
Nuclem Instruments and Methods in Physics Research A 387 ( 1997) 352-364 

- 
ELSEVIER 

NUCLEAR 
INSTRUMENTS 
& METHODS 
IN PHYSICS 
RESEARCH 

Section A 

Test beam performance of the electromagnetic calorimeter of the 
NOMAD experiment 

D. Autieroa*‘, M. Baldo-Ceolin b, F. Bobisut b, P.W. Cattaneo ‘, L. Camilleri d, 
V. Cavasinni a, G. Collazuol b, G. Conforto h, C. ContaC, M. Contalbrigo b, T. Del Prete”, 

A. De Santo a, R. FerrariC, M. Fraternali”, D. Gibin b, S.N. Gninenko ‘, G. Graziani’, 
A. Guglielmi b, E. Iacopinie, A.V. Kovzelevf, L. La Rotondag, S. Lacaprarab, A. LanzaC, 

M. Lavederb, A. Lupie, F. Martelli h, M. Mezzetto b**, D. Orestano ‘v3, F. Pastore c,3, 
E. PennacchioC,4 R. Petti ‘, G. PoleselloC, A. RimoldiC, F. Salvatore”.2, A. Sconzab, 

M. baldata-Nappi gS M. Veltri h, V. Vercesi ‘, S.A. Volkovf 
’ Dipartimento di Fisica. Universit2 di Pim und INFN, kione di Pk. Pim, ftulj 

’ Dipaflimento di Fisk, Universitir di Padow and INFN, Sr;ione di Padova. Pudovu. Italy 

’ Dipmtimento di Fisicu Nucleurr e Teorica. Universrtb di P&u and INFN. Sezione di Puvia. Pavia. Italy 

’ CERN, Geneva. Switzerland 

’ Diparfimento di Fisica, Univrrsid di Firenze und INFN, Se5onr di Firenze, Florence. Itui) 

’ Institute of Nuclem Research. INR. Moscou~ Russia 

g Dipartirnento di Fisica, Unwersit& deilu Calahria and INFN. Gruppo colleguto di Cosmzu. Cmen:u, Ito!, 

h Dipartimento di Fisica. Universrtci di l/rhino and INFN, Sr5one di Firenx. Flormcr, Itolj 

Received 20 July 1996 

Abstract 
Test beam results of the NOMAD electromagnetic calorimeter are presented showing linearity, signal uniformity, energy 

and position resolution measured in an electron beam. Tests were also performed placing the calorimeter in a magnetic field 
of 0.4 T. Results on the 71 rejection obtained using a combined measurement of preshower/electromagnetic calorimeter are 

found to be in good agreement with the project expectations. Finally the calorimeter response to the muons is discussed. 

PACS: 29.4O.Vj; 29.40.Ka; 14.6O.Pq 

1. Introduction 

The main goal of the NOMAD experiment is to search 
for the appearance of tau neutrinos, v7. The detector is lo- 
cated in the CERN West Area and is exposed to the SPS 
neutrino wide band beam [ I]. The NOMAD detector was 

designed to measure and identify the electrons, muons, pho- 

tons and hadrons produced in neutrino interactions. The ac- 
tive target consists of 132 planes of drift chambers located 
in a magnetic field of 0.4 T which allows the determination 
of momenta of the charged particles. The target is followed 
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by a transition radiation detector (TRD) to enhance e/r 
separation and by an electromagnetic calorimeter (ECAL) 
with an upstream preshower detector (PRS). The trigger is 
provided by two planes of scintillation counters. A veto in 
front of the magnet rejects upstream neutrino interactions 
and muons. A hadronic calorimeter and a muon spectrom- 

eter placed outside the magnet provide a rough estimate of 

the energy of the hadronic component in the event and the 
muon identification, respectively. The whole detector was 
efficiently operated and took data since 1995 [ 21. 

The ECAL is crucial to accurately measure electron and 
gamma energies, both to identify the electronic decay chan- 
nel of the 7 produced by the I/~ and to determine the size and 
angle of the transverse momenta of the hadrons and leptons 
produced in all the neutrino interactions: these kinematical 
variables are essential to distinguish Y, from other neutrino 
mteractlons. 

The design. construction and electronic performance of 
the ECAL were presented in Ref. [ 31. The ECAL consists 
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Fig. I. Test beam setup. Cl, C2 are Cberenkov counters. St, S?. S3 are 
trigger counters, CH is the beam-monitor delay wire chamber, V are the 
veto counters, PRS is the preshower and ECAL the matrix of lead-glass 
blocks. 

of 875 lead-glass blocks (TFl-000) arranged in a matrix of 
35 rows and 25 columns. Each block is 19X0 (- 500 mm) 
deep and has a rectangular cross section of 79. x 112. mm*. 
The Cherenkov light produced within the lead-glass is de- 
tected by two stage photomultipliers (tetrodes, Hamamatsu 

R? 186) designed to operate in intense magnetic fields and 

placed at 45” with respect to the axis of the block and to the 
magnetic field direction to reduce the loss of gain caused by 

the magnetic field. 

