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Abstract

The energy resolution and the e/p ratio of a lead/plastic-scintillator sampling calorimeter were measured for various
volume ratios of the lead thickness to the scintillator thickness. For this purpose, a hanging-"le-type calorimeter module
was constructed in which the thicknesses of the lead absorber and the plastic-scintillator plates were able to be altered
very #exibly. The thicknesses of the lead and the scintillator plates can be changed by a 2 mm step form 4 to 16 mm and
from 2 to 6 mm, respectively. We measured energy resolution for electrons and pions with the calorimeter module as
a function of the thickness of a lead plate in the energy range 1}4 GeV. The best energy resolution for pions was obtained

to be 33.6%/JE with the con"guration where the thicknesses of the lead and the scintillator plates were 4 and 2 mm,
respectively. The e/p ratio was measured in the energy range 1}4 GeV. The compensation was found to be achieved for
the lead thickness of 9.1$0.3 mm in the case of 2 mm-thick scintillator. ( 1999 Elsevier Science B.V. All rights
reserved.
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Fig. 1. Schematic view of the hanging-"le type calorimeter module.

1. Introduction

In the future linear collider experiments, a good
hadron energy measurement is indispensable to
have good sensitivities to new physics as well as to
perform precise measurements of the Standard
Model [1]. To achieve a good hadron energy res-
olution, compensation plays a crucial role in samp-
ling calorimeters [2]. In general, the pulse height of
calorimeter is di!erent for electromagnetic (EM)
showers and for hadron showers. The compensa-
tion is a condition that a calorimeter is made to
have equal pulse height for EM showers and for
hadron component in hadron showers; namely,

e/h,

pulse height for EM showers

pulse height for hadron component in hadron showers
"1 (1)

for the compensated calorimeters. This minimizes
the degradation of hadron energy resolution due to
#uctuation of the EM component in hadron
shower development, and hence minimizes non-
Gaussian behaviour and constant term of energy
resolution and achieve good linearity for energy

measurement. This condition can be achieved by
adjusting the calorimeter con"guration properly;
what to use for active and absorber materials, and
their thicknesses.

Experimentally e/p ratio is commonly used to
estimate a degree of compensation. The e/p ratio is
de"ned as

e/p,
pulse height for EM showers

pulse height for charged pions
. (2)

Empirical relation between the e/h ratio and the
e/p ratio is described in Ref. [3]. The result of some
experiments about e/p ratio [4}6], and calculations
of e/h ratio [2] indicate that a calorimeter consist-
ing of lead and plastic scintillator with a volume
ratio of about 4 : 1 may achieve compensation.
However, the e/p ratio approaches 1.0 at
higher energies regardless of compensation due to
increase of p0 component in the hadron shower.
The results of the above experiments are e/p&1.1
for E410 GeV, and more systematic study
is necessary to con"rm the achievability of
compensation.

As mentioned above, the e/h ratio, or the e/p
ratio, is a function of the volume ratio of the
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absorber and the active material [2]. However, it
has not been measured systematically for the
combination of lead and plastic scintillator. For
this purpose, we constructed a hanging-"le type
calorimeter module and performed beam tests to
measure the volume ratio dependence of the energy
resolution and the e/p ratio.

In Section 2, we describe the optical character-
istics of the plastic scintillator tile/"ber system used
for the calorimeter module. The experimental setup
is brie#y described in Section 3. The analysis pro-
cedure is described in Section 4. The results are
given in Section 5.

2. Calorimeter module

The calorimeter module consists of lead absorber
and plastic scintillator plates of `hanging-"lea
con"guration, where the absorber plates and scin-
tillator plates are hung over a pair of parallel be-
ams, as shown in Fig. 1. The thicknesses of the lead
plates can be changed from 4 to 16 mm with a step
of 2 mm. The thickness of the scintillator plates is
"xed to 2 mm for measurements described in this
paper.

Tile/"ber techniques are employed in order to
easily alter the absorber thicknesses and optical
readout system. The optical con"guration of the
tile/"ber system is shown in Fig. 2. A scintillator
plate is 1]1 m, and 2 mm thick. Each scintillator
plate has six straight grooves with a key hole shape
with a groove distance of 20 cm. The four sides of
the plates are painted white with TiO

2
-based emul-

sion paint (Nippon Paint &Odecoat'). The scintil-
lator plates are covered in TiO

2
-added white PET

"lms. The "ber is made up of a 1 m long wave-
length-shifter "ber (WLS "ber) spliced at the each
end to a clear "ber by a heat-fusing method [11].
The diameter of the "bers is 1 mm. Kuraray
SCSN38 and SCSN88 polystyrene-based scintil-
lators and Y11 multiclad WLS "bers [7}10] are
used.

In the beam tests, clear "bers from "ve success-
ive scintillator layers are bundled to make a
superlayer. Each side of the clear "ber bundle
is connected to a phototube (HAMAMATSU
H1949).

Fig. 2. Optical con"guration of the tile/"ber system for the
hanging-"le type calorimeter module.

