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We have studied the combined performance of two calorimeters, the high resolution uranium-scintillator prototype of the 
ZEUS forward calorimeter (FCAL), followed by a prototype of the coarser ZEUS backing calorimeter (BAC), made out of thick 
iron plates interleaved with planes of aluminium proportional chambers. The test results, obtained in an exposure of the 
calorimeter system to a hadr~n test beam at the CERN SPS. show that the backing calorimeter does fulfil its role of recognizing the 
energy leaking out of the FCAL calorimeter. The measurement of this energy is feasible, if an appropriate calibration of the BAC 
calorimeter is performed. 

1. Introduction 

Thc forthcoming new high energy accelerator facili- 
ties have renewed the interest in studying new solu- 
tions for calorimetric encrgy measurements. An inter- 
esting solution for optimizing energy measurements in 
terms of resolution and cost has bccn put forward by 
two experiments. ZEUS [1] and HI [2], aimed at study- 
ing high energy electron-proton scattering at the elec- 
t ron-proton storage ring HERA, currently being built 
at DESY, Hamburg. The external iron yoke and muon 
absorber, surrounding the main components of the 
detector, is instrumented to allow an energy measure- 
ment for showers leaking out of the central, high 
resolution calorimeter. 

In the casc of the ZEUS experiment, the main 
calorimeter (CAL) is a finc grained sampling calorime- 
ter made of depictcd uranium and scintillator, 4 to 7 
amt dccp [1], foilowcd by an iron backing calorimetcr 
(BACk made out of 8 to i I, 7.3 cm thick Fe plates 
interleaved with aluminium proportional tubes. As part 
of the preparation for the experimcnt, a test setup was 
built, consisting of CAL and BAC prototypes, in a 
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configuration compatiblc with the forward part of the 
ZEUS detector [1]. This setup has bcen exposed to thc 
X5 test beam at the CERN SPS, where the beam 
momentum could bc varied between 10 and 100 
G c V / c .  In this paper wc would like to concentrate on 
results obtained for the combined FCAL (short for 
forward part of the uranium calorimeter) and BAC 
prototypes. Thc results on the performance of F C A L  
and BAC as stand-alone units arc prcscnted elsewhere 
[3,4]. 

2. Experimental setup 

2.1. Beam 

Thc cxpcrimcntal setup in thc beam line is shown in 
fig. 1. The X5 bcam at thc CERN SPS pr(wides 
hadrons, electrons and muons with momenta ranging 
from 10 to l(}0 GcV/c .  For the present analysis only 
hadron events wcrc selected. A set of scintillation 
counters, B a to B4," was used as a trigger. Two 
Chcrcnkov countcrs, C l and ( ' , ,  filled with helium and 
nitrogen, rcspcctivdy, were used fl)r e lect ron-hadron 
discrimination. In addition, a set of drift chambers, 
DC i and DC_,, was used to rcjcct halo particles in the 
off-line analysis. The data used for this analysis wcrc 
collected at energies of 50. 75 and 1(10 GcV. 
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2.2. Data 

The total sample consists of 80000 events, with 
551)00 events collected at 100 GcV, 141100 at 75 GeV 
and i I 000 at 50 GeV. In order to increase the statis- 
tics of events with high energy deposits in the BAC 
prototype, some data were taken with an additional 
trigger requiring a deposit of more than 4 GeV in the 
BAC. 

2.3. FCAL calorimeter 

The FCAL prototype was built of 4 module,;, each 
consisting of 4 towers of 20 x 20 cm z. Each module is 
divided longitudinally into one electromagnetic part 
(EMC), 0.96Ain t deep, and two hadronic parts (HACI 
and HAC2), 3.09A,, u each. The total depth of the 
calorimeter, with lateral dimension 80 x 80 cm z, was 
equivalent to 7.1A,n t. The active part of the calorimeter 
is followed by a nonactive layer. This nonactive layer 
consists of mechanical supports, a layer of photomulti- 
pliers with their shieldings, and cables and was esti- 
mated to be equivalent to about 15 cm of iron. The 
main parameters of the FCAL prototype are summa- 
rized in table 1. The calibration of the FCAL towers 
was based on lateral electron and muon scans and was 
monitored by regular measurements of the signal from 
the uranium radioactivity. The energy resolution ob- 
tained for fully contained hadronic showers is about 
35%/v/-E -. For details the interested reader is referred 
to ref. [3]. 

