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Abstra
tIn this paper, studies on two 
alorimetri
 dete
tors from CERN experimentsare summarized.The �rst dete
tor is the HF (Hadroni
 Forward) 
alorimeter from thedete
tor 
omplex of CMS (Compa
t Muon Solenoid). Linearity and homo-geneity tests were 
arried out on parts of this dete
tor, whi
h are evaluatedin this paper.The se
ond dete
tor is the LGC (Lead glass Gamma Calorimeter) fromthe experiment NA49. The dete
tor is newly 
onstru
ted: it was mountedand �rst brought into operation in O
tober 2003. The main goal of thesestudies on LGC is to show the basi
 properties of the dete
tor in opera-tion. The main result is the π
0 mass peak, whi
h is the �rst physi
al e�e
tmeasured with the LGC.
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ÁttekintésEbben a dolgozatban CERN kísérletekhez készült két kalorimetrikus detek-toron végzett vizsgálataimat foglalom össze. Az egyik detektor a HF (Had-roni
 Forward) kaloriméter, ami a CMS (Compa
t Muon Solenoid) detektor-komplexumhoz készül, amely a CERN-beli LHC (Large Hadroni
 Collider)része
skegyorsító mentén épül fel, nagyenergiás része
ske�zikai mérésekhez.A másik detektor az LGC (Lead glass Gamma Calorimeter), ami az NA49 kí-sérlet detektor-együttesének egy új komponense. Az NA49 kísérlet a CERN-beli SPS (Super Proton Syn
hrotron) gyorsítónál üzemel.A CMS detektor-együttes elrendezése ütköz® nyalábos. Három f® terve-zett alkalmazási alkalmazási területe van.1. A Higgs-bozon(ok) keresése a 0.08− 1TeV tömegtartományban (elmé-leti meggondolások alapján úgy tartják, hogy a Higgs-bozon(ok) tö-mege ebben a tartományban valószín¶síthet®).2. Szuperszimmetrikus elméletek által jósolt része
skék keresése.3. Nehézion-�zikai mérések (kvark-gluon plazma kísérletek).Bármelyik alkalmazást is vesszük, a HF kaloriméternek igen fontos szerepjut, ami a detektor elhelyezéséb®l és geometriájából következik. A detek-tor két diszjunkt hengerb®l áll, amelyek tengelye közös a nyalábtengellyel.A két henger a CMS együttes legvégein található: +10.860m és −10.860mtávolságra az ütközési ponttól. A HF hengerek aktív részének sugara ki
si(1.300m) az ütközési ponttól való távolsághoz viszonyítva, így a lefedett szög-tartomány is ki
si (0 − 0.13rad). Ebb®l következik, hogy a HF kaloriméteralapvet®en két 
élra használható. 3



1. Egy nyers triggerjel generálására, mivel kinematikai okokból a része
s-kék illetve jetek többnyire kis szórási szög alatt lépnek ki az ütközésipontból.2. A HF kaloriméter az energiamérések hermeti
itásáért is felel. Mivel kisszórási szög alatt található, ezért a nagy pszeudorapiditások tartomá-nyát fedi le.A HF kaloriméter egy kvar
szálas Cserenkov detektor. Ez egy új te
h-nika a nagyenergiás része
ske�zikában. A beérkez® része
skék illetve jetekrésze
skezáporokká alakulnak a detektor a
él testében. Az a
élból készülttestet kvar
 optikai szálak rendszere járja át, amelyek párhuzamosan futnak aHF hengerek tengelyével. A része
skezáporok nagyenergiás töltött része
skéiCserenkov-fényt keltenek az optikai szálakban, amelyek a jelet fényelektro-mos sokszorozókhoz vezetik. Ezzel a beérkez® része
ske illetve jet energiájamegmérhet®.A detektor két ok miatt kvar
szálas alapú. Egyrészt gyors válaszú be-rendezésre volt szükség, és a Cserenkov-jel igen gyors lefutású (a jel teljesszélessége kb 20ns), ellentétben a sz
intillá
iós jelekkel, amelyek lassabbanalakulnak ki és lassabban 
sengenek le. Másrészt a kvar
 kit¶n®en bírja asugárterhelést, kevésbé veszti el az optikai átereszt®képességét er®s rádió-aktivitás esetén is, ellentétben pl az ólomüveggel. (A detektor teste külö-nösen ala
sony kobalttartalmú a
élból készült, hogy a test felaktiválódásátminimalizálják. Ennek ellenére, a detektortest jelent®s aktiválódására lehetszámítani, mivel a HF kalorimétert ér® hadron �uxus kb megegyezik a CMSösszes többi irányába szórt hadronok �uxusával.)A detektor válasznak lineárisnak kell lennie az energia függvényében. To-vábbá, a kalibrált detektor válaszának térben homogénnek kell lennie. A4



kaloriméter felépítése miatt ez utóbbi követelmény teljesülése nem triviális.Mindkét henger ugyanis kb 216000 kvar
szálat tartalmaz, amelyek legyár-tása hosszú id®t vett igénybe, és a gyártási periódus különböz® szakaszai-ban készült kvar
szálak optikai min®sége �uktuálhatott. Ezért 2003 június-augusztusban linearitás- és homogenitásvizsgálatot végeztünk a HF kalori-méter egyik hengerének két henger
ikkén. (Ezek a henger
ikkek azért lettekkiválasztva, mert ezek els®ként készültek, így várhatóan ezek a legrosszabbmin®ség¶ek.) A mérésekhez az SPS gyorsító elektron és pion nyalábjait hasz-náltuk.A dolgozat els® fele HF kaloriméterrel végzett teszt-mérések ismertetését,illetve az eredmények kiértékelését tartalmazza, a következ® szerkezeti vázlatszerint.1. Áttekintés a HF kaloriméterr®l.2. A teszt-méréshez használt elrendezés.3. Kalibrá
ió elektromágneses része
skékhez, 100GeV-es elektron nyaláb-bal.4. Kalibrá
ió hadronikus része
skékhez, 250GeV-es pion nyalábbal. Azelektromágneses illetve hadronikus része
skék jeleinek megkülönbözte-tése; extrapolá
ió 1TeV energiára. Eredmény: hadronikus/elektromág-neses diszkriminá
ió 1TeV-en kb 4.3% bizonytalansággal végezhet®.5. Linearitás tesztek pion nyalábbal. Eredmény: ala
sony energiákon alinearitás romlik.6. Homogenitás teszt elektron nyalábbal. Eredmény: a homogenitásbeli�uktuá
ió 10%-kal majorálható.5



Az NA49 kísérlet elrendezése �x 
éltárgyas. A kísérletbe újonnan beépí-tett LGC komponensnek két alapvet® szerepe van.1. Kiegészít® detektorként a Ring Calorimeter nev¶ komponens ak
eptan-
iáját növeli.2. Egy triggerjel generálására alkalmas, amely kiválasztja azon eseménye-ket, amelyekben nagy transzverzális impulzusú π
0 része
skék keletkez-nek.Az LGC egy ólomüveg Cserenkov detektor. Aktív térfogata 192 darab

95mm × 95mm × 680mm ólomüveg blokkból áll. A blokkok egy 12 × 16-ostéglalap alakzatban vannak elhelyezve, ahol a 95mm × 95mm méret¶ la-pok a 
éltárgy irányába néznek. A beérkez® része
skék része
skezáporokkáalakulnak az ólomüveg testekben. A nagyenergiás töltött zápor része
skékCserenkov-fényt keltenek az ólomüvegben. Mindegyik blokkot egy-egy fo-totrióda olvassa ki. A detektor blokkok az OPAL kísérlet End
ap részéb®lszármaznak. (Az OPAL kísérlet a LEP �Large Ele
tron Positron 
ollider�gyorsítónál üzemelt, a CERN-ben.) A kiolvasórendszer ala
sonyszint¶ részeaz eredeti reproduk
iója.Az LGC 
sak elektromágneses része
skékhez használható kaloriméterként,mivel a detektor mélysége felöleli az elektromágneses záporok teljes hosszát,ellenben a hadronikus záporok hosszának 
sak mintegy 30%-át.A detektor 17.77m távolságra van a 
éltárgytól, el®reszórási irányban,
0.13rad szög alatt a nyalábtengelyt®l. A téglatest alakú detektor alapélenagyjából érinti a 
éltárgyból rajzolt 17.77m sugarú kört.Ez a detektorkomponens új: beépítésére és els® üzembe helyezésére 2003októberében került sor. A dolgozat második felében a detektor els® mérési6



periódusának alapvet® eredményeit mutatom be, a következ® szerkezeti váz-lat szerint.1. Áttekintés az LGC detektorról.2. Az LGC 
satornáinak relatív kalibrá
iója, kozmikus sugárzás segítsé-gével, kihasználva kozmikus sugárzás �uxusának homogenitását.3. A π
0 → γγ bomlás kinematikája: Monte Carlo be
slések várható π

0 ho-zamra, régebbi π
+ és π

− TPC-nyom adatokból. Eredmény: az eredetitriggerrendszerrel felvett események közt az olyan események hányada,amelyek esetében az LGC-t keresztez® összes detektálható része
skepontosan egy π
0 bomlásból származó fotonpárból áll, 6%-nak jósolható.A detektálható π

0 része
skék átlagos energiájára a jóslat 9.8GeV.4. Felvett események kétfoton-tömegspektruma. Eredmény: a π
0 tömeg-
sú
s az LGC-vel, összehasonlítás a Monte Carlo számolásból kapott