Extensive measurements on test beams with different par- 
ticles have been carried out to fully understand the ECAL 

response to electrons, charged pions, n-“‘s and muons. In 

most cases it was possible to put the detectors inside a mag- 
net providing the same field as in the actual experiment. 

A short description of the test beam setups is given in Sec- 

tion 2. In Sections 3 and 4 the energy calibration for electro- 
magnetic (e.m.) showers (electrons and gammas) over an 

energy range between a few hundreds MeV to 80 GeV are 

presented, followed by the results on the energy resolution 
in Section 5. Since the particles generated by neutrino in- 

teractions in NOMAD enter the lead-glass blocks uniformly 

distributed over the front face and with incidence angles up 
to several tens of degrees, the test beam conditions were 

steered or the test setups translated or tilted to study the sig- 

nal dependence on the impact point and on the incidence 
angle: this is discussed in Sections 6 and 7. PRS and ECAL 
signals together allow a considerable e/rr separation: the 7r 
rejection obtained from the test beams analysis is presented 
in Section 8. Finally, Section 9 describes how to account for 

some geometrical effects on the signals generated by muons 

crossing the ECAL. This is necessary in order to use their 
signal as a monitoring tool, auxiliary to the LED system [ 41. 

2. Test beam setup 

Two experimental arrangements are reported. The first 
measures the performance of the ECAL to electrons in the 
energy range from 10 to 80 GeV and uses the X5 beam 
line at the CERN SPS. The second exploits the T9 PS beam 
line to study the calorimeter response at low energies (1 
to 10 GeV). A sketch of the T9 test beam setup is shown 
in Fig. 1. The beam trigger was defined by the coincidence 
signal of three scintillation counters, S 1, S2, S3. The beam 
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Fig. 2. Cherenkov spectrum of photons emitted by e.m. showers in arbitrary 
units (triangles); photocathode quantum efficiency (QE) in arbitrary units 
(squares); glass transmission coefficient for 10x0 length (dots). The dashed 
line represents the spectrum of the photons reaching the photocathode, 
convoluted with the QE and normalized to the initial Cherenkov spectrum. 

halo was vetoed with a scintillation counter (V) in anti- 

coincidence with the trigger counters; the resulting e- beam 
spot had 1.5 cm diameter. Since T9 provides an unseparated 

beam, electrons were identified by two threshold Cherenkov 

counters, Cl, C2. The beam divergence was kept less than 
10 mrad. The x and y coordinates of the incoming particles 

were measured by a delay wire chamber, with 200 pm res- 

olution, placed approximately 1 m upstream the calorime- 
ter. In order to prevent charge pile-up in the amplifier chain, 

events were rejected if a second particle arrived 20 ps be- 

fore the trigger. 

The X5 test beam setup was essentially the same. 
The momentum bite Ap/p was about 1% both at X5 and 

T9 beams. 

Several different block matrices were used, sometimes 
placed inside a magnet that provided the same transverse 
magnetic field B = 0.4 T as in NOMAD. Both the tetrodes 
and the electronic chain were the same and operated in the 
same way as in NOMAD. 

The e/v rejection and the ?r” mass measurements were 
performed with a preshower in front of ECAL as it will be 

more extensively described afterwards. 

During the run periods the stability of the tetrode gain, 
electronics and pedestals was regularly checked. 

3. Energy scale 

It is often claimed that the energy response of e.m. 
calorimeters is linear within a few percent. Deviations from 
this behaviour occur in calorimeters of finite size, since 
both the longitudinal and the transverse size of the shower 
increase with energy and so does the energy leakage. In the 
case of lead-glass calorimeters linearity is expected because 



354 D. Auriem rr ul. /Nucl. Insrr. und Meth. in Phw. Res. A 387 (1997) 352-363 

for an e.m. shower the total track length of charged particles 
above the Cherenkov emission threshold is proportional 

to the energy. The details of the propagation, collection 
and conversion of the Cherenkov photons may spoil the 

expectation of a perfectly linear response. 

The lead-glass is not a perfectly transparent medium: it 
is opaque in the ultraviolet region (where the Cherenkov 

emission is more intense) and becomes transparent above N 

0.42 pm where the photocathode quantum efficiency starts 
decreasing (see Fig. 2). The longitudinal position of the 

maximum of an e.m. shower depends on its energy and so 
does the longitudinal tail: the higher the energy the closer 
the light to the photocathode. This, taking into account the 

attenuation of the light, suggests a nonlinear increase with 

energy in the response of the detector. 

3.1. Energy scan 

To detect significant deviations from linearity a lead-glass 
module ( 10 x 5 blocks) was exposed first to the T9 electron 

beam at energies from 1.5 to 10 GeV and later at energies 
from 6 to 80 GeV to the X5 beam. 