The light yield of the tile/"ber systems was mea-
sured at a test bench using penetrating b-rays from
a 90Sr source. Response mapping was carried out in
both parallel and perpendicular directions to the
WLS "bers using an automatic scanning system. In
the direction perpendicular to the "bers, the light
yield peaked at the points near the "bers as shown
in Fig. 3. In the direction parallel to the "bers, the
light yield was fairly #at except the points near the
tile edge as shown in Fig. 4.

The distribution of the average light yield and
non-uniformity in the direction perpendicular to
the "bers (except the points near the "bers) are
shown in Fig. 5. The mean light yield and its rms
variation were 1.7 photoelectrons/mip (minimum
ionizing particle) and 14.3%, respectively. Note that
the variation did not include those of the PMTs
and clear "bers used for the beam tests: we used
the same system through the test bench measure-
ments. The mean and rms variation of non-uni-
formity in a tile in the direction perpendicular
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Fig. 3. Light yield vs. position scanned across the WLS "bers
(along the vertical arrow (X) shown in Fig. 2).

Fig. 4. Light yield vs. position scanned along the "bers from the
center to the edge of the tile (along the arrow (>) shown in
Fig. 2).

to the "bers (except the points near the "bers)
were 5.0 and 2.7%, respectively, while the non-
uniformity in a tile in the direction parallel to the
"bers was 3%.

Fig. 5. Distribution of the average light yield (top) and its
non-uniformity in a tile (bottom) in the direction across the
"bers (except the points near the "bers).

The calorimeter con"gurations are summarized
in Table 1.

3. Experimental setup of the beam test

The beam test was carried out at p2 beam line of
KEK-PS in two periods, from February to March
and from May to June in 1997 which we call T405
and T411, respectively. Experimental setups are
shown in Fig. 6.

The measurements were performed with nega-
tively charged particles. The beam energy was set to
1, 2, 3 and 4 GeV. The momentum bite of the beam
was 1% (FWHM). The beam was unseparated and
contains pions, muons, and electrons. The beam
was de"ned by coincidence of scintillation trigger
counters S1, S2, and S3 in T405, and S1, S2, S3, and
S4 in T411. The electron trigger required a coincid-
ence between the beam signal and the signals in
both Cherenkov counters C1 and C2, "lled with
CO

2
gas where the pressure of the gas was set

to be 1 atm. The muon trigger required a co-
incidence between the beam signal and the signals
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Table 1
Calorimeter con"gurations tested in T405 and T411. X

0
and j

I
are radiation length and nuclear interaction length, respectively

Con"guration in T405 lead : scintillator (in mm) 8 : 2 10 : 2 12 : 2 14 : 2 16 : 2

Number of lead/scintillator layers 105 100 70 70 55
Lead thickness (mm) 8 10 12 14 16
Scintillator thickness (mm) 2 2 2 2 2
Number of superlayers 21 20 14 14 11
Number of PMTs 42 40 28 28 22
Absorber thickness of a superlayer (X

0
) 7.14 8.93 10.7 12.5 14.29

Total absorber thickness (j
I
) 4.92 5.85 4.92 5.73 5.15

Total absorber thickness (X
0
) 150.0 178.7 150.0 174.7 157.1

Average density of the calorimeter (g/cm3) 6.64 8.05 7.53 8.35 8.22

Con"guration in T411 lead : scintillator (in mm) 4 : 2 6 : 2 8 : 2 10 : 2 16 : 2

Number of lead/scintillator layers 210 160 120 100 55
Lead thickness (mm) 4 6 8 10 16
Scintillator thickness (mm) 2 2 2 2 2
Number of superlayers 42 32 24 20 11
Number of PMTs 84 64 48 40 22
Absorber thickness of a superlayer (X

0
) 3.57 5.36 7.14 8.93 14.29

Total absorbe thickness (j
I
) 4.92 5.62 5.62 5.85 5.15

Total absorber thickness (X
0
) 150.0 171.1 171.1 178.7 157.1

Average density of the calorimeter (g/cm3) 6.69 7.41 7.64 8.32 8.81

Fig. 6. Schematic layout of the setups of the beam test, (a) for T405 and (b) for T411.
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in both muon trigger scintillation counters M1
and M2 located behind the backup calorimeter(s).
The pion trigger was just the beam signal,
and muons and electrons were reduced in o%ine
analysis.

The fraction of muons in the beam was estimated
to be about 1% for the energy of 4 GeV (T405). The
fraction of electrons in the beam was estimated to
be about 8, 3, 1.5, and 1% for 1, 2, 3, and 4 GeV,
respectively (T405).

4. Gain calibration, event selection, and systematic
uncertainties

4.1. Gain calibration

The muon events with a beam energy of 4 GeV
are used to calibrate the relative gain of the whole
readout systems including the phototubes and the
ADC since a 4 GeV-muon penetrate through the
module as a mip. The absolute energy calibration is
done using 4 GeV electron events. The muon trig-
ger data contain a small fraction of pion events.
These pions cause an increase in the mean of the
pulse height for muon trigger events than that of
pure muon events, especially for the forward super-
layers. These pions are rejected in o%ine analysis as
described in Section 4.2.

