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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 compensat i ng l ead/ sci nt i l l at i ng- f i ber cal or i met er , and i n par t i cul ar on i t s
capabi l i t y of l ocal i zi ng t he par t i cl es t hat pr oduce shower s i n i t . The RMS posi t i on r esol ut i on was f ound t o be 1 . 7 mm f or
el ect r omagnet i c shower s and 5 . 1 mm f or hadr oni c shower s at 80 GeV, aver aged over a t ower wi t h an ef f ect i ve r adi us of 39 mm.
Pi on- pi on separ at i on t hr ough anal ysi s of t he ener gy deposi t pat t er n was achi eved i n mor e t han 95%of t he cases f or di st ances down
t o 8 cm at 80 GeV. Because of t he good l at er al posi t i on r esol ut i on, det ai l ed i nf or mat i on on t he l ongi t udi nal shower devel opment
coul d be obt ai ned, wi t h t he hel p of t r acki ng i nf or mat i on, when si ngl e par t i cl es ent er ed t he ( l ongi t udi nal l y unsegment ed) det ect or at a
smal l angl e wi t h r espect t o t he f i ber axi s . Thi s i nf or mat i on made i t possi bl e t o el i mi nat e t he ef f ect s of l i ght at t enuat i on i n t he f i ber s
on t he hadr oni c ener gy r esol ut i on and al l owed e/ m separ at i on at t he 10 - ° l evel .

1 . I nt r oduct i on

The new gener at i on of mul t i - TeV hi gh- l umi nosi t y pp
col l i der s ( LHC, SSC) r equi r es det ect or s of unpr ece-

dent ed qual i t y i n or der t o al l ow f or meani ngf ul exper i -

ment s . Cal or i met r y i s among t he most cr uci al el ement s

of exper i ment s at such machi nes, si nce i t has t o pr ovi de

t he f i r st - l evel t r i gger i nf or mat i on . I t i s t he f i r st f i l t er f or
sel ect i ng t he r ar e ( 10- 8 l evel ) i nt er est i ng event s under
ext r eme backgr ound condi t i ons . Mor eover , t he cal or i m-
et er i nf or mat i on i s t he basi s f or st udyi ng t he pr oduct i on
of j et s, el ect r ons and mi ssi ng ener gy, t he most l i kel y
messenger s of new physi cs .

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

0168- 9002/ 91/ $03 . 50 © 1991 - El sevi er Sci ence Publ i sher s B. V . ( Nor t h- Hol l and)

The Spaghet t i Cal or i met er ( or SPACAL) was devel -
oped, i n t he f r amewor k of t he LAA pr oj ect at CERN,
wi t h t hese goal s i n mi nd . I t i s a compensat i ng l ead/
sci nt i l l at i ng- f i ber cal or i met er wi t h monol yt hi c t ower s,
i . e . wi t hout l ongi t udi nal segment at i on i nt o an el ect r o-
magnet i c ( e . m. ) and an hadr oni c sect i on .

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 [ 1] 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 r ear
det ect or end [ 2] .

I n a t ypi cal event at t he LHC/ SSC, mor e t han 100
secondar y par t i cl es wi l l be pr oduced . Mor eover , mul t i -
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pl e event s per bunch cr ossi ng wi l l f r equent l y occur

when t he l umi nosi t y exceeds 10 33 cm- ZS- 1 . Ther ef or e,

t he spat i al r esol vi ng power of t he cal or i met er i s cr uci al

f or ext r act i ng t he physi cs i nf or mat i on, e . g . on j et and

el ect r on pr oduct i on and, i n combi nat i on wi t h ot her

det ect or s, on mul t i pl e ver t i ces .

I n t hi s paper , we r epor t on t he pr oper t i es of t he

SPACAL cal or i met er i n t hi s r espect . I n sect i on 2, t he

det ect or and t he exper i ment al set up f or t he dat a t aki ng

ar e descr i bed . I n sect i on 3, t he r esul t s on t he posi t i on

r esol ut i on f or e. m. shower det ect i on ar e gi ven, and

sect i on 4 deal s wi t h t he hadr oni c posi t i on r esol ut i on .

The par t i cl e- par t i cl e separ at i on gr eat l y benef i t s f r om

t he hi gh densi t y and hence f r om t he shor t r adi at i on and

i nt er act i on l engt h of t he det ect or . Exper i ment al r esul t s

ar e descr i bed i n sect i on 5 . I n sect i on 6, we demonst r at e

t hat t he excel l ent posi t i on r esol ut i on pr ovi des a t ool f or

i mpr ovi ng t he ener gy r esol ut i on and t he el ect r on i dent i -

f i cat i on capabi l i t y of t he det ect or . Concl usi ons ar e gi ven

i n sect i on 7 .

2 . Exper i ment al set up

2. 1 . The det ect or
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The measur ement s wer e per f or med wi t h a cal or i me-

t er consi st i ng of 155 monol yt hi c t ower s . Each t ower

cont ai ns 1141 pl ast i c sci nt i l l at i ng f i ber s #1 wi t h a di am-

et 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 si x nei ghbour s ( f i g . l a) . The f i ber

spaci ng i s 2 . 22 mm( cent r e- t o- cent r e) , such as t o achi eve

a vol ume r at i o l ead : f i ber of 4 : 1, needed i n or der t o

make t he cal or i met er compensat i ng [ 3, 4] .

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 mmapex- t o- apex) t o a phot o-

mul t i pl i er ( PM)
#2 .

The f r ont end of a f i ber was 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 . [ 2] . 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. 1b .

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, t he

#1
SCSF- 38, pr oduced by Kyowa Gas, now Kur ar ay Co . Lt d,

Tokyo, Japan.
42 Phi l i ps XP 2282, 8- st age .

a) 0
0 0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0

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) .

det ect or has a r oughl y cyl i ndr i cal shape wi t h a di amet er

of 1 m.

Because of t he l ar ge f r act i on of hi gh- Z absor ber

mat er i al ( 80% i n vol ume) , 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 amount s t o 7 . 5 mm, t he ef f ect i ve Mol i 6r e

r adi us RM t o 25 mm, t he ef f ect i ve nucl ear i nt er act i on

l engt h [ 5] A, t o 21 cm and t he aver age densi t y t o 9 . 3

g/ cm3 . The sampl 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, al most 1071, deep and al most

5a, acr oss, enough t o cont ai n 150 GeV m- shower s on

aver age t o bet t er t han 98%, as we wi l l show i n a

f or t hcomi ng paper .

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 oomwher 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 un-
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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 .

changed i nt o a 12- bi t char ge ADC( LeCr oy 2280) , t he
ot her out put was ampl i f i ed by a f act or of - 10 bef or e
bei ng f ed i nt o an ADC. 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 t he count i ng

The gai n i n t he PM t ube was set t o - 4 pC/ GeV 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 chan-
nel s . The ADCgai n was 4 count s/ pC. Thi s pr ocedur e
was chosen t o ci r cumvent 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 .

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 e-
cor 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 .

z

2 . 2 . The beamhne

5 7

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 beaml 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 0, ( usual l y a f ew degr ees)
wi t h r espect 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 .

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, and t o measur e l ongi t udi nal shower
l eakage . Upst r eam of t he cal or i met er , a t r i gger count er
t el escope was i nst al l ed . I t consi st ed of 5 sci nt i l l at i on
count er s ( Sl - S5) and 2 dr i f t chamber s wi t h x, y r ead-
out ( BC1, BC2) . The l ayout i s shown i n f i g . 3 .

