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Abstract

The KLOE detector is designed primarily for the study of direct CP violation in K® decays. The electromagnetic
calorimeter, EmC, is a most demanding element of the detector. Two prototypes of the EmC (one for the barrel and one for
the end-cap region) have been built at Frascati and tested at PSI (Switzerland) using beams of electrons, muons and pions of
40 to 290 MeV /¢ momentum, and at the Frascati LADON facility using photons of 20 to 80 MeV. We observe excellent
linearity from 20 to 290 MeV. The energy resolution is o(E)/E ~4.4%/E(GeV) and the time resolution is ~ 34

ps/ VE(GeV) . We found little dependence on incidence angle and entry position. We also determined that some 7/

identification is possible.

1. Introduction

The main goal of the KLOE [1] experiment at the
DA®NE ¢-factory [2] in Frascati is to study CP violation
in K° decays by measuring F#(€’/€) with an accuracy of
0(10~*). The electromagnetic calorimeter (EmC) plays a
crucial role in this measurement since K, g neutral decays
(K = w°n°) produce four photons between 20 and 280
MeV. Identification of these decays and rejection of the
K, — 37wY background [3,4] make the EmC a most de-
manding element of the detector. Vertex reconstruction of

* Corresponding author. Fax +39 6 9403427, e-mail
vaxlnf::juliet(decnet), juliet@!nf.infn.it(bitnet).

K% — 7%s — y’s in KLOE can be performed by measur-
ing the arrival time of each photon on the calorimeter
surface [3,4], because of the low speed of the K° (8 ~
0.2), requiring excellent timing accuracy of the EmC. In
addition, the calorimeter should also provide a fast and
unbiased first level trigger for the detector. Finally, it
should have some particle identification capability, to aid
rejection of K ; decays.

We have chosen to use a lead-scintillator sampling
calorimeter, consisting of very thin (0.5 mm) lead layers,
in which are embedded 1 mm diameter scintillating fibers.
Lead layers and fibers are mostly perpendicular to the
incident particles. Calorimeters with a similar structure
have already been built [5], showing an energy resolution
of ~6%/yE(GeV), though used with particles entering
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the calorimeter mostly along the fibers’ direction. Test
results for small size prototypes used in both configura-
tions are also given in Ref. [6].

For timing and position resolution considerations, fibers
are the best available solution as an active medium for an
~4 m long calorimeter. First, time measurements using
fibers are better than those using bulk scintillators because
the superior reflectivity on the core-cladding interface of
fibers (as compared to bulk scintillator) allows light trans-
mission over meters of length. Secondly, the small reflec-
tion angle reduces the spread of the light paths within the
fiber, resulting in a smaller dependence of the time resolu-
tion on the particle impact position along the fiber [7].

Simulation studies [4] lead to the following minimal
requirements for the KLOE EmC:

(1) Time resolution O(50 ps/ yE(GeV) ).

(2) Energy resolution 0(5%/ {E(GeV) .

(3) Shower vertex resolution O(1 cm).

(4) Full efficiency for y’s in the energy range 20-280
MeV.

(5) Hermeticity.

In Section 2 the structure and design of the KLOE
EmC calorimeter is discussed. Section 3 describes the
construction of prototypes and test beam layouts. The
remaining sections present the results of test beam mea-
surements.

2. The KLOE electromagnetic calorimeter
2.1. The EmC design

The KLOE EmC has a central part, barrel, approximat-
ing a cylindrical shell of 4 m inner diameter, 4.3 m
effective length and 23 cm thickness. The barrel covers the
polar angle region (49° < 6 <131°) and consists of 24
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Fig. 1. Cross Section of the KLOE Calorimeter.

equal sectors, each one ~ 60 cm wide. Fibers run parallel
to the beam. At both calorimeter ends, plexiglas light
guides match the photomultipliers (PMs) to the fibers.
Two end-caps, 4 m in diameter and 23 cm thick, close
as hermetically as possible the calorimeter. Each end-cap
consists of 26 <C’’ shaped modules which run vertically
along the chords of the circle inscribed in the barrel. At the
two ends they are bent at 90°, becoming parallel to the
barrel ends, to decrease the effects of the magnetic field on
the PMs and to increase hermeticity. A quarter cross
section of the KL.OE calorimeter is shown in Fig. 1.
Contrary to other lead—fiber calorimeters [8], in our
structure fibers run mostly transversely to the particle

Fig. 2. Fiber and lead layout.
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trajectories. This reduces sampling fluctuations due to
channeling, i.e. showers developing along the fibers’ direc-
tion, an effect particularly important at the low energies of
interest.