π
0 
sú

sal.
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Building Calorimetri
 Dete
tors for CERN Experiments1 Introdu
tionIn this paper, studies on two 
alorimetri
 dete
tors from CERN experiments are summarized.The �rst dete
tor is the HF (Hadroni
 Forward) 
alorimeter of CMS (Compa
t Muon Solenoid)
omplex, whi
h is going to be used in various parti
le physi
s experiments at the a

eleratorLHC (Large Hadroni
 Collider), whi
h is being built up at CERN. The se
ond dete
tor is theLGC (Lead glass Gamma Calorimeter), whi
h is a new 
omponent of the dete
tor 
omplex ofthe experiment NA49, lo
ated at the a

elerator SPS (Super Proton Syn
hrotron), operatingat CERN.Three main appli
ations of the dete
tor 
omplex of CMS are planned.1. Sear
h for the presen
e of the Higgs boson(s) in the mass range 0.08 − 1TeV (whi
h is
onsidered to be the most likely mass range for the Higgs boson mass to be 
ontained in).2. Sear
h for parti
les, whi
h are predi
ted by SUSY (SUper SYmmetri
) theories.3. Resear
hes in heavy-ion physi
s (quark-gluon plasma experiments).In all the three appli
ations, HF 
alorimeter has a 
ru
ial role, whi
h follows from thepla
ing and geometry of the 
alorimeter. The dete
tor 
onsists of two disjoint 
ylinders, bothpla
ed 
oaxially to the nominal beam line, at the very ends (+10.860m and −10.860m fromthe 
ollision 
enter) of the CMS 
omplex. The radius of the a
tive volume of ea
h 
ylinder issmall (1.300m) 
ompared to the distan
e from the nominal 
ollision 
enter, thus the 
overeds
attering angle range is also small (0− 0.13rad). Therefore, it follows that HF 
an be used fortwo basi
 purposes.1. It 
an serve a raw trigger signal, as due to kinemati
 reasons, parti
les or jets tend to
ome out at low s
attering angles.2. It provides the hermeti
ity of energy measurements. As it is pla
ed at the very end (undersmall s
attering angle), it 
overs the region of high pseudorapidity.The HF 
alorimeter is a quartz �ber �erenkov dete
tor, whi
h is a new te
hnique in high-energy parti
le physi
s (see [2℄). The the in
oming parti
les or jets 
onvert into parti
le showersin the steel body of the 
alorimeter. The steel body of the 
alorimeter is pier
ed by a systemof quartz opti
al �bers (whi
h are parallel to the nominal beam line), and the 
harged showerparti
les generate �erenkov light signal in them. The �erenkov signals are measured by photomultipliers. Therefore, the energy of the in
oming parti
le or jet 
an be measured by thedete
tor.There are two main reasons for using quartz-�ber 
alorimetry in the very-forward region ofCMS. First of all, fast response is needed, and the �erenkov signal is very fast1, 
ompared tos
intillators, the signal of whi
h form and de
ay slower. Se
ondly, the quartz endures high levelof radioa
tivity quite well: the opti
al aging of quartz is mu
h slower than e.g. of lead glass,in high radioa
tivity environment. (The body of the dete
tor is manufa
tured of steel withspe
ially low 
obalt 
ontamination, to minimize the radioa
tivity, pi
ked up by the body. How-ever, a high level of radioa
tivity is expe
ted, as the hadroni
 �ux, 
overed by HF 
alorimeter,approximately equals to the hadroni
 �ux in the 
omplementer region of s
attering angles.)1The total width of the signal is about 20ns. 8



Building Calorimetri
 Dete
tors for CERN ExperimentsThe dete
tor response has to be linear in energy. Furthermore, the response of the 
alibrated
alorimeter has to be homogeneous in spa
e. Due to the ar
hite
ture of HF2, homogeneity testis re
ommended, as the opti
al transfers of those �bers, whi
h were manufa
tured in di�erenttimes, 
ould di�er. Therefore, in June-August 2003, a surfa
e s
an and linearity test was madeon two se
tors of HF3, with a test beam setup at SPS. The results 
on
erning these tests arepresented in the �rst part of this paper.The experiment NA49 is a �xed target experiment. The newly 
onstru
ted LGC 
omponentof the experiment has two aims.1. As an auxiliary ele
tromagneti
 
alorimeter, it should in
rease the a

eptan
e of the so
alled Ring Calorimeter 
omponent.2. It should provide a trigger signal for sele
ting events, involving π0 parti
les with hightransversal momentum, to in
rease the ratio of valuable events among the total dete
tedevents.The LGC is a lead glass �erenkov dete
tor. The a
tive volume of the dete
tor 
onsists of 192lead glass blo
ks of size 95mm× 95mm× 680mm. The blo
ks are pla
ed in a 12× 16 re
tangle,where the fa
es of 95mm×95mm size look in the dire
tion of the target. The in
oming parti
les
onvert into parti
le showers in the lead glass blo
ks. The 
harged shower parti
les generate�erenkov light signal in the lead glass. Ea
h blo
k is read out by a photo triode. The lead glass�erenkov dete
tor blo
ks originate from the End
ap 
omponent of the OPAL experiment (see[3℄), whi
h was operating at the LEP a

elerator (Large Ele
tron Positron 
ollider), at CERN.The front-end readout system is a reprodu
tion of the original system (see [1℄). The LGCis a 
alorimetri
 dete
tor only for ele
tromagneti
 parti
les, as the longitudinal 
ontainmentfor ele
tromagneti
 showers is 100%, but the longitudinal 
ontainment for hadroni
 showers isabout 30%.The dete
tor is pla
ed at a distan
e of 17.77m downstream the target, under an in
linationof 0.13rad from the beam line. The base of the re
tangle shaped body of the dete
tor isapproximately tangential to the 
ir
le drawn from the target with a radius of 17.77m.This dete
tor 
omponent is quite new: the 
onstru
tion and �rst operation of the dete
torwas in O
tober 2003. The basi
 results from the �rst operation is summarized in the se
ondpart of this paper. These results 
ulminate in the π0 mass peak, whi
h is the �rst physi
ale�e
t, measured with the LGC.

2Both HF 
ylinders have about 216000 quartz �ber shower samplers.3These two se
tors were sele
ted for measurements, be
ause they were 
onsidered to be the worst in quality.9



Building Calorimetri
 Dete
tors for CERN Experiments2 Test runs with HF 
alorimeter se
tors2.1 The HF 
alorimeterAn overview on the pla
ement of HF 
alorimeter within the CMS dete
tor 
omplex 
an beviewed in �gure 1.
The main body of CMS

Beam

HF Calorimeter 1 HF Calorimeter 2Collision center

10.860m

1.436m

2.803m

7.500m

Figure 1: Sket
h of the pla
ement of HF 
alorimeter within CMSIt 
an be seen, that the HF 
alorimeter 
onsists of two disjoint 
ylinders at the very endsof the main body of CMS. Ea
h 
ylinder is built up of 18 se
tors, ea
h se
tor 
overing an angleof 20◦. The se
tors are 
alled wedges in the HF terminology.The wedges of the 
alorimeter are subdivided into 24 lower 
omponents, whi
h are 
alledtowers. The tower stru
ture of wedges are shown in �gure 2. The towers are held together toform a wedge with steel bands, welded on the surfa
e of the wedge.The towers are manufa
tured of steel layers of thi
kness 5mm, by using so 
alled di�usion(pressure) welding. If one looks at a wedge in the way as shown in �gure 2, the steel layers inthe towers are either horizontal or verti
al, depending on the given tower.Ea
h steel layer was manufa
tured in su
h a way, to have 
hannels on them, as shown in�gure 3. When, as in the �gure, the steel layers are atta
hed together to form a tower, the
hannels pier
e the steel body as a uniform grid like system of pipe holes, where the pipe holesare parallel to the axis of the given HF 
ylinder.The 
hannels are used to insert quartz opti
al �bers of diameter 0.8mm in them4, whi
hwere spe
ially manufa
tured for this dete
tor. When a high-energeti
 
harged shower parti
le
rosses a �ber, �erenkov light is produ
ed, and the light is guided to a photo multiplier on oneend of the �ber. Ea
h tower has one spe
ial 
hannel in it: it does not 
ontain an opti
al �ber,4The quartz 
ore is 0.6mm in diameter, with 0.1mm plasti
 
oating.10
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Figure 2: The tower stru
ture of a wedgeit is used to insert an isotope wire in it for test purposes and for on-line monitoring of the agingof �bers.The quartz �bers are read out in su
h a way, that they are 
olle
ted into 
ertain groups,and led to photo multipliers. The photo multipliers and the readout ele
troni
s are pla
ed ina so 
alled readout box on that end of the given wedge of a HF 
ylinder, whi
h does not fa
ethe dire
t rays from the 
ollision 
enter. The readout boxes are prote
ted by lead shields tominimize the radiation damage.There are two kinds of �ber length types. The default �ber length 
overs the full length ofthe steel 
ylinder (these are 
alled ele
tromagneti
 �bers). Every se
ond �ber ends 22cm earlieron that end of the 
ylinder, whi
h fa
es the 
ollision 
enter (these are 
alled hadroni
 �bers).The length di�eren
e between the two �ber types is used to distinguish the hadroni
 parti
lesor jets from the ele
tromagneti
 parti
les or jets, as the hadroni
 showers develop mu
h deeperin the steel body of the dete
tor than the ele
tromagneti
 showers. This length di�eren
e is
ontrolled by steel wires, whi
h are inserted into ea
h hadroni
 
hannel to push the hadroni
�bers ba
k by 22cm.In every tower, both the ele
tromagneti
 �bers and the hadroni
 �bers are 
olle
ted sepa-rately, and are led to photo multipliers; one for the ele
tromagneti
 �bers, one for the hadroni
�bers. Thus, a wedge has 2 × 24 photo multipliers. For simpli
ity, the 
omplex of ele
tromag-neti
 �bers of a given tower, or the 
omplex of hadroni
 �bers of a given tower, will be referred11
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5.00mm

7.07mm 1.00mm

A single steel layer

Steel layers attached together

Figure 3: Channel stru
ture on the steel layersas simply a given ele
tromagneti
 tower or a given hadroni
 tower, respe
tively. Note, thatea
h ele
tromagneti
 tower geometri
ally 
ontains pre
isely one hadroni
 tower.There are 5 test �bers for ea
h photo multiplier, whi
h are 
olle
ted together, and 
an bepulsed with a ultra violet nitrogen laser signal, to monitor the aging of the photo multiplierson-line.Figure 4 shows the mounting pro
ess of a HF 
ylinder. The end with readout boxes 
an beseen in the right side of the 
ylinder.Ea
h wedge 
ontains about 12000 quartz �bers: about 6000 ele
tromagneti
 and about 6000hadroni
 �bers. These were manufa
tured in a quite long period of time, and it was not 
ertain,that the homogeneity of energy response is guaranteed (that is, it was not sure, that the opti
altransfer quality of the �bers are the same). Therefore, test runs were made with two of theHF wedges5 in June-August 2003 at the SPS a

elerator of CERN, to perform surfa
e s
an forhomogeneity test. Furthermore, a linearity test in energy was also 
arried out.