Beams of el ect r ons and negat i ve pi ons of 5, 10, 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 r espect t o t he f i ber axi s . For most of t he
r esul t s r epor t ed her e, 0. was 2° . The beampar t i cl e r at es
wer e 10 2- 103 event s per spi l l ( 2. 6 s) . At hi gh ener gi es
( >_ 40 GeV) t he beams wer e ver y cl ean, t he cont ami na-
t i on of el ect r ons ( pi ons) i n t he pi on ( el ect r on) beam
bei ng bel ow t he 1% l evel . At l ower ener gi es t hi s was
di f f er ent . Ther ef or e, t he event sampl es t aken at t hese
ener gi es wer e cl eaned up usi ng dat a f r om a pr eshower
count er ( S6, see f i g . 3) t hat was i nst al l ed l ust upst r eam
of t he cal or i met er . Thi s pr eshower det ect or consi st ed of
an absor ber sheet ( 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 . 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 [ 6] . At 5 and 10 GeV, t he pr eshower count er

Fi g. 3 . Layout of t he beam l i ne, seen f r om above . I n our convent i on, t he angl e B, shown i n t hi s f i gur e has a posi t i ve si gn .
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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 t he t hr eshol d, set at 7 t i mes
t he mi ni mum i 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 . Si nce t he pr eshower
count er 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 mat r i x scans ( see sect i ons 3. 1, 4 . 1) , wher e a l ar ger
ar ea was i nvest i gat ed .

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 ni mum
i oni zi ng par t i cl e val ue . The x and y coor di nat es mea-
sur ed i n t he t wo beamchamber s had t o agr ee wi t hi n 1
cm. Beamhal o par t i cl es wer e r emoved by cut s on x and
y i n t he beamchamber s .

3 . The posi t i on r esol ut i on f or e. m. shower s

3. 1 . Exper i ment al dat a

Many of t he r esul t s descr i bed i n t hi s and t he f ol l ow-
i ng sect i ons wer e obt ai ned f r om a mat r i x scan of t he

sur f ace of t he cal or i met er wi t h 80 GeV e- and m- . A
r el at i vel y br oad beam was st eer ed at 0. = 2 ° i nt o t he
det ect or . Dat a wer e t aken at 49 di f f er ent det ect or posi -
t i ons cover i ng a gr i d of 12 x 12 cm2 i n t he case of
el ect r ons. The i mpact poi nt s and t he beam si ze ar e
i ndi cat ed i n f i g . 4. I n t hi s way, ever y par t of t he sur f ace
of a t ower was hi t by a suf f i ci ent l y l ar ge number of
el ect r ons t o al l ow f or syst emat i c st udi es of t he posi t i on
dependence of t he r esul t s .

Such a syst emat i c st udy was onl y done wi t h t he 80
GeV par t i cl e beams . The ener gy dependence of t he
r esul t s was st udi ed wi t h dat a t aken at 9. = 3° i n t he
cent r e of one t ower . The angul ar dependence was st udi ed
at 40 GeV, al so f or par t i cl es hi t t i ng t he cent r e of a
t ower .

Fi g . 4 . The cal or i met er ar ea cover ed by t he 80 GeV e - mat r i x
scan . The dot s cor r espond t o t he var i ous beam posi t i ons ; t he

si ze of t he beam spot i s i ndi cat ed as wel l .
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Fi g . 5 . Di st r i but i on of t he i mpact poi nt of 80 GeV el ect r ons
over t he sur f ace of a cal or i met er t ower , as det er mi ned wi t h t he
beam chamber s ( a) and f r om t he cal or i met er dat a wi t h t he

si mpl e cent r e of gr avi t y met hod ( b) .

3 . 2. Met hods f or det er mi ni ng t he posi t i on r esol ut i on

The st andar d way of det er mi ni ng t he posi t i on of a
par t i cl e shower i ng i n a cal or i met er i s by det er mi ni ng
t he cent r e of gr avi t y x, y of t he ener gy E, deposi t ed i n
t he var i ous det ect or cel l s ( wi t h coor di nat es x, , y, ) t hat
cont r i but e t o t he si gnal ,

and t he same f or t he y coor di nat e . One t ower of t he
cal or i met er has an ef f ect i ve r adi us of - 1 . 6 RM. As a
consequence, an el ect r on t hat hi t s t he cent r al r egi on of
a cel l deposi t s a ver y l ar ge f r act i on of i t s ener gy i n t hi s
one cel l ( t ypi cal l y 95%) . Most of t he r emai ni ng 5% i s
shar ed bet ween t he si x nei ghbour i ng t ower s . I n pr act i ce,
we di d not consi der t ower s l ocat ed f ar t her away f r om
t he shower axi s, so t hat t he cent r e of gr avi t y was

det er mi ned by summi ng over onl y seven t ower s . A
di spl acement of t he par t i cl e i mpact poi nt by - 1 cm
f r om t he t ower cent r e onl y mar gi nal l y af f ect s t he ener gy



Fi g . 6. The coor di nat e syst em used f or det er nuni ng t he cor r ect
i mpact poi nt s f r om t he ener gy deposi t pr of i l es . See t ext f or

det ai l s .

shar i ng, so t hat t he i mpact poi nt i s not cor r ect l y r econ-
st r uct ed i n t hi s case .

Thi s i s i l l ust r at ed i n f i g . 5, whi ch shows t he i mpact
poi nt di st r i but i on measur ed wi t h t he beam chamber s
( f i g . 5a) and t he di st r i but i on of t he i mpact poi nt s r econ-
st r uct ed f r om t he cent r e of gr avi t y of t he measur ed
ener gy deposi t pr of i l es ( f i g. 5b) , f or a sampl e of t he
r ecor ded 80 GeV e - event s . The event s t end t o be
shi f t ed t owar ds t he cent r e of t he t ower when t he
cal or i met er dat a ar e used i n t hi s way .

50

40

0

30

20

10
E

_E

- 10

- 20

- 10 0 10 20 30 40 50
xàr ( mm)

- 30 - 20 - 10 0 10

Sc ( mm)

D. Acost a et al . / Local i zi ng par t i cl es shower i ng i n a Spaghet t i Cal or i met er

20 30

Fi g . 7 . Scat t er pl ot s f or 80 GeV el ect r ons . The r el at i on bet ween
t he x' val ues measur ed wi t h t he beam chamber s ( hor i zont al )
and t he x' val ues det er mi ned f r om t he cal or i met er dat a wi t h
t he cent r e of gr avi t y met hod ( ver t i cal , a) . The same f or t he y'

val ues ( b) .

To st udy t hi s ef f ect mor e quant i t at i vel y, we def i ned
a coor di nat e syst em adapt ed t o t he pecul i ar i t i es of t he
hexagonal geomet r y i n t he f ol l owi ng way ( see f i g. 6) . An
hexagon i s composed of si x equi l at er al t r i angl es . The
par t i cl es wer e at t r i but ed a posi t i on ( x' , y' ) , wher e t he
y' coor di nat e r uns al ong t he si de of t he hexagon t hat i s
par t of t he t r i angl e i n whi ch t he par t i cl e i s l ocat ed . The
x' coor di nat e r uns f r om t he t ower cent r e per pendi cul ar
t o t hi s si de . We used t he cal or i met er dat a ( x, y) t o
det er mi ne t o whi ch of t he si x t r i angl es t he event had t o
be at t r i but ed. The beam chamber ( x, y) val ues wer e
subsequent l y cal cul at ed mt he coor di nat e syst em ( x' ,
y' ) def i ned by t hi s par t i cul ar t r i angl e .