Three different sets of runs were performed, centering re- 

spectively the electron beam on each of three blocks (called 
T37, T27, T18) of the module. The three blocks were cho- 

sen in such a way that each of them was the center of an 
array of 3 x 3 blocks (nonet). In the analysis clusters were 

built grouping blocks adjacent to the one under study, pro- 
vided the signal in these blocks was larger than 2a,d, uped 

being the pedestals width. The total energy deposited in the 
nonet (in units of ADC counts) was then plotted as a func- 

tion of the incident electron beam energy. 
The data show that the two scans in the PS and SPS en- 

ergy regions agree within 1% in the common region (N 

10 GeV) and each of the two sets is consistent with a linear 

fit ( with deviations 6 1 S%). However, their slightly dif- 
ferent slopes prevent the possibility of a good linear fit over 
the full energy range. This is clearly seen in Fig. 3, which 

shows the percentage deviations of the points from a linear 
fit, as a function of the incident energy. 

In the hypothesis of a linear response, the single block 
energy Ep’ would be evaluated from the pedestal subtracted 
ADC counts ADC,: 

EF’(GeV) = aEy(GeV), 
, 

where CALIB, are the ADC counts measured in the cali- 
bration procedure, when a 10 GeV electron beam was fired 
perpendicularly to the center of each block. @;’ = 9.3 GeV 
is the energy released, on average, in the single block during 
this calibration run. In doing so one assumes that the ECAL 
energies belong to a straight line (the calibration fit) pass- 
ing through the (Eo, CALIBi) and the (0,O) points. The 
cluster energy Eci is calculated as Eci = ci Ep’, where the 
calibration energy is now EO = 10 GeV and the sum is over 
9 blocks. 
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Fig. 3. Deviations from the linear fit as function of the beam energy for 

the three measured blocks. 
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Fig. 4. Deviations from the calibration fit fitted to Eq. (2) for 3 different 

blocks. 

To account for deviations from linearity, the following 
equation is used: 

E;, = 
&I 

1 + E log &/Eo ’ 
(2) 

where the only parameter E takes into account all the non- 
linear effects over the entire energy range. 

The validity of Eq. (2) and the value of 6 were studied 
by measuring the energy deviations obtained subtracting the 

nominal beam energy Ekam from the uncorrected cluster 
energy ECI: 

AE ECI - Eka,,, -= 
E Ek.3lll 

In Fig. 4 the plot of AE/E is shown as function of Eel. 
The approach of a single parameter over the full energy 

range appears to be well supported by the data and provides 
the average value: 

E = 0.038 (4) 

in good agreement with the Monte Carlo predictions. 
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Fig. 5. 5 GeV electron ECAL 
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Fig. 6. (a) Values of the slope parameter of the ECAL-PRS linear correlation as a function of the beam energy. (b) Fractional reduction of the ECAL 

signal, AE/E, due to the lead as a function of the beam energy, with and without PRS correction (white circles and black triangles, respectively). (c) 

Energy resolution as a function of the beam energy without lead (black triangles), with lead and no PRS correction (black squares) and with lead and PRS 

correction (white circles). 

3.2. PRS-ECAL signal correlation 

In NOMAD a preshower (PRS) made of 1.6X0 plane 
of lead followed by two orthogonal planes of proportional 
tubes is placed upstream ECAL. This amount of material 
degrades the ECAL performances, but a compensation can 
be obtained combining PRS with ECAL signals. 

The ECAL-PRS correlation has been measured using 
electrons of 1,2, 5, 8 GeV, in a field of B = 0.4 T. The PRS 
used in this test beam was made by a lead layer, 1.6X0 deep, 
followed by two orthogonal planes of proportional tubes 
1 x 1 x 10 ems, 10 tubes per plane. Each plane signals are 

normalized to one mip. 

Fig. 5 shows the anticorrelation between the PRS and 
ECAL signals at 5 GeV. When the e.m. shower develops 
earlier in the lead, the PRS signals are higher and the ECAL 
signals are slightly lower. The distribution, reduced to a pro- 
file histogram, has been fitted with a linear function whose 
slope parameter b can be used to correct the ECAL signal: 

EL, = Ect - bPRS. (5) 

The b values shown in Fig. 6a at different energies are com- 
patible with a constant value: 



Fig. 7 r” test benm setup. Ct. C2 zue Cherenkov counters. SI, 52 ze 

trigger counters, CH IF. tbe beam-monitor delay wire chnmber, T is the 

polyethylene targef. V are the veto counters, PRS is the preshower and 

ECAL the matrix of 49 lead-glass blocks. 

b(GeVmip-'1 = -(5.1 f 0.2) x 10-j 

(,$/n.d.f. = 0.7). 