5These wedges were the earliest ones, thus they were supposed to be the worst in quality.12
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Figure 4: The mounting of a HF 
ylinder2.2 Test run setupThe test runs for surfa
e s
an was performed with defo
used 100GeV e− beam, and withdefo
used 250GeV π− beam. Linearity tests were 
arried out with defo
used π− beams of
30, 50, 100, 150, 200, 300GeV in energy. The sket
h of setup 
an be seen in �gure 5.Two wedges were pla
ed on a moving table, they were identi�ed by the labels left andright, whi
h originate from the geometri
al pla
ing on the test table. There was a shift and alift devi
e under the table, so the impa
t point of the nominal beam line 
ould be moved toarbitrary points of the front surfa
e of wedges. The table 
oordinates were read automati
allyby the DAQ, with a pre
ision of 0.1mm.When the wedges will be operating in the CMS experiment, parti
les or jets, 
oming from the
ollision 
enter, are going to rea
h the fa
e points of HF 
alorimeter under 
ertain in
linations,relative to the nominal beam line. In order to simulate this e�e
t, there was also a tilt devi
emounted on the test table. By tilting the wedges at appropriate angles, one 
ould simulate thatthe beam parti
les are parti
les arriving from the CMS 
ollision 
enter. The tilt 
oordinateswere also read automati
ally by the DAQ, with a pre
ision of 0.1mm.Due to the defo
using of the beam, the parti
les rea
hed the wedge surfa
e in a 
ir
le of13



Building Calorimetri
 Dete
tors for CERN Experiments

Shift device

Tilt device Tilt point

 Lift device

 Beam Wedge

 Moving table

 Readout box  Delay wire chambers

Figure 5: The testbeam setup
5cm in diameter, at every table position. The in
ident parti
les 
ould be tra
ked with the 5delay wire 
hambers in front of the test table, by �tting straight line on the delay wire 
hamberdata. Thus, by knowing the table and tilt 
oordinates, and the delay wire 
hamber data forevery in
ident parti
le, it was possible to re
onstru
t the impa
t points with an error of 0.1mm.Therefore, by moving the table a

ording to a 
ertain 
oordinate grid (the s
ale of whi
h isabout 3cm), one 
an make a radios
opy of a whole wedge front surfa
e for a 
alibrated wedge.The table and tilt 
oordinates were read out at every 100ms by the so 
alled slow DAQ.For the physi
al DAQ, a fast readout system was used: when the trigger signal (whi
h wasgenerated by upstream s
intillators) arrived, the delay wire 
hamber 
oordinates were read out;furthermore the analog-digital 
onverted signals of HF photo multipliers were re
orded with
25ns time-binning, for 20 time-bins. The photo multiplier signals were delayed by at least 4time-bins, therefore the pedestal values of the analog-digital 
onverters 
ould be obtained event-by-event, as there was always zero signal in the �rst 3 time-bins. A typi
al raw signal of a towerfor a parti
le impa
t, re
orded by the DAQ, is shown in �gure 6. The ADC equivalent of 
hargemeasured by a photo multiplier (whi
h is 
alled the 
harge in the HF terminology), is de�nedby the value of (sig[max−1]+sig[max]+sig[max+1]+sig[max+2])− 4

3
(sig[0]+sig[1]+sig[2]),where the re
orded ADC values in the time bins are ordered in the array sig[0 . . . 19], and maxis the array entry with the maximum signal value. The delay of analog signals was arrangedin su
h a way, that max ≥ 4 was always valid for 
orre
tly re
orded events. In this paper, wewill also use the terminus response for the notion of 
harge.

14
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Figure 6: Typi
al raw signal2.3 Calibration2.3.1 Calibration of the ele
tromagneti
 towers by 100GeV e− beamThe 
alibration of the towers are best done using fo
used beam. There were no fo
used beamdata taken, therefore the 
alibration fa
tors of the ele
tromagneti
 towers were obtained bysimulating fo
used beam data from defo
used, in the following way. Certain small domains(let us 
all them simulated fo
used beam shot-points) were de�ned on the wedge surfa
e, one inea
h tower, in su
h a way that the ele
tromagneti
 shower leakage (from the wedge to the air)should be negligible, if ele
tromagneti
 parti
les were shot into those areas.By using the whole database of the ele
tron surfa
e s
an, ele
tromagneti
 tower responsesfor su
h parti
les, whi
h arrived into a given tower's simulated fo
used beam shot-point, wereaveraged. This pro
ess was performed for every tower, thus a matrix of average ele
tromagneti
responses was obtained, where the rows indi
ate su

essively the towers where the simulatedfo
used beam was dire
ted, and the 
olumns indi
ate all the towers su

essively. The number ofthe nonzero elements in every row was redu
ed by for
ing the average ele
tromagneti
 responseof those towers to be zero, whi
h are not the neighbors of the tower, where the simulatedfo
used beam was dire
ted.After this pro
ess, one has a system of equations: the previous matrix a
ting on the 
olumn-ve
tor of the (unknown) ele
tromagneti
 tower gains, one gets a 
olumn-ve
tor 
ontaining
onstant 100GeV. By solving this system of equations (that is, by inverting the matrix) theele
tromagneti
 tower gains were obtained.The same pro
ess 
an be 
arried out to obtain the 
alibration fa
tors of the ele
tromagneti
15
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tors for CERN Experimentstowers, with 250GeV π− beam.6After the above pro
ess, the ele
tromagneti
 towers were 
alibrated either for ele
tromag-neti
, or for hadroni
 parti
les.2.3.2 Relative 
alibration of hadroni
 and ele
tromagneti
 towers by 250GeV π−beamThe relative 
alibration of hadroni
/ele
tromagneti
 part of ea
h tower was done by using thefa
t that for every tower, the hadroni
 �ber system (hadroni
 tower) is geometri
ally 
ontainedby the ele
tromagneti
 �ber system (ele
tromagneti
 tower). Thus for every tower, the energydeposition in the hadroni
 region is bounded by the energy deposition in the ele
tromagneti
region. This fa
t does not depend on the type (i.e. hadroni
 or ele
tromagneti
) of the in
identparti
le.Assuming that the hadroni
 and ele
tromagneti
 part of a given tower is absolutely 
ali-brated (for a given type of parti
les), one 
an take the histogram of the ratio of hadroni
 andele
tromagneti
 tower response (for the given type of parti
les). The ele
tromagneti
 showerstend to deposit most of their energy in the �rst 22cm of the ele
tromagneti
 tower, the hadroni
showers (as they are develop mu
h deeper in matter) tend to deposit most of their energy in thehadroni
 tower, after the �rst 22cm of ele
tromagneti
 tower. Therefore, the introdu
ed ratiotends to be 1 for hadroni
 parti
les, and tends to be mu
h lower than 1 for ele
tromagneti
parti
les. Thus, in both 
ases there is going to be a peak in the introdu
ed histogram: in the
ase of hadroni
 parti
les, the position of the peak is at 1, and in the 
ase of ele
tromagneti
parti
les, the position of the peak is mu
h lower than 1. Furthermore, there is going to bea sudden 
uto� in the histogram at 1 in the 
ase of hadroni
 parti
les, be
ause the energydeposited in the hadroni
 tower 
annot ex
eed the energy deposited in the ele
tromagneti
tower.The above argument 
an be reverted in order to solve for the relative 
alibration of thehadroni
/ele
tromagneti
 towers. If the hadroni
/ele
tromagneti
 relative 
alibration fa
toris unknown, but the histogram of hadroni
/ele
tromagneti
 tower response for hadroni
 (e.g.
π−) parti
les is re
orded, one 
an assign the inverse of the hadroni
/ele
tromagneti
 relative
alibration fa
tor to the pla
e of the peak in the histogram. An advantage of this method is,that it is not sensitive for shower leakage.One 
an see a demonstration of the above pro
ess for tower 1 of left wedge in �gure 7, 8.As the resolution of the HF 
alorimeter is not really good at the energy s
ale 100 − 250GeV(the number of photo ele
trons, emitted by the 
athode of the photo multipliers is low), thesudden 
uto� at 1 for hadroni
 parti
les 
annot be seen: it is masked by the spread of thedistribution. For the sake of demonstration, hadroni
/ele
tromagneti
 tower response ratio is
orre
ted by the fa
tor 1.7 in �gure 7, 8, whi
h was previously known to be the approximaterelative 
alibration fa
tor between the hadroni
 and ele
tromagneti
 tower of tower 1, as athumb rule (it was known from laser-pulse runs).On
e the relative 
alibration of the hadroni
/ele
tromagneti
 towers is measured, the above6Hadroni
 parti
les, with a given energy, do not make the same energy response as ele
tromagneti
 parti
leswith the same given energy. This is be
ause the showers, developed by the two kinds of parti
les, di�er instru
ture a lot. Consequently, the 
alibration fa
tor for ele
tromagneti
 parti
les does not equal, in general, tothe 
alibration fa
tor for hadroni
 parti
les. (There is no thumb rule for the ratio of the two kinds of 
alibrationfa
tors, it depends on the 
alorimeter type.) Therefore, dis
rimination between hadroni
 and ele
tromagneti
parti
les is ne
essary, in order to know whi
h fa
tors to use for the signals of a given parti
le impa
t.16
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Figure 7: The histogram of hadroni
/ele
tromagneti
 tower signal ratio for 100GeV e
− beam
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Figure 8: The histogram of hadroni
/ele
tromagneti
 tower signal ratio for 250GeV π
− beam
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tors for CERN Experimentsargument 
an also be used to distinguish the signals of ele
tromagneti
 parti
les from thesignals of hadroni
 parti
les, by measuring the hadroni
/ele
tromagneti
 tower response ratio.One 
an make an extrapolation for 1TeV parti
les: the standard deviation of the distribution ofhadroni
/ele
tromagneti
 tower signal ratio is expe
ted to drop down by the fa
tor 1√
1TeV/100GeVin the e− 
ase, and by the fa
tor 1√