Table 1 
Main parameters of the FCAL prototype 

FCAL calorimeter 

EMC section llA('I. ItA('2 

Absorber material depicted uranium {I)U~ 
Absorber cladding stainless steel 
Readout material SCSN-38 scintillator (SCI) 

DU thickness 
[mm] 3.3 3.3 

Cladding thick- 
ness [mm] 0.2 11.4 

SC! thickness 
[mm] 2.6 2.6 

Number of 
layers 25 80 

Section length 
[cm] 24 cm 64 cm 

26 X. 85 X o 
0.96A inl 3.119A tnt 

Transverse 
segmentation 

[cm 2 ] 

Total depth 
[cm] 

Total cross- 
sectioll [cm 2 ] 

Optical readout 

5 x 20 211 x 20 

152 
196 X. 
7.1Xint 

NO x 80 

WLS + light guides 
+ photomultipliers 

2. 4. BA C calorimeter 

The prototype of BAC was made out of 11 iron 
plates of 2 x 2 m 2, 7.3 cm thick, interleaved with 10 
layers of aluminium proportional chambers, 12 in each 
layer. Each chamber contains 8 cells, !.1 × 1.5 cm 2, 
with a 50 i.tm gold-plated tungsten wire in the center of 
each call. A gas mixture of 87% Ar + 13% CO,, was 
used, and the high voltage was set at !.785 kV. Signals 
both from the wires and from the cathode planes 
(so-called pads) could be used to determine the de- 
posited energy. The pad towers are obtained by sum- 
ming in depth signals from the 50 x 50 cm 2 cathode 
pads. The wire towers arc obtained by summing up in 

depth the 53 x 200 cm2 wire planes. The signals from 
the towers (12 pad towers and 3 wire towers), after 
shaping, are read by an 8-bit Flash-ADC, working with 
a 96 ns clock. The results presented in this paper were 
obtained by using signals from the wire towers only. 
With this readout the energy resolution obtained for 
hadrons was about 120%/C-E-. The details of the read- 
out, the signal definition and the calibration procedure 
of the BAC prototype can be found in ref. [4]. 

2.5. Veto calmqnleter 

In addition to the FCAL and BAC prototypes, a 
third calorimeter was used to monitor energy leakage 

B4 

B! B21 ilS:.  D(I D( 2 

II !L 

d( (ld Or~o 

FCAL 

W 
BAC Y2 

B5 

g 

Fig. I. Experimcnl,d setup {not to scale). 
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Table "~ ,k ,  

Main parameters of the BAC" prototype and the veto 
calorimeter 

BAC prototype Veto calorimeter 

Absorber material 
Readout medium 
Gas mixture 

Absorber thick- 
ness [cml 

Number of absorb- 
er layers 

Number of cham- 
ber planes 
Total length lcm] 

iron 
aluminium proportional chambers 

87% Ar + 13% CO, 

7.3 5.O 

II 9 

I0 8 
! 15 73 
46 X u 26 X o 

4.9A i,. 2.8A . .  
Total crosssection 

[m"] 2 x 1.6 0.96 x 1).88 
Readout anode wires cathode planes 

out of the whole calorimeter system, and to reject 
muon events. This veto calorimeter was made of 9 iron 
plates of 88 × 96 cm 2, 5 cm thick, interleaved with 8 
layers of aluminium proportional tubes, the same as for 
BAC. Signals from pads were summed in depth in 
three towers and read out by the 2249A LeCroy ADC. 
In the analysis, only those events were used for which 
the signal in the veto calorimeter was smaller than 0.05 