(6) 

Fig. 6b shows the fractional reduction of the average 

ECAL signal due to the presence of lead defined as 

AE/E= ((~NoLmJ) - (&cad))/(~NoLzad). (7) 

where (ELrsdj and (EN&ad) are the average values of the 

ECAL signals with and without the presence of the PRS. 
When the correction function (5) is applied the signal re- 

duction is - I .6%. This effect is well reproduced by Monte 

Carlo calculations that predict a signal loss of about 1.8%. 
The reason is due to the light attenuation in the glass related 

to the early development of the e.m. shower due to the pres- 

ence of the lead. The final algorithm to combine PRS and 
ECAL signals is 

E(GeV) = (1 - bPRS(mip))l.O16Ecl(GeV). (8) 

The resolution a/E as function of I/&? is shown in 

Fig. 6c for three different cases: no lead and I .5X0 of lead 
with and without the correction function of Eq. (8). It can 

be noticed that the PRS correction improves the energy res- 

olution approaching the bare ECAL resolution. 

4. 71* mass measurement 

The energy scale function of Eq. (2) and the PRS cor- 

rection function of Eq. (8) were obtained with electrons of 
energies greater than 1 GeV. To check if these corrections 
apply also to gammas and to extend their energy range down 
to 300 MeV, no test beam measurements were performed. 

4. I. Experimental setup 5. Energy resolution 

Fig. 7 shows a sketch of the experimental setup. 7r” were 
produced by charge-exchange interactions of a 3 GeV rr- 
beam in a polyethylene target (5 x 6 cm2 cross section, 
10 cm long). The probability of this interaction in the target 
is of the order of 10-j. A preshower made of a lead layer, 
1.7X0 thick, followed by 2 orthogonal planes of scintillation 
counters, 24 vertical and 18 horizontal, 3 x 1 x 80 cm3, was 

Many effects, both of statistical and systematic origin, 
contribute to the fluctuations of the energy measured in the 
calorimeter. 

The statistical contributions are mainly related to the fluc- 
tuations of the energy deposition in the calorimeter and of 
the number of detected photoelectrons, while the systematic 
ones are due to the spread and uncertainty in the beam mo- 

0.25 0.3 

mn, WV) 

Fig. 8. ~I,U disvibution without any correction (dashed Ene) and with the 

PRS and nonlinemity correction (solid line). 

located 2.5 m downstream the target just in front of ECAL. 
The scintillation counters were instrumented with a $” PMT 
at one end and the signals were fed into charge ADC’s. 

The central block of the calorimeter module (10 x 5 
blocks), corresponding to the beam impact point, was re- 

moved in order to reduce the background due to pion inter- 

actions in ECAL. 

4.2. Calibration and selection criteria 

The PRS signals were calibrated using 3 GeV rr- ‘s. The 

mip peak of each scintillator was used as calibration con- 

stant. 
The ECAL module was calibrated with 6 GeV electrons, 

without lead in front. They directions were determined from 

the PRS signals; the y energies were computed by means of 

Eq. (2) and Eq. (8) combining ECAL and PRS signals. 
7r” events were selected requiring only two energy clusters 

in the calorimeter. Each cluster was required to have more 

than 300 MeV and an associated PRS signal larger than 4 
mip in each plane. Moreover the sum E of the energies of 

the 2y was required to be 2 GeV < E < 3 GeV. 

4.3. Results 

Fig. 8 shows the distribution of the resulting 2y invariant 

mass which gives: 

mG = ( 133.7 & 1.2) MeV 

withaa= 16MeV. 

(9) 
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Fig. 9. Photostatistics calculated from LED signals 

mentum and to the incomplete accounting of the lateral and 
longitudinal energy leakage. 

Another contribution arises from the intrinsic noise of the 

electronic chain. Its value is estimated to be around 12 MeV 
for each block, as deduced from the widths of the pedestal 

distributions. 
In the following, the contribution to the measured energy 

width from the momentum bite ( Ap/p = 1%) is subtracted 

in quadrature. 

5. I. Photostatistics 

The number of photoelectrons/GeV is obtained from 
the signals of the two Light Emitting Diodes (LED1 and 

LED2), used in the monitoring system and placed at two 
different positions in the lead-glass back face, under the 
assumption that their light emission has a poissonian be- 

haviour. 
After subtracting the contribution of the electronic noise, 

the r.m.s. of the signal distribution for each LED is only 

due to statistical fluctuations of the photocathode emission 
and of the electron multiplication process in the two tetrode 

dynodes. 
If T = GN is the signal distribution induced by a LED, 

where G is the tetrode gain (mean value /_Q) and N the 

total number of photoelectrons (mean value PN), then: 

(10) 

G results from the convolution of the emission in both dyn- 
odes. Assuming that they have an ideal poissonian emission 
(puI = ~2 = &) we get: 

2 
1 1 =-+ ‘+L 

PI G=,/i3 G’ (11) 
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Fig. IO. Energy resolution in a nonet for two different energy ranges: (a) 

I-IO GeV at the PS test beam, (b) 6-80 GeV at the SPS test beam. 

The photoelectron contribution to the resolution becomes: 

(y)*=;( ) 1+&+i (12) 

The correction factor for the dynode statistical fluctuations 

is in the range 0.15-0.27 when we consider the individual 

gains of all the tetrodes used in the calorimeter (operated at 
800 V) . 

