f i g . 8b ar e pr esent ed as a hi st ogr am
i n f i g . 10 . The l i t t l e bump at t he l ow- ener gy si de of t he
di st r i but i on r epr esent s t he ar ea wi t h an anomal ousl y
l ow f i ber r esponse i n t he upper par t of t he cent r al
t ower . Fi g . 10 i ndi cat es howr epr esent at i ve t he cal i br a-
t i on const ant s, obt ai ned f r om measur ement s on el ec-
t r ons whose ef f ect i ve shower wi dt h i s much smal l er
t han t he l at er al t ower si ze ( 9 . 3X,) X9. 3X,) ) and whi ch
i mpact i n one par t i cul ar l ocat i on, ar e f or t he t ower as a
whol e . Ther ef or e, t he wi dt h of t he di st r i but i on i n f i g .
10 ( o- aMS - 3%) may be i nt er pr et ed as a measur e f or
t he t ower - t o- t ower cal i br at i on accur acy i n t hi s r egi on
of t he det ect or . The f i gur e al so shows t hat t he el ect r on
r esponse i n t he cent er of t he det ect or i s wi t hi n - 1%
equal t o t he aver age r esponse i n t hi s ar ea . Thi s means
t hat syst emat i c ef f ect s, due t o si gnal non- uni f or mi t y,
on e. g . t he measur ed e/ , r si gnal r at i o ar e ver y smal l .

Gi ven t he obser ved at ypi cal i mper f ect i ons i n t he
cent r al t ower , we concl ude t hat t he ener gy r esol ut i ons
measur ed i n t he cent er of t he cal or i met er and l i st ed i n
t abl e 1 ar e cer t ai nl y not bet t er t han f or t he det ect or as
a whol e . The r esul t s f r om t abl e 1 ar e gr aphi cal l y shown
i n f i g . 11 . They ar e wel l descr i bed wi t h a f i t of t he
f ol l owi ng t ype :

( 12 . 9 + 0. 3) %
-o- / E

	

+ ( l . 23 ± 0. 05) %

( XZ = 0 . 9/ df )

	

( l a)

wher e E i s gi ven i n GeV. One may al so f i t t he dat a t o
an expr essi on t hat adds t he scal i ng and const ant t er ms

( a)

0 = 32

0
F

- _ 43%

El

0

0.00oo
( b)

00000O = 280 pC
0000o OO C] - _ 340 pC



i n quadr at ur e . The r esul t i s :

( ( 15. 7 ± 0. 2M

	

2

o 2/ E2 =

	

) + ( ( 1 . 99 ± 0 . 05) %) `

Xz = 4 . 8/ df )

	

( 1b)

Our dat a i s not suf f i ci ent l y sensi t i ve t o di st i ngui sh
bet ween t hese t wo expr essi ons, one woul d need el ec-
t r ons at sever al hundr ed GeV f or t hat pur pose .
Whet her t he scal i ng and const ant t er ms have t o be

added i n quadr at ur e, l i near l y or i n some i nt er medi at e

way depends on t he cor r el at i on bet ween t he pr ocesses

r esponsi bl e f or t hese t er ms . The scal i ng t er m i s det er -

mi ned by sampl i ng f l uct uat i ons . The or i gi n of t he con-
st ant t er m i s al so wel l under st ood . Fi g . 12 shows t he

cal or i met er si gnal as a f unct i on of t he y- coor di nat e of

t he i mpact poi nt , det er mi ned wi t h t he beam chamber s
( see f i g . 3) . One sees an osci l l at i ng pat t er n of whi ch t he

mi ni ma cor r espond t o t he si t uat i on wher e el ect r ons

D, Aeost a et al . / Lead / sci nt i l l at i ng- f i ber cal or i met er

ent er t he det ect or i n t he l ead and t he maxi ma t o t he
si t uat i on i n whi ch t he par t i cl es ent er t he det ect or i n a
pl ane composed of f i ber s and l ead . The 1 . 9 mmper i od
cor r esponds exact l y t o t he ver t i cal di st ance bet ween
t wo subsequent l ayer s of f i ber s ( see f i g . l a) .

The l at er al shower di mensi ons ar e ver y smal l , par -
t i cul ar l y i n t he ear l y par t of t he shower . Ther e, shower
par t i cl es ar e pr edomi nant l y emi t t ed i n t he same di r ec-
t i on as t he i ncomi ng el ect r on and t he l at er al shower
di mensi ons, mai nl y det er mi ned by mul t i pl e scat t er i ng
[ 2] , ar e even smal l compar ed t o t he di st ance bet ween
t wo f i ber s . As a consequence, t he sampl i ng f r act i on f or
t he ear l y par t of t he shower and hence t he t ot al
cal or i met er si gnal depend on t he i mpact poi nt of t he
par t i cl es . El ect r ons ent er i ng t he det ect or i n a f i ber wi l l
t her ef or e on aver age pr oduce l ar ger si gnal s t han el ec-
t r ons ent er i ng i n t he l ead . I f one sel ect s onl y el ect r ons
ent er i ng t he det ect or i n t he l ead ( usi ng t he beam
chamber i nf or mat i on) , t he ener gy r esol ut i on cl ear l y

489

Fi g . 9 . Resul t s of l i ght t r ansmi ssi on measur ement s wi t h a CCDcamer a . Shown ar e t he bunches of f i ber s f r om 4 i ndi vi dual t ower s .
Ther e ar e 1141 f i ber s i n each bunch . The upper l ef t pi ct ur e shows t he cent r al t ower of t he det ect or , t he ot her s wer e chosen at

r andom.
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Fi g . 10 . Di st r i but i on of t he cal or i met er r esponse t o 40 GeV
el ect r ons measur ed over an ar ea of 144 cm2 i n t he f or m of a
gr i d scan . Each ent r y i n t he hi st ogr am cor r esponds t o t he
aver age r esponse i n a subar ea of - 3 x 3 mmz . The el ect r on
r esponse measur ed i n t he cent er of t he cal or i met er i s i ndi -

cat ed by an ar r ow.

i mpr oves, t o t he ext ent t hat t he const ant t er m i s gr eat l y

r educed ( see t abl e 1 and f i g . 11) . At l ow ener gi es, t he

beam di sper si on made i t i ncr easi ngl y i mpossi bl e t o

det er mi ne t he i mpact poi nt of t he el ect r ons wi t h suf f i -

ci ent ( submi l l i met r i c) pr eci si on t o make t hi s sel ect i on

possi bl e . Thi s di sper si on i s due t o t he pr eshower det ec-

t or , whi ch spr eads t he shower pr oduct s mor e f or l ow-

ener gy shower s t han f or hi gh- ener gy ones, t hus wash-

i ng out t he ef f ect s of t he f i ber spaci ng on t he ener gy
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Si gnal uni f or mi t y cent r al r egi on

Ener gy ( GeV)
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Fi g . 11 . The ener gy r esol ut i on f or el ect r ons as a f unct i on of
ener gy, f or 0. = 3 ° . The cl osed ci r cl es encompass al l event s,
t he cl osed squar es ar e f or el ect r ons t hat ent er t he det ect or i n
t he l ead . Mont e Car l o pr edi ct i ons ar e shown as open ci r cl es

and squar es .
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Fi g . 12 . The cal or i met er si gnal as a f unct i on of t he y- coor di -
nat e of t he i mpact poi nt . Dat a f or 80 GeV e - .

r esol ut i on . Ther ef or e, onl y r esul t s f or E >_ 20 GeV ar e
gi ven .

We concl ude t hat t he pr ocess r esponsi bl e f or t he
devi at i ons f r om a pur e scal i ng behavi or of t he e. m.
ener gy r esol ut i on i s a) not compl et el y uncor r el at ed t o
t he sampl i ng f l uct uat i ons, and b) ener gy dependent ,
si nce t he f r act i on of t he shower t hat i s subj ect t o t hi s
anomal ous sampl i ng i n t he ear l y st age of t he shower
devel opment i s ( weakl y) dependent on t he ener gy .
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Fi g . 13. The ener gy r esol ut i on or / E as a f unct i on of t he angl e
0, bet ween t he par t i cl e di r ect i on and t he f i ber axi s ( open
squar es) . The const ant t er m c i n t he e . m. ener gy r esol ut i on as
a f unct i on of 0, , assumi ng t hat t he r esul t s scal e as o- / E=

12. 9%/ F + c( B, ) , i s shown as wel l ( f ul l squar es) . Resul t s ar e
f or 80 GeV el ect r ons, measur ed i n a 20- t ower pr ot ot ype of

t he SPACAL det ect or .



The l at t er poi nt i s i n f avour of eq . ( l a) , whi ch
i ncl udes an ener gy dependent devi at i on f r om E- 1 / 2
scal i ng . Al so, t he bet t er XZ of t he f i t suggest t hat t he
t wo t er ms shoul d be added l i near l y . However , nei t her
( l a) nor ON i s t heor et i cal l y compl et el y j ust i f i ed and a
cor r ect f or mul a i s pr obabl y mor e compl i cat ed .

Fi g . 11 al so shows t he r esul t s of Mont e Car l o si mu-
l at i ons ( GÉANT) . These si mul at i ons di d not i ncl ude
t he ef f ect s of t he pr eshower det ect or and t he f i ber
cl addi ng . The shower devel opment was cut of f at an
ener gy of 10 keV. The r esul t s conf i r m t he devi at i on
f r om a pur e scal i ng behavi or , but t end t o sl i ght l y
over est i mat e t he cont r i but i on of t he const ant t er m t o
t he ener gy r esol ut i on . The Mont e Car l o si mul at i ons
al so pr edi ct a consi der abl e i mpr ovement i n t he ener gy
r esol ut i on and a smal l er sampl i ng f r act i on ( i . e .
cal or i met er si gnal ) i f onl y el ect r ons ent er i ng i n t he
l ead ar e consi der ed . The pr edi ct ed i mpr ovement i s
somewhat l ar ger t han t he one obser ved i n pr act i ce ( f i g .
11) . Thi s di f f er ence i s pr obabl y due t o t he f i ni t e posi -
t i on r esol ut i on of t he beam chamber s BC1 and BC2
( see f i g . 3) and t o t he PSD ef f ect ment i oned above,
whi ch di d not al l ow t o achi eve per f ect separ at i on be-

t ween el ect r ons ent er i ng t he cal or i met er i n l ead or i n a
f i ber .

The or i gi n of t he const ant t er m bei ng under st ood, i t
i s no sur pr i se t hat i t depends ver y st r ongl y on t he angl e
0, Fi g . 13 shows t he ener gy r esol ut i on f or 80 GeV
el ect r ons as a f unct i on of 0. . Ear l i er , mor e syst emat i c
st udi es wi t h smal l pr ot ot ype modul es showed t hat i f
t he dat a wer e f i t t ed t o an expr essi on o- / E = a / ~E + c
t he scal i ng t er m par amet er ( a) was al most i ndependent
of 0, wher eas c depended st r ongl y on t hi s angl e [ 9] .
Assumi ng t hat a i s i ndependent of 0. , we can der i ve
c( B, ) f r om t he measur ed ener gy r esol ut i on at 80 GeV.
The r esul t s, al so gi ven i n f i g . 13, show t hat t he const ant
t er m has al most compl et el y vani shed f or 0, = 90 ° , and
i ncr eases st r ongl y bel ow 0. = 5 ° .

The var i at i ons i n t he ener gy of t he i ncomi ng el ec-
t r ons, whi ch i n pr i nci pl e al so cont r i but e t o t he ener gy

D. Acost a et al . / Lead/ sci nt i l l at i ngf i ber cal or i met er 49 1

r esol ut i on, wer e negl ect ed i n t he anal ysi s . Dur i ng our

measur ement s, t he Op/ p of t he el ect r ons r anged f r om

0. 7% at 5 GeV t o 0. 1% at 150 GeV.

4. 2. Ef f ect s of t he pr eshower det ect or

The r esul t s di scussed i n t he pr evi ous subsect i on
wer e obt ai ned wi t h t he 1. 7XO t hi ck pr eshower det ect or
i nst al l ed 12 cm upst r eam of t he cal or i met er . I n pr i nci -
pl e, t hi s pr eshower det ect or wi l l have det er i or at ed t he
ener gy r esol ut i on of t he cal or i met er , si nce i t absor bed
some f r act i on of t he shower ener gy, wi t h r el at i vel y
l ar ge event - t o- event f l uct uat i ons . I n t hi s subsect i on, we
wi l l i nvest i gat e t o what ext ent t he cal or i met er ' s ener gy
r esol ut i on has been af f ect ed . Al so, t he pr eshower de-
t ect or absor bed a l ar ger f r act i on of t he ener gy of
el ect r ons t han f or t he pi ons . I n or der t o be abl e t o
det er mi ne t he e/ h val ue cor r ect l y, t hi s ef f ect has t o be
eval uat ed as wel l .