We perform the gain calibration by the following
iteration:

(1) Determine initial calibration constants from
mean ADC counts for all 4 GeV muon-triggered
events.

(2) Select muon events as described in Section
4.2 with gain constants determined by the previous
step.

(3) Determine new calibration constants for the
selected muon events.

The sequences of (2) and (3) are repeated until
calibration constants are converged. Actually two
iterations are su$cient. The above gain calibration
is performed each time when we altered the calori-
meter con"guration. Through these procedures, the
pion fraction in the muon-triggered data is found to
be about 5%. After the muon selection procedure,
the fraction of the pions in the muon-selected
events become negligible.

Fig. 7. Typical distribution of the quantity VAR for 4 GeV
electron-, l-, and p-triggered events. The con"guration is
lead"8 mm and scintillator"2 mm.

4.2. Event selection

The selection of the electron, muon, and pion
events is based on the longitudinal shower pro"le
measured with the calorimeter itself, in addition to
the muon and Cherenkov counters. We de"ned
a quantity VAR as follows:

VAR"

J1/(N
SL
!1)+NSL

i/1
(x

i
!x

!7%
)2

x
!7%

,

x
!7%

"

1

N
SL

NSL

+
i/1

x
i

(3)

where x
i
is the pulse height deposited in ith super-

layer, and x
!7%

is the average of pulse heights
in a superlayer, and N

SL
is the number of super-

layers.
Shown in Fig. 7 are typical distributions of the

quantity VAR for the electron, muon, and pion-
triggered events. For muon events, VAR is small
because the pulse heights are similar to each other
within #uctuations of dE/dx and photostatistics.
For electron events, pulse heights in forward super-
layers are large, and those in backward are zero or
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Fig. 8. Typical pulse-height distributions for 4 GeV electrons,
muons, and pions before and after event selection. The con"g-
uration is lead"8 mm and scintillator"2 mm. The dashed
histograms are the pulse-height distribution before the event
selection. The solid histograms are those after the event
selection.

very small. The quantity VAR is thus large for
electron events. The VAR for pions distributes be-
tween those for muons and electrons. As seen in
Fig. 7, there are some muon events in the electron
and pion triggers.

The electrons are selected with a cut VAR'2.5.
After this electron selection, the pion contamina-
tion in electron triggered events is less than 0.5%.
The pions are selected with a cut VAR'1 and
requiring that the both Cherenkov counters have
no signals. After this pion selection, contamination
by the electrons in the pion events is less than
O(10~5) and negligibly small to evaluate the perfor-
mance for pions. The muons are selected with a cut
VAR(1 and requiring that all the superlayers
have signals well above the pedestals, and that the
pulse height of any superlayer in an event is less
than 3.5 mip-equivalent.

Typical pulse height distributions before/after
these event selection are shown in Fig. 8, for
4 GeV electrons, muons, and pions for the con"g-

Fig. 9. The distribution of rms variation of relative PMT gain
between three muon data sets.

uration of 8 mm lead and 2 mm scintillator plates
(T411).

4.3. Systematic uncertainties

We have evaluated the following sources of the
systematic uncertainties on the energy resolution
and the e/p ratio measurements.

(a) PMT gain instability: 1.2% from run to run.
(b) Pedestal instability: Typically 0.75 ADC counts

(0.25 pC/count) from run to run, corresponding to
a 1.4% change of the gain calibration constants.

(c) Lead thickness variations: 100 lm for a nom-
inal thickness of 4 mm.

(d) Light yield variations of tile/"ber systems:
14% as described in Section 2.

(e) Lateral non-uniformity in a tile/"ber system:
5% as described in Section 2.

E!ect of the source (a) is estimated as follows.
The change of the gain is obtained using three data
sets of penetrating muon runs acquired at di!erent
times for the same con"guration. The distribution
of rms variation of the relative PMT gain between
three muon data sets is shown in Fig. 9. The mean
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of rms variation of the relative PMT gain is 1.2%.
This change of the gain consists of two compo-
nents; coherent drift of all PMTs, and independent
change of each PMT. Energy resolution measure-
ment is a!ected only by the independent compon-
ent, while the e/p ratio is a!ected dominantly by
the coherent drift. However, it is not easy to
decompose the measured changes into coherent
component and independent component. We thus
assumed systematic uncertainties conservatively as
follows.

f When estimating the e!ect on energy resolu-
tion, we assume that measured gain change is
totally incoherent. We randomly change the
calibration constants according to the measured
shift, and examine the e!ect on the energy
resolution.

f When estimating the e!ect on the e/p ratio,
we assume that measured change is totally
coherent. In this case, the e/p ratio simply
shifts by an amount of the gain shift. This
was taken as the introduced error to the e/p
ratio.