2.2. The EmC structure

Each module of the KLOE EmC is built by glueing 1
mm diameter blue scintillating fibers between thin grooved
lead plates, obtained by plastic deformation of ~ 0.5 mm
thick lead foils, as shown in Fig. 2. Fibers are glued to the
foils with optical epoxy and run parallel to each other.
When layers are superimposed, fibers are located at the
corners of adjacent quasi-equilateral triangles. This distri-
bution of fibers in lead is more uniform than the one
obtained stacking lead-plates and fiber-ribbons [9]. The
grooves are just big enough to insure that the lead does not
apply direct pressure on the fibers. Note that in our
structure light travelling in the cladding is effectively
removed because of the glue surrounding the fibers.

The selected fiber pitch of 1.35 mm results in a struc-
ture which has a fiber : lead : glue volume ratio of 48:42: 10
and a sampling fraction of ~ 15% for a minimum ionizing
particle. The final composite has a density of ~5 g/cm’
and a radiation length X,, of ~ 1.6 cm, has gained consid-
erable stiffness and can be easily machined. The very
small lead foil thickness (< 0.1 X)) results in a quasi-ho-
mogeneous structure and in high efficiency for low energy
photons.

2.3. Fiber characteristics

The fiber choice is driven by the need of matching a
minimal set of specification requirements: high light yield,
short scintillation decay constant and long attenuation
length, while guaranteeing low costs and uniform quality
for the large quantity required. Measurements of a wide
variety of commercially available fibers have been carried
out during the last two years, in close interaction with the

producers. To determine the performance of a large num-
ber of fibers and to take into account the role of glue in
suppressing the light component travelling in the cladding,
we have measured samples of around 200 fibers each, 4.5
m long and structured as a basic calorimeter element of
3.5 X 3.5 cm? Six different kinds of fibers have been
measured at the T10 test beam area of PS at CERN; a
detailed report on this subject can be found elsewhere
[10,11). The measurements indicate that the following
fibers emitting in the blue—green region: Kuraray SCSF-81,
Bicron BCF-12 and Pol.Hi.Tech-46, satisfy our specifica-
tion requirements. They yield 60—90 photoelectrons (pe)
with a bialkaline photocathode PM, per minimum ionizing
particle crossing the 3.5 X 3.5 cm? block described above,
at a distance of 20 c¢m from the PM. Their decay constant
is ~ 2.5 ns and the attenuation lengths are between 2.7
and 3.3 m.

2.4. The light collection system

Since the timing resolution depends on the calorimeter
light yield, great care has been put in maximizing the
efficiency of the light collection system. Of equal impor-
tance is to guarantee uniform photocathode illumination, to
average out its response variation.

Each light guide consists of a tapered mixing part,
where the quadrangular entrance face passes smoothly to
its inscribed circle, and a Winston cone concentrator
[12,13]. The latter part matches the area of the calorimeter
element to the sensitive photocathode face, with an area
reduction factor of up to 3. This is possible, without losses
[14] from Liouville’s theorem, because of the small diver-
gence angle, 22°, of the light travelling in the fibers.
Measurements on the prototype’s light guides give a col-
lection efficiency of ~ 90% with an area reduction factor
of 2.7, most of the losses are consistent with being due to
the additional interfaces.

Fig. 3. (a) Barrel, and (b) End-Cap prototype.
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3. Experimental setup

We built a barrel prototype module of dimensions
14 X 24 X 203 cm® to establish construction procedures
and perform realistic tests of the final EmC performance,
see Fig. 3a. The module depth of 24 cm is equivalent to a
thxckness of 15 X,. The calorimeter consists of 207 lead
and scintillating fiber layers for a grand total of 21450
fibers [15] and a weight of 330 kg.