The pr eshower det ect or was cal i br at ed wi t h t he
si gnal s f r om beam muons, whi ch wer e assumed t o be
mi ni mum i oni zi ng par t i cl es f or t hi s pur pose . Fr om t he
composi t i on of t he absor ber , one can cal cul at e t he
most pr obabl e val ue f or t he ener gy l oss of mi p' s i n t hi s
pr eshower det ect or : 13 . 7 MeV. Thi s set s t he ener gy
scal e f or t he obser ved el ect r on si gnal s . However , i t
shoul d be r eal i zed t hat e . m. shower s ar e l ess ef f i ci ent l y
sampl ed t han muons i n hi gh- Z cal or i met er s . Typi cal l y,
an e/ mi p val ue of - 0. 6 i s f ound [ 3, 14] . Thi s r esul t
appl i es t o shower s t hat ar e compl et el y absor bed . The
ear l y par t i s mor e ef f i ci ent l y sampl ed, wi t h e/ mi p - 0. 8
f or t he f i r st f ew r adi at i on l engt hs [ 3] . So i n pr act i ce we
used an ener gy scal e of 13 . 7/ 0 . 8 = 17 . 1 MeV/ mi p f or
t he el ect r on si gnal s . The aver age shower ener gy de-
posi t ed i n t he pr eshower det ect or i s l i st ed i n t abl e 2 .
The f r act i onal ener gy l oss i s gi ven as a f unct i on of t he
el ect r on ener gy i n f i g . 14 . The st ep at l ow ener gy i s
caused by t he t r i gger t hr eshol d appl i ed f or t he mea-
sur ement s at 5 and 9. 7 GeV ( see sect i on 2. 2) . Resul t s
of Mont e Car l o si mul at i ons ( GÉANT) i n whi ch t he

Tabl e 2

The aver age ener gy deposi t ed mt he 1. 7X0 pr eshower det ect or , and t he ef f ect of t hi s det ect or on t he ener gy r esol ut i on measur ed
wi t h t he cal or i met er . Col umn 4 l i st s t he measur ed ener gy r esol ut i ons i gnor i ng t he PSD si gnal s . I n col umn 5, t he r esol ut i ons
obt ai ned by addi ng t he PSDand SPACAL si gnal s event - by- event ar e gi ven .

Ee

[ GeV]
AE PSD

[ GeV]
DE/ E

[ %]

o- / E

no PSD
[ %a]

a- / E

wi t h PSD

[ %a]

5. 0 0. 236±0 . 024 4. 72+0. 47 7. 04+0. 20 6. 92±0. 20

9 . 7 0. 298±0 . 030 3. 07±0. 31 5. 49±0. 08 5. 29+0. 07
20 . 0 0. 166 ±0. 017 0. 83+0. 08 4. 06+0. 08 3. 99+0. 08
40 . 0 0. 221 ±0. 022 0. 55+0. 06 3. 29+0. 05 3. 24+0. 05
80 . 0 0. 274+0. 027 0. 34+0. 03 2. 72+0. 040. 04 2. 71+0. 04

150. 0 0. 296 ± 0. 030 0. 20+0. 02 2. 23+0. 05 2. 28 + 0. 05
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ener gy deposi t i n t he pr eshower det ect or was cal cu-
l at ed, ar e al so shown i n t hi s f i gur e . They agr ee wi t hi n
- 10%wi t h t he exper i ment al val ues, except of cour se
at 5 and 9. 7 GeV, wher e t he t r i gger t hr eshol d ( E, so > 7
mi p) was appl i ed . Mai nl y because of t he t r i gger t hr esh-
ol d t hat was appl i ed f or t he 5 and 9. 7 GeV dat a t aki ng,
t he ef f ect of t he pr eshower det ect or on t he e/ - r r si gnal
r at i o i s not negl i gi bl e at t hese l ow ener gi es . Ener gy l oss
i n t he pr eshower det ect or i s al so par t l y r esponsi bl e f or
t he si gnal al i near i t y obser ved at l ow ener gi es ( see sec-
t i on 5. 3) .

The ef f ect of t he pr eshower det ect or on t he ener gy
r esol ut i on f or el ect r ons was det er mi ned by addi ng t he
si gnal s f r om t hi s det ect or event - by- event t o t he
cal or i met er ones . The r esul t s, l i st ed i n t abl e 2, show
t hat t he i mpr ovement i n t he ener gy r esol ut i on was
bar el y si gni f i cant . Thi s i s no sur pr i se, si nce t he
pr eshower det ect or absor bed at maxi mum onl y a f ew
per cent of t he shower ener gy, and onl y t he f l uct uat i ons
i n t hese f ew per cent mi ght af f ect t he ener gy r esol ut i on .
On t he ot her hand, t he l i near i t y of r esponse cl ear l y
i mpr oved at l ow ener gy when t he ener gy l oss i n t he
PSD was t aken i nt o account ( see sect i on 5 . 3) . For
compl et eness, i t shoul d be ment i oned t hat t he f i t s
descr i bi ng t he measur ed ener gy r esol ut i ons ( eqs . ( l a)
and ( l b) ) t ook t he ener gy l oss i n t he PSDi nt o account ,
i . e . t he 5 GeV poi nt was t aken at 4. 76 GeV, et c . The
ef f ect of t hi s on t he r esul t s of t he f i t s was smal l er t han
t he st at i st i cal er r or s i n t he coef f i ci ent s .

100

50

1

	

5 10

	

50 100

Ener gy ( GeV)

Fi g. 14 . The f r act i onal ener gy l oss i n t he 1 . 7Xo t hi ck pr eshower
det ect or as a f unct i on of t he el ect r on ener gy . Resul t s of MC

si mul at i ons ( GEANT) ar e gi ven as wel l .
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5. Si ngl e- pi on det ect i on

5. 1 . Ener gy r esol ut i on

The ener gy r esol ut i on f or t he det ect i on of hadr oni c
shower s was st udi ed as a f unct i on of t he ener gy f or
negat i ve pi ons ent er i ng t he cal or i met er at an angl e
OZ = 3 ° . Pur e sampl es of pi on event s wer e obt ai ned as
descr i bed i n sect i on 3 . The pi on si gnal s wer e obt ai ned
by addi ng t he si gnal s f r om al l cal or i met er t ower s .

Typi cal si gnal di st r i but i ons, f or 9 . 7, 40 and 150 GeV
, r r - , ar e shown i n f i gs . 15a, 15c and 15e . The shape of
t hese di st r i but i ons i s not ver y wel l descr i bed by a
Gaussi an cur ve, especi al l y at 150 GeV, wher e a cl ear
hi gh- ener gy t ai l i s obser ved . The r eason f or t hi s i s wel l
under st ood . Hadr oni c shower s exhi bi t l ar ge f l uct ua-
t i ons i n t hei r l ongi t udi nal ener gy deposi t pr of i l e . Be-
cause of l i ght at t enuat i on i n t he f i ber s, t he cal or i met er
r esponse depends on t he dept h at whi ch t he l i ght i s
pr oduced . Thi s ef f ect i s r esponsi bl e f or t he obser ved
asymmet r i c si gnal di st r i but i ons .

The l i ght at t enuat i on cur ve of t he f i ber s was mea-
sur ed i n t he f ol l owi ng way . A beam of 40 GeV el ec-
t r ons was st eer ed i nt o a Spaghet t i Cal or i met er whi ch
was or i ent ed at BZ = 90 ° , i . e . wi t h t he f i ber s r unni ng
per pendi cul ar t o t he beam l i ne . These measur ement s
wer e per f or med wi t h t he 20- t ower pr ot ot ype cal or i me-
t er . The si gnal of t he e. m. shower s was measur ed as a
f unct i on of t he di st ance z bet ween t he i mpact poi nt
and t he PM t ubes . The r esul t s ar e gi ven i n f i g . 16 . The
exper i ment al poi nt s can be descr i bed by a sum of
exponent i al s :

I ( z) [ pC] = 102[ e- Z/ " ° + 0. 85 e( ° - 44) / 11 01

+ 124 e- z / 0 77

	

( 2)

( wi t h z i n met er s) , whi ch account s f or t wo exponent i al
at t enuat i on pr ocesses and t he ef f ect of l i ght r ef l ect i on
at t he al umi ni zed open end ( r ef l ect i on coef f i ci ent 0. 85
[ 9] ) i n t he 2. 2 m l ong f i ber s . The cur ve i n f i g . 16
cor r esponds t o t hi s expr essi on . Far away f r om t he
PMs, wher e on aver age most of t he l i ght i s pr oduced
by a shower , t he ef f ect i ve at t enuat i on l engt h measur ed
over t he f i r st met er amount s t o 7- 8 m, but i n t he
second hal f of t he det ect or , t he det ect or r esponse r i ses
f ai r l y shar pl y . The shor t component i n t he l i ght at t enu-
at i on cur ve of sci nt i l l at i ng f i ber s, 77 cm i n our case, i s
due t o l i ght t r avel l i ng ( par t l y) t hr ough t he f i ber cl addi ng
[ 15] . Ref l ect i on l osses at t he cl addi ng- ai r i nt er f ace ar e
causi ng t he much st r onger at t enuat i on f or t hi s l i ght
component . I t i s cl ear t hat especi al l y t he r esponse t o
hi gh ener gy hadr ons, whi ch may occasi onal l y deposi t
qui t e a l ar ge f r act i on of t hei r shower ener gy beyond
5A r , may be af f ect ed by l i ght at t enuat i on . Thi s i s i l l us-
t r at ed i n f i g. 17, wher e t he cal or i met er si gnal i s shown
ver sus t he l ongi t udi nal cent er of gr avi t y of t he l i ght
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pr oduct i on . Thi s ef f ect i ve shower dept h was det er -

mi ned f r om t he di spl acement of t he l at er al cent er of

gr avi t y wi t h r espect t o t he i mpact poi nt of t he par t i cl es

( a consequence of t he angl e 0, ) [ 10] , expl oi t i ng t he
good posi t i on r esol ut i on of t he det ect or . The ef f ect of
l i ght at t enuat i on i s cl ear l y vi si bl e, especi al l y at 150
GeV, i n t hat t he aver age pi on si gnal r i ses at i ncr easi ng

dept h . I n f act , f i gs . 17b and 16 ar e equi val ent , wi t h t he
di f f er ence t hat 0, was 3 ° i nst ead of 90 ° .

As a consequence of l i ght at t enuat i on, t he mea-
sur ed ener gy r esol ut i on i s cl ear l y wor se t han i ndi cat ed
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by t he wi dt hs of t he bands i n f i g . 17 . Thi s wi dt h i s
det er mi ned by t he f l uct uat i ons i n t he shower devel op-
ment i t sel f . Mor eover , t he r esul t i ng si gnal di st r i but i on

i s non- Gaussi an as a consequence of t he non- Gaussi an
event di st r i but i on i n dept h . Al l t hese ef f ect s ar e cl ear er

at hi gher ener gy, because of t he f ol l owi ng r easons : a)
The ener gy r esol ut i on due t o sour ces ot her t han l i ght
at t enuat i on i s much smal l er at hi gh ener gy . b) The

ef f ect i ve dept h of t he l i ght pr oduct i on i s bet t er det er -
mi ned at hi gh ener gy because of t he bet t er l at er al
posi t i on r esol ut i on . Thi s i s i l l ust r at ed by t he f act t hat
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SI GNAL ( pC)

Fi g . 15. Si gnal di st r i but i ons f or 9 . 7, 40 and 150 GeV pi ons ent er i ng t he Spaghet t i Cal or i met er at an angl e 0, =3 ° . The measur ed
di st r i but i ons ar e shown on t he l ef t ( a, c, e) . The di st r i but i ons on t he r i ght hand si de wer e obt ai ned af t er cor r ect i ng f or t he ef f ect s of

l i ght at t enuat i on i n t he f i ber s ( b, d, f ) . The cur ves ar e t he r esul t s of Gaussi an f i t s .
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Fi g . 16. The aver age cal or i met er si gnal f or 40 GeV el ect r ons
ent er i ng t he det ect or per pendi cul ar l y ( 0, = 90 ° ) , as a f unc
t i on of t he di st ance z bet ween t he i mpact poi nt and t he PM

t ubes.

at 9 . 7 GeV qui t e a f ew poi nt s at unphysi cal val ues ar e
f ound ( x, , L - x Bc > 0) . c) The l ongi t udi nal di men-
si ons of hi gh ener gy shower s ar e l ar ger , so t hat mor e
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l i ght i s pr oduced i n t he r egi on wher e r el at i vel y st r ong
l i ght at t enuat i on occur s .