We have measured the pedestals frequently,
which are used to measure the pedestal instability
(b). We examine this e!ect by comparing the results
of the analysis using various pedestal dataset
combinations.

E!ects of (c), (d), and (e) are estimated using
a GEANT 3.2/GHEISHA shower simulation [12].
All the interaction processes available in GEANT
are turned on. The cut o! energies in the simulation
are set to 10 keV for electrons and photons, and
100 keV for the hadrons.

In order to estimate the e!ect of the source (c),
the thicknesses of the lead plates are randomly
varied according to the measured precision.
Twenty independent con"guration sets are made
and simulated. The same calibration procedure is
applied for these simulated data sets as the case for
real data. Examples of performance di!erence
distribution due to lead thickness variation are
shown in Fig. 10.

We estimate the e!ect of the source (d) in the
same way as (c). 100 sets of calorimeter con"gura-
tion are made in which the light yield of each

Fig. 10. Typical distributions of performance di!erence caused
by the lead thickness variation; (a) energy resolution for 4 GeV
electrons, (b) energy resolution for 4 GeV pions, and (c) e/p
ratio for 4 GeV. The con"guration is lead"8 mm and scintil-
lator"2 mm.

Fig. 11. Typical distributions of performance di!erence caused
by the light yield variation; (a) energy resolution for 4 GeV
electrons, (b) energy resolution for 4 GeV pions, and (c) e/p
ratio for 4 GeV. The con"guration is lead"8 mm and scintil-
lator"2 mm.
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Fig. 12. Systematic uncertainty on energy resolution for elec-
trons.

tile/"ber system is smeared according to a Gaus-
sian distribution with a standard deviation of 15%.
Examples of such distributions are shown in
Fig. 11.

E!ect of the source (e) is examined similarly.
A scintillator tile is divided into 100 strips of 1 cm
wide, and each response is varied according to the
measured response map. Average light yield is kept
same for all the tile/"ber systems, since the light
yield variation in di!erent tile/"ber systems is taken
into account in (d).

Systematic uncertainties obtained in the above
on the energy resolution and e/p ratio are plotted
in Figs. 12}14. Typical total systematic uncer-
tainties are 0.5, 0.3, and 2.3% on the energy
resolution p/E for 4 GeV electrons, p/E for
4 GeV pions, and the e/p ratio for 4 GeV,
respectively, for the con"guration of 8 mm lead
and 2 mm scintillator plates (T411). We note
that the lead thickness variation is the dominant
source for the systematic uncertainty on the energy
resolution (Figs. 12 and 13), while the tile gain
variation is dominant on the e/p ratio (Fig. 14).
The change in the performance due to (e) is
negligible, and therefore is not plotted. Error

Fig. 13. Systematic uncertainty on energy resolution for pions.

Fig. 14. Systematic uncertainty on e/p ratio.

bars shown in the "gures are the statistical errors
in estimating the total systematic uncertainty.
Total systematic uncertainties are summarized in
Table 2.
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Table 2
Total systematic uncertainties on energy resolution for electrons
(top), for pions (middle), and the e/p ratio (bottom)

Con"guration
lead : scintillator
(in mm)

*(p/E) for electrons (%)

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 0.5 0.6 0.5 0.5
6 : 2 in T411 0.8 0.8 0.6 0.4
8 : 2 in T405 1.2 0.8 0.7 0.5
8 : 2 in T411 1.2 0.8 0.7 0.5

10 : 2 in T405 1.0 1.1 0.9 0.5
10 : 2 in T411 No data 1.1 0.9 0.6
12 : 2 in T405 0.9 0.8 0.8 0.9
14 : 2 in T405 1.1 1.0 0.6 0.6
16 : 2 in T405 1.7 0.8 0.5 1.0
16 : 2 in T411 1.4 0.7 0.5 1.1

Con"guration
lead : scintillator
(in mm)

*(p/E) for pions (%)

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 0.4 0.3 0.3 0.3
6 : 2 in T411 0.4 0.4 0.5 0.3
8 : 2 in T405 0.5 0.5 0.4 0.4
8 : 2 in T411 0.5 0.4 0.4 0.3

10 : 2 in T405 0.5 0.5 0.4 0.3
10 : 2 in T411 No data 0.5 0.5 0.5
12 : 2 in T405 0.7 0.5 0.4 0.4
14 : 2 in T405 0.7 0.6 0.4 0.4
16 : 2 in T405 1.0 0.6 0.4 0.4
16 : 2 in T411 0.5 0.6 0.4 0.5

Con"guration
lead : scintillator
(in mm)

(*(e/p))/(e/p) (%)

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 2.1 1.7 1.7 1.7
6 : 2 in T411 2.1 2.2 2.2 2.3
8 : 2 in T405 2.5 2.2 2.4 2.5
8 : 2 in T411 2.3 2.2 2.2 2.3

10 : 2 in T405 2.7 2.2 2.2 2.2
10 : 2 in T411 No data 2.3 2.5 2.5
12 : 2 in T405 3.5 2.9 2.5 2.5
14 : 2 in T405 4.3 3.5 3.3 3.1
16 : 2 in T405 5.2 4.5 4.2 3.9
16 : 2 in T411 5.1 4.5 4.2 3.9

5. The results

5.1. Energy resolution for electrons

Energy resolution for electrons is obtained by
"tting pulse-height distributions with a single

Gaussian function over the region $2.5p around
the mean. The measured energy resolution p/E for
electrons is listed in Table 3.