I GeV, equivalent to about ~ of the mean muon signal. 
At 100 GeV this requirement rejects about 2.4% of 
hadronic events. In table 2 the main parameters of the 
veto calorimeter are compared with those of the BAC 
calorimeter. 

energy of about 100 GcV, at least 95"?;, of the cnergy is 
contained within the calorimetcr [I,5]. The contribu- 
tion of evcnts wilh energy leaking from FCAL can be 
substantially suppressed by applying cuts on the signal 
in the veto system consisting of the ~1 muon chamber 
located between FCAL and BAC and BAC itself. A 
cut of 0.5 GeV on the signal in the veto system, 
corresponding to less than one minimum ionizing parti- 
cle, rejects at 100 GeV about 30% of all the events. As 
can be seen from fig. 2, where the total cnergy in the 
FCAL is plotted against the fraction of cnergy de- 
posited in HAC2, even the 0.5 GeV cut does not reject 
all the noncontaincd events, due to the nonactive layer 
between FCAL and BAC. For events in which most of 
the energy is deposited in the HAC2 scction of FCAL, 
the calorimeter response decreases. The measured en- 
ergy for these events can be corrected, by taking into 
account the correlation between the total energy 
meausured in FCAL, Eov ,  and the fraction of energy 
r=  EHAc2/EDu deposited in HAC2 (see fig. 2). 

The dependence of the most probable Et~tJ as a 
function of r is shown in fig. 3. For the sake of 
completeness, the fraction of events in a given r bin is 
shown in fig. 4. The effect of missing energy for events 
with large energy deposits in HAC2 has also been 
observed in 50 and 75 GeV hadron runs. This is shown 
in fig. 5, where the correction to the total energy 
measured in FCAL is plotted against r, for the 50, 75 
and 100 GeV runs. For r_< 25%, the correction is 
compatible with zero. For r > 25% the correction does 
not depend on the beam energy and can be well 
approximated by a linear function. In further analysis, 

2.6. Muon chambers 

Two planes of the aluminium proportional cham- 
bers (same type as for BAC and the veto calorimeter) 
were also used as muon chambers. They were placed in 
front of and behind BAC (see fig. 1), as in the ZEUS 
detector [1]. For both planes, only the pad signals were 
read out. The first plane, Ix i, can be used to correct for 
losses in the nonactive material behind the FCAL 
prototype. The second one, Ix,, was used to improve 
the efficiency of the leakage veto. The percentage of 
leaking events rejected, including the muon chamber 
information, increases to 3.2% at 100 GeV. Those 
events were removed from the sample used for further 
analysis. 

3. Performance of the combined FCAL and BAC 
calorimeters 

The depth of the FCAL prototype is such that for 
90% of showers initiated by single hadrons with an 
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Fig. 2. Total energy deposited in the FCAL modules, EDU, as 
a function of the fraction of Eou measured hi the HAC2 
module, for 100 GeV hadron beam, for events with no signal 

in the veto system (P,i and BAC). 



it. Abramowic'.. et al. / httercalihmtion of ZI-US calorimeter,~ 12~ 

l lO  

m 

0 0 • • 

I 
t 
T 
n 

I 
9o~ ! 

! 

L _ _  

O 

O 
O 

O 

I 

0.0 0 25 050 0.75 IO0 
E I.IXC2 /E0u 

Fig. 3. Dependence of the most probable value of the total 
energy distribution as measured in the FCAL prototype. EDu, 
on the value of the fraction of EDu measured in HAC2, for 
100 GeV hadron beam, for events with no signal in the veto 

system (~t t and BAC). 
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Fig. 5. The fractiomd correction to the energy measured in 
the FCAL prototype. EDL,. as a function of the fraction of 
EDu measured in HAC2. for hadron energy Eo = 50. 75 and 
100 GeV. as indicated in the plot, for events with no signal in 

the veto system (ix t and BAC). 

the co r r ec t ion  d e t e r m i n e d  f rom the  sample  of  events  
with no  l eakage  to the veto system is app l ied  to all the  
events  of  the  sample ,  d e p e n d i n g  on  t he i r  r value. 