I f one knows t he ef f ect i ve dept h ( z) of t he l i ght
pr oduct i on event - by- event , one can of cour se el i mi nat e
t he ef f ect s of l i ght at t enuat i on by wei ght i ng t he si gnal s
wi t h a f act or A2. 2) / I ( z) ( see eq . ( 2) ) . The r esul t s of
such a pr ocedur e ar e shown i n f i gs. 15b, 15d and 15f .
As may be expect ed, t he r el at i ve i mpr ovement i s much
l ar ger at hi gh ener gy . As a r esul t of t hi s wei ght i ng
pr ocedur e, t he ener gy r esol ut i on at 150 GeV i mpr oves
consi der abl y and t he si gnal di st r i but i on i s much bet t er
descr i bed by a Gaussi an .

The r esul t s on t he ener gy r esol ut i on f or si ngl e pi ons
ar e summar i zed i n t abl e 3, whi ch l i st s f or each ener gy
t he number of event s, t he aver age cal or i met er si gnal
and t he ener gy r esol ut i ons o,1E bef or e and af t er cor -
r ect i ng f or t he ef f ect s of l i ght at t enuat i on . Gaussi an
f i t s wer e per f or med wi t hout r est r i ct i ons on t he ar ea
ar ound t he peak val ue . The ener gy r esol ut i ons bef or e
and af t er cor r ect i ng t he ef f ect s of l i ght at t enuat i on ar e
al so shown as a f unct i on of t he pi on ener gy i n f i g . 18 .
When f i t t i ng t he ener gy r esol ut i ons t o an expr essi on of

( z) ( m)
15 10 05 0

X CAL - XBC

	

( mm)

Fi g. 17 . Scat t er pl ot s showi ng t he cal or i met er si gnal ver sus t he l ongi t udi nal cent er of gr avi t y of t he l i ght pr oduct i on ( t op hor i zont al
axi s) . Thi s dept h was det er mi ned f r om t he l at er al di spl acement of t he cent er of gr avi t y of t he shower wi t h r espect t o t he par t i cl e' s
i mpact poi nt ( bot t om hor i zont al axi s) . The ar r ows i ndi cat e t he pr eci si on of t he posi t i on measur ement s . Dat a f or 9 . 7 GeV ar - ( a)

and 150 GeV r r - ( b) , ent er i ng t he det ect or at 0 . = 3' .

Tabl e 3
The ener gy r esol ut i on f or si ngl e pi ons, bef or e ( col umn 4) and af t er cor r ect i ng f or t he ef f ect s of l i ght at t enuat i on i n t he f i ber s
( col umn 5) and of r esi dual non- compensat i on ( col umn 6) .

E, r [ GeV] Event s ( si gnal ) [ PC] o/ E [ %] I X2 o/ E ( Aat t = . ) [ %] / X2 o/ E ( RP cor r ) [ %] / X2

5. 0 248 16 . 99±0. 20 15 . 6±0. 7/ 0 . 55 14 . 8±1 . 5/ 1 . 2 -
9 . 7 3213 34 . 09±0. 07 11 . 73±0. 15/ 1 . 1 11 . 05±0. 14/ 1 . 0 -

20 . 0 1893 73 . 25±0. 14 8. 25±0. 13/ 1 . 4 7 . 50±0. 12/ 0. 8 -
40 . 0 2286 151 . 6 ±0 . 2 6. 96±0. 10/ 2 . 0 5. 75±0. 09/ 1 . 2 -
80 . 0 2479 309 . 2 ±0. 4 5 . 58±0. 08/ 2 . 9 4 . 40±0. 06/ 1 . 8 4. 08±0. 12/ 1 . 2

150 . 0 2208 593 . 4 ±0. 6 4. 86±0. 07/ 3 . 7 3 . 46±0. 05/ 1 . 9 3. 00±0. 09/ 1 . 2
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Fi g . 18 . The ener gy r esol ut i ons f or si ngl e pi ons as a f unct i on
of t he pi on ener gy, bef or e ( a) and af t er ( b) cor r ect i ng f or t he
ef f ect s of l i ght at t enuat i on i n t he f i ber s . The cur ves ar e t he

r esul t s of l east squar es f i t s t o t he dat a .

t he t ype o- / E =a/ F + c, we f ound t he f ol l owi ng
r esul t s :
Bef or e :

a) Bef or e Rai t cor r ect i on I

b) Af t er kan cor r ect i on

wi t h E gi ven i n GeV. One may al so f i t t he dat a t o an

expr essi on t hat adds t he scal i ng and const ant t er ms i n
quadr at ur e . Thi s gi ves t he f ol l owi ng r esul t s :
Bef or e :

( 33. 9 ± 0. 4) %

	

2

	

2
o- 2/ EZ =

	

~

	

+ ( ( 4 . 1 ± 0 . 1) %) '

( X2 = 3. 4/ df ) ;

	

( 4a)
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af t er :

( ( 33 . 3 ± 0 . 4) %

	

2

QZ/ E`
=

	

~

	

+«2. 2- 0. 1) %)
2

( X2 = 2 . 0/ df ) .

	

( 4b)

The cur ves i n f i g . 18 cor r espond t o eqs . ( 3) and ( 4) . As
i n t he case of e. m. shower s, one may ar gue whet her t he
t wo t er ms have t o be added l i near l y, i n quadr at ur e or

ot her wi se . The f act t hat t he ef f ect s causi ng a devi at i on
f r om a pur e scal i ng behavi or ar e ener gy dependent
wor ks i n f avour of eq. ( 3) . But , as f or e. m. shower s,
nei t her of t he t wo expr essi ons i s t heor et i cal l y j ust i f i ed
and a cor r ect f or mul a i s def i ni t el y mor e compl i cat ed
t han t he ones used her e . Fi g . 18 shows t hat onl y
measur ement s at much hi gher ener gi es t han t he ones
used by us wi l l al l ow t o di st i ngui sh exper i ment al l y
bet ween t he l i near and t he quadr at i c cur ves . I t i s
i nt er est i ng t o not e t hat t he WA80 Col l abor at i on, who
measur ed t he ener gy r esol ut i on of t hei r ur ani um/
sci nt i l l at or cal or i met er f or ener gi es bet ween 60 and
6400 GeV, obt ai ned r esul t s t hat ar e f avor i ng t he l i near
expr essi on [ 16] .

The r esul t s gi ven i n eqs . ( 3) and ( 4) show t hat ,
al t hough l i ght at t enuat i on i n t he f i ber s i s a maj or
cont r i but i on t o t he t er m t hat descr i bes t he devi at i on
f r om a pur e scal i ng behavi our , i t does not expl ai n t hi s
t er m compl et el y . I n an at t empt t o under st and t he
or i gi n of t he r emai ni ng ef f ect s, we f ound t hat t he wi dt h
of t he si gnal di st r i but i ons coul d be f ur t her r educed i f
t he cal i br at i on const ant s wer e del i ber at el y changed
wi t h r espect t o t hei r measur ed val ues . Thi s i s i l l us-
t r at ed i n f i g . 19, whi ch shows t he ener gy r esol ut i on
o- / E, nor mal i zed t o i t s val ue f or t he nomi nal cal i br a-
t i on const ant s, as a f unct i on of t he cal i br at i on const ant
f or t he cent r al t ower . The wi dt h of t he si gnal di st r i bu-

0 4
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1. 2

	

1 . 4

	

16

Cal i br at i on const ant cent r al t ower ( nor mal i zed)
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Fi g . 19. The f r act i onal wi dt h of t he hadr oni c si gnal di st r i bu-
t i on as a f unct i on of t he cal i br at i on const ant f or t he cent r al
cal or i met er t ower . The scal es ar e nor mal i zed t o t he val ues f or
t he nomi nal cal i br at i on const ant , det er mi ned f r om t he
cal or i met er r esponse t o el ect r ons hi t t i ng t he cent er of t hi s

t ower . Dat a f or 80 GeV ar - .

17
v 80 GeV i l -

0 0, = 0'
E 1 . 5
0
C

13

110

i
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0 0 . 9

( 27 . 7 ± 0 . 6) %

( X 2 = 4. 8/ df ) ; ( 3a)

af t er :

( 30 . 6 ± 0. 5) %
a- / E= F +( 1 . 0±0 . 1) %

( X
2 =2. 4/ df ) ( 3b)
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Fi g . 20 . Scat t er pl ot of t he cal or i met er si gnal f or 150 GeV
par t i cl es vs t he ef f ect i ve wi dt h RP of t he shower ( a) . The
si gnal di st r i but i on f or 150 GeV pi ons af t er a wei ght i ng f act or ,
cor r ect i ng f or t he ef f ect of t he shower wi dt h, has been appl i ed

( b) . See t ext f or det ai l s .

t i on f or 80 GeV pi ons i mpr oved by - 5% i f t he cal i -
br at i on const ant f or t hi s t ower was r educed by - 15%
wi t h r espect t o t he val ue est abl i shed on t he basi s of t he
r esponse t o el ect r on shower s . For 9. 7 GeV pi ons t he
i mpr ovement amount ed t o at most 1%, f or a r educt i on
of 10%of t he cal i br at i on const ant .

Most l i kel y, t hese phenomena ar e a consequence of
t he f act t hat t he cal or i met er i s sl i ght l y under compen-
sat i ng ( see sect i on 5. 3) . By r educi ng t he cal i br at i on
const ant f or t he cent r al t ower , wher e most of t he- r r O

pr oduct i on i s det ect ed, one r educes t he ef f ect of f l uc-
t uat i ons i n t he i r 0 cont ent of t he shower s on t he
ener gy r esol ut i on . Evi dence f or t hi s assumpt i on comes
f r om f i g . 20, wher e t hi s phenomenon i s deal t wi t h i n a
mor e sophi st i cat ed manner . We def i ned a quant i t y RP
as

wher e E, i s t he ener gy deposi t ed i n an i ndi vi dual t ower
i and r i s t he di st ance bet ween t he cent er of t ower i
and t he cent er of gr avi t y of t he shower ener gy deposi t

pr of i l e . Thi s quant i t y i s a measur e f or t he ef f ect i ve
wi dt h of t he shower . I t was devel oped f or e/ i r separ a-
t i on pur poses [ 101 . Fi g . 20a shows t he t ot al cal or i met er
si gnal ver sus RP. When t he shower i s wi der ( i . e . con-
t ai ns l ess - r r 0 ener gy) , t he si gnal i s somewhat smal l er .
By wei ght i ng t he cal or i met er si gnal s wi t h an RP depen-
dent f act or , i n a way si mi l ar t o f i gs . 15 and 17, t he
ener gy r esol ut i on coul d be i mpr oved . Mor eover , t he
si gnal di st r i but i on became al most per f ect l y Gaussi an
( see f i g . 20b, t abl e 3) .

I t shoul d be emphasi zed t hat such pr ocedur es ar e
ver y del i cat e and mai nl y of academi c i nt er est . They
show wher e t he l i mi t at i ons t o t he ener gy r esol ut i on
come f r om and what t he ul t i mat e achi evabl e ener gy
r esol ut i ons ar e. But i n pr act i ce, one woul d cer t ai nl y
not want t o change t he measur ed cal i br at i on const ant s
del i ber at el y by an ener gy dependent f act or ( f i g. 19) .
Fur t her i mpr ovement s i n t he ener gy r esol ut i on shoul d
be pur sued by el i mi nat i ng t he causes r esponsi bl e f or
t he obser ved ef f ect s, r at her t han by cor r ect i ng f or
t hem.

5. 1 . 1. Angul ar dependence
The angul ar dependence of t he hadr oni c ener gy

r esol ut i on was st udi ed f or 40 GeV pi ons ent er i ng t he
cal or i met er at an angl e of i nci dence BZ r angi ng f r om
0 ° t o 5 ° . Resul t s, uncor r ect ed f or t he ef f ect s of l i ght
at t enuat i on i n t he f i ber s, ar e gi ven i n f i g . 21, whi ch
shows t hat , unl i ke f or el ect r ons, t he hadr oni c ener gy
r esol ut i on i s pr act i cal l y i ndependent of BZ.