Energy resolution is well described by the follow-
ing equation:

p
E
"

p
450#)!45*#
JE

=p
#0/45!/5

(4)

where = denotes the sum in quadrature and E is
energy in GeV. In general, the sources of p

#0/45!/5
are

calibration uncertainty, shower leakage and non-
uniformity of the calorimeter. A "tting with Eq. (4)
to the measured energy resolution p/E is per-
formed, and the results of the "tting are listed in
Table 4. As shown in Table 4, the constant terms
are consistent to zero in most cases, but errors are
large. Thus they are disregarded in following ana-
lyses. This is reasonable in such a low energy range
we measured.

The stochastic term for a sampling calorimeter is
given by

p
450#)!45*#

/JE

"Jp2
*/53*/4*#

#(p2
4!.1-%

#p2
1)05045!5

)]d/JE (5)

where d is the thickness of a lead plate in mm,
p
*/53*/4*#

depends on the interaction of the secondary
particles, p

4!.1-%
is the sampling #uctuation, and

p
1)05045!5

comes from the statistical #uctuation of the
number of photo-electrons.

Energy dependence and lead-thickness depend-

ence of the energy resolution p/JE for each calori-
meter con"guration are shown in Figs. 15 and 16,
respectively. We can see in Fig. 15 that p

450#)!45*#
is

dominant in the energy resolution for electrons as

described above. Since p/JE is dominated by
p
450#)!45*#

, we can "t the data in Fig. 16 with Eq. (5).
The "tted result is

p
*/53*/4*#

"0.0`1.3
~0.0

% and

Jp2
4!.1-%

#p2
1)05045!5

"(8.31$0.06)%

with s2/n.d.f."43.7/37"1.18.
The photostatistic term was estimated to be

(3.8$0.1)% from the light yield measurement of
tile/"ber systems described in Section 2. Thus,
p
4!.1-%

was estimated to be (7.4$0.1)%. For EM
shower, p

*/53*/4*#
is negligible.
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Table 3
The energy resolution p/E for electrons

Con"guration
lead : scintillator (in mm)

p/E (%)

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 15.1$0.5 11.0$0.6 8.7$0.5 7.6$0.5
6 : 2 in T411 19.3$0.9 14.5$0.8 11.1$0.7 9.8$0.4
8 : 2 in T405 22.9$1.3 16.6$0.9 13.6$0.8 11.6$0.5
8 : 2 in T411 22.9$1.3 16.2$0.9 13.2$0.7 11.2$0.5

10 : 2 in T405 25.3$1.0 18.6$1.1 15.3$0.9 13.3$0.5
10 : 2 in T411 No data 18.8$1.1 15.5$0.9 13.1$0.6
12 : 2 in T405 27.1$1.0 20.9$0.8 17.1$0.8 14.8$0.9
14 : 2 in T405 31.0$1.2 23.0$1.1 18.8$0.7 16.5$0.7
16 : 2 in T405 34.1$1.7 25.1$0.8 20.3$0.5 16.9$1.0
16 : 2 in T411 33.2$1.6 24.5$0.8 20.0$0.6 18.1$1.1

Table 4
The p/E "t result with Eq. (4) for electrons

Calorimeter con"guration p
450#)!45*#

(%) p
#0/45!/5

(%)

Lead : scintillator"4 : 2 mm in T411 15.2$0.6 0.0`3.4
~0.0

Lead : scintillator"6 : 2 mm in T411 19.5$0.9 1.3`4.1
~1.3

Lead : scintillator"8 : 2 mm in T405 23.0$1.2 1.9`5.3
~1.9

Lead : scintillator"8 : 2 mm in T411 22.7$0.9 0.0`4.2
~0.0

Lead : scintillator"10 : 2 mm in T405 25.0$1.4 4.6`6.8
~4.6

Lead : scintillator"10 : 2 mm in T411 26.5$1.9 0.0`6.6
~0.0

Lead : scintillator"12 : 2 mm in T405 26.5$1.5 7.6$2.4

Lead : scintillator"14 : 2 mm in T405 30.5$1.5 6.6$3.0

Lead : scintillator"16 : 2 mm in T405 35.0$1.3 0.0`7.1
~0.0

Lead : scintillator"14 : 2 mm in T405 32.9$2.0 6.8`9.9
~6.8

5.2. Energy resolution for pions

Energy resolution for pions is obtained with the
same procedure as for electrons. The measured
energy resolution p/E for pions is listed in Table 5.