Fi g . 7a shows t he r el at i on bet ween t he x' val ues of
t he i mpact i ng el ect r ons, measur ed wi t h t he beamcham-
ber s ( hor i zont al axi s) and t he x' val ues r econst r uct ed
f r om t he ener gy deposi t pr of i l es ( ver t i cal axi s) . I deal l y,
al l t he poi nt s i n t hi s scat t er pl ot shoul d be l ocat ed on
t he dashed l i ne . Di spl acement s of up t o 2 cm ar e
obser ved . Event s ar e onl y r econst r uct ed at appr oxi -
mat el y t he r i ght posi t i on i f t hey occur near t he t ower
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Fi g. 8 . Scat t er pl ot s f or 80 GeV el ect r ons . The r el at i on bet ween
t he x' val ues measur ed wi t h t he beam chamber s ( hor i zont al )
and t he cor r ect ed x' val ues det er mi ned f r om t he cal or i met er
i nf or mat i on ( ver t i cal ) . See t ext f or det ai l s ( a) . The same f or t he

y' val ues ( b) .



60

cent r e or near t he boundar y bet ween t ower s . The same

i nf or mat i on i s gi ven f or t he y' coor di nat e i n f i g. 7b .

Event s onl y t end t o be f ound at t he cor r ect posi t i on

when t hey occur near t he axi s l i nki ng t ower cent r es . I n

ot her r egi ons di spl acement s i n y' of up t o 1 cm ar e

obser ved .

These phenomena ar e wel l known and sever al r e-

ci pes f or deal i ng wi t h t hem have been pr oposed [ 7- 9] .

The met hods pr oposed f or cur i ng t he pr obl em can be

di vi ded i n t wo cl asses :

a) pr ocedur es t hat gi ve an i ncr eased wei ght t o t ower s

wi t h a smal l ener gy deposi t ;

b) pr ocedur es i n whi ch t he cent r e of gr avi t y f ound i n

t he st andar d way i s shi f t ed, usi ng an empi r i cal al -

gor i t hm.

We t r i ed sever al met hods and t he best r esul t s wer e

obt ai ned wi t h a pr ocedur e as i n b) . The r econst r uct ed

i mpact poi nt was shi f t ed t o t he appr oxi mat el y cor r ect

posi t i on usi ng t he f ol l owi ng al gor i t hm:

x c° « = 25 . 0 ar ct an( 0 . 363 x' ) mm,

	

( 2a)

Y~or r = 14 . 7 ar ct an( 0 . 476 y' ) mm.

	

( 2b)

The r el at i ons bet ween t he x' ( y' ) val ues measur ed wi t h

t he beam chamber s and t he x co« ( Ywr r ) val ues de-

t er mi ned f r om t he ener gy shower pr of i l es and cor r ect ed

i n t hi s way, ar e gi ven i n f i gs . 8a and 8b. The i mpact
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Fi g. 9 . The posi t i on r esol ut i on f or 80 GeV el ect r ons as a

f unct i on of x' and y' .
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Fi g . 10 . Di st r i but i on of t he di f f er ences bet ween t he x coor di -

nat es measur ed wi t h t he beam chamber s and t hose measur ed

wi t h t he cal or i met er , f or 80 GeV e - uni f or ml y di st r i but ed over

a cal or i met er t ower ( a) . The same di st r i but i on f or t he y coor di -

nat es ( b) .

poi nt s ar e on aver age ver y wel l r epr oduced wi t h t hi s

met hod.

The posi t i on r esol ut i on, gi ven by t he wi dt h of t he

bands i n f i g . 8, i s sl i ght l y dependent on t he i mpact

poi nt of t he el ect r ons . Fi g . 9 shows how t he posi t i on

r esol ut i on var i es wi t h x' and y' . The best r esul t s wer e

obt ai ned i n t he cor ner s wher e t hr ee modul es j oi n. On

aver age, t he RMS posi t i on r esol ut i ons ax and ay amount

t o 1 . 8 and 1 . 6 mmf or 80 GeV el ect r ons ( f i g. 10) .

The ener gy dependence of t he posi t i on r esol ut i on

was measur ed at 0. = 3° , f or el ect r ons at 5, 10, 20, 40,

80 and 150 GeV. Onl y dat a f or par t i cl es i n t he cent r al

r egi on, r epr esent i ng t he wor st case ( see f i g. 9) wer e

avai l abl e f or t hi s st udy. The dat a wer e t r eat ed i n t he

same way as di scussed bef or e, usi ng t he same al gor i t hm,

eq . ( 2) , f or f i ndi ng t he cor r ect i mpact poi nt s . I n f i g . 11,

t he posi t i on r esol ut i on f or t he cent r al r egi on of a t ower

i s gi ven as a f unct i on of t he el ect r on ener gy. The
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Fi g . 11 . The posi t i on r esol ut i on f or el ect r ons at 0 =3 ° as a
f unct i on of t he ener gy . Resul t s f or t he cent r al r egi on of
cal or i met er s t ower s . Aver aged over t he t ower sur f ace, t he posi -

t i on r esol ut i on i s - 2056 smal l er .

exper i ment al dat a can be par amet r i zed as ay ( E) = 17 . 1/

F [ mm] , wi t h E i n uni t s of GeV. For ax t he r esul t s
wer e t he same. Fr om f i g . 9, one may concl ude t hat t he
aver age posi t i on r esol ut i on f or el ect r ons i n t hi s det ect or
wi l l be - 20%smal l er t han i ndi cat ed i n f i g . 11, Scal i ng
wi t h 1/ F i s expect ed, si nce t he ener gy deposi t s E, i n
t he cel l s i ( eq . ( 1) ) have a r el at i ve accur acy a, / E,

whi ch i mpr oves as 1/ E, , i f t he shower pr of i l e st ays
t he same .

The angul ar dependence of t he posi t i on r esol ut i on
was st udi ed f or 40 GeV el ect r ons ent er i ng t he det ect or
at angl es 0, var yi ng bet ween 0 ° and 6 ° wi t h r espect t o
t he f i ber axi s . The r esul t s show essent i al l y no ef f ect of
t he angl e on t he posi t i on r esol ut i on ( f i g. 12) . However ,
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Fi g . 12 . The posi t i on r esol ut i on f or 40 GeV e- ent er i ng t he
det ect or i n t he cent r e of a t ower , 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.
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Fi g . 13 . The aver age posi t i on of t he cent r e of gr avi t y wi t h
r espect t o t he i mpact poi nt , 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 ( a) . The
aver age l ongi t udi nal cent r e of gr avi t y as a f unct i on of 0 ( b) .

Dat a f or 80 GeVel ect r ons.

we di d obser ve anot her ef f ect . I n t hese measur ement s,
t he det ect or was al ways posi t i oned i n such a way t hat
t he beam hi t t he det ect or sur f ace at t he same spot ,
r egar dl ess of t he angl e 0, Si nce t he shower devel ops i n
dept h, t hi s wi l l l ead t o a shi f t i n t he r econst r uct ed
cent r e of gr avi t y wi t h r espect t o t he i mpact poi nt . Fi g .
13a shows t hi s shi f t ( Ox) as a f unct i on of 0. . Fr om t hi s
f i gur e, one may det er mi ne t he aver age l ongi t udi nal
cent r e of gr avi t y ( z) of t he shower s, si nce ( z) and Ox
ar e r el at ed as Ax = ( z) si n( 6z ) . Fi g . 13b shows ( z) as a
f unct i on of B. For angl es l ar ger t han 1° , t he aver age
dept h at whi ch t he l i ght i s pr oduced by t hese 80 GeV
el ect r ons shower s i s al most const ant : ( z) - 6. 5 cm
( - 9X0). For 0. < 1 ° t hi s dept h i ncr eases, pr obabl y as a
consequence of t he f act t hat t he i ncomi ng el ect r ons may
t r avel a consi der abl e di st ance i nsi de one f i ber ( Xo - 40
cm f or pol yst yr ene) , so t hat t he shower devel ops deeper
i nsi de t he det ect or [ 2] .