The prototype was assembled in the Frascati machine
shop. The grooved lead foils were produced with a hom
made rolling machine starting from 0.5 mm thick lead
foils. The grooved rollers, made of hardened steel and
ground to shape by a sintered diamond tool, are mounted

with ball bearings on a very rigid frame and are aligned

and checked with a set of micrometers. Foils of almost 6 m
and cnecked with a set o1 micrometers, roils ol almost 6 m

home-

length, 15 cm wide have been produced. The thickness
uniformity obtained is around few tens of wm, the grooves
deviate from a straight line by less than 0.1 mm per meter
of foil length.

The prototvne was constructed by v olueing
10¢ prototype was constructed gueing

the first lead

1ITSL 1Cau

foil to a 2 cm thick iron back plate carrying all the
mounting fixtures. Epoxy [16] was then applied in a pre-
cisely measured amount to the top surface of each lead
foil. A layer of fibers was then laid down in the grooves
and epoxy applied anew. Typically, 6—7 layers of fibers
and lead were stacked in about 1 h, before the glue started
curing. The growing stack was then compressed under
vacuum for at least 30 min to apply uniform pressure, and
to squeeze out excess glue. Once the final thickness was

reached the two ends were cut and milled. No fiber was
Neg 1T ang muued. N

damaged during the stacking phase, while four fibers were
lost during the final milling. The calorimeter was wrapped
in a 1 mm thick steel skin, in order to simulate the final
design and provide protection for the module.

g
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A prototype for the end-cap region, Fig. 3b, consisting
of two ““C’’ shaped modules, was also built. The width of
each module is 7 cm and they both have the same depth of
24 cm. Each section consists of a central straight piece
(89—110 cm), two curved pieces with an inner radius of
7.5 cm, and two straight end pieces to which light guides
are glued [15]. It has been conmstructed by cutting the
grooved lead foils and fibers to the desired lengths, incis-
ing at the two ends the central groove of each lead fail,
leaving the central part uncut for a length of 89 c¢m, then
bending the two adjacent modules.

The readout, identical for both prototypes, was orga-
nized into 22 elements for each side: five planes of four
small elements, 3.5 X 3.5 cm?, and two large rear ele-
ments, 6.5 X 7 cm?, see Fig. 3b. For the small elements,
on each side the light was transported from the calorimeter
through light guides to 1§ inch diameter PMs, with an area
concentration factor of ~ 2.7. For the beam tests, commer-
cially available PMs with a good transit time spread (< 1
ns) have been used [17). The rear elements were similarly
coupled to 5 cm diameter PMs, with an area concentration
factor of ~ 2.5.

In order to investioate the effect of coarsening the

I OTGCT HIVeSHgase i ci coars!

=
readout granularity and using larger light guides, we took
data with the barrel readout organized in four planes of
three 4.2 X 4.2 cm? cells, leaving the last plane un-
changed. This configuration is referred to as ‘‘coarse”
granularity, see Fig. 3a. Since the same PMs were used,
the light guides had an area concentration factor of ~ 3.8.

3.2. Test beams layout

The calorimeter prototypes have been tested [18—21] in
a beam at the Paul Scherrer Institut, PSI, in Villigen,
Switzerland. The PSI machine is an isochronous cyclotron
which accelerates protons to 600 MeV kinetic energy. A

1 cm scint.

Fig. 4. Layout of the test beam at PSI.
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secondary beam of w’s, p’s and e’s in the momentum
range 50—400 MeV /¢ was delivered to the test areas.

Two crossed scintillators in front of the calorimeter and
a third counter, 4.5 m away from the calorimeter, Fig. 4,
provided a beam trigger, defined the beam position at the
calorimeter and enabled /. /e identification by time of
flight.