The  ene rgy  dis t r ibut ion of  the  100 G e V  hadrons ,  
for events  wi th  no  leakage in to  the  veto system, is 
shown in fig. 6, a f te r  applying the  co r rec t ion  descr ibed 
above. The  d i s t r ibu t ion  is over layed  wi th  a Gauss ian  fit 
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Fig. 4. The percentage of events with a given fraction of El)tj 
measured in HAC2 as a function of this fraction, for 100 GeV 
hadron beam, for events with no signal in the veto system (~n 

and BAC). 

which gives a r e so lu t ion  of  3 8 % / v ~ -  for  100 GeV 
hadrons .  This  n u m b c r  is not  in con t r ad ic t ion  with thc 

3 5 % / V ~ -  d e t e r m i n e d  in previous tests [3], since it is 
ob ta ined  wi thout  cor rec t ing  for the m o m e n t u m  spread 
of  the beam and  the  e lcctronic  noise.  Dur ing  thc 
course  of the runs discussed in this paper ,  the momen-  

1000 

t "  

:~ 100 

10 

f i! 
tli 

75 100 ED U [GeV] lZ5 

Fig. 6. Energy distribution for 100 GeV hadron events fully 
contained in the FCAL prototype (as determined by the veto 
system), after correction applied for the energy, missing in 
HAC2. Overlayed (dashed line) is the result of a Gaussian fit 

to this distribution. 
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Fig. 7. Distribution of the energy measured in the FCAL 
prototype alone, for 100 GeV hadrons, with no cut longitudi- 

nal energy leakage. 
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Fig. 8. Correlation between the BAC signal and the energy 

measured in FCAL for a 100 GeV hadron beam. 

tum spread of the beam (estimated to bc about 1.5%) 
was not measured on an event-by-event basis, but its 
influence on the intercalibration of FCAL and BAC is 
negligible. 

3. I. lntercalibration o f  the FCAL and BAC calorimeters 

The intcrcalibration between FCAL and BAC was 
studied only for those events which do not leak out 
into the small veto calorimeter. The distribution of 
energy measured in F C A L  for 100 GeV hadrons, for 
all events, including those leaking into BAC, is shown 
in fig. 7. The distribution is asymmetric, with a long tail 
of events with significantly underestimated total en- 
ergy. For over 5% of the events the meausured energy 
is below 3o" from the most probable value. However, 
there is a clear correlation between signals from the 
FCAL and BAC calorimeters as shown in fig. 8, indi- 
cating that the backing calorimeter is sensitive to the 
amount of energy leaking from FCAL. Therefore BAC 
can be used not only to select a sample of events fully 
contained in the uranium calorimeter, but also to mea- 
sure the leaking energy. 

The measurement of the energy leakage can be 
improved by making use of the signal from the first 
plane of muon chambers, placed between the FCAL 
and BAC calorimeters. This signal carries an addi- 
tional information about the longitudinal shower pro- 
file, reflecting the number of charged particles entering 
the BAC cMorimctcr. The response distribution for the 
muon chambers, for 100 GeV hadron events, is shown 
in fig. 9. A single particle peak is clearly separated 

from the pedestal (reflecting showers fully contained in 
the FCAL calorimeter), and a long tail of events with 
many charged particles escaping from the F C A L  is 
observed. About 30% of hadronic showers leak out of 
the uranium calorimeter, with a mean multiplicity of 
3.5 charged particles entering the BAC calorimeter 
(the mean muon response is about 75 ADC channels). 

The calibration of BAC and of the first layer of 
muon chambers, i.t I, is determined by optimizing the 
resolution of the energy distribution obtained by adding 

104 
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10o~ . . . .  I , 

0 200 
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400 600 800 
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Fig. 9. The response distribution of the first layer of muon 
chambers, g~. placed between the FCAL and BAC proto- 

types, for 1()[1 GeV hadrons. 
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Fig. 10. One standard deviation contours fi)r the calibration 
constants of the BAC prototype (CBA(.) and the P-I muon 
chamber (%), as obtained for 100 GeV events from optimiza- 
tion of four different resolution estimators, as indicated in 

the plot. 

the FCAL response to the BAC and muon chambers 
response weighted appropriately: 

E = EDU + CBAcSBA (. -4- cptSp, 

where CBA c ,  C¢ are the calibration constants and SBA(-, 
S~ are the signals measured in BAC and the muon 
chambers respectively. 