Thi s exampl e shows how a good l at er al posi t i on
r esol ut i on t r ansl at es i nt o l ongi t udi nal sensi t i vi t y when
t he par t i cl es ent er t he det ect or at a nonzer o angl e wi t h
t he f i ber axi s . Thi s f eat ur e wi l l be f ur t her expl oi t ed i n
sect i on 6 .
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4 . The posi t i on r esol ut i on f or hadr oni c shower s

4. 1 . Exper i ment al dat a

4. 2 . Met hods
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The exper i ment al dat a used f or t he det er mi nat i on of
t he hadr oni c posi t i on r esol ut i on wer e si mi l ar t o t he dat a
descr i bed i n t he pr evi ous sect i on :
- a 7 x 7 mat r i x scan wi t h 80 GeV i T - , cover i ng an ar ea

of 24 x 24 cm2 i n t he cent r al r egi on of t he det ect or ,
at B. = 2° ;

- an angul ar scan wi t h 40 GeV i T
-

i n t he cent r e of a
t ower ;

- an ener gy scan at 0 = 3 ° i n t he cent r e of a t ower .

The met hod used t o det er mi ne t he hadr oni c posi t i on
r esol ut i on was si mi l ar t o t he one descr i bed f or e. m.
shower s. Al t hough hadr oni c shower s ar e much wi der
t han e. m. ones, t he di spl acement ef f ect s shown i n f i g . 7,
whi ch ar e caused by t he f act t hat t he l at er al shower
di mensi ons ar e smal l compar ed t o t he gr anul ar i t y, wer e
al so obser ved her e, be i t l ess pr onounced .

Thi s i s i l l ust r at ed i n f i g . 14, whi ch shows t he r el at i on
bet ween t he coor di nat es ( agai n x' or y' , see f i g. 6)
measur ed wi t h t he beam chamber s and t he coor di nat es
det er mi ned f r om t he cent r e of gr avi t y of t he ener gy
deposi t pr of i l es . The di spl acement ef f ect s wer e al so her e
cancel l ed wi t h an ar ct an cor r ect i on f unct i on, be i t t hat
t he coef f i ci ent s wer e chosen sl i ght l y di f f er ent f r om t hose
i n eq. ( 2) i n or der t o achi eve opt i mal r econst r uct i on of
t he shower posi t i on,

xeor r = 29 . 7 ar ct an( 0 . 084 x' ) mm,

	

( 3a)

Ycor r
= 17 . 0 ar ct an( 0 . 147 y' ) mm.

	

( 3b)

These di spl acement ef f ect s ar e pr obabl y due t o t he e. m.
component i n t he shower , whi ch account s on aver age
f or about hal f of t he ener gy deposi t at 80 GeV.

us 4-- A CA

Fi g . 15 . Di spl ay of a t ypi cal hadr oni c event i n SPACAL. The number s cor r espond t o t he ener gy deposi t ed i n t he i ndi vi dual t ower s .
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Fi g. 14. Scat t er pl ot s f or 80 GeV m- . The r el at i on bet ween t he
x' val ues measur ed wi t h t he beam chamber s ( hor i zont al ) and
t he x' val ues der i ved f r om t he cal or i met er dat a wi t h t he cent r e

of gr avi t y met hod ( a) . The same f or t he y' val ues ( b) .

Fi g . 15 shows a t ypi cal hadr oni c event i n t he SPA-
CAL cal or i met er . The number s cor r espond t o t he en-
er gy deposi t ed i n t he i ndi vi dual t ower s . For t hi s event ,
mor e t han hal f of t he ener gy was deposi t ed i n one



t ower , t he r est was di st r i but ed over essent i al l y al l t he
ot her t ower s . The quest i on ar i ses how f ar away f r om t he
shower axi s shoul d one go i n or der t o cal cul at e t he
cent r e of gr avi t y, si nce many smal l ener gy deposi t s wi t h
l ar ge wei ght f act or s mi ght det er i or at e t he accur acy of
t he posi t i on det er mi nat i on.

We st udi ed t he quest i on of whi ch t ower s shoul d be
used f or t he cal cul at i on of t he cent r e of gr avi t y i n t wo
ways :

a) The posi t i on r esol ut i on was det er mi ned as a f unc-
t i on of t he number of r i ngs ar ound t he t ower wi t h t he
l ar gest ener gy deposi t t hat wer e t aken i nt o account - i n
ot her wor ds, as a f unct i on of t he r adi us of t he cyl i nder
t hat was assumed t o cont ai n t he event f or t hi s pur pose .
The best r esol ut i on was f ound when t wo hexagonal
r i ngs ar ound t he shower axi s wer e used ( 19 t ower s) .

b) The posi t i on r esol ut i on was det er mi ned by con-
si der i ng onl y t ower s cont ai ni ng a cer t ai n mi ni mum f r ac-
t i on of t he t ot al ener gy . Opt i mal r esol ut i on was f ound
when onl y t ower s cont ai ni ng at l east 5` %0 of t he t ot al
ener gy wer e used f or cal cul at i ng t he cent r e of gr avi t y .
Thi s met hod uses i n pr act i ce a much smal l er number of
t ower s t han 19, r equi r ed by t he f i r st met hod.

I n gener al , t he posi t i on r esol ut i on obt ai ned wi t h t he
f i r st met hod was sl i ght l y bet t er . Onl y f or event s i n
whi ch t her e i s not a si ngl e t ower t hat absor bs a maj or
f r act i on of t he pi on ener gy, t he r esul t s ar e compar abl e.
For such event s, t he posi t i on r esol ut i on al so t ends t o be
somewhat bet t er t han f or t he event s of t he t ype shown
i n f i g. 15 . Thi s i s i l l ust r at ed i n f i g. 16, wher e t he

hadr oni c posi t i on r esol ut i on i s gi ven f or bot h met hods,
as a f unct i on of t he maxi mumener gy f r act i on deposi t ed
i n one si ngl e t ower .

I n pr act i ce, we used met hod a) , wi t h 19 t ower s, f or
det er mi ni ng t he cent r e of gr avi t y. The di spl acement
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Fi g . 16 . The posi t i on r esol ut i on as a f unct i on of t he maxi mum
ener gy f r act i on deposi t ed i n one si ngl e t ower . The open ci r cl es
show t he r esul t s obt ai ned when 19 t ower s ar ound t he shower
axi s wer e used f or cal cul at i ng t he cent r e of gr avi t y, t he squar es
consi der onl y t ower s cont ai ni ng at l east 5%of t he t ot al ener gy .
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' CAL - XBC

Fi g. 17 . Di st r i but i on of t he di f f er ences bet ween t he i mpact
poi nt measur ed wi t h t he beam chamber s and t he cent r e of
gr avi t y of t he 80 GeV i r - shower s . Resul t s f or t he x ( a) and y

( b) coor di nat es .

ef f ect s ( f i g. 14) wer e cor r ect ed f or wi t h t he same pr oce-
dur e as f or t he e. m. shower s ( sect i on 3 . 2) .

A pi on penet r at i ng t he cal or i met er wi l l under go i t s
f i r st nucl ear i nt er act i on at a dept h z, of whi ch t he
pr obabi l i t y i s di st r i but ed as exp( - z/ X, ) . Al so, depend-
i ng on t he t ype of i nt er act i on, t he l ongi t udi nal devel op-
ment of t he shower may di f f er st r ongl y f r om event t o
event . Ther ef or e, l ar ge var i at i ons occur i n t he l ongi t udi -
nal di st r i but i on of t he l i ght pr oduct i on i n pi on shower s .
I f t he beam ent er s t he det ect or at an angl e 0. wi t h
r espect t o t he f i ber axi s, t hese di f f er ences wi l l t r ansl at e
i nt o f l uct uat i ons of t he r econst r uct ed l at er al cent r e of
gr avi t y whi ch r espect t o t he i mpact poi nt .