The absence of any st r ong angul ar dependence may
be under st ood f r om t he f act t hat t he phenomenon t hat
caused t he angul ar dependence f or el ect r on det ect i on
has no equi val ent f or pi ons . Unl i ke el ect r ons, whi ch
l ose a l ar ge f r act i on of t hei r i ni t i al ener gy by r adi at i ng
phot ons at al most 0 ° , pi ons onl y l ose a smal l f r act i on
of t hei r ener gy t hr ough i oni zat i on bef or e under goi ng a
nucl ear i nt er act i on i n whi ch t he secondar y par t i cl es ar e

8

0
6

5

40 GeV n-

- 1 0 1 2 3 4 5 6

0, ( degr ees)

Fi g . 21 . The ener gy r esol ut i on f or 40 GeV Tr - det ect i on as a
f unct i on of t he angl e of i nci dence 0. .
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Fi g. 22 . The hadr oni c ener gy r esol ut i on as a f unct i on of t he
ef f ect i ve r adi us of t he ar ea over whi ch t he cal or i met er si gnal
i s i nt egr at ed . The ener gy r esol ut i on i s nor mal i zed t o t he val ue
f or t he whol e det ect or . Resul t s f or 9. 7 and 80 GeV Tr - at
0, = 3 ° ( a) . The same dat a as a f unct i on of t he l at er al shower

l eakage f r act i on ( b) .

di sper sed over an ar ea t hat i s l ar ge compar ed t o t he
f i ber - t o- f i ber di st ance . We di d not obser ve any ef f ect
of t he t ype shown i n f i g . 12, whi ch was r esponsi bl e f or
t he ( angl e dependent ) const ant t er m cont r i but i ng t o
t he e. m. ener gy r esol ut i on .

5. 1 . 2 . The ener gy r esol ut i on as a f unct i on of t he cl ust er

si ze

I n t he r esul t s shown so f ar i n t hi s sect i on, t he
hadr oni c cal or i met er si gnal s wer e obt ai ned by i nt egr at -
i ng over t he t ot al det ect or vol ume, i . e . by summi ng t he
si gnal s of al l i ndi vi dual t ower s . The l at er al cr oss sec-
t i on of one t ower bei ng 48 . 7 cm2, t hi s cor r esponds t o a
cyl i nder wi t h an ef f ect i ve r adi us r of 555 X 48 . 7/ - t r -

49 cm. I n t he pr act i cal ci r cumst ances of an exper i ment
( t r i gger i ng, pi l e- up) , one may want t o i nt egr at e over a
smal l er ar ea t o det er mi ne t he ener gy of a par t i cl e or a
j et , and t he quest i on ar i ses t o what ext ent t hi s woul d

af f ect t he pr eci si on of t he cal or i met er measur ement s .

We st udi ed t hi s quest i on by i nt egr at i ng t he
cal or i met er si gnal over smal l er and smal l er det ect or
ar eas, l eavi ng out one hexagonal r i ng af t er t he ot her
( see f i g . 1b) . The ef f ect on t he ener gy r esol ut i on i s
shown i n f i g . 22 f or pi ons at 9. 7 and 80 GeV. The
r esol ut i on o- / E, r el at i ve t o t he r esol ut i on obt ai ned
f r om i nt egr at i on over t he f ul l det ect or vol ume, i s shown
as a f unct i on of t he ef f ect i ve r adi us r of t he ( hexago-
nal ) det ect or ar ea over whi ch t he si gnal was i nt egr at ed,
i n f i g. 22a . I t t ur ns out t hat t he ef f ect on t he hadr oni c
ener gy r esol ut i on i s mar gi nal down t o r = 30 cm. The
r el at i ve degr adat i on of t he ener gy r esol ut i on f or f ur -
t her decr easi ng r adi i i s somewhat st r onger f or hi gher
ener gy par t i cl es . The same phenomenon i s obser ved i n
f i g . 22b, wher e t he ener gy r esol ut i on i s shown as a
f unct i on of t he l at er al shower l eakage f r act i on ( see
sect i on 5 . 3) . For a gi ven ( aver age) l at er al shower con-
t ai nment , t he r el at i ve degr adat i on of t he hadr oni c en-

er gy r esol ut i on due t o l eakage i ncr eases wi t h ener gy .
We f ound t hat t he ef f ect of l at er al shower l eakage on
t he hadr oni c ener gy r esol ut i on i s r oughl y descr i bed by

4
1/ -~E t er m, t o be added i n quadr at ur e t o t he scal i ng
t er m:

t r / E _
FE ~E_

49 7

wher e c, and c 2 ar e t he const ant s gi ven i n eq . ( 3) and
x i s t he aver age l at er al l eakage f r act i on . An even
bet t er f i t t o t he exper i ment al r esul t s was obt ai ned

4
when t he x/ ~E_ t er m was r epl aced by a t er m of t he
f or m AxE - b . Fi t t i ng al l dat a i n t he ener gy r ange 5- 150
GeV si mul t aneousl y, we f ound t he best r esul t s f or
A = 0. 90 and b = 0. 22 . When t he l eakage t er m was
added quadr at i cal l y t o t he t ot al measur ed ener gy r eso-
l ut i on r at her t han t o t he scal i ng t er m, t he best f i t was
obt ai ned f or A = 0. 87 and b = 0. 17.

5. 2. The e/ a si gnal r at i o

Bef or e ent er i ng i nt o t he i mpor t ant compensat i on
quest i on, i t shoul d be poi nt ed out t hat t her e ar e t wo
i ssues t hat shoul d be cl ear l y di st i ngui shed :

a) The e/ - r r r at i o as der i ved f r om t he si gnal s act u-
al l y del i ver ed by t he cal or i met er . Thi s r at i o, whi ch can
be di r ect l y det er mi ned by compar i ng t he si gnal s f r om
el ect r ons and pi ons at t he same ener gy, i s i mpor t ant
f or t he t r i gger i ng f unct i on of t he cal or i met er i n an
exper i ment . I t wi l l be a maj or advant age i f t he
cal or i met er r esponds wi t h si gnal s t hat , i r r espect i ve of
t he t ype of par t i cl e t hat caused t hem, ar e a di r ect
measur e of t he ener gy i nvol ved . I n pr act i ce, one woul d
al so l i ke t he cal or i met er t o meet t hi s condi t i on f or j et s .
However , t he e/ j et si gnal r at i o i s not onl y det er mi ned
by t he pr oper t i es of t he cal or i met er , but al so by t he j et
def i ni t i on . Some par t i cl es pr oduced i n t he f r agment a-
t i on of a quar k or gl uon wi l l i nevi t abl y pass out si de t he
ar ea def i ned t o cont ai n t he j et . The e/ j et si gnal r at i o i s
di scussed i n sect i on 6. 3 .

Because of t he di f f er ent l ongi t udi nal shower devel -
opment f or el ect r ons, hadr ons and j et s, t he e/ , r and
e/ j et si gnal r at i os depend on t he at t enuat i on char ac-
t er i st i cs of t he f i ber s .

b) A quant i t y t hat we shal l cal l e/ h, whi ch i n t hi s
cont ext i s def i ned as t he r at i o of t he amount of sci nt i l -
l at i on l i ght per GeV of deposi t ed ener gy pr oduced by
t he e. m. and non- e. m. component s of hadr oni c show-
er s . Thi s quant i t y i s an i nt r i nsi c pr oper t y of t he det ec-
t or . The cont r i but i on of t he ( l ar ge and non- Gaussi an)
f l uct uat i ons i n t he f r act i on of e. m. ener gy gener at ed i n
hadr oni c shower s t o t he hadr oni c ener gy r esol ut i on
vani shes onl y i f e/ h = 1 . The det er mi nat i on of e/ h i s
t he subj ect of t he next subsect i on .
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Tabl e 4

The e/ - r r si gnal r at i os measur ed wi t h a spaghet t i cal or i met er
wi t h an ef f ect i ve r adi us of 49 cm, pr eceded by a 1 . 7X, t hi ck
pr eshower det ect or .

The val ues of t he e/ i r si gnal r at i o as measur ed wi t h
our det ect or syst em ar e l i st ed i n t abl e 4 . The number s
appl y t o t he si gnal s obser ved i n t he cal or i met er ( t abl es
1 and 3) , wi t h a 1. 7X, t hi ck pr eshower det ect or i n-
st al l ed upst r eam. The si gnal s wer e i nt egr at ed over an
ar ea wi t h an ef f ect i ve r adi us of 49 cm. The e/ - r r r at i o i s
pl ot t ed agai nst t he par t i cl e ener gy i n f i g . 23 . Wher eas
t he er r or s gi ven i n t abl e 4 ar e st at i st i cal onl y, a syst em-
at i c er r or of 1%, added i n quadr at ur e, was i ncl uded i n
t he poi nt s shown i n f i g . 23 . Thi s er r or account s f or
i nst abi l i t i es i n t he PM r esponse ( whi ch wer e never
obser ved t o be l ar ger t han 0. 5%) , f or uncer t ai nt i es i n
t he beamener gi es and f or t he non- Gaussi an cal or i me-
t er r esponse, whi ch l eads t o smal l di f f er ences bet ween
t he mean si gnal and t he mean val ue of t he Gaussi an
f i t .

As f or t he hadr oni c ener gy, we st udi ed t he ef f ect of
a r educt i on of t he ar ea over whi ch t he si gnal s wer e
i nt egr at ed on t he e/ - r r si gnal r at i o . The r esul t s ar e

shown i n f i g. 24 . As f or t he hadr oni c ener gy r esol ut i on,
t he e/ - r r si gnal r at i o i s onl y mar gi nal l y af f ect ed down

t o r = 30 cm. Si nce el ect r ons ar e al r eady al most f ul l y

cont ai ned i n a cyl i nder wi t h r = 10 cm, t he f act t hat

e/ ,r r r i ses f ast er at decr easi ng r i f t he ener gy i s l ower

means t hat t he hadr oni c cont ai nment i n a cyl i nder wi t h

gi ven r adi us i s i ncr easi ng wi t h ener gy .

1 . 01- - - _- - - - - - - - - - -

0 . 9

Ener gy ( GeV)
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Uncor r ect ed dat a

Fi g . 23 . The e/ , r r si gnal r at i o f or t he Spaghet t i Cal or i met er as
a f unct i on of t he par t i cl e ener gy . See t ext f or det ai l s .
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Fi g . 24. The e/ ar si gnal r at i o as a f unct i on of t he ef f ect i ve
r adi us of t he ar ea over whi ch t he cal or i met er si gnal s ar e
i nt egr at ed . Resul t s f or 9 . 7 and 80 GeV par t i cl es ent er i ng t he

cal or i met er at 0, = 3 ° .

I n ear l i er t est s wi t h t he 20- t ower pr ot ot ype of t he
SPACAL det ect or , we r emoved t he yel l ow f i l t er s i n-
t ended t o absor b t he most st r ongl y at t enuat ed bl ue
l i ght component [ 9] . Si nce t he l i ght at t enuat i on cur ve
becomes t hen st eeper , and si nce pi on shower s devel op
cl oser t o t he PM, t he pi on si gnal s wer e mor e enhanced
wi t h r espect t o t he yel l ow- f i l t er ones t han t he el ect r on
si gnal s . Thi s had t he ef f ect of decr easi ng t he measur ed
e/ - r r si gnal r at i o by 7% at 40 GeV. Thi s i l l ust r at es t hat
t he e/ ar si gnal r at i o i s not an i nt r i nsi c pr oper t y of t hi s
det ect or , but can be t uned t o a cer t ai n ext ent t hr ough
t he l i ght at t enuat i on char act er i st i cs of t he f i ber s . As

was poi nt ed out el sewher e [ 17] , r adi at i on damage wi l l
al so t end t o decr ease t he e/ , r r si gnal r at i o . Because of
t hese ef f ect s, one mi ght i magi ne a det ect or bei ng de-
si gned i n such a way t hat event ual ef f ect s of r adi at i on
damage on t he e/ r r si gnal r at i o coul d be compensat ed
f or wi t h f i l t er s .

5. 3. The e/ h r at i o

I n t hi s subsect i on, we wi l l t r y t o f i nd out t o what
ext ent t he compensat i on condi t i on i s met by our det ec-
t or . That i s, we wi l l t r y t o det er mi ne t he r el at i on
bet ween t he amount s of sci nt i l l at i on l i ght per GeV of
deposi t ed ener gy f or t he e. m. and non- e. m. compo-
nent s of hadr oni c shower s . The st ar t i ng poi nt f or t hi s
anal ysi s i s t he e/ , r r si gnal r at i o measur ed as a f unct i on
of ener gy ( t abl e 4) . I n or der t o det er mi ne e/ h, we have
t o account f or t he f ol l owi ng ef f ect s t hat have a di f f er -
ent i nf l uence on t he el ect r on and pi on si gnal s : a) l i ght
at t enuat i on i n t he f i ber s, b) ener gy l oss i n t he pr eshower
det ect or , c) suppr essi on of ver y smal l si gnal s t hr ough

t he l ow- ener gy cut of f , d) ener gy l eaki ng out of t he
det ect or .