1TeV/250GeV
in the π− 
ase, 
ompared to the values displayedin �gure 7, 8. By approximating the distributions with Gaussian distribution, one has that at

1TeV, the in
ident parti
les 
an be distinguished with an un
ertainty of approximately 4.3%.As a summary we 
an state, that given an unknown in
ident parti
le, the parti
le type (i.e.hadroni
 or ele
tromagneti
) 
an be determined by measuring the hadroni
/ele
tromagneti
response ratio. Knowing the parti
le type, one uses the appropriate (i.e. hadroni
 or ele
tro-magneti
) 
alibration fa
tors of the ele
tromagneti
 part of the towers, thus one 
an obtain theenergy (and type) of the in
ident parti
le.

18



Building Calorimetri
 Dete
tors for CERN Experiments2.4 Linearity test of energy response with π− beamDuring the testbeam period of 2003, linearity test was made on towers 2 and 17 of the left wedge.
π− beam was used. The beam energies were 30, 50, 100, 150, 200, 300GeV. Unfortunately, the
30GeV point is not usable, due to possibly high e− 
ontamination of the beam.
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Figure 9: Test of linearity of energy response for E2 and E17
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Figure 10: Test of linearity of energy response for H2 and H17The measured points and the linear �t for E2 and E17 are shown in �gure 9, and the similarplot for H2 and H17 is shown in �gure �gure 10 (by linear 
urve we mean a map x 7→ a ·x for a19
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tors for CERN Experimentsreal number a). Note, that on these plots the measured points of towers 2 and 17 are s
aled intoea
h-other in su
h a way, that the linear 
urves �tted to them 
orrespond. The errorbars aredrawn on the �gures, but the statisti
al errors happen to be very small (all the measurementpoints are averages on about 50000 events), therefore the errorbars are hardly visible.For the linearity tests of towers 2 and 17 
alibration is not needed, as they are big enoughto 
ontain the hadroni
 showers: it turned out that for π− parti
les, whi
h rea
h the wedgenear the 
enter of these towers, the shower leakage is zero to the neighboring towers. Thus,taking the responses of the 
losest neighboring towers into a

ount is unne
essary. Therefore,at every point of measurement, the raw energy responses (whi
h are measured in raw ADCunits) were used to 
al
ulate the average response, the standard deviation of response, andthe statisti
al error of average response. For in
oming parti
les with energy E, the averageresponse is denoted by 〈E〉, and the standard deviation of response is denoted by σ(E).To be able to 
hara
terize the nonlinearity of the response quantitatively, we introdu
e anotion of linearity error, whi
h is de�ned in the following way. First, linear �t is performed onthe measured points. Then, the ratio of the di�eren
e from linear �t and the 
orrespondingvalue of the linear �t is 
al
ulated for ea
h point of measurement. The error of linearity isde�ned to be the average of these ratio values. The error of linearity proved to be about 6%for E2 and E17, while about 12% for H2 and H17.In �gure 11, the rule of σ(E)
〈E〉 ∼ 1√

E
is demonstrated for E2 and E17, and the similar plot forH2 and H17 is shown in �gure 12. Note, that the points of towers 2 and 17 are again s
aledinto ea
h-other, like in the 
ase of linearity test.
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Figure 11: Energy dependen
e of the relative standard deviation (E2, E17)It 
an be seen from the plots, that linearity is not so good at low energies, both in the
ase of ele
tromagneti
 and hadroni
 towers. As the 
urves of tower 2 and 17 follow ea
h-otherboth in the hadroni
 and in the ele
tromagneti
 
ase, it 
an be stated, that this property ofthe dete
tor is universal: it does not depend on the tower. Furthermore, in the hadroni
 
ase,linearity at lower energies is worse than in the ele
tromagneti
 
ase. This is most probably20
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Figure 12: Energy dependen
e of the relative standard deviation (H2, H17)due to the fa
t, that hadroni
 showers do not develop deep enough in matter at lower energies,therefore lesser energy is deposited in the hadroni
 region of a given tower.To show that linearity holds better in the high energeti
 region, we present �gure 13, wherethe linearity plots are shown in log-log s
ale.
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e s
ans for homogeneity testThe surfa
e s
ans were performed by the introdu
ed testbeam setup. S
ans were made bothwith 100GeV e− beam and with 250GeV π− beam. Unfortunately, the quality of π− beam wasnot really good (probably the e− 
ontamination was high), and was not quite stable in time.Therefore, the results of π− s
ans do not have mu
h signi�
an
e.The spatial binning, whi
h was introdu
ed on the front surfa
e of the 
orresponding wedgesin order to obtain the appropriate histograms of energy response in spa
e, was of size 5.876mm×
4.515mm (verti
al× horizontal). Here, by the verti
al dire
tion we mean the verti
al dire
tionof the testbeam setup, whi
h 
orresponds to the horizontal dire
tion of the presented plots.The bin 
oordinates will be indexed by a pair of numbers (x, y).By the energy response, we mean the energy response 
al
ulated from the raw signals ofele
tromagneti
 towers, by taking the ele
tromagneti
 
alibration fa
tors into a

ount. Thesimilar homogeneity test for the energy response, 
al
ulated from the raw signals of hadroni
towers, would only make sense in the 
ase of π− s
ans, as in the 
ase of e− s
ans showers hardlyrea
h the region of hadroni
 towers.First, we introdu
e three kind of histograms: the number of parti
le hits in bins (denoted by
(x, y) 7→ N), the average energy response in bins (denoted by (x, y) 7→ 〈E〉), and the standarddeviation of energy response in bins (denoted by (x, y) 7→ σ(E)).

Figure 14: Relative �u
tuations of ele
tromagneti
 energy response (left wedge)By the histogram of relative �u
tuations we mean the histogram (x, y) 7→ 〈E〉−E

E
, where E22
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Figure 15: Relative errorbars of ele
tromagneti
 responses (left wedge)

Figure 16: Parti
le hit 
ounts (left wedge)
23
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tors for CERN Experimentsis the mean value of the histogram (x, y) 7→ 〈E〉. The histogram of relative errorbars meansthe histogram (x, y) 7→ σ(E)/
√

N
〈E〉 . The histogram of 
ounts means (x, y) 7→ N .The result of the homogeneity tests of energy response with 100GeV e− beam for the leftwedge 
an be seen in �gure 14, 15, 16. The similar result for the right wedge 
an be seen in�gure 17. In both 
ases, the following observations hold. The relative errorbars of the energyresponse 
an be bounded by 2% on the relevant regions. The inhomogeneity of energy response
an be bounded by 10%.The impa
t point of a test parti
le was determined by the wire 
hamber tra
king, as ex-plained before. The energy response of a given parti
le impa
t was 
al
ulated by taking only thesignals of 
losest neighboring towers of the impa
t point into a

ount, to prevent the spreadingof the signals of possibly noisy towers.