The calorimeter PM outputs were connected to active
splitters through 5 m of RG-58 cable. The two outputs of
each splitter were sent to CAMAC ADCs, to low threshold
(5 mV) discriminators, the signal for 50 MeV being ~ 350
mYV. The discriminator outputs acted as TDC stops. The
trigger signal was used to generate the ADC gates and the
reference time signal T, which supplied the ‘‘start’ for
the TDC system.

The barrel prototype has also been tested with tagged
low energy photons (20-80 MeV) at the Frascati LADON
facility [22]. The LADON photons were obtained by back
scattering a laser beam by the electrons stored in ADONE.
A tagging system for the scattered electrons yields a
determination of the photon energy with a resolution of
~ 1.7 MeV. The trigger was obtained by a coincidence
from the two calorimeter ends, after adding all signals
from each side. The trigger generated ADC gates and TDC
““start”’s which were cleared if there was no trigger from
the tagging system within 200 ns.

4. Energy response and resolution

The coordinate system used in the data analysis is
shown in Fig. 4, where the definition of the incidence
angle 6 is also indicated. The origin was put in the center
of the calorimeter surface facing the beam.

In order to study the energy response of the prototype
we define the total visible energy E,; as the sum over all
elements read out on both ends, labelled A and B. To
correct for the response of each channel we divided the
signal E,; of channel i, by the calibration constants
Kmip,i-'

N Eadc i
= Y 3(Ea,;+Eg,), with E; = _K_— (1)

i=1 mip, i

E

vis

The calibration constants K, in ADC counts, were
obtained with cosmic rays and 400 MeV /¢ pions incident
at the center of each element. Clean samples of events
selected for the calibration were ensured by means of
triggering and software cuts. A Gaussian fit to the pulse
height distribution was performed for each channel to
determine the peak position. The fit interval was chosen to
be asymmetric with respect to the mean value, to take into
account the asymmetric shape of the distribution.

We define 1 MIP as the visible energy deposited by a
minimum ionizing particle in a 3.5X 3.5 cm® readout
element; our simulation [23] determines 1 MIP to be

Table 1

Specific ionization correction factors

Plane number 1 2 3 4 5 6
35%35 100 1.03 104 106 110 114
4.2X4.2 101 104 105 109 114 -~

equivalent to an average energy deposit of 3.24 MeV in
the active material. For the coarse granularity and for the
larger cells of the last plane geometrical correction factors
have been used to express the results in our calibration
units. Pions of 400 MeV/c momentum are minimum
ionizing particles to a reasonable approximation only in
the first plane of the calorimeter. We have therefore cor-
rected for the increase of the specific ionization with
calorimeter depth and for straggling effects. The correction
factors used for both granularities are given in Table 1.

Before reaching the calorimeter the beam had to pass
through the trigger counters and the iron skin of the
calorimeter itself. The total amount of material is equiva-
lent to 3.6 cm of scintillator. Positrons therefore lose
around 7 MeV while the energy loss of pions and muons
depends on their kinetic energy and was appropriately
taken into account. These corrections have been applied to
the beam energy of the charged particles.

4.1. Energy response and resolution for photons and
positrons at the calorimeter center

The following results were obtained with positrons and
photons entering the center of the calorimeter front face
(z=0 cm, 8= 0°). The distributions of the visible energy
for photons ranging from 28 to 63 MeV are displayed in
Fig. 5. Their shapes are well described by Gaussian distri-
butions. For each spectrum a Gaussian fit with all three

200

Entries

150

100

50

E,,, [MIP]

Fig. 5. Energy spectra for photons.
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Fig. 6. Differential energy response for photons.

parameters free has been performed; the mean of the fit
was used as the average calorimeter response £, and the
square root of the variance oy ;. was used to compute the
energy resolution.

The plot of E ;. /E vs the energy E of Fig. 6 shows a
maximum deviation from linearity of less than 3%, it is
due probably to improper beam settings.

The line shapes for positrons in the energy range
40-240 MeV are shown in Fig. 7 for barrel data with the
coarse granularity. The linearity of the response is excel-
lent, with a deviation of at most 2% as shown in Fig. 8.
Fitting photon and positron data together we obtain a slope
Sparr = (36.8 + 0.2) MIP/GeV, see Fig. 9. In the same plot
we have also added data for the end-cap prototype exposed
to positrons (triangle symbols) for which the slope is
Secap = (37.4 £ 0.6) MIP /GeV.