However, the energy distribution obtained by adding 
the response of the two different calorimeters tends to 
develop non-Gaussian tails. In that case the optimum 
resolution is not uniquely defined. In order to describe 
the response distribution we have determined the posi- 
tion of the maximum, by fitting a Gaussian function in 
a limited range around the maximum, and the FWHM, 
by fitting separately the two slopes of the distribution. 
We have tried to use the following quantities as estima- 
tors for the resolution: 
- t h e  width oi' the distribution determined from 

FWHM, 0. = FWHM/V~ In 2 ; 
- the rms of the distribution in the range of +30- 

around the maximum; 
- the fraction of events outside of the +3tr range 

around the maximum ~ f.~,~; 
- the rms of the whole distribution. 

All four quantities described above can be mini- 
mized by varying CBA c and c~ and they all give consis- 
tent results. This is shown in fig. 10, where contours of 
one standard deviation from the minimum are plotted 
for the four resolution estimators, for 100 GeV hadrons. 
The width of the distribution, as oblained from FWHM, 
or from the rms in the +30- range, does not depend 

strongly on ('l~A(" and %.  as most e f  |he cvcnts arc wclm 

contained in FCAL giving no significant signal in BAC. 
These two quantities give thus weak constraints ~n 
('l~,x( and c,~. Stronger conslraints are ~btained when 
the tails of the dis|ribution (in terms of rms fi~r the 
whole distribution, or J'3.,) arc minimized. Based on 
these considerations, the calibration constants cB,~¢ 
and c~, arc determined from the rms minimization, as 
this quantity is sensitive to both the width and the tails 
o f  the d~:,:ribution, and gives a more reliable estimate 
of errors. After checking that the calibration cemstants 
do not depend substantially on the beam energy, the 
constants were determined in a combined analysis of 
the 50, 75 and 100 GeV data: 

CBA (, = 0.82 + 0.02 GcV/ch.  

¢'~ = 0.0(194 + 0.0003 GeV/eh.  

For comparison, the calibration constant fi)r the 
O stand-alone backing calorimeter is CBA (. = (:).69 + 0.01. 

The difference in the calibration constants may reflect 
a different composition of showers entering BAC in 
each case. In our previous test setup [6], the iron plates 
of the backing calorimeter were interleaved with plas- 
tic limited streamer tubes filled with a mixture of 
isobutane and argon. The calibration constant obtained 
in the stand-alone mode was then bigger than the one 
obtained in the intercalibration of the uranium and 
iron calorimeters. This increase of signal observed in 
BAC for a given energy deposit was partly attributed to 
the flux of neutrons originating in uranium. The effect 
of the neutron flux, in the case of the aluminium 
proportional chambers filled with a nonorganic ga~. is 
expected to be negligiblc. 

The correlation between the ener~'  seen in FCAL 
and the leaking energy measured with the BAC 
calorimeter and the muon chambers, after calibration, 
is shown for 100 GeV in fig. 11. We have checked the 
linearity of the calibration by studying the fraction of 
measured energy missing in the calorimeters as a func- 
tion of the fraction of energy deposited in BAC. The 
results are shown in fig. 12. We have used for this 
study the 50, 75 and 100 GeV hadron runs. For events 
with energy deposits in BAC up to 25~ of the total 
measured energy, the linearity of our calibration is 
good. In about 1¢~ of all the events (see fig. 13). those 
with high energy deposits in BAC. wc may miss up io 
about 40f~ of the total energy. Those are events with 
small energy deposits in FCAL and possibly with high 
energy losses in the nonactive material that we are 
unable to account for, without destroying the lincarity 
of our intercalibration. We cannot exclude that part of 
the missing energy might have escaped through the 
back plane of the BAC without entering into the veto 
calorimeter, whose lateral size is smaller than that of 
lhc BAC. 
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,~.,~. bnpac t  o f  the backing  calor imeter  on the total  
energy, measurement  