A "tting with Eq. (4) to the measured energy
resolution p/E is performed, for 2, 3, and 4 GeV,
and the results of the "tting are listed in Table 6. As
shown in Table 6, the constant terms are again
consistent to zero in most cases, but could not be
estimated precisely and were disregarded, same as
electrons.

The best energy resolution for pions of
33.6%/JE is obtained with the con"guration
where the thicknesses of lead and scintillator plate
were 4 and 2 mm, respectively.

The results for each energy and each con"gura-
tion are shown in Figs. 17 and 18. As seen in Fig. 17,
p
450#)!45*#

is also dominant for pions in the energy

range we measured as described above. Thus p/JE
was "tted with Eq. (5) as a function of lead thickness
as shown in Fig. 18. Here the data for 2, 3, and 4 GeV
and those for 1 GeV are "tted separately, since
1 GeV shower behaves di!erently as seen in Fig. 17.
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Table 5
The energy resolution p/E for pions

Con"guration
lead : scintillator (in mm)

p/E (%)

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 31.4$0.6 24.4$0.5 19.1$0.4 16.5$0.4
6 : 2 in T411 33.7$0.6 25.7$0.5 21.1$0.6 17.3$0.5
8 : 2 in T405 35.7$0.6 28.1$0.6 22.6$0.4 20.0$0.5
8 : 2 in T411 35.7$0.7 28.0$0.6 23.3$0.5 19.7$0.4

10 : 2 in T405 38.3$0.8 30.3$0.6 24.9$0.5 21.5$0.4
10 : 2 in T411 No data 30.8$0.7 25.3$0.7 21.7$0.6
12 : 2 in T405 40.6$1.0 32.6$0.7 26.8$0.6 23.2$0.6
14 : 2 in T405 40.6$1.0 32.9$0.8 27.3$0.6 24.5$0.5
16 : 2 in T405 44.6$1.3 36.0$0.9 29.8$0.6 26.6$0.6
16 : 2 in T411 44.7$1.1 34.9$1.0 29.9$0.6 26.1$0.7

Fig. 15. Energy resolution p/JE vs. energy for electrons.

The results are

p
*/53*/4*#

"(24.4$0.7)%

and

Jp2
4!.1-%

#p2
1)05045!5

"(11.2$0.2)%

for 2, 3, and 4 GeV

p
*/53*/4*#

"(25.6$0.9)%

Fig. 16. Energy resolution p/JE vs. Pb thickness for electrons.
Solid curve is a "t to Eq. (5).

and

Jp2
4!.1-%

#p2
1)0

045!5"(8.9$0.3)% for 1 GeV.

s2/n.d.f. of these "ttings are 24.0/28"0.86 (for 2, 3,
4 GeV) and 3.32/7"0.474 (for 1 GeV). p

*/53*/4*#
is

estimated to be about 25% for lead/scintillator
sampling calorimeters. As p

1)05045!5
is estimated to

be (3.8$0.1)%, p
4!.1-%

are estimated to be
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Table 6
The p/E "t result with Eq. (4) for pions

Calorimeter con"guration p
450#)!45*#

(%) p
#0/45!/5

(%)

Lead : scintillator"4 : 2 mm in T411 33.6$0.5 0.0`3.1
~0.0

Lead : scintillator"6 : 2 mm in T411 36.0$0.6 0.0`4.0
~0.0

Lead : scintillator"8 : 2 mm in T405 39.4$1.3 1.9`7.3
~1.9

Lead : scintillator"8 : 2 mm in T411 39.7$1.0 0.0`6.2
~0.0

Lead : scintillator"10 : 2 mm in T405 42.7$0.5 2.6`7.7
~2.6

Lead : scintillator"10 : 2 mm in T411 43.6$1.4 0.0`8.0
~0.0

Lead : scintillator"12 : 2 mm in T405 45.8$1.7 3.9`9.2
~3.9

Lead : scintillator"14 : 2 mm in T405 43.6$2.5 11.9$3.3

Lead : scintillator"16 : 2 mm in T405 48.3$2.8 11.0$4.4

Lead : scintillator"14 : 2 mm in T405 46.8$3.2 12.0$4.4

Fig. 17. Energy resolution p/JE vs. energy for pions.

(10.5$0.2)% for 2}4 GeV and (8.0$0.3)% for
1 GeV.

As shown in Fig. 18, p
450#)!45*#

for 1 GeV pions
is smaller than those for 2}4 GeV, indicating
that 1 GeV pions do not develop shower
su$ciently.

Fig. 18. Energy resolution p/JE vs. Pb thickness for pions.
Solid and dashed curves shown in the "gure are "tting results to
Eq. (5) for 2}4 and 1 GeV, respectively.