I n t abl e 5, t he di f f er ences bet ween t he e/ , r r si gnal
r at i os t hat woul d have been measur ed i n t he absence
of t hese i nst r ument al ef f ect s and t he act ual l y measur ed

E, [ GeV] ( si gnal e) [ pC] ( si gnal i r ) [ pC] e/ - r r

5. 0 18. 65+0 . 05 16 . 99+0 . 20 1 . 097± 0 . 013
9. 7 36. 73+0 . 040 . 04 34 . 09+0 . 07 1 . 077+ 0 . 003_

20. 0 78. 90+0 . 090 . 09 73 . 25+0 . 140 . l 4 1 . 077+ 0 . 002_
40 . 0 158. 9 +_ 0 . 1 151 . 6 +_ 0 . 2 1 . 048+ 0 . 002_

80 . 0 317. 8 +0 . 2 309 . 2 +0 . 4 1 . 028+0 . 001

150 . 0 579. 2 ±0 . 4 593 . 4 ±0 . 6 0 . 976±0 . 001



e/ , i r si gnal r at i os ar e l i st ed . By combi ni ng al l t hese
number s, t he e/ , r r r at i os f or t hi s " per f ect " det ect or
can be i nf er r ed .

a) Li ght at t enuat i on i n t he f i ber s r educes t he el ec-
t r on si gnal mor e t han t he hadr oni c si gnal and, t her e-
f or e, i t wi l l l ead t o an under est i mat i on of t he e/ , r r

r at i o . Si nce we know bot h t he ef f ect i ve dept h at whi ch
t he l i ght was pr oduced ( f i g . 17) and t he l i ght at t enua-
t i on cur ve of t he f i ber s ( f i g. 16) , t he cont r i but i on of t hi s
ef f ect coul d be accur at el y cal cul at ed . I t var i ed bet ween
4. 2% at 5 GeV t o 5. 7% at 150 GeV, t he i ncr ease wi t h
ener gy st emmi ng f r om t he f act t hat hadr oni c shower s
devel op on aver age deeper i nsi de t he cal or i met er at
hi gher ener gi es .

b) Ener gy l oss i n t he pr eshower det ect or l eads t o
an ef f ect of t he same si gn, si nce i t r educes t he el ect r on
si gnal mor e t han t he hadr oni c si gnal . The ef f ect s on

t he el ect r on si gnal s wer e al r eady quant i t at i vel y det er -

mi ned i n sect i on 4. 2 . Pi ons wer e assumed t o behave

l i ke mi ni mum i oni zi ng par t i cl es and l ost , t her ef or e,

onl y 15 MeVon aver age i n t hi s det ect or .

c) As was poi nt ed out i n sect i on 2. 1, si gnal s smal l er

t han 4 ADC count s above t he pedest al val ue wer e
i gnor ed by t he r eadout syst em. Si nce t he hadr oni c
shower s spr ead over a much l ar ger ar ea t han t he e. m.
ones, negl ect i ng t he many smal l cont r i but i ons t o t he
cal or i met er si gnal wi l l af f ect t he hadr oni c r esponse
mor e t han t he e. m. one . The r esul t i s an over est i ma-
t i on of t he e/ , i r si gnal r at i o, especi al l y at l ow ener gy .
I n or der t o est i mat e t he cont r i but i on of t he si gnal s
bel ow t hr eshol d t o t he t ot al cal or i met er si gnal , t wo
met hods wer e empl oyed . I n t he f i r st met hod, we st ud-
i ed t he ef f ect of a f ur t her of f - l i ne i ncr ease of t he cut of f
val ue . Resul t s ar e gi ven i n f i g . 25 . One sees t hat an
i ncr ease of t he cut of f val ue f r om 4 count s t o, f or
exampl e, 60 count s above pedest al r educed t he 150
GeV r r - si gnal by 3%. Assumi ng t hat shower shapes
ar e ener gy i ndependent , a 10 GeV shower can be
model l ed by a 150 GeV shower wher e al l ener gi es have

been scal ed by a f act or 15 . Thi s means t hat t he 9. 7

GeV pi on r esponse woul d have i ncr eased by 3%i f t he

dat a acqui si t i on syst em wer e 15 t i mes as sensi t i ve . A
si mi l ar concl usi on was r eached by st udyi ng t he ef f ect s
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Fi g . 25 . The aver age hadr oni c si gnal as a f unct i on of t he
l ow- ener gy cut of f val ue, gi ven i n count s above pedest al , f or

pi ons of 9. 7, 40 and 150 GeV.

of r ai si ng t he cut of f val ues on t he 80 and 40 GeV
si gnal s . I n t he second met hod, t he si gnal di st r i but i on
was st udi ed t ower by t ower . Fi g. 26 shows a si gnal
di st r i but i on t hat i s not af f ect ed by t hi s cut of f ( f i g . 26a)
and one t hat i s af f ect ed ( f i g . 26b) . I n t he l at t er di st r i bu-
t i on al l event s bel ow t he cut of f t hr eshol d end up i n t he
0- bi n . The dat a wer e f i t t o a Poi sson di st r i but i on, usi ng
t he cont ent s of t he 0- bi n and t he obser ved t ai l of t he
di st r i but i on as boundar y condi t i ons . The r esul t i ng cur ve
i s al so shown i n f i g . 26b . Thi s pr ocedur e was r epeat ed
f or each t ower , and i n t hi s way t he aver age t ot al
mi ssi ng si gnal coul d be det er mi ned . The r esul t s ob-
t ai ned wi t h bot h met hods agr eed wi t hi n 10%, t he er r or
at t r i but ed t o t he cor r ect i on f or t hi s ef f ect . The ef f ect s
of t he l ow- ener gy cut of f on t he el ect r on si gnal s wer e
st udi ed as wel l . As may be expect ed, t he l ar gest cont r i -
but i ons f r om unobser ved si gnal s occur r ed at l ow en-
er gy . At 5 GeV, t he unobser ved component of t he
si gnal was f ound t o be 10% f or pi ons and 4% f or
el ect r ons, r esul t i ng i n a 6% net ef f ect on t he e/ , r r
r at i o . At 9. 7 GeV, t hese number s wer e 3% f or pi ons
and 1%f or el ect r ons. At hi gher ener gi es, t he net ef f ect
was wel l bel ow 1%.

The cor r ect ness of t hi s pr ocedur e was conf i r med

Tabl e 5

I nf l uence of i nst r ument al ef f ect s on t he measur ed e/ i t si gnal r at i o . Li st ed ar e di f f er ences bet ween t he e/ , r r si gnal r at i o t hat woul d
have been measur ed i n t he absence of t hese ef f ect s ( e/ - r r cor r ect ed) and t he act ual l y measur ed e/ 7r si gnal r at i o .
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ER [ GeV] e/ - r r measur ed Li ght at t enuat i on [ %] PSD [ %] Low- Ecut of f [ %] Leakage [ %] e/ - r r cor r ect ed

5. 0 1 . 097 +4 . 22+0. 28_ +4. 72+0. 47 - 5 . 96±0. 60 - 2 . 59±0. 26 1 . 101±0. 017

9. 7 1 . 077 +4 . 13+0. 20_ +3 . 07+0. 31 - 2 . 13±0. 21 - 2 . 32±0. 23 1 . 107±0. 006

20 . 0 1 . 077 +4 . 01+0. 20_ +0 . 83+0. 08 - 0. 40±0. 04 - 2 . 13±0. 21 1 . 102±0 . 004

40 . 0 1 . 048 +4 . 64+0. 22_ +0. 55+0. 06 - 0 . 13+0. 01 - 1 . 82±0. 18 1. 082±0 . 004

80 . 0 1 . 028 +5 . 55+0. 24_ +0. 34+0. 03 - 0 . 05±0. 01 - 1 . 68+0. 17 1. 071±0. 003

150. 0
a

0. 976 +5 . 67+0. 23 +0 . 20+0. 02 +0. 02±0. 01 - 1 . 50±0. 15 1 . 056±0 . 003
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i ndependent l y by t he exper i ment al dat a i t sel f . The r i ng
sum si gnal s, obt ai ned by har dwar e addi ng of al l t he
( smal l ) cal or i met er si gnal s f r om t ower s i n t he same
hexagonal r i ng ( see sect i on 2. 1, f i g. 2) ar e much l ess
sensi t i ve t o t he ef f ect s of l ow- ener gy cut of f . When
det er mi ni ng t he par t i cl e r esponse usi ng t he r i ng sum
si gnal s i nst ead of t he sof t war e sums of al l t he i ndi vi d-
ual t ower si gnal s, t he ef f ect s ment i oned above wer e
cl ear l y obser ved . For exampl e, t he pi on r esponse i n-
cr eased by 8. 9% at 5 GeV and by 2. 6% at 9. 7 GeV. At
hi gh ener gi es ( 80 and 150 GeV) t her e r emai ned smal l
( - 0. 5%) di f f er ences bet ween t he t wo r esul t s, whi ch
ar e most l i kel y due t o t he f act t hat t he r i ng si gnal s ar e
t he sum of a l ar ge number of si gnal s wi t h sl i ght l y
di f f er ent cal i br at i on const ant s . Thi s i s t he r eason why
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Fi g . 26 . Typi cal si gnal di st r i but i ons i n t ower s at di f f er ent
di st ances f r om t he shower axi s . A si gnal di st r i but i on t hat i s
not af f ect ed by t he l ow- ener gy cut of f at 4 count s above
pedest al ( a) , and a si gnal di st r i but i on t hat i s af f ect ed, t oget her
wi t h t he r esul t of t he f i t account i ng f or t hi s ef f ect ( b) . Dat a

f or 10 GeV r r - at 0. = 3 ° .

m

10 3

10 2

L

r f ( r ) - B, exp( - r / X, ) + BZexp( - r 2/
, \

Z)
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Fi g . 27. Lat er al shower pr of i l e f or 150 GeV pi ons ent er i ng t he
det ect or at 0, = 3 ° . The aver age ener gy deposi t ed per uni t
sur f ace ( i . e . per cal or i met er t ower ) i s pl ot t ed as a f unct i on of
t he di st ance bet ween t he t ower cent er and t he cent r oi d of t he
shower . The cur ve i s m f act a set of poi nt s obt ai ned by
i nt egr at i ng t he f unct i on f ( r ) , whi ch descr i bes t he r adi al

shower pr of i l e, over t he sur f ace of each t ower ( see t ext ) .

we di d not use t hese r i ng si gnal s as a basi s f or our
anal ysi s .

d) Ener gy l eakage out of t he cal or i met er af f ect s t he
e/ , r r r at i o i n t he same way as t he pr evi ous ef f ect . Si nce
onl y hadr oni c shower s wer e subj ect t o some l eakage,
t he measur ed e/ , r r si gnal r at i o i s an over est i mat i on .
The l eakage consi st s of t wo component s, a l ongi t udi nal
and a l at er al one . The l ongi t udi nal shower l eakage i s
anal yzed i n anot her paper [ 12] and r anges f r om 0. 1%
at 10 GeV t o 0. 4% at 150 GeV. The l at er al l eakage
was det er mi ned f r om t he r adi al shower pr of i l es . A
t ypi cal shower pr of i l e i s gi ven i n f i g . 27 . The exper i -
ment al poi nt s i n t hi s f i gur e r epr esent t he aver age si g-
nal s, f or 150 GeV pi on shower s at B_ = 3' , measur ed
i n each i ndi vi dual t ower , as a f unct i on of t he di st ance
bet ween t he t ower cent er and t he cent er of gr avi t y of
t he shower . The si gnal s wer e cor r ect ed f or t he ef f ect s
of l ow- ener gy cut of f , whi ch at t hi s ener gy wer e ver y
smal l . The shower pr of i l es ar e wel l descr i bed by an
expr essi on of t he f ol l owi ng t ype :

f ( r ) =B, / r exp( - r / A i ) + B2 / r exp( - r 2/ Az)

	

( 7)

Thi s f or mul a r epr esent s t he di f f er ent i al ener gy deposi t ,
i . e . f ( r ) dA i s t he ener gy deposi t ed i n an i nf i ni t esi mal
ar ea d A = r dr d0, l ocat ed at a posi t i on ( r , 0) wi t h
r espect t o t he shower cent r oi d . I n or der t o compar e t o
t he exper i ment al dat a, f ( r ) has t o be i nt egr at ed over
t he ( hexagonal ) sur f ace of each t ower . The cur ve shown



i n f i g . 27 i s t he r esul t of t hi s pr ocedur e . By i nt egr at i ng

f ( r ) f r om r = 49 cm t o i nf i ni t y, t he l at er al shower
l eakage i s obt ai ned . The r esul t i s of cour se most sensi -
t i ve t o t he val ue of A t . At l ow ener gi es, t he cor r ect i ons
f or l ow- ener gy cut of f on t he si gnal s i n t he out er r i ngs
wer e qui t e subst ant i al , whi ch means t hat t he val ue of
A t i s st r ongl y af f ect ed by t hese cor r ect i ons . Ther ef or e,
t he val ue of A, was f i xed at 14 . 5 cm, t he val ue obt ai ned
f r om a f r ee f i t f or 150 GeV pi ons, at whi ch ener gy t he
par amet er s coul d be most pr eci sel y det er mi ned . The
l eakage f r act i on det er mi ned i n t hi s way r anged f r om
2. 6%at 5 GeV t o 1. 5% at 150 GeV. Si nce t he pr oduc-
t i on of - r r ° ' s i n t he shower devel opment i ncr eases wi t h
ener gy, t he 150 GeV- r r - shower s ar e bet t er cont ai ned
l at er al l y t han t he l ow- ener gy ones .