The average response to electromagnetic (e.m.) show-
ers is proportional to the incident particle kinetic energy
only if the shower is fully contained. Simulations [23]
show that the depth of the prototype keeps leakage below
the 2% level for the energy range of interest. The sampling
fraction for e.m. showers can therefore be estimated as

fom =Evis/E = (36.8 + 0.2)MIP/GeV X 3.24 MeV /MIP
=(11.9 £ 0.1)%. (2)

400

Entries

Fig. 7. Energy spectra for positrons.
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Fig. 8. Differential energy response for positrons.

The fluctuation of the ratio R between the energy
signals, from each readout element, E, and Ej at the two
calorimeter ends, R =E, /Ey, allows us to estimate the
number of photoclectrons N, /PM. Under the assumption
that quantum efficiencies and optical couplings are the
same for both ends, and neglecting any correlation be-
tween E, and Eg, we obtain N, = (V2 X g /00)% 1g
and op are the mean of R and the rms spread of its
distribution respectively. For the barrel prototype the typi-
cal signal for a minimum ionizing particle at 1 m distance
from the photomultiplier is ~ 65 pe. Results within 10%
were obtained by measuring the PM gain directly. The
total calorimeter response is therefore around 5000
pe/GeV. A lower light yield of ~ 50 pe /MIP is obtained
in the end-cap prototype due to the worse quality fiber
used in its construction.

The energy resolution found for positrons is

Ty (447 £0.02)%

E,  VE(Gev) )

E 12
S © ¢" on barrel o
'E 10} A
= 0O yon barrel r
rd
A ¢' onend-cap

8 -

6}

a} " Spars = 36.8 MIP/GeV

»
A 4
% S0 100 150 200 250 300
E [MeV]

Fig. 9. Energy response for photons and positrons vs Kkinetic
energy.
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Fig. 10. Energy resolution for photons and positrons vs kinetic

energy.

and for photons is
Opvis  (43510.01)%

E; VE (GeV) )

Both e* and vy data are plotted together in Fig. 10. The
1 /fE dependence indicates that sampling fluctuations
and photoelectron statistics determine the resolution. The
contribution of the latter has been evaluated from the light
yield to be 1.6%/ VE and is therefore negligible. A simi-
lar analysis for the end-cap gives an energy resolution of

Ops _ (4:59£004)% )

Evis V E(GCV)

The end-cap data are also shown in Fig. 10.

4.2. Energy response and resolution for pions and muons

The response for muons and pions in the momentum
range 150-280 MeV /¢, of interest for the KLOE experi-
ment, has also been studied. Due to their low kinetic
energy (50-180 MeV) these particles lose energy mostly
by ionization and could stop in the calorimeter. A typical
energy spectrum for muons of 107 MeV is shown in Fig.
11a. The small tail, at high energies, is due to muon
decays while the ADC integration gate of 200 ns is open.
Contributions from pion—nucleus interactions can be ob-
served as tails in the pion spectrum, both at low and high
energies. The main contribution to the signal is still due to
ionization as shown in Fig. 11b. The determination of the
peak was therefore performed by fitting a Gaussian in a
narrow region around the mean.

The response vs kinetic energy for both types of parti-
cles is shown in Fig. 12. Points for non-zero incident angle
have been included, since particles with energies higher

8 .
g a E = 107 MeV
£ o0l ) 1A e
=
400}
200}
% 2 4 3 8 10
E,, [MIP]
g 50
£ b) 7%, E = 90 MeV
S 400}
300}
200}
100}
%2 e 3 3 10
E,, [MIP]

Fig. 11. Energy spectra (a) 107 MeV muons, and (b) 90 MeV
pions.