5.3. Linearity, the e/p pulse-height ratio, and, lateral
leak correction

In order to calculate linearity and the e/p pulse-
height ratio, shower leakage must be corrected for
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Table 7
The non-linearity

Calorimeter con"guration For electrons (%) For pions (%)

Lead : scintillator"4 : 2 mm in T411 1.2$0.4 1.0$0.3
Lead : scintillator"6 : 2 mm in T411 1.1$0.4 1.2$0.4
Lead : scintillator"8 : 2 mm in T405 2.2$0.7 1.1$0.5
Lead : scintillator"8 : 2 mm in T411 2.7$1.0 1.0$0.3
Lead : scintillator"10 : 2 mm in T405 2.7$1.0 0.9$0.4
Lead : scintillator"10 : 2 mm in T411 1.1$0.5 1.1$0.5
Lead : scintillator"12 : 2 mm in T405 2.7$1.0 2.1$0.8
Lead : scintillator"14 : 2 mm in T405 2.8$1.0 2.4$1.0
Lead : scintillator"16 : 2 mm in T405 3.4$1.2 3.7$1.3
Lead : scintillator"16 : 2 mm in T405 1.6$0.6 3.3$1.3

Table 8
The lateral shower leakage estimated from the lateral shower pro"le function measured by SPACAL experiment [13]

Con"guration
lead : scintillator (in mm)

Lateral leakage (%)

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 5.8$1.7 5.3$1.6 5.0$1.5 4.7$1.4
6 : 2 in T411 4.5$1.4 4.1$1.2 3.9$1.2 3.7$1.1
8 : 2 in T405 5.9$1.8 5.4$1.6 5.1$1.5 4.8$1.5
8 : 2 in T411 4.1$1.2 3.8$1.1 3.6$1.1 3.4$1.0

10 : 2 in T405 3.5$1.1 3.2$1.0 3.1$0.9 2.9$0.9
10 : 2 in T411 * 3.0$0.9 2.9$0.9 2.8$0.9
12 : 2 in T405 4.1$1.2 3.8$1.1 3.6$1.1 3.4$1.0
14 : 2 in T405 3.1$0.9 2.9$0.9 2.7$0.8 2.6$0.8
16 : 2 in T405 3.4$1.0 3.1$0.9 2.9$0.9 2.8$0.8
16 : 2 in T411 2.8$0.8 2.5$0.8 2.4$0.7 2.3$0.7

the pion shower. This correction is done by using
parameterized shower pro"le obtained by
SPACAL experiment [13] as

dE

ds
"

B
1
r

exp A!
r

j
1
B#

B
2
r

exp A!
r2

j2
2
B. (6)

However, SPACAL data exist only for con"gura-
tion of lead/scintillator "8

2
and for energies higher

than or equal to 5 GeV. We thus extrapolate the
shower pro"le parameters according to the average
calorimeter density and energy dependence of the
leakage fraction.

Energy dependence of the lateral leak is esti-
mated by simply extrapolating the energy depend-

ence of the lateral leak fraction measured by
SPACAL experiment (Fig. 18 of Ref. [13]). Our
estimation from the extrapolation is given below.

leak at 1 GeV"leak at 5 GeV]1.25,

leak at 2 GeV"leak at 5 GeV]1.15,

leak at 3 GeV"leak at 5 GeV]1.09, and

leak at 4 GeV"leak at 5 GeV]1.03.

Here relative error for shower leak at 5 GeV is
estimated to be $30% in Ref. [13].

Density dependence is calculated by scaling the
lateral size parameters j

1
and j

2
inversely propor-

tional to the average density of the calorimeter. For
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Fig. 19. Mean pulse height/energy vs. energy for electrons.

Fig. 20. Mean pulse height/energy vs. energy for pions.

example, in the case of 8 : 2 con"guration of T411
beam test, the average density of the calorimeter
module was 6.69 g/cm3 (Table 7). SPACAL group
obtained lateral size parameter j

1
"17.7 cm and

Fig. 21. Non-linearity vs. lead thickness for electrons (top) and
for pions (above).

Fig. 22. The e/p ratio (uncorrected) vs. Pb thickness. The error is
dominated by systematic uncertainties introduced when the lead
thickness is changed. Therefore, the errors are correlated for the
data in the same con"guration, thus irreducible by combining
data of same con"guration.
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Table 9
The e/p ratio (before lateral leakage correction)

Con"guration
lead : scintillator (in mm)

e/p

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 1.12$0.02 1.11$0.02 1.14$0.02 1.15$0.02
6 : 2 in T411 1.06$0.02 1.10$0.02 1.11$0.03 1.11$0.03
8 : 2 in T405 1.06$0.03 1.08$0.02 1.04$0.03 0.99$0.03
8 : 2 in T411 1.03$0.02 1.08$0.02 1.08$0.02 1.08$0.02

10 : 2 in T405 0.94$0.03 0.96$0.02 0.97$0.02 0.98$0.02
10 : 2 in T411 No data 1.04$0.03 1.05$0.03 1.04$0.03
12 : 2 in T405 0.97$0.04 0.98$0.03 0.98$0.03 0.98$0.02
14 : 2 in T405 0.95$0.04 0.94$0.03 0.96$0.03 0.95$0.03
16 : 2 in T405 0.91$0.05 0.90$0.04 0.90$0.04 0.89$0.04
16 : 2 in T411 1.02$0.05 0.99$0.05 0.99$0.04 0.96$0.04