Fi g . 27 al so of f er s t he possi bi l i t y t o get a r eal i st i c
f eel i ng f or t he pr eci si on of t he cal i br at i on const ant s
used i n t hi s anal ysi s . Due t o f i ber - t o- f i ber r esponse
f l uct uat i ons ( see e. g . f i g. 8) , PM i nst abi l i t i es, et c. t he
t ower - t o- t ower cal i br at i on const ant s ar e def i ni t el y
much l ess pr eci se t han i ndi cat ed by t he 0. 3% st at i st i cal
er r or ( see sect i on 3) . The f l uct uat i ons of t he exper i -
ment al poi nt s about t he cur ve i n f i g . 27 ar e a measur e
f or t hese syst emat i c ef f ect s . We anal yzed t hese f l uct ua-
t i ons and f ound t hat t he t ower - t o- t ower cal i br at i on
accur acy i s compat i bl e wi t h t he r esul t s obt ai ned f r om
t he gr i d scan ( sect i on 4. 1, f i g. 10) . However , t hese
syst emat i c uncer t ai nt i es i n t he t ower - t o- t ower cal i br a-
t i on const ant s t ur ned out t o have ver y l i t t l e i nf l uence
on t he pi on si gnal s, pr obabl y because t hese ar e usual l y
shar ed by many t ower s . The aver age pi on r esponse
measur ed i n t he 49 poi nt s of t he mat r i x scan ( sect i on 3)
had a di st r i but i on wi t h a wi dt h of onl y - 1%. And
si nce t he el ect r on si gnal s measur ed i n t he cent er of t he
cal or i met er wer e ver y r epr esent at i ve f or t he det ect or
as a whol e ( see f i g . 10) , t he possi bl e syst emat i c ef f ect
on t he measur ed e/ - r r si gnal r at i os i s of t he same
or der .

Af t er per f or mi ng t he cor r ect i ons r esul t i ng f r om a) -
d) , we st udi ed t he l i near i t y f or el ect r on and pi on
det ect i on . The r esul t s ar e gi ven i n f i gs . 28 and 29,
r espect i vel y . I n f i gs . 28a and 29a, t he aver age si gnal
per GeV i s gi ven as a f unct i on of t he ener gy, f or t he
r aw dat a ( t he t hi r d col umn i n t abl es 1 and 3) . These
r esul t s ar e of cour se speci f i c f or t he set up i n whi ch
t hey wer e obt ai ned, r equi r i ng f or exampl e a PSD si gnal
l ar ger t han 7 mi p, et c . The r esul t s obt ai ned af t er
cor r ect i ng f or t he i nst r ument al ef f ect s ment i oned above
ar e shown i n f i gs . 28b and 29b . I t t ur ns out t hat t he
al i near i t y t hat was at f i r st obser ved f or l ow- ener gy
el ect r ons ( t abl e 1) i s compl et el y expl ai ned by t he ef -
f ect s of ener gy l oss i n t he PSD and l ow- ener gy cut of f .
Af t er t he cor r ect i ons wer e appl i ed, t he el ect r on si gnal s
wer e f ound t o be l i near wi t hi n t he exper i ment al uncer -
t ai nt i es on t he beam ener gy, t hus conf i r mi ng t he r e-
sul t s of pr evi ous measur ement s per f or med wi t hout t he
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Fi g . 28 . Si gnal l i near i t y f or e . m. shower det ect i on . The si gnal
per GeV as a f unct i on of ener gy, f or t he r aw dat a ( a) and

af t er cor r ect i ng f or i nst r ument al ef f ect s ( b) .
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Fi g. 29. Si gnal l i near i t y f or pi on det ect i on . The si gnal per
GeV as a f unct i on of ener gy, f or t he r aw dat a ( a) and af t er
cor r ect i ng f or i nst r ument al ef f ect s ( b) . The cur ves cor r espond

t o f ns f or e/ h =1 . 15- 1 . 16 ( see t ext f or det ai l s) .
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Fi g . 30. The e/ - r r r at i o cor r ect ed f or i nst r ument al ef f ect s as a
f unct i on of ener gy . The cur ves cor r esponds t o f i t s f or e/ h =
1 . 15, 1 . 16 . The poi nt at 150 GeV was not i ncl uded i n t he f i t s .

See t ext f or det ai l s .

pr eshower det ect or [ 9] . On t he ot her hand, t he si gnal
at 150 GeV was si gni f i cant l y t oo l ow, by about 3. 6%.
Thi s was not obser ved i n t he measur ement s bef or e . We
suspect t hat t hi s phenomenon was caused by sat ur at i on
of t he PMt ube, due t o space char ge ef f ect s . The PM
gai n i n t hese measur ement s was a f act or f our l ar ger
t han i n t he ones t hat showed per f ect l i near i t y up t o 150
GeV [ 9] , because of t he spl i t t i ng of t he anode si gnal s
( sect i on 2. 1) . Thi s ef f ect di d not pl ay a r ol e f or t he 150
GeV pi on si gnal s, si nce t he cent r al t ower det ect ed on
aver age onl y hal f t he ener gy ( equi val ent t o t he 80 GeV
el ect r on si gnal s) i n t hi s case . Fi g . 29 shows t hat t he
det ect or i s sl i ght l y al i near f or t he det ect i on of pi on
si gnal s . Over t he ener gy r ange 5- 150 GeV, t he si gnal
per GeV i ncr eased by - 5%.

I n or der t o cor r ect f or t he PMsat ur at i on, t he e/ ar
r at i o f or 150 GeV was i ncr eased by 3. 6%, t hus f or ci ng
l i near i t y f or e. m. shower det ect i on . The r esul t i ng e/ , r r
val ues, cor r ect ed f or i nst r ument al i mper f ect i ons, ar e
shown as a f unct i on of ener gy i n f i g . 30 . As i n t he case
of t he uncor r ect ed e/ , r r val ues, t he er r or bar s i n t hi s
f i gur e i ncl ude a syst emat i c er r or of 1%, added i n
quadr at ur e t o t he val ues l i st ed i n t abl e 5 .

Al l t hat we need i n addi t i on t o be abl e t o det er mi ne
t he e/ h val ue, i s t he aver age f r act i on of e. m. ener gy
( f o) pr oduced i n pi on shower s . The r el at i on bet ween
e/ h and t he e/ Tr si gnal r at i os as a f unct i on of ener gy
was i nvest i gat ed by Wi gmans [ 3] and by Gr oom [ 18] ,
who assumed f or f no( E) a l ogar i t hmi c and a power - l aw
dependence, r espect i vel y . The aut hor s gave t he f ol l ow-
i ng f or mul ae, whi ch gl obal l y descr i be exper i ment al
dat a :
Wi gmans :

e/ h
e/ - r r ( E) = 1 - ( 1- e/ h) k I n E

wi t h k = 0. 11 ;

	

( 8a)
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Gr oom:

e/ - r r ( E)
= 1 - ( 1- h/ e) ( E/ E, ) m- t

( m=0 . 85, Eo =1 GeV) .

	

( 8b)

Usi ng t hese expr essi ons, our dat a i s best f i t by t he
val ue

e/ h = 1 . 15 ± 0 . 02 .

	

( 9)

The cur ves i n f i g . 30 ar e t he r esul t s of best f i t s of eqs .
( 8a) and ( 8b) t o our exper i ment al dat a . The 150 GeV
poi nt was not i ncl uded i n t hese f i t s, but i s r easonabl y
wel l descr i bed by t he r esul t i ng cur ves . The same f or -
mal i sms al so descr i be t he obser ved si gnal al i near i t y f or
pi on det ect i on wel l , as i l l ust r at ed by t he cur ves i n f i g .
29 .

6 . Mul t i par t i cl e det ect i on

6. 1 . Ener gy r esol ut i on

I n an at t empt t o si mul at e j et det ect i on wi t h t hi s
cal or i met er , we measur ed t he r eact i on pr oduct s of

mul t i pl i ci t y
Fi g. 31 . Mul t i par t i cl e si gnal s, i nt egr at ed over t he t ot al
cal or i met er , as a f unct i on of ener gy ( a) and as a f unct i on of
t he mul t i pl i ci t y of t he i nt er act i on ( b) . I nt er act i ons wi t h a

mul t i pl i ci t y >_ 10 wer e gr ouped t oget her i n t he l ast bi n .
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pi ons i nt er act i ng i n a bl ock of par af f i n i nst al l ed ei t her

44 cm ( posi t i on 1) or 147 cm ( posi t i on 2) upst r eam
f r om t he f r ont f ace of t he cal or i met er . I nt er act i ons i n
t he t ar get wer e sel ect ed and t r i gger ed upon usi ng t he
si gnal f r om t he S i count er ( see f i g . 3) . The t r i gger
t hr eshol d was set at t wi ce t he mi ni mum i oni zi ng val ue .
These measur ement s wer e per f or med at 40, 80 and 150
GeV.

One of t he pr obl ems i n i nt er pr et i ng t he measur e-
ment r esul t s comes f r om t he f act t hat , unl i ke f or si ngl e
par t i cl es, t he ener gy deposi t ed i n t he cal or i met er was
not pr eci sel y known . I n t he i nt er act i on i n t he ( 10 cm
t hi ck) t ar get , a cer t ai n amount of ener gy may be spent
i n br eaki ng up and r ecoi l of t he t ar get nucl eus, some
ener gy may be absor bed i n t he par af f i n and, f i nal l y,
secondar y par t i cl es may have been pr oduced at such

l ar ge angl es t hat t hey geomet r i cal l y mi ssed t he
cal or i met er . And si nce t he f r act i on of l ost ener gy may
wi l dl y f l uct uat e f r om event t o event , t hese phenomena
wi l l have cont r i but ed t o t he wi dt h of t he si gnal di st r i -
but i ons measur ed wi t h t he cal or i met er . The f i r st con-
cl usi on i s, t her ef or e, t hat t he ener gy r esol ut i on f or j et s
wi t h pr eci sel y known ener gy wi l l be bet t er t han t he one
measur ed i n t hi s way .

Evi dence f or t he phenomena ment i oned above
comes f r om t he f act t hat a) t he mul t i par t i cl e si gnal s
wer e smal l er t han t he ones f or si ngl e pi ons, and t he
di f f er ence i ncr eased wi t h decr easi ng ener gy, b) t he
si gnal s measur ed at posi t i on 2 wer e consi der abl y
smal l er t han at posi t i on l , and c) t he si gnal s became
smal l er when t he mul t i pl i ci t y of t he i nt er act i on i n-
cr eased .

Thi s i s i l l ust r at ed i n f i g . 31 . I n f i g . 31a, t he mul t i par -
t i cl e si gnal s, i nt egr at ed over t he whol e det ect or , ar e
gi ven r el at i ve t o t he si ngl e- pi on si gnal s as a f unct i on of
ener gy . I n f i g . 31b, t he mul t i par t i cl e si gnal s f or one
ener gy ( 80 GeV) ar e shown as a f unct i on of t he mul t i -
pl i ci t y of t he i nt er act i on . Thi s mul t i pl i ci t y coul d be
i nf er r ed f r om t he si gnal i n t he S, count er .