The number of photoelectrons/GeV is obtained from 

Eq. ( 12) using the individual gains as given by Hamamatsu 
after normalizing the LED signals to 1 GeV electrons. The 

distribution for all blocks, shown in Fig. 9, gives a mean 

value of - 1430 photoelectrons/GeV with an r.m.s. of 
about 350. The RMS is dominated by the tetrode to tetrode 
variation of the photocatode quantum efficiency and by the 
variation of the transparency of the lead-glass blocks. 

5.2. Results 

Test beam results show that an electromagnetic shower is 
contained laterally in a matrix of nine blocks with a very 
small leakage amounting to 0.5% at 80 GeV. 

The Monte Carlo simulation was used to estimate the 
leakage fraction escaping longitudinally from the blocks. 
This fraction depends logarithmically on the electron energy 
as expected and its contribution ranges from 0.1% at 1 GeV 
to 1.9% at 80 GeV. 
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Fig. 11. (a) Statistical contribution to the resolution from photoelectrons (bphot) and (b) its correlation with the measured resolution. 

A three-parameter fit was first used to evaluate the energy 

resolution: 

a(E)/E= /(a+-&)*+ (i)*; (13) 

where the third term is related to the equivalent electronic 

noise (GeV) and can be factorized as c = CIJ~~, under 
the hypothesis of incoherent noise and assuming the same 
behaviour for all the n blocks used in the analysis. 

The energy resolution was studied in the range between 

1 and 80 GeV using n = 9 (a nonet) and comparing the 
two independent measurements obtained at the PS and SPS 

test beam setup. The results, displayed in Fig. 10a and b, 

show that the constant and the statistical term of the two 
data sets are compatible within the estimated errors. The 
electronic noise, on the contrary, is much higher for the PS 
data as confirmed by the larger pedestal width in the PS 

Average = 0.006 
ts = 0.04 

Fig. 12. Effect of the magnetic field on resolution. 

X+ 

, Tetrode 

Fig. 13. Schematic structure of a NOMAD lead-glass. 

measurements. 
The compatibility of the two data samples allows one 

to consider in the following only results from the SPS test 
beam data for which the experimental environment is much 

cleaner. 
The results of the fit are: a = ( 1.04 * 0.03) %, b = (3.2 + 

0.2)%GeV’/*, c = (4.3 f 1.6)% GeV. The third term (c) is 

in reasonable agreement with the electronic noise (co,,&) 

as evaluated in independent measurements from the r.m.s. of 
the pedestals (on average CO = 1.4% GeV for the considered 
blocks). 

This consideration leads to a two-parameter fit after the 
deconvolution of the electronic noise from the data. This fit 
gives a constant term a = ( 1.04 f 0.01) % and a statistical 
term b = (3.22 f 0.07)% GeV”* when summing over 9 
blocks, in good agreement with the three-parameter fit. 

The value of b found in the case of n = 1 (b = 
3.3% GeV’12 after the deconvolution of the electronic 
noise) can be used to estimate the value of the statistical 
term for all the calorimeter blocks. In fact, considering that 
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Fig. 14. (a) Results of the horizontal position scan performed with 6 GeV e-, B off, between the center of LG5 (X = 0) and the center of LG6 (x = 7.9 cm) 
The lines are drawn to guide the eyes. (b) The same results with an expanded scale and compared to the 3 blocks sum. 

the two main contributions, the photostatistics (&hot defined 
in Eq. ( 12) ) and the fluctuations in the energy deposition 

(a,,) are independent, according to: 

(14) 

a value for S,, of the order of 1.4% is found, since in the 
tested block &hot is equal to 3.0%. The distribution of &hot 

for all the calorimeter blocks, presented in Fig. 1 la, provides 

a mean value of 2.9% and a standard deviation of 0.4%: this 
contribution is expected to be largely dominant for a lead- 
glass detector as can also be seen from its correlation with 

a/E in Fig. 11 b. Assuming the same systematic effects for 
all the blocks (i.e. the same value for the constant term a and 
the same statistical contribution from the energy fluctuations 
S,, ) , the final estimate for the average value of b in single 
blocks is then (3.2 f 0.3)%GeV”‘. 

The effect of the magnetic field on the energy resolution 
was also checked. For a sample of 52 glass blocks the change 
in resolution at 10 GeV between B = 0 and B = 0.4 T was 

measured. The average change, 0.006 f 0.005, is consistent 

with zero (Fig. 12). 

6. Signal uniformity 

Monte Carlo calculations foresee a uniform response of 
ECAL to electromagnetic particles in spite of the asymmetry 
of the geometrical layout in the lead-glass/tetrode coupling 
(Fig. 13). In fact about half of the e.m. shower light comes 
from electrons below the critical energy, whose directions 
are not correlated to the initial direction of the particle start- 
ing the shower. The case is different for a going-through 
particle as a muon, as will be discussed in Section 9. 