Fig. 23. The e/p ratio (corrected) vs. Pb thickness. The error is
dominated by systematic uncertainties introduced when the lead
thickness is changed. The inner error bar in the plot shows the
statistical and systematic uncertainty without lateral leakage
correction. The outer error in the plot shows the total uncertain-
ty including lateral leakage correction. The line in the plot is the
result of linear function "tting to data. We obtained the compen-
sation point to be d"9.1$0.3 mm from this "tting.

j
2
"7.68 cm for their module which had an aver-

age density of 9.02 g/cm3. Assuming these size
parameters are inversely proportional to the calori-
meter density, we obtain j

1
"23.9 cm and

j
2
"10.4 cm for our 8 : 2 module. Using these

parameters, shower pro"le function (6) is numer-
ically integrated over 1 m2 and over in"nitely, and
leak fraction is obtained. The results of these lateral
shower leakage are listed in Table 8.

The mean of the pulse-height distribution is ob-
tained by "tting with a Gaussian. Figs. 19 and 20
show the mean pulse height divided by the beam
energy. We can see in these "gures that pulse height
is described by a linear function of the energy.
Non-linearity is de"ned by the rms variation of the
mean pulse height/energy for each con"guration,
and is shown in Fig. 21. The linearity is degraded
for thick lead absorbers due to coarse sampling.
Otherwise linearity is reasonable.

The e/p ratio before and after lateral leakage
correction are plotted in Figs. 22 and 23 as a func-
tion of the absorber thickness, and also listed in
Tables 9 and 10 . The 1 GeV data is omitted from
Figs. 22 and 23 since 1 GeV pion shower behaves
di!erently as seen in Fig. 18. As seen from Fig. 23,
the e/p ratio decreases as the lead thickness in-
creases, and crosses the line of e/p"1. Since
e/p"1 equivalently means e/h"1, this point gives
the compensation condition. This behaviour is ap-
proximated by a linear function and "tting is car-
ried out. The result of the "tting is also shown in
Fig. 23. As a result of this "tting, the compensation
point is found to be 9.1$0.3 mm for 2 mm-thick
plastic scintillator. This "tted e/p ratio is signi"-
cantly smaller than the previous measurements
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Table 10
The e/p ratio (after lateral leakage correction)

Con"guration
lead : scintillator (in mm)

e/p

1 GeV 2 GeV 3 GeV 4 GeV

4 : 2 in T411 1.06$0.03 1.05$0.03 1.09$0.03 1.10$0.02
6 : 2 in T411 1.01$0.03 1.06$0.03 1.07$0.03 1.08$0.03
8 : 2 in T405 1.00$0.03 1.02$0.03 0.99$0.03 0.94$0.03
8 : 2 in T411 0.99$0.03 1.04$0.03 1.05$0.03 1.04$0.03

10 : 2 in T405 0.91$0.03 0.93$0.02 0.94$0.02 0.95$0.02
10 : 2 in T411 No data 1.01$0.03 1.02$0.03 1.02$0.03
12 : 2 in T405 0.93$0.04 0.95$0.03 0.94$0.03 0.95$0.03
14 : 2 in T405 0.92$0.04 0.92$0.03 0.93$0.03 0.92$0.03
16 : 2 in T405 0.88$0.05 0.87$0.04 0.88$0.04 0.87$0.04
16 : 2 in T411 0.99$0.05 0.96$0.05 0.97$0.04 0.94$0.04

[4}6] which gave e/p"1.1 for E410 GeV with
con"guration of 8 : 2.

6. Conclusions

We measure the energy resolution and the e/p
ratio of lead/plastic-scintillator sampling calori-
meter for various lead/scintillator volume ratios in
the energy range 1}4 GeV.

The energy resolution for electrons is measured

to be p/E"(0.0`1.3
~0.0

%=(8.30$0.06%)]Jd)/JE,
where the thickness d of lead plate is in mm and the
energy E is in GeV. Energy resolution for pions is
measured to be p/E"(24.4$0.7%=(11.2$

0.2%)]Jd/JE for 2}4 GeV and p/E"

(25.6$0.9%=(8.9$0.3%)]Jd/JE for 1 GeV.

The best hadron energy resolution of 33.6%/JE
is obtained for 4 mm thick lead absorber case. This
is as good as typical lead/scintillating-"ber calori-
meter, and is one of the best energy resolutions
achieved so far. This enables us to construct a linear
collider calorimeter with the best hadron energy
resolution at a reasonable cost. The intrinsic had-

ron energy resolution of 25%JE would suggest us
to design an ambitious calorimeter with a much
better resolution.

The compensation is found to be achieved at the
lead thickness of 9.1$0.3 mm in combination with

2 mm-thick plastic scintillator. This ratio is a little
larger than those popularly assumed. However,
tests with higher-energy beams are necessary to
con"rm the consistency with the existing data.
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