Ther e i s al so anot her ef f ect t hat caused t he mul t i -
par t i cl e si gnal s t o be smal l er t han t he cor r espondi ng
si ngl e- pi on ones . On aver age, one t hi r d of t he par t i cl es
pr oduced i n t he i nt er act i ons i n t he upst r eam t ar get
devel oped e. m. shower s ( - r r ° ' s) and t he ot her par t i cl es
wer e l ower i n ener gy t han t he i ncomi ng pi ons . Ther e-
f or e, l i ght pr oduct i on i n t he mul t i par t i cl e event s t ook
pl ace f ur t her upst r eam i n t he cal or i met er t han f or t he
si ngl e- pi on event s . The di f f er ence i n l i ght at t enuat i on
caused t he mul t i par t i cl e si gnal s t o be smal l er . To est i -
mat e t hi s ef f ect quant at at i vel y, one may consi der t he
mul t i par t i cl e event s as hadr on shower s wi t h a f i xed
st ar t i ng poi nt , i . e . i n t he t ar get upst r eam of t he
cal or i met er . Si ngl e pi ons det ect ed by t he cal or i met er
wi l l have t r aver sed on aver age 1A, ( = 31 . 4 em [ 10, 11] )
of mat er i al bef or e st ar t i ng t he shower . Fr om eq . ( 2) ,
one may t hen i nf er t hat t he di f f er ent l i ght at t enuat i on
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Fi g . 32 . The wi dt hs of t he mul t i par t i cl e si gnal di st r i but i ons,
measur ed m posi t i ons 1 and 2, compar ed t o t he uncor r ect ed

si ngl e- pi on ener gy r esol ut i on .

wi l l cause t he mul t i par t i cl e si gnal s t o be 3- 4% smal l er
t han t he cor r espondi ng si ngl e- pi on si gnal s . Anal ysi s of
t he l at er al di spl acement of t he cent er of gr avi t y of t he
shower wi t h r espect t o t he axi s of t he i ncomi ng " j et "
( cf . f i g . 17) conf i r med t hat t he l i ght pr oduct i on was
i ndeed shi f t ed upst r eam by - 1A, f or t he mul t i par t i -
cl e event s .

The 3- 4% si gnal decr ease comi ng f r om t hi s phe-
nomenon account s f or most of t he ef f ect obser ved f or
150 GeV " j et s" pr oduced i n t ar get posi t i on 1 ( see f i g .
31a) . I n ot her cases, e . g . at l ower ener gy, at hi gh
mul t i pl i ci t y, or f or i nt er act i ons i n t ar get posi t i on 2, t he
cont r i but i on of mi ssi ng ener gy t o t he obser ved si gnal
decr ease may be subst ant i al , up t o ^- 10%. Fr om f i g .
22b and eq . ( 6) one may i nf er t he ef f ect of such
" l eakage" on t he wi dt h of t he si gnal di st r i but i ons . But
i n spi t e of t hi s, t he measur ed si gnal di st r i but i ons l ooked
r emar kabl y good, especi al l y at hi gh ener gy . I n f i g . 32,
t he wi dt hs of t he si gnal di st r i but i ons f or t he secon-
dar i es f r om i nt er act i ons at posi t i ons 1 and 2 ar e com-
par ed t o t he ( uncor r ect ed) si ngl e- pi on ener gy r esol u-
t i ons . I n posi t i on 1, t he mul t i par t i cl e r esol ut i on at 80
and 150 GeV was even si gni f i cant l y bet t er t han f or
si ngl e pi ons . Thi s can be expl ai ned f r om t he f act t hat
l i ght at t enuat i on i n t he f i ber s, whi ch pl ayed a maj or
r ol e i n t he ener gy r esol ut i on f or si ngl e pi ons ( sect i on
5. 1) , was much l ess i mpor t ant f or mul t i par t i cl e det ec-
t i on . Si nce sever al par t i cl es ent er ed t he cal or i met er
si mul t aneousl y, t he f l uct uat i ons i n t he l ongi t udi nal
cent er of gr avi t y of t he l i ght pr oduct i on, whi ch caused
t he ener gy r esol ut i on f or si ngl e pi ons t o devi at e f r om a
pur e scal i ng behavi or , ar e suppr essed by a f act or de-
pendi ng on t he number of par t i cl es i n t he " j et " .

We i nvest i gat ed t he ener gy r esol ut i on as a f unct i on

E ( GeV)
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Fi g . 33 . The mul t i par t i cl e ener gy r esol ut i on as a f unct i on of
t he i nt er act i on mul t i pl i ci t y, f or 150 GeV Tr - i nt er act i ng m
posi t i on 1 . I nt er act i ons wi t h a mul t i pl i ci t y >_ 10 wer e gr ouped

t oget her i n t he l ast bi n .
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of t he mul t i pl i ci t y and di d i ndeed f i nd a dependence .
Fi g . 33 shows t he mul t i par t i cl e r esol ut i on at 150 GeV
as a f unct i on of t he mul t i pl i ci t y, or r at her as a f unct i on
of t he si gnal i n t he S, count er . The r esol ut i on i m-
pr oves at i ncr easi ng mul t i pl i ci t y, l evel i ng of f and t hen
det er i or at i ng beyond a mul t i pl i ci t y of - 8 . The l at t er
ef f ect i s pr obabl y due t o t he f act t hat f l uct uat i ons i n
t he aver age mi ssi ng ener gy st ar t domi nat i ng at t hat
poi nt , i n agr eement wi t h f i g . 31b .

We al so f ound t hat t he mul t i par t i cl e si gnal di st r i bu-
t i on f i t a Gaussi an cur ve much bet t er t han t he ( uncor -
r ect ed) si ngl e- pi on one . I n f i g . 34, t he 150 GeV si ngl e-
and mul t i par t i cl e di st r i but i ons ar e compar ed . Al so
her e, t he di st r i but i ons became " mor e Gaussi an" when
t he mul t i pl i ci t y i ncr eased ( f i g . 34c) .

One pr obl em i n t he det ect i on of j et s i n an exper i -
ment concer ns t he def i ni t i on of t he j et , i . e. t he det ec-
t or ar ea over whi ch shoul d be i nt egr at ed . I n pr act i ce,

Fi g . 34 . Si gnal di st r i but i ons f or 150 GeV Tr - ( a) and f or 150 GeV Tr - i nt er act i ng i n posi t i on 1, wi t h a mul t i pl i ci t y >_ 3 ( b) . The X2

of a Gaussi an f i t t o t he si gnal di st r i but i on, as a f unct i on of t he mul t i pl i ci t y of t he i nt er act i on ( c) . Dat a ar e f or 150 GeV Tr -

i nt er act i ng i n posi t i on 1 . I nt er act i ons wi t h a mul t i pl i ci t y >_ 10 wer e gr ouped t oget her i n t he l ast bi n .



one f r equent l y def i nes a cone wi t h a cer t ai n openi ng

angl e ar ound t he t hr ust axi s f or t hi s pur pose . However ,

some sof t j et component s wi l l al most al ways be ex-
cl uded i n doi ng so . I n a sense, t hi s si t uat i on has some
si mi l ar i t y wi t h our mul t i par t i cl e det ect i on . No mat t er
howbi g t he det ect or , some f r act i on of t he ener gy may
al ways escape det ect i on . We st udi ed t he wi dt h of t he
mul t i par t i cl e si gnal di st r i but i on as a f unct i on of t he
openi ng angl e of a cone ar ound t he beam axi s . Si nce
t he par t i cl es devel oped shower s over some dept h i n-
si de t he cal or i met er , t he openi ng angl e was cal cul at ed
wi t h r espect t o a pl ane at a dept h of 60 cm ( - 2. 9A, )
i nsi de t he cal or i met er , r at her t han wi t h r espect t o t he
f r ont sur f ace . Thi s dept h cor r esponds t o t he aver age
cent er of gr avi t y of 80 GeV pi on shower s i n t he
cal or i met er [ 10] . The r esul t s ar e gi ven i n f i g . 35 . They

show t hat i n t hi s way, t he aver age si gnal and t he wi dt h
of t he mul t i par t i cl e si gnal di st r i but i on measur ed i n
posi t i ons 1 and 2 can be r el at ed t o each ot her , si nce
t hey l i e bot h on appr oxi mat el y t he same smoot h cur ves .
Fr om t he cur ve i n f i g . 35b, we concl ude t hat t he ener gy
r esol ut i on does not i mpr ove si gni f i cant l y f or openi ng
angl es beyond - 45 ' .

6. 2. Thee / j et si gnal r at i o

I n sect i on 5 . 1, we ar gued t hat t he e/ , r r si gnal r at i o i s
an i mpor t ant quant i t y f or t r i gger i ng pur poses . I n pr ac-
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Fi g . 36 . The e/ j et si gnal r at i os as a f unct i on of t he mul t i pl i c-
i t y, at 40, 80 and 150 GeV. The j et i s def i ned by a cone wi t h
an openi ng angl e of 45 ' . I nt er act i ons wi t h a mul t i pl i ci t y >_ 10

wer e gr ouped t oget her i n t he l ast bi n .

t i ce, t he e/ j et si gnal r at i o i s pr obabl y equal l y, i f not
mor e, i mpor t ant . The accur acy wi t h whi ch t he j et en-
er gy can be measur ed, det er mi nes l ar gel y t he accur acy
of t he mass measur ement of , f or exampl e, t he t op
quar k .

I n t he pr evi ous subsect i on, we al r eady gave t he
ar gument s why t he mul t i par t i cl e si gnal s ar e on aver age
smal l er t han t he si ngl e- pi on si gnal s : di f f er ences i n l i ght
at t enuat i on, mi ssi ng ener gy f or a gi ven j et def i ni t i on .
As a consequence, t he e/ j et si gnal r at i os ar e somewhat
l ar ger t han t he e/ , r r si gnal r at i os . I n f i g . 36, t he e/ j et
si gnal r at i os ar e gi ven f or a " j et " wi t h an openi ng angl e
of 45' , as a f unct i on of mul t i pl i ci t y . The val ues r ange
f r om 1. 00 t o 1 . 05 f or 150 GeVj et s wi t h a mul t i pl i ci t y of
at l east t hr ee, and f r om 1 . 11 t o 1 . 18 f or 40 GeVj et s . I f
t he openi ng angl e i s decr eased, t he e/ j et si gnal r at i os
i ncr ease f ur t her .

7. Di scussi on

7. 1 . Compensat i on
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The r esul t on t he e/ h r at i o ( 9) shows t hat t he
cal or i met er i s not compl et el y compensat i ng. Ot her dat a
obt ai ned i n t hi s anal ysi s conf i r m t hi s concl usi on, e. g .
t he si gnal al i near i t y f or pi on det ect i on [ 3] ( f i g . 29) and
t he f act t hat t he wi dt h of t he si gnal di st r i but i ons may
be i mpr oved by del i ber at el y usi ng t he wr ong cal i br a-
t i on const ant s ( f i g . 19) . The const ant t er m i n t he en-
er gy r esol ut i on l ef t af t er el i mi nat i ng t he ef f ect s of l i ght
at t enuat i on, i . e . 1 . 0%when added l i near l y t o t he scal -
i ng t er m ( 3b) , i s i n agr eement wi t h pr edi ct i ons . I n r ef .
[ 3] , a 1% const ant t er m, t o be added l i near l y t o t he
scal i ng t er m, was pr edi ct ed f or a cal or i met er wi t h an
e/ , r r si gnal r at i o of 1 . 1 at 10 GeV.
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The quest i on ar i ses of how i t i s possi bl e t hat our
cal or i met er , whi ch has t he same sampl i ng f r act i on as
t he Pb/ sci nt i l l at or sandwi ch cal or i met er bui l t by ZEUS
[ 4] , has an e/ h val ue t hat i s l ar ger by about 10%. Fi r st
of al l i t shoul d be ment i oned t hat t he 1 . 05 +_ 0. 04 val ue
r epor t ed by Ber nar di et al . [ 4] was an aver age e/ , r r
si gnal r at i o and not an e/ h val ue . Mor eover , t hei r
er r or bar i s qui t e l ar ge compar ed t o t he di f f er ence t hat

we ar e t al ki ng about , but even so t her e mi ght be a 2o-

ef f ect . Ther e ar e sever al f act or s t hat may cont r i but e t o
t he di f f er ence bet ween t he e/ h r at i os measur ed by
ZEUS and by us . We ment i on t he most i mpor t ant
ones : 1) Our f i ber s have a pl ast i c cl addi ng wi t h a
t hi ckness of 29 wm. Thi s cor r esponds t o 11% of t he
t ot al pl ast i c vol ume . Neut r ons i nt er act i ng i n t he pl ast i c
cl addi ng wi l l i n gener al not be det ect ed . Our det ect or
i s, t her ef or e, l ess ef f i ci ent i n sampl i ng neut r ons t han
t he pl at e cal or i met er . 2) When t he di st ance bet ween
subsequent sampl i ng l ayer s i s decr eased bel ow - 1 X,
t he e/ mi p r at i o t ends t o i ncr ease, as was shown i n r ef .
[ 3] . Ther ef or e, i n our det ect or t he e. m. shower par t i s
mor e ef f i ci ent l y sampl ed t han i n t he case of t he pl at e
cal or i met er .