than 140 MeV do not range out in the calorimeter. The
response for muons and pions is identical. A linear fit
gives a slope s, =46.8 MIP/GeV, corresponding to a
sampling fraction for muons of

f=E,/E =468+ 0.4 MIP/GeV X 3.24 MeV /MIP

=152+0.1% (6)
— 10
E Muons: Pions: ¥
) ® 0 o0 /‘
2 " 3 a ¥ rd
OB, A 45° ;4
* 60° * 60° '/i
p'./
6} rd
:"’.
4t //.,
//
& 8, =463 MIPIGeV
2f yd
-~
P
."jﬁ Y
00 50 100 150 200

E [MeV]

Fig. 12. Energy response for muons and pions vs kinetic energy.
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Fig. 13. Energy resolution for muons.

and an*‘e/p’’ ratio of f /f, =0.79. The energy resolu-
tion, shown in Fig. 13, does not scale perfectly with 1/ vVE
because sampling fluctuations become larger near the end
of the particle’s range. However, an approximate
parametrization of the resolution is given by 3.7%/ VE .

4.3. Dependence on the y-coordinate

To study the energy response and resolution of the
calorimeter in the region between two readout elements, a
precise scan in the vertical direction was performed with
photons. Data were collected in the energy range 45-55
MeV with the photons hitting the calorimeter at nine
different y-positions from —20 to +20 mm with respect
to the central boundary. The beam spot size was smaller
than 1 mm.

The dependence of the energy signal vs the beam
position y, .. is shown in Fig. 14. The response curve
shows a loss of about 10% at the center of the scan; the
fall at higher and lower y-values is due to lateral leakage.

T 25
s 24 F v E=55MeV
£ t 4 E=52MeV
& 23| = E=50MeV
L e E=47MeV
22
21 F
2
19 |-
18 |
1.7;
16 F
g al 1 oot a b o o e )
e R R N S T m—
¥nom [€M]

Fig. 14. Energy response vs y-position.
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= + [)
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]
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oo T TH I e

Fig. 15. (a) Energy response vs z-position, (b) Energy resolution
vs z-position.

The energy resolution deteriorates by 10% from 4.4% / VE
to 4.8%/ VE .

4.4. Dependence on the z-coordinate

A z-scan along the module axis was performed with
190 MeV /¢ positrons at seven different z-positions from
—80 to +80 cm. The z dependence of the signal is well
represented as

Evis(z) =Evis(0) C’OSh( z/)‘)’ (7)
where A is the fiber attenuation length given by A =240
cm, Fig. 15a, as derived from summing two exponentials.
The measured energy resolution is shown in Fig. 15b. No
dependence on the z-position can be observed, confirming

that sampling fluctuations are dominating the resolution of
the calorimeter.

4.5. Dependence on the incidence angle

The response of the barrel prototype as a function of
the incidence angle 6 has been studied using photons,
positrons and muons at 30°, 45° and 60° incidence. The
calorimeter response does not depend on @ as expected for
a calorimeter with a large sampling fraction and very thin
converter layers. The distribution of E;; vs 8 for 190-240
MeV /c positrons and 26—76 MeV photons is shown in
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Fig. 16. Energy response vs incidence angle 6.

Fig. 16. The 6 dependence of the response for muons was
shown in Fig. 12.

The energy resolution for positrons and photons was
also found to be independent of the incidence angle, as can
be seen in Fig. 17, while a small worsening at 8 = 60° for
the photon data can be observed. Again, straggling at the
end of charged particles’ range results in larger sampling
fluctuations at large incidence angles.

The curved parts of the end-cap prototype have been
investigated by scanning the prototype with 190 MeV /¢
positrons incident at 45° at different positions, moving
along the outer surface of the bent part. No appreciable
variation was found in the scan.

5. Timing performances

In the following we discuss the timing performance of
the calorimeter for electrons, photons and muons entering
the center of the barrel prototype with incidence angles of
0°, 30°, 45° and 60°. The dependence of the time resolution

€
EN
3 5
g
2
g
J
207707710 20 30 40 50 60 70

0 [degrees]

Fig. 17. Energy resolution vs incidence angle 6.
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Fig. 18. (a) TDC-ADC correlation, {b) time distribution for a
single cell before correction, (c) the same distribution after walk
correction, (d) time distribution summed over all cells.

on the coordinate z, along the fibers, is given in Section
5.4. The time difference of the signals at the two ends
allows us also to reconstruct the z-coordinate; a discussion
of this can be found in Section 5.5.