Systematic studies were done at the PS T9 and SPS X5 
e- beams in order to test the response uniformity of the 

calorimeter as a function of the impact point and the inci- 
dence angle of the incoming particles. Measurements were 
done using e- beams between 2 and 10 GeV, with and with- 
out a B = 0.4 T transverse magnetic field. 

To simulate the preshower effect on the e.m calorime- 
ter in NOMAD, some of the tests were performed using a 
preshower made of a lead layer 0.9 cm thick followed by a 

scintillation counter positioned just in front of the blocks. 

6. I. Position dependence 

A matrix of 3 x 3 lead-glass blocks (nonet), was tested 

at the PS T9 test beam with electrons at an energy of 6 GeV. 
The electron beam was impinging at normal incidence on 

the nonet front face. 
The results of a horizontal scan between the centers of two 

adjacent blocks of the nonet, LG5 and LG6 (x = 8 cm), are 

presented in Fig. 14. Fig. 14a shows the signals of the two 

individual blocks and their sum as a function of the e- im- 
pact point coordinate on the lead-glass. The vertical axis of 
this plot gives the average ADC counts of each lead-glass at 

the given position, pedestal subtracted and normalized to the 
value of the central block. Fig. 14b displays, on an expanded 

scale, the signal obtained summing two and three blocks, 

respectively. The total signal of the three blocks LG4, LG5 
and LG6 is constant to better than f0.5% and independent 
of the e- impact point also at the boundary between the two 
blocks (crack). Comparing the signal summed over two and 
three blocks at the center and at the crack, the lateral leakage 
for a single block can be derived. The leakage is - 2% as 
expected from Monte Carlo calculations. The energy reso- 
lution is m/E - 2.7%, independent of the electron impact 
point coordinate. 
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Fig. 15. Horizontal position scan performed with 6 GeV e- and B = 0.4 T. 

Selecting electrons hitting very close to the crack (within 
50.5 mm) a low-energy tail was detected in the output signal 

distribution summed over two blocks, while the peak value 

is equal to that measured in the center of the block. This 

effect is generated by particles entering almost at normal 
incidence in the crack and propagating a few centimeters in 

the wrapping material. The crack position and its width are 
well represented by the distribution of the impact point on 

the front surface of the block for the events belonging to the 

low-energy tail. The g of the distribution is of the order of 
600 pm to be compared with the thickness of the wrapping 

amounting to 250 pm. 
Uniformity tests were performed placing the lead-glass 

nonet in a uniform magnetic field B = 0.4 T oriented with 

respect to the tetrodes as in NOMAD. In this condition, 

as discussed in Ref. [3] the tetrode response is no longer 
uniform over the whole photocatode surface; however no 

degradation in the performance was observed as shown in 

Fig. 15. 
Similar results were also obtained with an e- beam of 

lower energy (2 GeV) and the preshower placed in front of 

the lead-glass blocks. 
In conclusion the ECAL is hermetic, except for the very 

unlike case in which particles are impinging perpendicularly 

to the front face at f0.5 mm around a crack. 

6.2. Angular dependence 

An angular scan of the ECAL response to the SPS X5 
e- beam ( & = 10 GeV) was performed placing three lead- 
glass blocks (triplet) in a magnetic field oriented with re- 
spect to the tetrodes as in NOMAD. 

The whole triplet was rotated around the vertical axis in 
5” steps pivoting on the center of one of the lateral blocks 
in order to have better shower containment at large angle. 
Data were taken with B = 0 and B = 0.4 T. 

Fig. 16a, b show the signals summed over the three blocks: 
a decrease of 2% when B = 0.4 T and of 4% when B = 0 T 
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Fig. 16. Signal of IO GeV electrons as function of the incidence angle 0 

with B = 0 (a) and B = 0.4 T (b). Monte Carlo data are normalized to 

the measured point at 0’. 

is observed as the incidence angle 0 increases from 0” to 
20”. Data at small angles (8 6 5”) should be corrected for 

a lateral leakage amounting to (2 f 0.5)%. A systematic 

error due to the uncertainties in the corrections and in the 
triplet position was estimated to be of the order of (0.7- 

1 .O) %. The Monte Carlo results, also shown in the previous 

figures, predict a decrease of 3.4% at B = 20”. This decrease 
can be explained by the loss in the efficiency of propagation 
of the light emitted by the core of the shower 6 and by the 

larger absorption of the light due to the increased distance 
between the shower and the tetrode. 

The dependence of the measured amplitude (energy) 
from the incidence angle can be empirically described by 
the relation: 

E = E(e)/&os(e). (15) 

Given the rather good agreement between data and Monte 
Carlo it is possible to use the Monte Carlo predictions to 
extrapolate this relation to any incidence angle. 

The measured energy resolution, FE/E Y 2.2%, is also 
independent of the incidence angle. 