We have studied the resolution of the uranium 
calorimeter and of the system of both calorimeters 
(with muon chambers included in the BAC measure- 
ment) as a function of a cut applied in the BAC 
prototype. The influence of this cut on the width of the 

distribution (in terms of o- from FWHM) is shown in 
fig. 14. The cut on the BAC calorimeter improves the 
energy resolution from (40.8 + 0 . 3 % ) / V ~  to (38.1 + 
0.3%)/V~- after rejecting about 30% of events. By 
adding the measured leakage (without reducing the 
number of events) the resolution is improved from 
(40.8 + 0.3%)/v~" to (39.9 + 0.3%)/v/E -. The influ- 
ence of the BAC calorimeter on the energy measure- 
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Fig. 12. The ratio of  the mean energy missing in the whole 
calorimeter system, A E (determined from the nominal beam 
energy), to the total energy measured, Esum, as a function of 
the fraction of energy deposited in BAC, for 50, 75 and 100 

GeV hadron events, as indicated on the plot. 
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momentum spread is not subtracted. 
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ment is more apparent when one considers f3,,- When 
correcting for energy leakage, the tails of the distribu- 
tion are reduced from 4.86 + 0.12% to 1.94 + 0.07% 
for all events. When selecting a sample of events fully 
contained in the FCAL prototype, f3,, is reduced to 
0.41 + 0.04%. The results on f3,T are presented in fig. 
15. 
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Fig. 16. The energy resolution ¢r/~/E as a function of the 
incident beam energy E o, for the FCAL prototype alone (with 
and without the leakage cut in BACk and for the combined 

FCAL and BAC prototypes, as indicated in the plot. 

All results discussed above were obtained for a 
beam energy of 100 GeV. We have also studied the 
influence of BAC on the energy measurement for 
hadron beams of 50 and 75 GeV. The results on thc 
resolution of energy measurement and the tails of the 
energy distribution, with and without cuts, for 50. 75 
and 100 GeV hadron runs are summarized in figs. 16 
and 17. The influence of BAC on the width of the 
energy distribution is not significant at 50 GeV. It 
becomes visible at 75 GeV, if we use the BAC proto- 
type to reject leakages, whereas adding the BAC signal 
improves the resolution only at 100 GeV. The tails of 
the response distribution also increase with energy,, 
when the BAC information is not used (see fig. 17). 
Correcting for the estimated leakage can reduce f3,, 
by ever a factor of 2. A cut of 1% on the energy 
leakage into BAC can suppress f3~ to a constant level 
of less than 1%. From figs. 16 and 17 we may infer that 
the backing calorimeter will be of special importance, 
when measuring the high energy jets in ZEUS. 

4. Conclusions 

We have studied the performance of the combined 
prototypes of the high resolution uranium calorimeter 
of the ZEUS detector and a much coarser backing 
calorimeter. The role of the backing calorimeter is to 
monitor the energy leaking from the uranium calorime- 
ter. The test results, obtained in an exposure of the 
calorimeter system to a hadron beam at the CERN 
SPS, show that the backing calorimeter does fulfil its 
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role vet), well, The measurement of the leaking energy 
is feasible, if only the calibration of the BAC calorime- 
ter is corrected with respect to the stand-ahme one. 
Also the muon chambers located between the two 
calorimeters can be used to improve the energy mea- 
surement through better  estimation of energy losses il~ 
a nonactive material behind the uranium calorimeter. 
it was verified that the intercalibration of the two 
calorimeters does not depend on the beam energy and 
is linear for energy deposits in the backing calorimeter 
up to about 25% of the total energy, The backing 
calorimeter can be used either to select a high resolu- 
tion sample of events fully contained in the uranium 
calorimeter, or to correct for leakage by adding the 
signals. In both cases the energy measurement is im- 
proved. 
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