5.1. The time measurement method

To measure the particle arrival time on the calorimeter,
each PM signal after triggering a discriminator, was used
as a TDC “‘stop’’. The “‘start’’ of the TDC system was
given by an external trigger for charged particles or by an
analog sum of the calorimeter signals for low energy
photons, as discussed in Section 3.2.

Timing accuracy is mostly limited by the light yield,
the emission time distribution of the fibers, and by the
transit time spread of the photomultipliers. In addition the
measured time depends also on the shape and amplitude of
the signals, and on the type of discriminators used. The
dynamic range of pulse heights in the test beam spans
more than one order of magnitude. Leading edge discrimi-
nators introduce a time walk depending on pulse height
which has to be corrected off-line.

The dependence of the time measurement on the pulse
height for a single calorimeter element exposed to 240
MeV e* is shown in Fig. 18a. The time distribution for the
same events is shown in Fig. 18b; one can observe tails
due to the time walk. To correct for this effect the data of
Fig. 18a have been fitted with the function: a + b/ Vx.
The corrected time distribution is displayed in Fig. 18c. A
further improvement in the time measurement is achieved
by averaging more calorimeter elements, after correcting
for each channel offset. The times measured at each



A. Antonelli et al. / Nucl. Instr. and Meth. in Phys. Res. A 354 (1995) 352—363 361

calorimeter end T,, Ty are obtained by the energy weighted
average over all elements:

T = Z,‘EAJTA.I' T. = ZiEB,iTB,i (8)
" Z,’EA, ’ i ZiEB, .

The average of 7, and Ty then defines the mean arrival
time T; the distribution of T for 240 MeV e* at 6=0°is
shown in Fig. 18d. Each T spectrum is well described by a
Gaussian.

To obtain the net calorimeter resolution o we have to
unfold the time jitter g, of the ““start’” signal. The charged
particles trigger is given by triple coincidence of counters
S:, S, and P, see Fig. 4, but its timing is determined only
by S,. The signal from §, is also used as stop of a TDC
channel allowing the measurement of the rms fluctuation,
g5, of the relative time response of counters S, and §,.
Assuming identical response for the counters S, and S, we
can estimate the time reference jitter as o, = o,/ V2 ~ 60
ps, which is the value used for obtaining the resolution
results.

For the case of low energy photons no external precise
trigger was available. We perform our analysis in terms of
the time difference

- _1_ Z ,-Ei(TA,i - TB,i)

AT= S E , 9)

AT and T are the difference and sum of 7, and Ty and
therefore have the same rms. spreads, i.e. o7 = o except
for the fact that the “‘start’ time jitter is cancelled event
by event in AT. The same analysis was also performed for
positron data. Comparison of the results confirms the
validity of our unfolding of o,.
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Fig. 19. Time resolution vs energy.
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Fig. 20. Time resolution vs incidence angle 6.

5.2. Timing resolution at normal incidence

The dependence of o,; on beam energy for 20--80
MeV v’s and of o for 40-240 MeV positrons, at normal
incidence on the calorimeter surface, are shown together in
Fig. 19. The parametrization o(T or AT) = 34
ps/ VE(GeV) fits all the data well. Fitting all measure-
ments of gy, from 20 to 240 MeV gives oy, =36
ps/ VE(GeV), in excellent agreément with the result
requiring unfolding of the “‘start’” uncertainty. The scaling
with energy shows the expected dependence on the light
yield.

The measurements of the time resolution with coarse
granularity, triangle symbols in Fig. 19, are consistent with
the fine granularity ones, although the light guides area
reduction factor increases from 2.7 to 3.8. This proves that
light collection efficiency is unchanged.

For the end-cap prototype we find a time resolution of
oy =40 ps/JE(GeV), with 40—190 MeV /c positrons.
The slightly worse resolution compared to the barrel result
is consistent with the lower light yield of the end-cap
prototype.