7. Space resolution 

The simplest and most natural method to determine the 
shower position in hodoscopic calorimeters is the center of 
gravity method: 

6 The Cherenkov cone produced by tracks parallel to the axis is propagated 
by total internal reflection while for tracks at an angle with the axis a 

fraction of the Cberenkov cone touches the side walls at an angle greater 

than the critical angle and is less efficiently propagated. 
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Fig, 17. Correlation between measured and reconstructed position in the I 

direction. 

xR = c; EX, 
C, Ei 

(16) 

where E; and Xi are the deposited energy and the coordinate 
of the center of the ith block, respectively; the sum expands 

over all the blocks included in the cluster. 

A lead-glass matrix (16 x 4) was irradiated uniformly 
with 10 GeV electrons over a region of approximately 160 x 

220 mm to measure the space resolution of the calorimeter. 

The position of incoming particles was measured using a 
delay wire chamber with 200 pm resolution ( see Section 2). 

Since the Moliere radius for the NOMAD calorimeter 

compares well with the block dimensions, the largest part 
of the shower energy is deposited in one block. As a conse- 
quence, a nonlinear relationship between the measured and 

reconstructed positions is observed both in x and y direc- 
tions as shown in Fig. 17, giving a large bias in the position 

estimate. 

In order to remove such systematic effects a fit to these 
data can be performed using the function: 

XM =a1 fUl,tan(@XR +a!), (17) 

where XM and XR are the measured and the reconstructed 
position, respectively. The residual distributions (Fig. 18a. 
b) are symmetric and no systematic shifts remain after cor- 
rections. Since the fluctuations in the original reconstructed 
position XR are small, this algorithm provides a good overall 
resolution of the order of 4 mm in both x and y directions. 

The space resolution is also expected to be a function 
of the position with respect to the center of the block, the 
shower containment being a factor that can increase the mea- 
sured fluctuations in energy deposition. This behaviour is 
shown in Fig. 19 for the y direction, where a factor of 3 vari- 
ation is found between the center and the edge of the block. 

250 

X,-X, [mm I 
Fig. 18. Difference between measured and reconstructed position after the 

cotTections of Eq. (17) (see text). 

0 

position [ mm 1 

Fig. 19. Space resolution as a function of the position inside the block. 

The position resolution is observed to slightly worsen with 
the incidence angle of the particle, due to the additional 
fluctuations coming from the longitudinal shower profile for 
0 # 0”. 

8. 72 rejection 

The PRS and the ECAL signals can be used to separate 
electrons from pions. The test beam setup for these mea- 
surements is the same of the setup discussed in Section 3.2. 

The PRS signals, expressed as sum of horizontal and verti- 
cal planes, both normalized to one mip, for 5 GeV pions and 
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Fig. 21. PRS vs. ECAL signals for 5 GeV v’s (small dots). The events falling in the 90% efficiency region for electrons (solid lines) are marked with big 

dots, while the events surviving the PRS plane asymmetry cut and the cluster shape cut are marked by circles and black circles, respectively. The lower 

horizontal line represents the recalculated 90% efficiency limit on PRS to take into account the effect of the PRS plane asymmetry cut on electrons. 

electrons are shown in Fig. 20a; the energies deposited in a 
ECAL nonet, corrected with PRS signals following Eq. (8)) 

are shown in Fig. 20b; PRS vs. ECAL signals for electrons 
are shown in Fig. 20~. The 90% electron detection efficiency 
is obtained when the ECAL signal is within f3~ from its 
mean value and when a proper threshold, PRSTHR. is fixed 
on the same plot for the PRS signal, see Fig. 20~. 

Fig. 2 1 shows the same distribution for 7 where 5 1 events 
out of a sample of 36624 fall in the 90% efficiency region 
for electrons. 

The rr contamination can be reduced with a cut on the 
ratio of the PRS planes signals: a particle is considered to 
be a 7r only when the signal in one plane does not exceed 

by taking into account the cluster shape, a cut was applied 
requiring that the energy outside the central ECAL block is 

lower than 0.2 the signal in the central block. Under these 
conditions the rr/e contamination is reduced to - 2 x 1 0W4 
without affecting the e- detection efficiency. 

The final m/e rejection, for normal and central incidence, 
is shown in Fig. 22 as a function of energy. 

From the experimental data a parametrization of the 
PRSnla energy dependence is obtained (PRSma is given 
in units of mip). 

It turns out that 

PRSmn(E) = 3.2 + 1.35E(GeV) (mip). (18) 
the signal of the other by more than a factor of 5. Moreover, when the cut on the ratio of the two planes is not used and 
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PRSma(E) = 2.3 + 1.3E(GeV) (mip), (19) 

when the cut on the ratio of the two planes is used. 

9. Muon signal 

The NOMAD experiment collects about 20 muon triggers 

between the two neutrino spills in each SPS cycle for align- 
ment and calibration purposes. These muons can be used to 

monitor the calorimeter response in parallel with the LED 

system [4] since the value of their signal peak is approxi- 
mately energy independent in their energy range (from 5 to 

50 GeV). 
The muon signal in the lead-glass is mainly due to the 

Cherenkov light emitted by the muon itself, giving a num- 
ber of photoelectrons corresponding to an energy of about 
0.55 GeV (see Fig. 23). 