Figure 17: Relative �u
tuations of ele
tromagneti
 energy response (right wedge)One 
an see some empty domains in the histograms of 
ounts: these are due to missings
an spots. A slight asymmetry 
an be seen in the histograms of relative �u
uation of energyresponse, around the wedge borders. This is due to the e�e
t of shower leakage into the air whenparti
les arrive near the border of a wedge, and to the fa
t that the s
an domains themselvesare asymmetri
ally pla
ed on the wedge surfa
es. Thus, on one border, there is shower leakage,while on th other it 
annot be seen.
24
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tors for CERN Experiments3 The 
onstru
tion and �rst operation of the LGC dete
tor3.1 An overview of LGC in NA49The experiment NA49 is a �xed target setup. The 
urrent ar
hite
ture 
an be viewed in �gure18. The blue 
olored bar indi
ates the newly built LGC dete
tor.
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Figure 18: Sket
h of the 
urrent ar
hite
ture of NA49The horizontal distan
e between the target and the 
enter of the front fa
e of LGC ismeasured to be 17.77m. The in
lination of the front fa
e of LGC is measured to be 0.13rad.The distan
e from the nominal beam line is 156cm. The in
lination of the front fa
e was 
hosenin su
h a way, that it is approximately tangential to the 
ir
le, drawn from the target with aradius of 17.77m.The LGC is built up of lead glass �erenkov dete
tor blo
ks, whi
h were dismounted from theEnd
ap 
omponent of the OPAL experiment. The lead glass dete
tor blo
ks were applied as anele
tromagneti
 
alorimeter at End
ap. Ea
h dete
tor blo
k 
ontains a lead glass blo
k of size
95mm×95mm×680mm, whi
h is read out by a photo triode at one of the 95mm×95mm sizedfa
es. The blo
ks are pla
ed in a 12×16 re
tangle, with their 95mm×95mm sized fa
es (whi
hdo not 
arry photo triode) looking in the dire
tion of the target (thus the photo triodes do notget dire
t rays from the target). Ea
h dete
tor blo
k 
ontains a small integrated ampli�er toamplify the response of the photo triode, before loading the signal onto a shielded 
able, whi
hleads to the DAQ ele
troni
s, lo
ated in the 
ounting-room, at approximately 20m 
able-lengthfrom the experimental area.The photo triodes are fed by high voltage supplies of −1000V and −500V, and a ground.The integrated ampli�ers are fed by low voltage supplies of −12V, +12V and 0V, whi
h areindependent of the ground. The signal from ea
h blo
k is loaded onto a 
able of shielded twistedpair: the analog signal is re
onstru
ted by the DAQ ele
troni
s as the di�eren
e of voltage levelson the two lines of the twisted pair. This method redu
es the noise, pi
ked up along the 
able.Two kinds of test pulse apparatus are built in ea
h blo
k. There is an opti
al �ber 
onne
tionbuilt in, for ultra violet nitrogen laser pulsers. This fa
ility is not used by us. Furthermore,there is a LED in ea
h blo
k, whi
h 
an be pulsed to monitor the possible ampli�
ation 
hangingon-line. Ea
h LED is fed by a shielded twisted pair, for the same reason as explained for the25
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ables.The LGC dete
tor 
an be viewed in �gure 19. This is the front fa
e; parti
les from thetarget enter here. The ends with the photo triodes, and the readout 
ables are on the ba
kside, whi
h is shown in �gure 20.

Figure 19: The front of LGCLGC was built to 
at
h events involving π0 parti
les with high transversal momentum. Theenergy of a π0 parti
le is measured via the π0 → γγ rea
tion, whi
h 
overs the 99% of π0 de
ays.A s
hemati
 of su
h a de
ay is shown in �gure 21. The de
ay point is always lo
ated in thetarget, as the π0 parti
les do not have enough time to propagate on mm s
ales, before de
ay.(A π0 parti
le with energy 1TeV approximately would propagate 0.25mm in the laboratorysystem, before de
ay.)By taking the 
oin
iden
e of the LGC signal with the original NA49 trigger system(s),the ratio of valuable events among the total re
orded events 
an be raised. This would beimportant, be
ause the DAQ system of NA49 
an store at most about 30 events per se
ond.During the runs performed in O
tober 2003, the so 
alled n+p trigger system was used bydefault, when a trigger signal, independent from LGC, was needed. (The n+p setup is one ofthe original trigger systems of NA49: there are several other trigger fa
ilities built in, apartfrom this.) The predi
ted ratio of the LGC trigger events among the total re
orded events withthe original n+p setup will be dis
ussed later, as a result of a Monte Carlo simulation, basedon previously re
orded TPC-tra
k data. 26
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Figure 20: The ba
k of LGCThe signal of a single blo
k (whi
h is 
alled 
hannel in the LGC terminology) for a realparti
le is shown in �gure 22. The short 150ns NIM signal on the �gure is the so 
alled beamtrigger signal, whi
h is generated by two upstream s
intillators (this is the raw trigger signalof NA49). As it 
an be seen, the LGC signal is relatively slow, but the beginning of the signalruns up fast (on 100ns s
ale). Therefore, the LGC signal may be applied as trigger signal.After the LGC signal from the 
hannels arrive at the 
ounting-room on shielded twistedpairs, the signal is split up: one bran
h is led to the analog-digital 
onverters (for energymeasurements), one bran
h is led to the trigger unit. The trigger unit is an analog devi
e, whi
hmultiplies the 
hannel signals by adjustable fa
tors, then 
al
ulates the sum of the weightedsignals for every 4 neighboring 
hannels. If the resulting signal of a 4-tuple is higher than anadjustable global threshold, then an LGC trigger signal is generated.7 This signal is shown in�gure 23 as Trigger.87The summing on every 4 neighboring 
hannel is performed, be
ause a gamma photon need not, in general,hit the 
enter of a 
hannel: the total deposited energy 
an split up between 4 
losest neighboring 
hannels.8For histori
al reasons, the signal labeled Trigger is not exa
tly this, in reality. Originally, two LGC 
alorime-ters were planned to be built, both of size 12 × 8 
hannels, symmetri
ally pla
ed to the nominal beam line.They would generate signals Trigger1 and Trigger2 as explained, and the logi
al or of them would be the signallabeled Trigger. Due to la
k of room in the experimental area, this 
ould not be 
arried out, therefore the twoLGC halves are physi
ally built together on one side of the beam, forming a single 
alorimeter of size 12 × 16
hannels, but having the trigger units of two 
alorimeters of size 12 × 8 
hannels.27
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Figure 21: Sket
h of a π
0 → γγ de
ay event

Figure 22: Response signal of a typi
al blo
k
28



Building Calorimetri
 Dete
tors for CERN Experiments
Delay

Delay

Gate

Lead−Glass Calorimeter trigger

VMEST

1.8us

1.75us

Delay

Normal clear

Fast clear

Fast clear veto from VMEST

after 3ms

Clear

CEVENT

Beam

Protected beam

5us

Trigger

1us

Local master trigger

Trigger acceptance window

Trigger 1

Trigger 2

Beam

VMEST

Laserout

Protected beam

Trigger

Local master trigger

Global master trigger

LED Laser

Normal clear

Actual fast clear

Gate

GQDC

Fast clear

Figure 23: LGC trigger logi
The signal labeled Beam is the raw trigger signal of NA49, whi
h was previously mentioned.Often more than one beam parti
les follow 
losely ea
h other, therefore a �ltering of Beam sig-nal is ne
essary, whi
h results in the signal Prote
ted beam. It is obtained in su
h a way that,by the �rst up-running edge of Beam signal, a 5µs long signal is generated immediately, whi
his delayed by 150ns, negated, and 
oin
ided with the original Beam signal. This method, intu-itively, pi
ks out the �rst Beam signal in a 5µs window, whi
h prevents multiple rapid triggeringof the DAQ 
omputer. When the LGC trigger unit is swit
hed on, the signal CEVENT meansan LGC trigger signal, whi
h starts the DAQ 
omputer, and the analog-digital 
onversion ofthe signals of LGC begins. The 
omputer veri�es the starting of data a
quisition by the signalVMEST. If for some reasons, the VMEST signal does not appear (the starting of DAQ hasfailed), the signal Fast 
lear resets the DAQ. Otherwise, the signal VMEST vetoes the Fast
lear, and the DAQ is only reset after 3ms by the Normal 
lear, when the AD 
onversion isalready �nished.

29
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alibration of the LGC 
hannelsFirst of all, a labeling 
onvention is needed for the 
hannels. Channels are indexed by theirrow and 
olumn numbers. The zeroth row is de�ned to be the upmost row, the zeroth 
olumnis de�ned to be the leftmost 
olumn, if one looks onto the ba
k of LGC (i.e. one is fa
ing thetarget). There is also an other label in use, whi
h is 
alled the 
hannel number. The 
onversionbetween the 
oordinates (#row, #
olumn) and the label #
hannel is de�ned by the one-to-oneand onto relation #
hannel = #
olumn|8 + #row · 8 + (#
olumn ÷ 96) · 96, where ÷ meansinteger division, | means modulus.The �rst step in 
alibration is to measure the pedestals of ea
h analog-digital 
onverter.The AD 
onverters are 12 bit �ash 
onverters. The in
oming signal of ea
h 
hannel is AD
onverted in su
h a way, that both the signal and the approximately 1/8 of the signal is AD
onverted. The value of the former 
onversion is 
alled the high ADC, the value of the latter
onversion is 
alled the low ADC. Thus, the total dynami
al range is approximately 9 timeswider than the dynami
al range of high ADC-s, be
ause if the high ADC of a signal is insaturation, the low ADC of the signal 
an be used. As the high and low ADC-s are obtainedwith two di�erent AD 
onverters for ea
h 
hannel, pedestals for both the high and low ADC-shave to be obtained, 
hannel-by-
hannel. Furthermore, the 
onversion fa
tor between the lowand high ADC-s (whi
h is approximately 8) has to be obtained for ea
h 
hannel, to be able tounify the high and low ADC s
ales.3.2.1 Cal
ulating the pedestalsThe pedestals are 
al
ulated for ea
h experimental run individually, be
ause it turned out, thatthe pedestals may slip somewhat (of 
ourse, very slowly). They are 
al
ulated via Gaussian �tfor the high and low energy (ADC) spe
trum of ea
h 
hannel.For demonstration, we show the energy (high ADC) spe
trum of spe
i�
 