5.3. Timing resolution dependence on incidence angle

The dependence of o on @ is plotted for all available
beam energies in Fig. 20. At 60° the resolution for 240
MeV /c positrons is ~ 25% worse than the result for
normal incidence. The distributions are still gaussian. At
lower energies the angular dependence of the resolution
becomes negligible, being dominated by sampling fluctua-
tions.

We have also studied the behaviour of the curved
portion of the end-cap prototype for various entry positions
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Fig. 21. AT distribution vs nominal z-position for 190 MeV /¢
positrons.

at 45° incidence angle. For the most extreme conditions,
when the shower effectively crosses the fibers twice, the
time resolution deteriorates by ~ 20%.

5.4. Timing resolution dependence on z-coordinate

All our measurements confirm that the time resolution
scales as the number of photons to the — 1 power. We
therefore expect that the resolution is best at the center of
the calorimeter. Using Eq. (7), see Section 4.4, the z
dependence of the time resolution is given by:

a7(z) = a7(0)ycosh(z/A) . (10)
This has been verified with the data from the z-scan. The

resolution at the two ends of the barrel module is ~ 1.05
times worse than at the center.

5.5. Measurement of the z-coordinate

The z-coordinate of the entry point z, obtained from
the time difference AT and the effective light propagation
speed in the fibers v; is:

z, = UAT. (11)

AT is plotted vs the nominal z-position in Fig. 21. From a
fit to the data we obtain v;=17.2 cm/ns, in agreement
with the refractive index of the fiber core, n = 1.6, and the
bounce angle in the fiber.

The position resolution o, given by o, = v;0,; there-
fore is o, =6 mm/ yE(GeV) for the e.m. showers.

6. Particle identification

The K, — wuv decay, K5, constitutes the most sig-
nificant background to the identification of K —= w* o~
decays. The calorimeter can provide some 7/ identifica-
tion to improve the background rejection from kinematics

[24]. This w/p identification can be obtained by time of
flight and by energy deposition patterns.

6.1. K, ; rejection using time of flight

By combining the calorimeter timing information with
measurements in the KLLOE central drift chamber, we can
construct a y 2 function assuming specific particle masses.

Specifically:

2
5 (AL, —AT)

XToF = 02 ’ (12)

where AT, is the observed difference between the arrival
times of the two particles and AT, is the value computed
from the measured momenta, assuming that both particles
are pions.

Appropriate cuts in this function can result in K
rejection factors of 5-6, with 93% signal efficiency, as
obtained by a Monte Carlo study [4].

6.2. K, ; rejection using energy deposition pattern

The energy deposit pattern method has been tested with
data collected during the calorimeter tests for pions and
muons of 200-250 MeV /c. It is based on the use of the
energy signals and the first and second moments of the
energy deposition distributions. Specifically the variables
used are the energy released in each plane E,, the
energy weighted average X, and its rms spread, i.e. the
square root of the variance, 5X, defined as:

X,E,
e 2

(14)

where X, and E, are the x-coordinate and energy release
in the ith calorimeter cell. Distributions of X for 200 and
250 MeV /¢ muons and pions 6= 0° are shown in Figs.
22a and 22b, for the fine readout segmentation. Figs. 22c
and 22d show the same distribution for the coarse readout.

With appropriate cuts on these variables, a rejection
factor of 5 for muons is easily obtained, maintaining an
efficiency of 95% for pions.

7. Conclusions

We studied extensively the performance of both the
barrel and end-cap prototypes of the KLOE calorimeter.
The energy and time resolutions are respectively o /E =
4.4%/+E(GeV) and or=34 ps/E(GeV). The for-
mer is independent of incidence angle and the latter is
degraded by a factor of ~1.25 at 60°. We have also
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verified that a ~ 25% coarser readout segmentation does
not affect the calorimeter performance.

Extrapolating the results described to a 4.5 m long
barrel module of the final calorimeter we expect:

ox/E ~ 45%/y/E(GeV) ,
o~ 46 ps/E(GeV)

which satisfy, with some safety margins the requirements
of the KLOE experiment.

The calorimeter also provides some means to identify
pions and muons.
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