The beam ent er ed t he det ect or i n t he x- z pl ane at
an angl e 0. wi t h r espect t o t he z- axi s ( see f i gs . 3 and 6) .
Thi s means t hat t he ef f ect dust ment i oned shoul d onl y
be measur abl e i n t he posi t i on r esol ut i on f or t he x
coor di nat e, and not f or t he y coor di nat e . Fi g . 17 shows
t he di st r i but i on of t he cal cul at ed cent r e of gr avi t y wi t h
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Fi g . 18 . The ener gy dependence of t he hadr oni c posi t i on r eso
l ut i on, f or pi ons ent er i ng t he cent r al r egi on of a t ower at

0 =3° .

r espect t o t he i mpact poi nt f or t he x coor di nat e ( f i g .

17a) and f or y ( f i g . 17b) , f or 80 GeV pi ons at 0. = 2° ,
whose i mpact poi nt s wer e uni f or ml y di st r i but ed over
t he t ower sur f ace . The x di st r i but i on exhi bi t s a cl ear
exponent i al t ai l on t he r i ght hand si de, r ef l ect i ng t he
f l uct uat i ons i n t he st ar t i ng poi nt s of t he shower s . The x
di st r i but i on i s wel l descr i bed by a convol ut i on of a
Gaussi an and an exponent i al di st r i but i on ( f i g . 17a) i n
whi ch t he wi dt h of t he Gaussi an par t i s ( al most ) equal
t o t he one f or t he y di st r i but i on, and t he sl ope of t he
exponent i al par t equal s 11 mm. Fr omt hi s one can i nf er
t he i nt er act i on l engt h f or pi ons X, , i n t hi s det ect or as
11/ si n( 2 ° ) = 315 mm. Thi s measur ement t her ef or e con-

f i r ms t hat t he i nt er act i on l engt h f or pi ons i s 50% l ar ger

t han f or pr ot ons [ 5] .
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Fi g . 19 . The angul ar dependence of t he hadr oni c posi t i on
r esol ut i on, f or 40 GeV m- ent er i ng t he cent r al r egi on of a

t ower .
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Fi g . 20 . The aver age shi f t of t he cent r e of gr avi t y m t he x

di r ect i on, wi t h r espect t o t he i mpact poi nt measur ed wi t h t he
beam chamber s, as a f unct i on of 0. . Dat a f or 40 GeV m-

ent er i ng t he cent r al r egi on of a t ower .

The posi t i on r esol ut i on f or pi ons depends on t he
i mpact poi nt , i n t he same way as f or el ect r ons ( see f i g.

9) , be i t t hat t he ef f ect s ar e l ess pr onounced . At 80 GeV,
t he aver age val ue of ay amount s t o 5. 1 mm, wher eas i n

t he cent er of a t ower ay = 5. 8 mmwas f ound. I n f i g . 18,
t he ener gy dependence of t he hadr oni c posi t i on r esol u-
t i on i s gi ven f or pi ons ent er i ng t he cent r al r egi on of a
t ower at BZ = 3° . The exper i ment al dat a can be par ame-
t r i zed as ay ( E) = 2. 4 + 31 . 4/ [ mm] , wi t h E i n GeV.
The const ant t er m may be caused by t he l ar ge non-
Gaussi an event - t o- event f l uct uat i ons mt he magni t ude

of t he e. m. component of t he shower s .
The angul ar dependence i s shown i n f i g . 19 . The

r esol ut i on i n y i s mor e or l ess i ndependent of B. , but
t he exponent i al t ai l on t he r i ght hand si de of t he x
di st r i but i on becomes of cour se mor e and mor e pr o-

nounced at i ncr easi ng angl es, causi ng ax t o i ncr ease .
Fi g . 20 shows t he aver age shi f t of t he cent r e of gr avi t y

as a f unct i on of Bz . As f or e. m. shower s ( f i g . 13) , t hi s

ef f ect al l ows one t o det er mi ne t he aver age dept h at
whi ch t he ener gy i s deposi t ed . We f ound t hat t hi s
occur s at z - 55 cm( - 2. 5X, ) .

5. Par t i cl e- par t i cl e separ at i on

One t ends t o t hi nk of hadr oni c shower s as phenom-
ena t hat r equi r e qui t e a l ar ge det ect or vol ume t o be
det ect ed i n . Thi s i s cer t ai nl y t r ue i f one want s t o ( al -
most ) cont ai n t he shower s or i f one want s t o do an
accur at e measur ement of t he ener gy of t he shower i ng
par t i cl e . The SPACAL det ect or was desi gned f or t hi s
pur pose and needed an i nst r ument ed mass of mor e t han
13 t ons t o achi eve t hi s goal .

However , when i t comes t o l ocal i zi ng t he shower i ng
par t i cl e, t he si t uat i on i s qui t e di f f er ent . Fi g. 15 shows
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t hat i n a t ypi cal hadr oni c event at 80 GeV mor e t han

hal f of t he shower ener gy i s deposi t ed i n one t ower , and

t he ot her hal f i s di st r i but ed over t he r est of t he det ect or .

Thi s means t hat t wo par t i cl es hi t t i ng t he det ect or and

devel opi ng shower s i n i t mi ght be r ecogni zed as t wo

separ at e par t i cl es even i f t hey ent er t he det ect or at a

r el at i vel y smal l di st ance f r om each ot her . The shor t

r adi at i on and i nt er act i on l engt h of t he det ect or ar e a

f avour abl e f eat ur e i n t hi s r espect .

I n t hi s paper , we r epor t onl y about t he i T/ - Tr sep-

ar at i on capabi l i t y of t hi s det ect or . The el ect r on- pi on

separ at i on, ver y r el evant f or t he i dent i f i cat i on of el ec-

t r ons ( e. g . f r om heavy f l avour decay) i nsi de j et s, wi l l be

deal t wi t h i n a separ at e paper . We not e t hat , because

t he el ect r on shower s ar e nar r ow, t hey can be bet t er

i dent i f i ed at a gi ven di st ance f r om a shower i ng pi on

and, t her ef or e, t he e/ , i r separ at i on wor ks wel l down t o

shor t er di st ances t han f or i T/ i r .

The i T/ sr separ at i on was i nvest i gat ed i n t he f ol l ow-

i ng way . We mer ged t he shower s f r om t wo pi ons hi t t i ng

t he det ect or at a r el at i ve di st ance d. The r esul t i ng

ener gy deposi t pr of i l e was compar ed t o t he aver age

shower pr of i l e f or one pi on hi t t i ng t he det ect or at an

i nt er medi at e posi t i on . We mai nl y used 80 GeV r r - dat a

f r om t he mat r i x scan f or t hi s pur pose, si nce t hi s dat a

al l owed f or a syst emat i c st udy of t he r esul t s as a f unc-

t i on of d .

We f ound t hat t he f r act i onal ener gy deposi t , f ( r ) , i n

a gi ven cel l whose cent r e i s l ocat ed at a di st ance r f r om

t he cent r e of gr avi t y of t he shower , coul d be f ai r l y

accur at el y par amet r i zed wi t h t he sumof a Gaussi an and

an exponent i al f unct i on,

f ( r ) = C exp( - ar ' ) +D exp( - br ) ,

	

( 4)

wi t h a = 0 . 070 cm- z , b = 0 . 230 cm- t , C = 0 . 548 and

C= 0 . 192, f or t he r egi on O' < r < 17 cm. I t shoul d be

emphasi zed t hat f ( r ) i s not t he l at er al shower pr of i l e,

si nce t he ef f ect s of t he f i ni t e cel l si ze, whi ch ar e ver y

i mpor t ant cl ose t o t he shower axi s, wer e not unf ol ded .