Bot h ef f ect s wor k i n t he same di r ect i on, i . e . t hey
i ncr ease e/ h . Knowi ng t he pr eci se e/ h val ue f or t hi s
cal or i met er i s ver y i mpor t ant , si nce i t makes i t possi bl e
t o pr edi ct t he ef f ect s of changes i n t he composi t i on of
t he cal or i met er and t o desi gn an i nst r ument t hat i s
compl et el y compensat i ng t o wi t hi n a f ew per cent . Ther e
ar e sever al ways i n whi ch t hi s goal may be achi eved,
e . g . 1) t he cl addi ng coul d be made t hi nner , or i t s
hydr ogen cont ent mi ght be r educed, 2) a ver y t hi n l ayer
of mat er i al wi t h Z << 82 coul d be i nser t ed i n bet ween
t he l ead and t he f i ber , t hus sel ect i vel y r educi ng t he
e. m. r esponse [ 19] , 3) t he sampl i ng f r act i on coul d be
decr eased, f or t he same sampl i ng f r equency, and 4) t he
sampl i ng f r equency coul d be decr eased, f or t he same
sampl i ng f r act i on, or by a combi nat i on of sever al of
t hese met hods .

7. 2. Dynami c r ange

Our r esul t s cl ear l y demonst r at e t hat i f one want s t o
f ul l y expl oi t t he pot ent i al of t hi s t ype of cal or i met er , a

l i ght - det ect i on/ dat a- acqui si t i on syst em wi t h a ver y

l ar ge dynami c r ange i s needed. The 4. 5 or der s of
magni t ude avai l abl e t o us wer e i nsuf f i ci ent . Our mea-
sur ement s concer ned par t i cl es i n t he r ange of 5- 150
GeV, det ect ed wi t h t he same gai n set t i ngs at al l ener -

gi es . Thi s f act or 30 i s st i l l at l east an or der of magni -
t ude bel ow t he r ange of ener gi es at whi ch pr eci se

cal or i met r i c measur ement s wi l l be needed i n LHC/
SSC exper i ment s . But even f or t hi s f act or 30, t he
shor t comi ngs of our PM/ ADC syst em wer e appar ent
( see sect i on 5. 3) . At t he hi ghest ener gy, si gnal sat ur a-

t i on due t o space char ge ef f ect s i n t he l ast accel er at i on
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st age of t he PM af f ect ed t he r esul t s of t he measur e-
ment s, at t he l owest ener gi es pedest al f l uct uat i ons i n
t he ADC f or med t he l i mi t . Thi s i s one of t he r easons
why we ar e devel opi ng a new t ype of l i ght det ect or ,
whi ch i s expect ed t o have a l ar ger dynami c r ange of
oper at i on t han a phot omul t i pl i er [ 20] .

7. 3 . Ener gy r esol ut i on and si gnal uni f or mi t y

Our r esul t s show t hat t he f i ber qual i t y i s t he mai n
f act or t hat l i mi t s t he per f or mance of t he cal or i met er :
1) Fi ber - t o- f i ber r esponse f l uct uat i ons cause a si gnal
nonuni f or mi t y f or e . m. shower s t hat i s l ar ger t han t he
ener gy r esol ut i on beyond 100 GeV, and 2) l i ght at t enu-
at i on i n t he f i ber s det er i or at es t he ener gy r esol ut i on
f or pi ons and l eads t o non- Gaussi an r esponse f unc-
t i ons, especi al l y at hi gh ener gy .

The f i r st poi nt i s pr obabl y mor e ser i ous t han t he
second one . As was shown i n our anal ysi s, l i ght at t enu-
at i on can be cor r ect ed f or i n t he case of si ngl e pi ons
and i t s ef f ect s ar e st r ongl y r educed f or j et s, especi al l y
at hi gh mul t i pl i ci t y .

Because of t he smal l Mol i 6r e r adi us, t he number of
di f f er ent f i ber s t hat ef f ect i vel y cont r i but e t o t he shower
si gnal i s smal l as wel l . I t was est i mat ed t hat f i ber - t o-
f i ber r esponse f l uct uat i ons of - 6% l ead t o a 1%
nonuni f or mi t y f or e. m. shower si gnal s [ 131 . I n pr act i ce,
t he f l uct uat i ons wer e a f act or 2- 3 l ar ger ( f i g . 10) .
Fur t her i mpr ovement of t he f i ber qual i t y, and i n par -
t i cul ar of t he r epr oduci bi l i t y of t he f i ber r esponse, i s
t her ef or e needed .

I t shoul d be not ed t hat a mor e f r equent shower
sampl i ng woul d r educe t he sensi t i vi t y t o f i ber - t o- f i ber
r esponse f l uct uat i ons . I f t he f i ber di amet er wer e r e-
duced t o 0. 5 mm, t he t ol er abl e l evel of such f l uct ua-
t i ons woul d i ncr ease t o 12%, i f 1% nonuni f or mi t y i s
t he desi gn goal . Such a r educt i on of t he f i ber di amet er
woul d al so i mpr ove t he e. m. ener gy r esol ut i on . The
scal i ng t er m i s expect ed t o be r educed by a f act or C.
Based on our under st andi ng of t he or i gi n of t he con-
st ant t er m ( sect i on 4. 1) , we al so expect a consi der abl e
r educt i on of t hi s t er m. Of cour se, such an i ncr eased
sampl i ng f r equency woul d make t he det ect or mor e
di f f i cul t t o bui l d and al so mor e expensi ve.

The l ongi t udi nal uni f or mi t y woul d gr eat l y benef i t
f r om a suppr essi on of t he shor t component i n t he l i ght
at t enuat i on cur ve ( eq . ( 2) ) . Pr event i ng t he r ef l ect i on of
l i ght at t he i nt er f ace cl addi ng/ ai r i s t he r eci pe f or

achi evi ng t hi s goal . Al l t hese t opi cs r equi r e f ur t her
R&D.

8 . Summar y and concl usi ons

We have st udi ed t he det ect i on of shower i ng par t i -
cl es wi t h a 13- t on l ead/ sci nt i l l at i ng- f i ber cal or i met er



( SPACAL) desi gned t o be compensat i ng ( l ead : f i ber
r at i o 4. 2 : 1 i n vol ume) . The det ect or r oughl y had t he
shape of a 9. 6 . t , deep cyl i nder wi t h a di amet er of
4. 71, . I t was subdi vi ded i n 155 l ongi t udi nal l y unseg-
ment ed t ower s, i n whi ch t he f i ber s wer e r unni ng
( r oughl y) i n t he same di r ect i on as t he i ncomi ng par t i -
cl es, such as t o achi eve t he best possi bl e det ect or
her met i ci t y . The det ect or si gnal s wer e st udi ed f or par -
t i cl es i n t he ener gy r ange f r om 5 t o 150 GeV.

For el ect r ons, t he ener gy r esol ut i on o- / E was mea-

sur ed t o be 12. 9%/ F, pl us a const ant t er m depend-

i ng on t he angl e Oz bet ween t he par t i cl e di r ect i on and
t he f i ber axi s . Thi s t er m, whi ch amount s t o 1 . 2% f or
Oz = 3 ° , was shown t o be due t o anomal ous sampl i ng
i n t he ear l y st age of t he shower devel opment . I t was
gr eat l y r educed when onl y el ect r ons ent er i ng t he de-
t ect or i n t he l ead wer e t aken i nt o account . The ef f ect
on ener gy r esol ut i on and si gnal l i near i t y of a 1. 7XzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA�
t hi ck pr eshower det ect or , i nst al l ed 12 cm upst r eam
f r om t he det ect or , was measur ed t o be smal l . Onl y f or
ener gi es bel ow 20 GeV was mor e t han 1% of t he
shower ener gy absor bed by t hi s det ect or , and i t s ef f ect
on t he ener gy r esol ut i ons measur ed wi t h SPACAL was
negl i gi bl e i n al l cases. Ener gy l oss i n t hi s pr eshower
det ect or caused some si gnal al i near i t y f or el ect r ons at
l ow ener gy, whi ch coul d be r ecover ed by usi ng t he
si gnal s f r om t he pr eshower det ect or . The e . m. ener gy
r esol ut i ons achi eved wi t h SPACAL wer e sl i ght l y bet t er
t han pr edi ct ed wi t h Mont e Car l o si mul at i ons .

Si ngl e pi ons wer e det ect ed wi t h an ener gy r esol u-
t i on of - 30%/ F pl us a const ant t er m, whi ch t ur ned
out t o be mai nl y due t o t he ef f ect s of l i ght at t enuat i on
i n t he f i ber s . Li ght at t enuat i on al so caused devi at i ons
f r om a Gaussi an r esponse f unct i on . Wi t h knowl edge of
t he i mpact poi nt of t he par t i cl es, t hese ef f ect s coul d be
ef f i ci ent l y r emoved f or si ngl e pi ons . The ener gy r esol u-
t i on f or pi ons was f ound t o be pr act i cal l y i ndependent
of t he angl e 0. . Measur ement s of t he hadr oni c ener gy
r esol ut i on as a f unct i on of t he cl ust er si ze showed t hat
t he r esul t s obt ai ned f or a cyl i ndr i cal r egi on wi t h a
r adi us of 30 cmar ound t he par t i cl e' s i mpact poi nt wer e
pr act i cal l y equal t o t he ones obt ai ned f or f ul l y con-
t ai ned shower s . The e/ , i r si gnal r at i o was measur ed t o
be smal l er t han 1 . 10 i n t he ener gy r ange f r om 5 t o 150
GeV. When t he cl ust er si ze was l i mi t ed t o a cyl i ndr i cal
r egi on wi t h a r adi us of 30 cm ar ound t he par t i cl e' s
i mpact poi nt , t hese val ues i ncr eased by - 4%. By
r emovi ng t he yel l ow f i l t er s, whi ch changed t he l i ght
at t enuat i on char act er i st i cs of t he f i ber s, t he e/ ar si gnal
r at i os decr eased, by 7%at 40 GeV. Af t er r emovi ng t he
i nst r ument al ef f ect s, caused by l i ght at t enuat i on, by
absor pt i on i n t he pr eshower det ect or , by t he i nsuf f i -
ci ent dynami c r ange of our PM/ dat a acqui si t i on sys-
t em and by shower l eakage, we f ound t he i nt r i nsi c e/ h
val ue of t hi s det ect or t o be 1 . 15 + 0. 02 . The r easons
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why t he compensat i on goal was not compl et el y achi eved

ar e qual i t at i vel y under st ood and sever al r eci pes exi st
f or desi gni ng compl et el y compensat i ng l ead/ f i ber
cal or i met er s, usi ng our exper i ment al r esul t s as a st ar t -
i ng poi nt .

The pr oper t i es f or j et det ect i on wer e st udi ed wi t h
par t i cl es or i gi nat i ng f r om nucl ear i nt er act i ons i n a t ar -
get upst r eam f r om t he cal or i met er . The ef f ect s of l i ght
at t enuat i on i n t he f i ber s wer e f ound t o be much l ess
i mpor t ant t han f or si ngl e- pi on det ect i on . At i ncr easi ng
mul t i pl i ci t y, t he measur ed si gnal di st r i but i ons became

mor e Gaussi an and t he ener gy r esol ut i on i mpr oved .
Especi al l y at hi gh ener gy, t he mul t i par t i cl e r esol ut i on
was f ound t o be consi der abl y bet t er t han t he si ngl e- pi on
one. The e/ j et si gnal r at i os wer e sl i ght l y l ar ger t han
t he e/ Tr si gnal r at i os, due t o ener gy l eaki ng out of t he
r egi on def i ni ng t he j et and t o t he i ncr eased ef f ect of
l i ght at t enuat i on . For a cone wi t h an openi ng angl e of
45 ° , t he e/ j et si gnal r at i o was measur ed t o r ange f r om
1 . 18 at 40 GeV t o 1 . 05 at 150 GeV f or hi gh- mul t i pl i ci t y
" j et s" .
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