hannels in �gure24 (Gaussian pedestal �ts are also drawn). This series of data was re
orded by using theself-trigger of LGC. The target tank was full (liquid hydrogen was used), thus physi
al eventswere expe
ted. As one 
an see, the energy spe
trum of those 
hannels, whi
h are nearer to thenominal beam line, develop a tail. This e�e
t shows the natural fa
t that more high-energeti
parti
les traverse the volume of LGC near the beam line than on the other side.3.2.2 Cal
ulating the high/low gainsThe high/low gains are also 
al
ulated for ea
h experimental run separately.The histogram of high/low responses (with subtra
ted pedestals) are re
orded for ea
h
hannel. The pla
e of the maximum of the histogram is assigned to the value of the high/lowgain. (There is no point in Gaussian �tting, as these histograms turned out to be very sharp,mu
h sharper than a Gaussian distribution.)3.2.3 Relative 
alibration of LGC 
hannels with 
osmi
 raysAfter the high and low pedestals, and the high/low gains are obtained, the energy value of aresponse 
an be re
onstru
ted up to a 
alibration fa
tor, in ea
h 
hannel. In the rest of thissubse
tion, the relative 
alibration of LGC 
hannels will be dis
ussed. If the relative 
alibrationfa
tors are known, the energy value of a response 
an be 
al
ulated, up to a global s
ale fa
tor.30
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Figure 24: LGC 
hannel histograms in row 10, from 
olumn 8 to 15, with Gaussian pedestal �ts31
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ale fa
tor 
an be �xed by measuring the mass peak of the π0 parti
le, whi
h will bedis
ussed in the next subse
tion.As one 
an see in �gure 19, 20, there is a shift devi
e built on the 
on
rete blo
k, under theLGC dete
tor. With this shift devi
e, the LGC 
an be shifted by 0, 1, 2 or 3 
hannels, awayfrom the beam line. This fa
ility was built for the relative 
alibration of 
hannels in a row,in the following way. One re
ords an amount of events with LGC, by using a trigger whi
h isindependent from LGC (i.e. one of the original trigger setup of NA49). Then, one re
ords thesame amount of events, with the same setup, when the LGC is shifted by 1 
hannel. After theshifting, the position of a 
hannel with 
oordinates (#row, #
olumn) is taken by the 
hannelwith 
oordinates (#row, #
olumn + 1). Therefore, the energy spe
trum, measured by these
hannels in this two situation, 
an be assigned to ea
h other, thus a relative 
alibration 
an beobtained between ea
h neighboring 
hannel in a row. It follows, that the relative 
alibrationfa
tors in ea
h row 
an be obtained, whi
h 
an be res
aled to have 1 as relative 
alibrationfa
tor for ea
h 
hannel with 
oordinates (#row, 0).Unfortunately, this pro
ess 
ould not be 
arried out, due to the following te
hni
al obstru
-tion. One of the Main-TPC-s had some te
hni
al problems in the beginning of the run period,therefore the beam 
ould not be used for several days, as maintenan
e was going on. Afterthe maintenan
e, there remained not enough time for 
alibration. A new method was needed.The following method, suggested by the author, was used �nally, whi
h is based on 
osmi
 raymeasurements. In 
osmi
 ray measurements, the self-trigger of LGC is used.The 
osmi
 rays rea
h the surfa
e of Earth with a homogeneous �ux, due to the fa
t thatthese parti
les (whi
h are mainly muons) 
ome from far. Unfortunately, the 
osmi
 muonsthemselves are not dete
table by LGC, be
ause a typi
al 
osmi
 muon is minimum-ionizing,therefore it does not leave an amount of energy higher than the noise threshold in LGC. For-tunately, the muons do de
ay frequently enough, and the ele
trons originating from the de
ayof 
osmi
 muons turned out to be dete
table by LGC.9 Cosmi
 ray events are shown in �gure25.10 The rate of 
osmi
 ray events turned out to be about 0.21
s
.We use the fa
t, that given any �xed energy threshold, the �ux of those 
osmi
 parti
les,whi
h have energy greater or equal to this threshold, is horizontally homogeneous. (Thismeans, that all 
osmi
 parti
les 
ome from far, independently of their energy, i.e. of theirphysi
al formation.) Therefore, given a �xed row of LGC, the probability of getting a 
osmi
hit over a global energy threshold in a 
hannel obeys binomial probability rule. Let p(n, k) bethe probability of the event, that a given 
hannel in the row got k hits above the threshold,while the total hits of this kind in the row is n. Then p(n, k) =

(

n
k

)

pk(1− p)n−k with p := 1
N
,where N denotes the number of those 
hannels in the row, whi
h are operating properly (i.e.not dead). Thus, the expe
ted value of hits above the threshold in ea
h 
hannel is n

N
, while therelative �u
tuation is √

N−1√
n

.We 
an use the above fa
ts for relative 
alibration of 
hannels in a row. Let us �x a rowwith identity number #row. We re
ord the energy (ADC) spe
trum of ea
h 
hannel in the9Ele
trons are dete
table as they are not minimum-ionizing, be
ause of high amount of energy loss viabremsstrahlung.10The �rst two events are most likely to be hits of ele
tromagneti
 parti
les (e.g. ele
trons from muonde
ay), as they develop a tail only of about 40cm (this approximately 
orresponds to the typi
al length ofan ele
tromagneti
 shower in lead glass). The se
ond two events are most likely to be hits of high energeti
hadroni
 parti
les (e.g. protons with energy about a few 100GeV-s), as their tails develop mu
h longer. Eventsof the former kind are quite frequent, while events of the latter kind are quite rare.32
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Figure 25: LGC event display: 
osmi
 ray eventsrow, for 
osmi
 ray runs. We introdu
e a threshold, e.g. 4σ#row, where σ#row is the greatestpedestal width in the row (by pedestal width, we mean the pedestal width for the high ADC-s). Let us denote this threshold by k#row. We look for the 
hannel in the row, whi
h hasthe lowest number of 
osmi
 hits with energy above the ADC value k#row. Let us denote this
ount by C#row. Then, we raise the threshold for every 
hannel in the row independently, inorder to get the same 
ounts above the thresholds as C#row, in ea
h 
hannel. Let us denotethe thresholds, obtained by this method, by k(#row,#
olumn) for the 
hannels (#row, #
olumn).The homogeneous �ux argument implies, that these threshold values 
orrespond to the samephysi
al energy in the given row (up to the error of 
ounts), thus a relative 
alibration 
an beobtained.There is a further sour
e of error for the 
ounts, whi
h originates from the �u
tuation ofthe number of photo ele
trons emitted from the photo 
athode of the 
orresponding va
uumphoto triode. It is a well known fa
t, that the �u
tuation of 
ounts, 
aused by the previouse�e
t, in a given energy range is the square root of the 
ounts in the given energy range. This�u
tuation (whi
h 
orresponds to √ n
N
) is independent from the spatial �u
tuations of 
osmi
hits above the energy threshold (the former is only due to the photo triodes of the measuringapparatus). Therefore, the total relative �u
tuation of the measured 
ounts is √

2N−1√
n

with theprevious notation, as the square of the standard deviation of 
ounts, arising from this two e�e
t,
an simply be added.To obtain the error of the 
alibration fa
tors, we have to investigate the propagation of theabove error. The spe
trum of the 
osmi
 rays is known to be of the form E 7→ C ·E−2.7 on therelevant range (i.e. 1−100GeV), for a given normalization fa
tor C. Let us take a threshold E0,then ∞
∫

E0

dEC ·E−2.7 = 1
1.7

C ·E−1.7
0 , whi
h is the number of the 
ounts over E0. When applying33
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tors for CERN Experimentsour method, we �x the 
ounts, and want to obtain the lower threshold, thus we are interested inthe error of the lower threshold, arising from the error of 
ounts. As the 
ounts for a threshold
E0 
orrespond to 1

1.7
C · E−1.7

0 , we have that the relative error of the threshold is 1
1.7

times therelative error of 
ounts.11 Thus, the relative error of the thresholds 
orrespond to 1
1.7

√
2N−1√

n
. Asthe relative 
alibration fa
tors are quotients of thresholds, one 
an 
al
ulate the error of therelative 
alibration fa
tors: the 
orresponding relative 
alibration fa
tor is k(#row,0)

k(#row,#
olumn) , and itsrelative error is 2
1.7

√
2N#row−1
√

n#row , where N#row is the number of properly operating 
hannels in thegiven row, and n#row is the sum of total 
ounts in the row, whi
h are over the �nal thresholds.The relative errors of 
alibration fa
tors in the rows, obtained by a few days of 
osmi
 rayruns, 
an be bounded by 3%.The verti
al relative 
alibration was done by a similar method, dis
ussed below.The zeroth 
olumn is more than 3m far from the beam line. One 
an assume, that the �uxof parti
les from the target, arriving into this 
olumn, is homogeneous. The systemati
 error ofthis assumption is estimated to be about 5%. The statisti
al error (with the previous method)is estimated to be about 4%. Thus, the total error of verti
al relative 
alibration is about 10%.This is not satisfa
tory, but it is enough to be able to see the π0 mass peak. It is planned that,in the summer of 2004, verti
al 
alibration will be redone by using 
osmi
 ray 
alibration, asin the horizontal 
ase.3.3 The π0 mass peak
π0 parti
les are dete
table with LGC, by dete
ting the two gamma photons originating from a
π0 de
ay. The energy of the gamma photons 
an be determined from the LGC responses. Theangle of de
ay between the two gamma photons 
an be determined (with good approximation)by dividing the distan
e of the two gamma hits on the fa
e of LGC by 17.77m. Four π0
andidate events are shown in �gure 26.3.3.1 Kinemati
s of π0 → γγ de
aysThis part is devoted to kinemati
al studies of π0 → γγ de
ays, in order to obtain some a prioriestimates on expe
ted π0 dete
tion rates with LGC. The kinemati
al quantities, whi
h will beused below, are understood to be in an Einstein-syn
hronized laboratory frame, if not spe
i�edotherwise.If a parti
le with mass M de
ays into two parti
les with mass m, then