Next , a cr i t er i on K was def i ned i n or der t o st udy

how wel l i ndi vi dual shower s ar e descr i bed by f ( r ) .

Good r esul t s wer e obt ai ned wi t h a cr i t er i on of t he

f ol l owi ng t ype :

wher e E, i s t he f r act i on of t he t ot al ener gy t hat i s

deposi t ed i n t ower i and r , t he di st ance f r om t he cent r e

of t ower i t o t he ( uncor r ect ed) cent r e of gr avi t y of t he

ener gy deposi t pr of i l e, as cal cul at ed wi t h eq . ( 1) . I n

pr act i ce, onl y t he t ower s i n t he f i r st t wo hexagonal r i ngs

sur r oundi ng t he t ower cont ai ni ng t he cent r e of gr avi t y

wer e used f or cal cul at i ng K. I ncl udi ng mor e di st ant

t ower s di d not i mpr ove t he r esul t s .

I n f i g . 21, K di st r i but i ons ar e gi ven f or si ngl e pi ons

and f or 80 + 80 GeV pi ons at a r el at i ve di st ance d of 9
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Fi g. 21 . Di st r i but i on of t he i t / i r t separ at i on cr i t er i on K f or
si ngl e i r - shower s at 150 GeV ( a) , and f or combi nat i ons of

t wo 80 GeV pi ons hi t t i ng t he det ect or 9 cm apar t ( b) .

cm. The wi dt h of t he di st r i but i on f or t he si ngl e pi ons i s

a measur e of t he l at er al shower - t o- shower f l uct uat i ons

at t hi s ener gy . The K- di st r i but i on f or t he 80 + 80 GeV

0 20 40 60 80 100 120
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r r - r t di st ance ( mm)

Fi g. 22 . The pr obabi l i t y of r ecogni zi ng a 80+80 GeV m- pai r
as a f unct i on of t hei r r el at i ve di st ance d, usi ng a cr i t er i on t hat

r ecogni zed si ngl e pi ons i n 95%of t he cases as such .
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Fi g. 23. The di st ance d at whi ch 95% m/ m separ at i on i s

achi eved, as a f unct i on of t he pi on ener gy E ( f or 80+ E GeV

pi on pai r s) .

Tr - combi nat i ons peaks at much hi gher val ues, i ndi cat -

i ng t hat t he ener gy deposi t pr of i l e of t hese event s i s i n

gener al poor l y descr i bed by t he t ypi cal one f or a si ngl e

pi on at appr oxi mat el y t wi ce t he ener gy.

I n or der t o i dent i f y pi on pai r s, a cut on K was

appl i ed. Al l t he event s wi t h K< KczyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , wer e consi der ed

t o be si ngl e pi ons, al l t he ot her event s wer e consi der ed

t o be pi on pai r s . We chose K~� , i n such a way t hat 95%

of t he si ngl e pi ons came out as si ngl e pi ons, and de-

t er mi ned t he pr obabi l i t y of r ecogni zi ng a pi on pai r as a

f unct i on of d . The r esul t i s gi ven i n f i g . 22 . One sees

t hat t he Tr / Tr separ at i on i s bet t er t han 95% f or d >_ 8 cm.

The ener gy dependence of t he Tr / Tr separ at i on capa-

bi l i t y was st udi ed by mer gi ng pi ons of E GeV hi t t i ng

t he cent r e of t he det ect or and 80 GeV pi ons ent er i ng at

a di st ance d f r om t he cent r e . As a r ef er ence pr of i l e,

pi on dat a at 80 and 150 GeV wer e used . Si nce t he

aver age pi on pr of i l es at t hese ener gi es ar e not ver y

di f f er ent , t he r esul t s wer e al most i ndependent of t he

r ef er ence pr of i l e used . I n f i g. 23 t he r esul t s of t hi s

anal ysi s ar e gi ven . The di st ance at whi ch 95% Tr / Tr

separ at i on i s achi eved ( do . 95 ) i s shown as a f unct i on of

t he ener gy . The er r or bar s r epr esent t he f l uct uat i ons

t hat wer e obser ved when pi ons at a di st ance d f r om t he

cent r e wer e mer ged wi t h di f f er ent pi ons of E GeV

( hi t t i ng t he cent r e) . As can be expect ed, t he separ at i on

wor ks best f or t wo par t i cl es of equal ener gy .

Fr om t he mat r i x scan dat a, i t was f ound t hat t he K

di st r i but i on f or si ngl e pi ons at 80 GeV was al most

i ndependent of t he i mpact poi nt of t he pi ons . Al so, t he

Tr / Tr separ at i on capabi l i t y d, . 95 and t he var i at i ons i n i t

wer e not si gni f i cant l y di f f er ent f r om t he val ues shown

i n f i g . 23 when 80 GeV pi ons wer e mer ged wi t h 80 GeV

pi ons ent er i ng at posi t i ons ot her t han t he cent r e of t he

det ect or . Thi s i ndi cat es t hat t he Tr / Tr separ at i on i s r el a-

t i vel y i nsensi t i ve t o t he i mpact poi nt of t he par t i cl es .

These r esul t s ar e encour agi ng, si nce t hey open a

wi ndow t o anal ysi s of j et st r uct ur es i n 4Tr exper i ment s

at col l i der s . Fi g . 24 di spl ays a mul t i par t i cl e event , ob-

t ai ned wi t h an i nt er act i on t r i gger . The pi ons wer e r e-

qui r ed t o i nt er act i n an upst r eam t ar get and t he r eact i on

pr oduct s wer e det ect ed wi t h t he cal or i met er . Sever al

par t i cl es pr oduced i n t hi s i nt er act i on can be cl ear l y

r ecogni zed f r om t he hi t pat t er n i n t he cal or i met er .

6 . Appl i cat i ons

I n sect i ons 3 and 4 we have al r eady shown how t he

good l at er al posi t i on r esol ut i on may yi el d i nf or mat i on

on t he l ongi t udi nal shower devel opment , when t he par -

t i cl es ent er t he det ect or under a smal l angl e wi t h t he

f i ber axi s . I n par t i cul ar , i t was possi bl e t o det er mi ne t he

Fi g . 24. Event di spl ay of a pi on i nt er act i ng i n an upst r eam t ar get , t he r eact i on pr oduct s bei ng det ect ed by t he cal or i met er .



aver age dept h at whi ch t he sci nt i l l at i on l i ght was pr o-
duced.

I n t hi s sect i on, we wi l l show how t hi s i nf or mat i on

may be used on an event - by- event basi s, and how i t
t hen may i mpr ove t he det ect or per f or mance. Two exam-
pl es wi l l be gi ven of t hi s .

6. 1 . I mpr ovement of t he hadr oni c ener gy r esol ut i on

The f i r st exampl e concer ns t he hadr oni c si gnal di st r i -
but i on . Hadr oni c shower s exhi bi t l ar ge f l uct uat i ons i n
t hei r l ongi t udi nal ener gy deposi t pr of i l e ( see sect i on
4. 3) . I n addi t i on, t he r esponse of t he sci nt i l l at i ng f i ber s
i s not uni f or m i n dept h, because of l i ght at t enuat i on .
Ther ef or e, l i ght at t enuat i on i n t he f i ber s wi l l l ead t o a
syst emat i c, i nst r ument al ef f ect cont r i but i ng t o t he en-
er gy r esol ut i on f or hadr oni c shower det ect i on [ 10] . Thi s
ef f ect i s i n f i r st appr oxi mat i on i ndependent of t he
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Fi g. 25 . Scat t er pl ot showi ng t he cal or i met er si gnal ( ver t i cal )
ver sus t he di spl acement of t he shower cent r e of gr avi t y wi t h
r espect t o t he par t i cl e' s i mpact poi nt ( hor i zont al ) . Dat a f or 150
GeV m- ( a) and 150 GeV e - ( b) , at 0 = 3° . The ef f ect i ve
dept h ( z) of t he l i ght pr oduct i on ( see t ext ) i s shown on t he t op
hor i zont al axi s . The coor di nat es XCAL - xBc have an of f set

( see r ef . [ 111) .
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Fi g . 26 . The si gnal di st r i but i on f or 150 GeV r r - 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 smoot h cur ves ar e t he r esul t s of Gaussi an f i t s t o t he

dat a .

hadr on ener gy and wi l l t her ef or e gi ve r i se t o a const ant
t er m i n t he ener gy r esol ut i on.