However, the particular block geometry together with the 

asymmetry in the light detection caused by the phototetrode 

position (Fig. 13) introduces a dependence of the signal 

0 PRS-ECAL 

+ PRS plane asym. 
+ cluster shape 

lo-‘kt ,,,(,,,,,,,,/,,,,/,,,,,,,,,[,,,,/,,,,,,,, Ij 
0 12 3 4 5 6 7 8 9 

Beam energy (t&V) 

Fig. 22. a/e rejection factor, for 90% electron detection efficiency, 
function of the beam energy. 
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Fig. 23. Muon signal in the calorimeter. 
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Table 1 
Muon peak values ( MeV) with and without correction at different impinging 
angles 

Raw 
Corrected 

Br = 0 mrad Bx = 30 mrad Bx = 60 mrad 

536.2 f 4 521.8 zt 4 508.8 + 5 
560.0 f 5 566.0 i 4 563.0 zt 4 

S from the position and the angle of incidence of a muon 

hitting the calorimeter: 

5= S(@,,X,6,,Y). (20) 

Therefore, in order to exploit the muon Cherenkov signal to 

monitor the calorimeter response, it is necessary to correct 
for this effect. Function S has been parametrized using both 
Monte Carlo and test beam data. 

From Monte Carlo it was observed that S factorizes as 
follows: 

5(&,x,&J,y) = EoH(&,x)K(ey,Y), (21) 

where H(O,O) = K(O,O) = 1 and EO is the calorimeter 
signal associated to a muon impinging in the center of the 
block perpendicularly to the entrance face. 

The function K is symmetric under the two transforma- 

tions 8, + -0, and y -+ -y and it was found to be the 

product of a function G( l&l) times a quadratic function 
g(Y) of the linear combination Y = y + L,B, where L, = 

70.0 cm: 

K(B,> Y) = G( le,l)g(Y). (22) 

The function H, which is not symmetric, can still be written 
as the product of a function F(0,) times a function f(X) of 

the linear combination X = x + L,fI, where L, = 53.3 cm: 

H(@,,x) = F(&)f(X). (23) 

All these functions were parametrized with polynomials 
and a check of the parametrizations was done using test 
beam data. 

Test beam measurements were performed in the X5 beam 
using 60 GeV muons impinging on a 16 x 4 blocks matrix. 
The position of the incident particle was measured by a delay 
wire chamber and a complete horizontal and vertical scan 
for three different incidence angles 8, = 0, 30 and 60 mrad 

was performed. 

Test beam data were then corrected dividing the measured 
value by the global correction function 

G(le,l)g(Y)F(e,)f(x). (24) 

Figs. 24 and 25 show the effect of the correction on the signal 
profiles plotted versus x and y. respectively. Table 1 gives 
the muon signal peak value (integrated over the block front 
face) before and after correction, for various 0, angles. The 
results are compatible with an EO value of 564 + 4 MeV. 
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Fig. 24. Horizontal (a) and vertical (b) position scan wth 60 GeV muons 

impinging on the calorimeter front face at 0’ degree. Black and open circles 

represent raw values and values corrected using Eq. (23 ). respectively. 
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Fig. 25. Horizontal (a) and vertical (b) position scan with 60 GeV 

muons impinging on the calorimeter front face with an incidence angle 

0, = 60 mrad. Black and open circles represent raw values and values 

corrected with Eq. (23). respectively. 

10. Conclusions 

In this paper results on the performance of the NOMAD 
electromagnetic calorimeter (ECAL) when exposed to elec- 
trons, muons and pions test beams were presented. Devia- 

tions from linearity in the response of the lead-glass mod- 
ules were measured in the energy range I.5580 GeV, a sim- 

ple logarithmic term can account for these deviations giv- 
ing a good energy calibration. The energy calibration was 
checked by means of the 4’ mass measurement in a special 

beam setup. The energy resolution UE/E was found to have 
a statistical contribution of 3.2 + 0.3% and a constant term 

of 1%. It was also found that the magnetic field did not af- 

fect the energy resolution. Beam scans performed between 
the centers of two adjacent blocks show that the ECAL is 

practically hermetic and its response is uniform on the whole 
block surface. The ECAL response as a function of the im- 
pact angle was also measured. Combined measurements of 

the ECAL with a preshower detector similar to that used in 
NOMAD, provided an e/r rejection of about I 0-j which is 
perfectly adequate for the requirements of the experiment. 

Finally, the muon signal in the ECAL was studied: after a 
correction needed to take into account the block geometry 
and the asymmetry in the light detection introduced by the 

phototetrode position, the muon signal was found to be sen- 

sitive enough to be used as a monitoring tool, complemen- 
tary to the LED system. 
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