M =

√

2e1e2 + 2m2 − 2 cosα
√

(e2
1 − m2)(e2

2 − m2),where e1 and e2 is the energy of the two resultant parti
le, and α is the angle between themomentum of the two parti
les (angle of de
ay). In the 
ase of m = 0, M =
√

e1e22 sin α
2
istrue. Therefore, in the 
ase of α ≪ 1, M ≈ √

e1e2α is valid.In the 
ase of LGC, the minimal measurable angle is 0.0095rad, the maximal measurableangle is 0.0883rad, so the approximation of small angles is valid with the relative error limit11The error propagation 
an also be obtained dire
tly from the re
orded energy (ADC) histograms (withoutassuming any theoreti
al shape for the energy spe
trum), provided that the amount of re
orded data is largeenough. 34
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Figure 26: LGC event display: π
0 
andidate events

0.000325, in the above approximation. The 
uts in angle measurements will impose 
uts on theenergy of su
h measurable π0 parti
les, when the two gamma photon hits are distinguishable(i.e. both hit LGC, but they do not hit the same 
hannel). This will be investigated below.Let us denote the angle between the axis of de
ay, and a �xed axis (in rest frame) by ϑ.Then, in the boosted laboratory frame the angle of de
ay is given by
αω(ϑ) = arccos

(

sinh2 ω − cos2 ϑ cosh2 ω − sin2 ϑ
√

(sin2 ϑ + (sinh ω − cos ϑ cosh ω)2)(sin2 ϑ + (sinh ω + cos ϑ cosh ω)2)

)

,where ω is the rapidity of the π0 parti
le in the laboratory.The minimal value of the angle of de
ay is determined by the map ω 7→ arccos
(

1 − 2
cosh2 ω

).This gives an absolute kinemati
al 
ut for π0 dete
tion, at the lower energies, as the minimalangle of de
ay has to be smaller than 0.0883rad. Thus, the 
ut at lower energies is 3.812524 inrapidity, that is 3.1GeV in π0 energy.The expe
ted value of the angle of de
ay for given rapidity ω is 1
2

π
∫

0

αω(ϑ) sin ϑdϑ. This inte-gral 
annot be 
al
ulated expli
itly, but one 
an make a good approximation of the expe
ted an-gle above about rapidity 3.0, that is above about 1.5GeV π0 energy. The approximation is basedon the fa
t, that the integrand of the above integral is nearly �at, if the rapidity is high enough(see �gure 27), thus the integrand 
an be substituted by the maximal value of it. Namely, theexpe
ted angle with this approximation is given by the map ω 7→ π
2

arccos
(

1 − 2
cosh2 ω

). Therelative error of this approximation of the expe
ted angles at rapidity 3.0 is 0.048921 and atrapidity 4.263 is 0.014013, whi
h were 
al
ulated by numeri
al integration. By investigatingthe error propagation, one 
an �nd, that the relative error in rapidity, whi
h 
orresponds tothe previous approximation error, is 0.001988 at rapidity 3.0 and is 0.000014 at rapidity 4.263.35
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onsequen
e of the 
uts in angle measurements, an average measurable π0 has a
hara
teristi
 energy greater than 4.8GeV and lesser than 44.6GeV, if we require the twogamma hits to be distinguishable.The maximal value of the angle of de
ay at given rapidity is given by the 
onstant map
ω 7→ π, thus it does not imply an absolute kinemati
al 
ut at higher energies, for π0 dete
tion.However, an upper kinemati
al 
ut 
an be determined from the expe
ted value of the angle ofde
ay, as the standard deviation of the angle of de
ay drops down at higher energies. Namely,numeri
al integration show, that the standard deviation of the angle of de
ay at rapidity 6.4 (at
40.6GeV π0 energy) be
omes 0.013619rad, whi
h is small (it 
orresponds approximately to theminimal measurable angle). By requiring the expe
ted value to be greater than the minimalmeasurable angle, one gets the upper kinemati
al 
ut: the two gamma hits are not expe
ted tobe distinguishable above 44.6GeV π0 energy.The minimal energy, when the two gamma photons 
an hit the same 
hannel, is at rapidity
6.042753, that is at 28.4GeV π0 energy.A Monte Carlo simulation was written by the author, in order to get an estimate on theexpe
ted rate of dete
table π0 parti
les with LGC, by using the original (n+p) trigger system.The simulation was based on previously re
orded TPC-tra
k data of 
harged parti
les. These
harged parti
les are known to be mainly (in about 90%) π+ and π− parti
les, from previoussurveys. By assuming isospin symmetry, one 
an interpret their momenta (whi
h are deter-mined, and extrapolated to the target from TPC-tra
k data) as π0 momentum data. Giventhis system of momentum data, one 
an simulate the de
ay of π0 parti
les, possessing thesemomenta.12 The Monte Carlo simulation, based on this idea, predi
ts the following rates ofdete
table parti
les for LGC:1. the probability of re
ording su
h an event with the n+p trigger system, whi
h 
ontains adete
table pair of gamma photons originating from π0 de
ay, is 8.3%;12Here we have to assume, that the a

eptan
e for π

± dete
tion is about 100%.36
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tors for CERN Experiments2. the probability of re
ording su
h an event with the n+p trigger system, whi
h 
ontains asingle dete
table pair of gamma photons originating from π0 de
ay, is 7.4%;3. the probability of re
ording su
h an event with the n+p trigger system, whi
h 
ontainsa single dete
table pair of gamma photons originating from π0 de
ay while no otherdete
table parti
le traverse LGC, is 6.0%;4. the mean energy of dete
table π0 parti
les is 9.8GeV.3.3.2 Experimental resultsThe main result of the �rst measurements with LGC is the π0 mass peak in the spe
trum oftwophoton events.The results are shown in �gure 28. These plots were obtained by the analysis of about
80000 events. About half of them were re
orded with the n+p trigger, about half of them werere
orded with the LGC self-trigger. (One gets similar peaks, of 
ourse, by pro
essing only then+p trigger events, or only the LGC events.) As one 
an see, the resolution of the dete
tor
ould be better (the π0 mass peak is too wide). This is due to the fa
t, that the verti
al
alibration fa
tors have about 10% errors.For 
omparison, we also present the mass spe
trum predi
ted by the Monte Carlo simulationin �gure 29. In order to be more realisti
, the granularity of LGC was taken into a

ount inthe simulation, furthermore 15% un
ertainty in energy measurements was assumed.
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Figure 28: The π
0 mass peak
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Figure 29: The π
0 mass peak from Monte Carlo simulation
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tors for CERN Experiments4 Con
luding remarksIn the �rst part, results of homogeneity and linearity tests of the HF 
alorimeter (whi
h were
arried out in June-August 2003, at SPS a

elerator, CERN) were presented. As a summary,we 
an state that the inhomogeneity of the energy response in spa
e 
an be bounded by 10%.The linearity of response (whi
h was measured in the energy s
ale 50−300GeV) is not so goodat lower energies. The error of linearity for the ele
tromagneti
 part of the measured towers isabout 6% and for the hadroni
 part of the measured towers is about 12%.In the se
ond part, results of the �rst measurements with the LGC (whi
h were 
arried outin O
tober 2003, at experiment NA49, at SPS a

elerator, CERN) were presented. The mainresult is the π0 mass peak, whi
h is the �rst physi
al e�e
t, measured with LGC.
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 Dete
tors for CERN Experiments5 Appendix (about software works)All the results in this paper were obtained by various analysis software, written by the authorin various programming languages (C, GNUplot, C++, ROOT et
.). The total amount of 
odeis about 5000 lines for HF and is about 9000 lines for LGC. Most of the software were used fordebugging the data a
quisition system, monitoring the quality of the a
quired data et
. Thesour
es are available under the following URL-address:http://szofi.elte.hu/proje
t/la_thesisSome of the analysis software (e.g. the pedestal �tter for LGC et
.) is likely to be usedin future runs, but they are too sophisti
ated to present here. Some of them are written in
ompound languages: C + GNUplot + Shell, where sometimes su
h programs run, whi
h arewritten by other programs, up to 2-3 level.Most probably the Monte Carlo simulation, written for the LGC, will be used for works infuture. As it is not so sophisti
ated, my supervisor suggested to present part of the simpli�edpseudo
ode of it, here. (The base language is C.)Monte Carlo simulation for LGCThe program reads an ASCII �le (Tra
kDump.dat), whi
h is a dump of re
onstru
ted tra
kdata of the TPC-s of NA49. Namely, the �le 
ontains lines of the following format:event 
harge px py pz x y z tanl phiHere event is an event identity number, 
harge means the 
harge (
al
ulated from thetra
k re
onstru
tion), while px,py,pz are the momentum 
oordinates of the given parti
le(extrapolated to the target), determined from Vertex-TPC tra
k data (the Vertex-TPC-s arein magneti
 �eld). After the Vertex-TPC, the parti
les enter the Main-TPC, where there is nomagneti
 �eld, thus the tra
ks are straight lines. The 
oordinates x,y,z mean the start pointof the straight line, while tanl and phi en
ode the in
lination of the straight line. The eventidentity event starts from 0, and in
reases by 1 at ea
h event.... Header in
ludes et
. ...// The stru
ture for a parti
le hit in LGC// (Energy, horizontal and verti
al hit 
oordinates):typedef stru
t{double E;double X;double Y;}Part_t;// The stru
ture for momentum and 
oordinate 3-ve
tors:typedef stru
t{ 42