I n t he devel opment of t hi s det ect or , much emphasi s
was gi ven t o i mpr ovi ng t he l i ght at t enuat i on char act er -
i st i cs of t he f i ber s [ 2] . Never t hel ess, t he r emai ni ng ef -
f ect s ar e st i l l si gni f i cant , par t i cul ar l y at ver y hi gh en-
er gi es, wher e t he ef f ect of a const ant t er m i n t he ener gy
r esol ut i on i s of cour se r el at i vel y l ar gest .

Knowl edge of t he aver age dept h of t he l i ght pr oduc-
t i on event - by- event makes i t possi bl e t o consi der abl y
r educe t he ef f ect s of l i ght at t enuat i on and, t her ef or e,
i mpr oves t he hadr oni c ener gy r esol ut i on . Thi s i s i l -
l ust r at ed wi t h 150 GeV i r - dat a, t aken at 0. = 3° .

I n f i g. 25a, t he si gnal di st r i but i on f or i ndi vi dual
event s i s shown ver sus t he di spl acement of t he cent r e of
gr avi t y wi t h r espect t o t he i mpact poi nt of t he pi ons.
For compar i son, t he same pl ot i s gi ven f or el ect r ons
( f i g . 25b) . The di spl acement " x ( =

XCAL
- XBO and

t he aver age dept h ( z) at whi ch t he l i ght i s pr oduced ar e
r el at ed as Ax = ( z) si n( 3° ) [ 111 . And si nce t he posi t i on
r esol ut i on i n t he l at er al pl ane amount s t o - 4 mm, t he
accur acy of t he ( z) val ues gi ven i n t hi s pl ot amount s t o
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about 8 cm. Ther ef or e, f i g . 25a i s a f ai r l y accur at e

r epr esent at i on of t he di st r i but i on of t he l ongi t udi nal

cent r es of gr avi t y f or t he 150 GeV u shower s .

Fi g. 25 i l l ust r at es t he di f f er ence i n l ongi t udi nal

shower devel opment bet ween e . m. and hadr oni c

shower s . The ef f ect of l i ght at t enuat i on i s cl ear l y vi si bl e

i n t hat t he aver age pi on si gnal r i ses at i ncr easi ng dept h.

The ener gy r esol ut i on, obt ai ned by pr oj ect i ng t he

di st r i but i on on t he ver t i cal axi s, i s t her ef or e much wor se

t han t he wi dt h of t he band i n f i g . 25a, whi ch i s de-

t er mi ned by t he f l uct uat i ons i n t he shower devel opment

i t sel f . Mor eover , t he 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 bu-

t i on i n dept h ( see f i g . 26a) .

Usi ng- t he at t enuat i on cur ve of t he f i ber s and t he

ef f ect i ve dept h of t he l i ght pr oduct i on f or each event ,

one can ver y si mpl y el i mi nat e t hi s ef f ect . Thi s i s shown

i n f i g . 26b. To obt ai n t hi s f i gur e, t he si gnal s wer e

wei ght ed wi t h a f act or cor r espondi ng t o an at t enuat i on

l engt h of 7 m. As a r esul t of t hi s pr ocedur e, t he ener gy

r esol ut i on a/ E i mpr oved f r om 4 . 8% t o 3 . 7% and t he

si gnal shape became al most Gaussi an .

I t shoul d be emphasi zed t hat t hi s exampl e concer ns

t he det ect i on of si ngl e pi ons . The appl i cabi l i t y of t hi s

met hod f or j et s i s ver y quest i onabl e . However , j et det ec-

t i on i s much l ess sensi t i ve t o t he ef f ect s of l i ght at t enua-

t i on i n t he f i ber s, si nce a j et consi st s of many par t i cl es

t hat devel op shower s si mul t aneousl y, and t her ef or e t he

f l uct uat i ons i n t he l ongi t udi nal l i ght pr oduct i on pr of i l e

ar e much l ess i mpor t ant [ 10] . I n t hi s r espect , a j et may

be consi der ed a hadr oni c shower wi t h a f i xed st ar t i ng

poi nt , i . e . t he i nt er act i on ver t ex .

El ect r on i dent i f i cat i on i s a maj or t ask of cal or i me-

t er s i n modem exper i ment s . The Spaghet t i Cal or i met er

of f er s excel l ent possi bi l i t i es i n t hi s r espect . We have

devel oped sever al met hods t hat al l ow e/ m separ at i on at

t he 10 - 3 - 10 - 4 l evel , i ncl udi ng one t hat mi ght be ap-

pl i ed at t he f i r st t r i gger l evel [ 6] .

Usual l y, t he met hods expl oi t t he f i ne l at er al gr anu-

l ar i t y of t he det ect or , whi ch makes i t possi bl e t o di s-

t i ngui sh el ect r ons and pi ons t hr ough t he di f f er ences i n

t he l at er al shower devel opment . Fi g. 27 shows an exam-

pl e of t he qual i t y of t he separ at i on t hat can be achi eved

i n t hi s way . We def i ned a quant i t y RP as

Yr E, 04

6)

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 r e of t ower i

and t he ( uncor r ect ed) cent r e of gr avi t y of t he ener gy

deposi t pr of i l e as i n eq . ( 1) . Al l 155 t ower s wer e used

Fi g. 27. Di st r i but i on of t he ef f ect i ve wi dt h RP ( see t ext ) f or

el ect r on and pi on shower s at 80 GeV and 8 = 2' .

f or cal cul at i ng RP . El ect r on and pi on shower s ar e ver y

cl eanl y separ at ed usi ng t hi s par amet er , whi ch i s a mea-

sur e of t he ef f ect i ve shower wi dt h .

However , a smal l f r act i on ( or der 10 - 3 ) of t he pi on

event s cannot be separ at ed f r om el ect r ons wi t h such a

cr i t er i on . These ar e pr esumabl y event s wher e ( al most )

al l t he pi on ener gy i s t r ansf er r ed t o m0 ' s i n t he f i r st

i nt er act i on, and t her ef or e t he shower s l ook l at er al l y

ver y much l i ke e . m. ones .

The st ar t i ng poi nt of such shower s occur s at a cer -

t ai n dept h z i nsi de t he cal or i met er , wi t h a pr obabi l i t y

- 40 - 30 - 20 - 10 0 10 20 30

XCAL - Xec ( MM)

Fi g . 28 . Di st r i but i on of t he di spl acement of t he shower cent r e

of gr avi t y wi t h r espect t o t he par t i cl e i mpact poi nt f or el ec-

t r ons and f or pi ons t hat pr oduce shower s t hat ar e l at er al l y

i ndi st i ngui shabl e f r om el ect r ons . Dat a f or 80 GeV par t i cl es at

B = 2 ° . The coor di nat es XCAL - x c have an of f set ( see r ef .

[ 11] ) .



di st r i but ed as exp( - z/ X, ) , so t hat one may di st i ngui sh

t hem f r om genui ne el ect r on shower s usi ng t he shi f t

bet ween t he l at er al cent r e of gr avi t y and t he i mpact

poi nt ( cf . f i gs . 25a and 25b) . Thi s wor ks ver y wel l .

We sel ect ed t he pi on event s f r om f i g. 27 t hat coul d

not be di st i ngui shed on t he basi s of t hei r l at er al shower

pr of i l e, i . e . at RP < 80 mm. The di st r i but i on of t hei r

cent r e of gr avi t y di spl acement wi t h r espect t o t he pi on

i mpact poi nt i s gi ven i n f i g . 28 . For compar i son, t he

di st r i but i on f or el ect r ons i s gi ven as wel l . Thanks t o t he

good posi t i on r esol ut i on, al l t he pi ons i nt er act i ng be-

yond a f ew cent i met r es i n dept h can be di st i ngui shed

f r om el ect r ons i n t hi s way . The f i nal e/ i r separ at i on

achi eved by combi ni ng bot h t he l at er al and l ongi t udi nal

shower char act er i st i cs amount ed t o 1 . 5 x 10 - ° at 80

GeV, f or 98% el ect r on ef f i ci ency .

7 . Summar y and concl usi ons
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We have st udi ed t he per f or mance of a f ul l - si ze

l ead/ sci nt i l l at i ng- f i ber cal or i met er , and i n par t i cul ar i t s

capabi l i t y of l ocal i zi ng t he par t i cl es t hat devel op shower s

i n i t . The cal or i met er consi st ed of l ongi t udi nal l y unseg-

ment ed hexagonal t ower s wi t h an ef f ect i ve r adi us of 39

mm( = 1 . 6RM or 0 . 19X, ) .

For e. m. shower s we f ound t hat t he posi t i on r esol u-

t i on si gni f i cant l y depends on t he r egi on of a t ower

wher e t he par t i cl e ent er ed . The best r esol ut i ons wer e

f ound i n t he r egi ons wher e t hr ee modul es j oi n, a - 1 . 0

mmat 80 GeV. I n t he cent r al r egi on a r esol ut i on of - 2

mm was obt ai ned at t hi s ener gy . Aver aged over t he

t ower sur f ace we measur ed 1 . 7 mm. For ot her ener gi es,

we f ound t hat t hese number s scal e as 1/ FE . The posi -

t i on r esol ut i on does not depend on t he angl e 0. bet ween

t he par t i cl e' s t r aj ect or y and t he f i ber axi s, f or 0, < 6° .

For hadr oni c shower s, t he posi t i on r esol ut i on i s l ess

sensi t i ve t o t he i mpact poi nt . At 80 GeV, we obt ai ned

5 . 1 mm accur acy . Al so her e, t he 1/ FE scal i ng l aw

appl i es, be i t wi t h an of f set of - 2 mm. When t he

det ect or i s t i l t ed at a smal l angl e, t he posi t i on r esol ut i on

i n t he coor di nat e t hat r uns i n t he t i l t ed pl ane de-

t er i or at es because of t he f l uct uat i ons i n t he st ar t i ng

poi nt of t he shower . We obser ved a 50% i ncr ease f or 40

GeV pi ons at 0. = 2° . The r esol ut i on i n t he coor di nat e

or t hogonal t o t he t i l t ed pl ane i s unaf f ect ed.

Due t o t he ver y hi gh ef f ect i ve densi t y of t he det ec-

t or , t he l at er al shower di mensi ons ar e smal l . Because of

t hi s and because of t he f i ne det ect or gr anul ar i t y, we

wer e abl e t o separ at e t wo par t i cl es hi t t i ng t he det ect or

at r el at i vel y cl ose posi t i ons i n space by anal yzi ng t he

ener gy deposi t pat t er n . Two 80 GeV pi ons coul d be

separ at ed i n mor e t han 95` , 1; of t he cases down t o a

di st ance of 8 cm. Thi s di st ance i ncr eased t o 11 cm f or a

20 GeV/ 80 GeV pi on pai r .
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I n or der t o avoi d t he ef f ect s of anomal ous sampl i ng

of e . m. shower s i n t he ear l y st age [ 2] , t hi s det ect or has

t o be pl aced i n such a way t hat t he par t i cl es t o be

det ect ed ent er i t at a smal l angl e ( a f ew degr ees) wi t h

r espect t o t he f i ber axi s . Thi s has t ur ned out t o have

maj or benef i ci al ef f ect s f or t he l ocal i zat i on of par t i cl es,

si nce t he good l at er al posi t i on r esol ut i on t r ansl at es i n

t hi s way i nt o sensi t i vi t y t o det ai l s of t he l ongi t udi nal

shower devel opment . Hence, a 2 mm l at er al posi t i on

r esol ut i on at 6, = 3 ° gi ves a. - 4 cm. We demonst r at ed

t hat t hi s f eat ur e coul d be used t o el i mi nat e t he ef f ect s of

l i ght at t enuat i on on t he ener gy r esol ut i on f or si ngl e- pi on

det ect i on and t o i mpr ove t he e/ , n separ at i on capabi l i t y

consi der abl y .

The SPACAL cal or i met er was desi gned as an i n-

t egr at ed det ect or f or bot h e . m. and hadr oni c par t i cl e

shower s . I t s l at er al gr anul ar i t y, whi ch i n pr i nci pl e can

be ar bi t r ar i l y f i ne, was chosen as a compr omi se bet ween

what was bel i eved t o be needed f or e. m. shower s ( f i ne

gr anul ar i t y) and hadr oni c shower s ( cr ude gr anul ar i t y

suf f i ci ent ) . I n pr oj ect i ve st r uct ur es, needed f or 4v ex-

per i ment s at col l i der s, t hese di f f er ent r equi r ement s

woul d be aut omat i cal l y bet t er mat ched . Our anal ysi s

shows, however , t hat a f i ne gr anul ar i t y i s al so ver y

benef i ci al f or hadr oni c shower det ect i on . The f act t hat

t he posi t i on of t he cent r e of gr avi t y of t he shower wi t h

r espect t o t he i mpact poi nt of t he par t i cl e depends on

t he r egi on of t he t ower wher e t he par t i cl e ent er ed,

whi ch i s a t ypi cal si gn of a gr anul ar i t y t hat i s t oo cr ude,

was even obser ved f or hadr oni c shower s ( f i g . 14) . Ther e-

f or e, al l t he r esul t s descr i bed i n t hi s paper woul d f ur t her

i mpr ove wi t h f i ner gr anul ar i t y .
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[ 1l ] I n f i gs . 25 and 28, t he hor i zont al coor di nat es xCAL - xBC

ar e of f set by a f ew cm because of t he f ol l owi ng r eason .

When t he det ect or was oper at ed at a cer t ai n angl e 0. , i t

was di spl aced over a cer t ai n di st ance i n t he x di r ect i on

such as t o achi eve t hat t he l i ght pr oduct i on woul d be

maxi mumat t he posi t i on ai med at ( usual l y t he cent r e of

t he det ect or ) . At 0 =3 ° ( f i g . 25) , t he el ect r ons and pi ons

cr ossed t he det ect or sur f ace at a r el at i ve di st ance of 36

mmt o achi eve t hi s goal , at 0 = 2° ( f i g . 28) i t was 24 mm.

I n or der t o compar e t he Ax di st r i but i ons f or el ect r ons and

pi ons, t he xCAL val ues f or el ect r ons wer e i ncr eased by t he

appr opr i at e amount . The of f set i n t he xCAL - xBC val ues

i s i n t hi s way equal i zed f or el ect r ons and pi ons . Ot her

cont r i but i ons t o t he of f set come f r om t he ef f ect s shown i n

f i gs . 13a ( el ect r ons) and 20 ( pi ons) . The of f set has been

el i mi nat ed i n t he t op axi s of f i g. 25 .