Building Calorimetri
 Dete
tors for CERN Experimentsdouble x;double y;double z;}Ve
tor_t;// The stru
ture for re
onstru
ted tra
ks// (
harge, momentum at target, the start point of Main-TPC tra
k,// and the in
lination parameters of the Main-TPC tra
k):typedef stru
t{int 
harge;Ve
tor_t P;Ve
tor_t R;double tanl;double phi;}Tra
k_t;// The stru
ture for an event// (event identity number, the number of tra
ks, the array of tra
ks):typedef stru
t{int event;int numTra
k;Tra
k_t *T;}Event_t;// This is the length fun
tion of 3-ve
tors:double Length(Ve
tor_t *V){...}// This fun
tion reads the two polar angles of the pi0 de
ay axis in rest// frame, the 3-momentum of pi0 in laboratory frame, and dumps the// momenta of the two resultant gamma photons in laboratory frame into// a pair of momentum variables:void Gamma(double theta, double phi, Ve
tor_t *P, Ve
tor_t *p1, Ve
tor_t *p2){...}// Determines the angle of de
ay of two parti
le hits in LGC,// (here, granulation of LGC 
an be taken into a

ount):double angle(Part_t *p1, Part_t *p2) 43
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 Dete
tors for CERN Experiments{...}// Determines that whether a momentum 
an be extrapolated from the target// to the volume of LGC (returns 1 if 'yes', 0 if 'no'):int inLGC(Ve
tor_t *p){...}// The X impa
t point 
oordinate of a parti
le momentum,// linearly extrapolated to the fa
e of LGC:double XMomToLGC(Ve
tor_t *p){...}// The Y impa
t point 
oordinate of a parti
le momentum,// linearly extrapolated to the fa
e of LGC:double YMomToLGC(Ve
tor_t *p){...}// Determines that whether Main-TPC tra
k 
an be extrapolated// to the volume of LGC (returns 1 if 'yes', 0 if 'no'):int leadsTra
k(Tra
k_t *T){...}// The X impa
t point 
oordinate of a Main-TPC tra
k on the fa
e of LGC:double XTra
k(Tra
k_t *T){...}// The Y impa
t point 
oordinate of a Main-TPC tra
k on the fa
e of LGC:double YTra
k(Tra
k_t *T){...}// Main body of the program:int main(int arg
, 
har *argv[℄) 44
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 Dete
tors for CERN Experiments{// File variable for reading Tra
kDump.dat:FILE *file;int event, eventold;int tra
k;int 
harge;double px,py,pz;double x,y,z;double _tanl,_phi;int i;int p;Ve
tor_t p1,p2;double rnd;double theta,phi;int Event;
har buff[256℄;// Arrays for storing events, and parti
le impa
ts:Event_t *eventstore;Part_t *twophotonstore[2℄;Part_t *parti
le;int NumEvents;int twophnum;// Reading lines of Tra
kDump.dat, determining the number of events// (NumEvents):file=fopen("Tra
kDump.dat", "r");NumEvents=0;while ( feof(file)==0 ){if ( fgets(buff, 256, file)==NULL ) { break; }ss
anf(buff, "%d %d %lg %lg %lg %lg %lg %lg %lg %lg",&event, &
harge, &px, &py, &pz, &x, &y, &z, &_tanl, &_phi);if ( NumEvents==0 ) { eventold=event-1; }if ( eventold!=event ) { NumEvents++; }eventold=event;}f
lose(file);... Initializing, allo
ating memory for arrays et
. NumEvents isneeded e.g. here. ...// Reading lines of Tra
kDump.dat, determining the number of tra
ks at// ea
h event: 45



Building Calorimetri
 Dete
tors for CERN Experimentsfile=fopen("Tra
kDump.dat", "r");i=0;while ( feof(file)==0 ){if ( fgets(buff, 256, file)==NULL ) { break; }ss
anf(buff, "%d %d %lg %lg %lg %lg %lg %lg %lg %lg",&event, &
harge, &px, &py, &pz, &x, &y, &z, &_tanl, &_phi);if ( i==0 ) { eventold=event-1; i=1; }if ( eventold!=event ){eventstore[event℄.event=event;eventstore[event℄.numTra
k=0;}eventstore[event℄.numTra
k++;eventold=event;}f
lose(file);// Reading lines of Tra
kDump.dat, obtaining tra
k data:file=fopen("Tra
kDump.dat", "r");i=0;while ( feof(file)==0 ){if ( fgets(buff, 256, file)==NULL ) { break; }ss
anf(buff, "%d %d %lg %lg %lg %lg %lg %lg %lg %lg",&event, &
harge, &px, &py, &pz, &x, &y, &z, &_tanl, &_phi);if ( i==0 ) { eventold=event-1; i=1; }if ( eventold!=event ){eventstore[event℄.T=(Tra
k_t *)
allo
(eventstore[event℄.numTra
k, sizeof(Tra
k_t));tra
k=0;}eventstore[event℄.T[tra
k℄.
harge=
harge;eventstore[event℄.T[tra
k℄.P.x=px;eventstore[event℄.T[tra
k℄.P.y=py;eventstore[event℄.T[tra
k℄.P.z=pz;eventstore[event℄.T[tra
k℄.R.x=x;eventstore[event℄.T[tra
k℄.R.y=y;eventstore[event℄.T[tra
k℄.R.z=z;eventstore[event℄.T[tra
k℄.tanl=_tanl;eventstore[event℄.T[tra
k℄.phi=_phi;tra
k++;eventold=event;}f
lose(file); 46



Building Calorimetri
 Dete
tors for CERN Experiments// The 
ore of the Monte Carlo simulation:twophnum=0;for ( event=0 ; event<NumEvents ; event++ ){// Number of parti
le hits in LGC during an event:p=0;// Fet
hing randomly an other event (the 
harged parti
le tra
ks,// 
rossing LGC, are obtained from this event):rnd=drand48();Event=(int)(rnd*NumEvents);for ( tra
k=0 ; tra
k<eventstore[Event℄.numTra
k ; tra
k++ ){// If the Main-TPC tra
k leads to LGC:if ( leadsTra
k(&eventstore[Event℄.T[tra
k℄)==1 ){// As parti
les, having Main-TPC tra
ks, are mainly pi+ and pi-// (i.e. 
harged hadroni
) parti
les, the energy, deposited in LGC,// is taken to be the 1/3 of the real energy// (hadroni
 shower leakage is taken into a

ount this way):E=Length(&eventstore[Event℄.T[tra
k℄.P)/3.0;// Ultrarelativisti
 limit is assumed in the above line.// Let the energy threshold, for 
onsidering a response as a// parti
le hit, to be 1GeV:if ( E>1.0 ){// Filling the store of parti
le hits on LGC:parti
le[p℄.E=E;parti
le[p℄.X=XTra
k(&eventstore[Event℄.T[tra
k℄);parti
le[p℄.Y=YTra
k(&eventstore[Event℄.T[tra
k℄);p++;}}}// Simulating pi0 de
ays with momenta from original event:for ( tra
k=0; tra
k<eventstore[event℄.numTra
k ; tra
k++ ){// Faking a momentum for pi0 parti
le from the momentum of a// pi- parti
le (isospin symmetry is assumed): the fake pi0 momentum// is defined to be eventstore[event℄.T[tra
k℄.P if// the parti
le 
harge is negative, i.e.// when eventstore[event℄.T[tra
k℄.
harge==-1.if ( eventstore[event℄.T[tra
k℄.
harge!=-1 ) { 
ontinue; }47
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 Dete
tors for CERN Experiments// Generating random polar dire
tion for axis of de
ay in rest frame:rnd=drand48();theta=a
os(2.0*rnd-1.0);rnd=drand48();phi=2.0*M_PI*rnd;// The de
ay of the 
orresponding pi0: the momenta of the gamma// photons are stored in p1 and p2:Gamma(theta, phi, &eventstore[event℄.T[tra
k℄.P, &p1, &p2);// If the momentum of the first gamma photon leads to LGC:if ( inLGC(&p1)==1 ){// As photons are ele
tromagneti
 parti
les, their total// energy is measured by LGC:E=Length(&p1);// Let the energy threshold, for 
onsidering a response as a// parti
le hit, to be 1GeV:if ( E>1.0 ){// Filling the store of parti
le hits on LGC:parti
le[p℄.E=E;parti
le[p℄.X=XMomToLGC(&p1);parti
le[p℄.Y=YMomToLGC(&p1);p++;}}// If the momentum of the se
ond gamma photon leads to LGC:if ( inLGC(&p2)==1 ){// As photons are ele
tromagneti
 parti
les, their total// energy is measured by LGC:E=Length(&p2);// Let the energy threshold, for 
onsidering a response as a// parti
le hit, to be 1GeV:if ( E>1.0 ){// Filling the store of parti
le hits on LGC:parti
le[p℄.E=E;parti
le[p℄.X=XMomToLGC(&p2);parti
le[p℄.Y=YMomToLGC(&p2);p++;}}}// If the number of parti
le hits on LGC is 2, store the hits:48
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 Dete
tors for CERN Experimentsif ( p==2 ){twophotonstore[twophnum℄[0℄.E=parti
le[0℄.E;twophotonstore[twophnum℄[0℄.X=parti
le[0℄.X;twophotonstore[twophnum℄[0℄.Y=parti
le[0℄.Y;twophotonstore[twophnum℄[1℄.E=parti
le[1℄.E;twophotonstore[twophnum℄[1℄.X=parti
le[1℄.X;twophotonstore[twophnum℄[1℄.Y=parti
le[1℄.Y;twophnum++;}}... Now the store of twohits (twophotonstore[twophnum℄) 
an be pro
essed.Histograms et
. 
an be 
al
ulated(e.g. double angle(Part_t *, Part_t *) is used here). ...... Results are stored. ...... Memory freed. ...}
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