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1 Introduction

The key question for calorimetry in general, and hadronic calorimetry in
particular, is that of energy reconstruction. This question becomes es-
pecially important when a hadronic calorimeter has a complex structure
incorporating electromagnetic and hadronic compartments includes differ-
ent technologies. Here we describe a non-parametrical method of energy
reconstruction for a combined calorimeter, known as the e/h method, and
demonstrate its performance utilizing the test beam data from the ATLAS
[1] combined calorimeter.

This work has been performed using the 1996 combined test beam data
taken in the H8 beam line of the CERN SPS with pions of energies from 10
to 300 GeV. Detailed information about the test beam setup one can find
in [2]. Information about ATLAS LAr and Tile calorimeters are presented
in (3, 4].

2 Method of Energy Reconstruction

An hadronic shower in a calorimeter can be seen as an overlap of a pure
electromagnetic and a pure hadronic component. The calorimeter response
to these two components is usually different [5] and can be written as:
R = e-E¢+h- Ey, where e (h) is a coefficient to rescale the electromagnetic
(hadronic) energy content to the calorimeter response. From this

E=(1/)-(e/r) R, (1)

e e/h
T 14 (e/h—1)fro ' @)

where fro is the fraction of electromagnetic energy of the shower whose
dependence on the incident hadron energy can be parameterized as fro =
E./E = k-InE [6]. In the case of the combined setup the total energy
is reconstructed as the sum of the energy deposit in the electromagnetic
compartment (Ep4,), the deposit in the hadronic calorimeter (Erie), and
that in the passive material between the calorimeters (Ey,). Expression
(1) can then be rewritten as:

1 1
E = Epar + Egm + Erie = [— (E) R] + Egm + [— (E) R] , (3)
e\m LAr e\T Tile



where Ry 4, (Rrie) is the measured response of the LAr (Tile) calorimeter
compartment and 1/er4, (1/eri.) is energy calibration constant for the
LAr (Tile) calorimeter.

Similarly to the procedure in [2], the Eyy, term is taken to be propor-
tional to the geometrical mean of the energy released in the third depth of
the electromagnetic compartment and the first depth of the hadronic com-
partment: Eyn = & \/Erar3 Erie,1). The validity of this approximation
has been tested using a Monte Carlo simulation along with a study of the
correlation between the energy released in the midsampler and the E,,,.

The ratio (e/h)ri. = 1.3 has been measured in a stand-alone test beam
run [4] and is used to determine the (e/7)ry. term in equation 3. To
determine the value of the 1/er;,. constant we selected events which started
showering only in the hadronic compartment, requiring that the energy
deposited in each sampling of the LAr calorimeter and in the midsampler
is compatible with that of a single minimum ionization particle: 1 /erile =
0.145. The response of the LAr calorimeter has already been calibrated to
the electromagnetic scale [2].

The value of (e/h)p4r has been evaluated using the data from this
beam test, selecting events with well developed hadronic showers in the
electromagnetic calorimeter. The (e/m) 4, ratio can be written as:

E _ Ebeam - Edm — ETile
T) Lar Rrar/evar

(4)

The mean values of these (e/7)p4, distributions are plotted in Fig. 1 as
a function of the beam energy. From a fit using expression (2) to this
values we obtain (e/h)r4, = 1.74+0.04 and k = 0.108 £ 0.004. For a fixed
parameter k = 0.11 [6], the result is (e/h) 1,4, = 1.77£0.02. The systematic
error on the (e/h)p4, ratio, which is a consequence of the uncertainties
in the input constants used in the equation (4) as well as of the shower
development selection criteria, is estimated to be +0.04.

In Ref. [6], it was demonstrated that the e/h ratio for non-uranium
calorimeters with high-Z absorber material is satisfactorily described by
the formula: e/h = (e/mip)/(0.41 + f, n/mip), where f, is a constant
determined by the Z of the absorber (for lead f, = 0.12), and e/mip and
n/mip represent the calorimeter response to electromagnetic showers and
to MeV-type neutrons, respectively. These responses are normalized to the
one for minimum ionizing particles. The Monte Carlo calculated e/mip and
n/mip values [5] for the lead-liquid-argon electromagnetic calorimeter [7]
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Figure 1: The mean value of the (e/m)r 4, Tatio as a function of the beam
energy.

are e/mip = 0.78, n/mip < 0.5 and leading to e/h > 1.66. The measured
value of the (e/h)em ratio agrees with this prediction. Using this expression
and our value of e/h we can find that n/mip ~ 0.3.

To use expression (3) for reconstructing incident hadron energies, it
is necessary to know the (e/m)ri. and (e/m)p4, ratios, which themselves
depend on the hadron energy. For this purpose, a two cycle iteration
procedure has been developed. In the first cycle, the (e/m)ri. ratio is
iteratively evaluated using the expression (2). To start this procedure a
value of 1.13 (corresponding to f2 = 0.111n(100)) has been used. In the
second cycle, the first approximation of the energy is calculated using the
equation (3) with the (e/7)rie ratio obtained in the first cycle and the
(e/m)Lar ratio from equation (2). Again, to initiate the iteration fpo =
0.111n (100) has been used. In both of the cycles the iterated values are
arguments of a logarithmic function, thus the iteration procedure will be



very fast. The suggested algorithm of the energy reconstruction can be
used for the fast energy reconstruction in a first level trigger.
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Figure 2: Energy linearity as a function of the beamn energy for the e/h
method (black circles) and the cells weighting method (open circles).

Fig. 2 demonstrates the correctness of the mean energy reconstruction.
The mean value of E/Eyeqy, is equal to (99.5 + 0.3)% and the spread is
+1%, except for the point at 10 GeV. However, as noted in [2], result for 10
GeV is strongly dependent on the effective capability to remove events with
interactions in the dead material upstream and to separate the real pion
contribution from the muon contamination. Also shown is the comparison
of the linearity as a function of the beam energy for the e/h method and
for the cells weighting method [2]. Comparable quality of the linearity
is observed for these two methods. Fig. 3 shows the fractional energy
resolutions (0/E) as a function of 1/+/E obtained by three methods. The
energy resolutions for the e/h method are comparable with the benchmark
method and 30% worse than for the cells weighting method. A fit to
the data points gives the fractional energy resolution for the e/h method
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Figure 3: The energy resolutions obtained with the e/h method (black cir-
cles), the benchmark method (crosses) and the cells weighting method (cir-
cles).

obtained using the iteration procedure with ¢ = 0.1%: o/E = [(58 +
3)%VGeV /VE + (2.5+0.3)%] ® (1.7 + 0.2) GeV/E.

3 Hadronic Shower Development

The e/h method for energy reconstruction has been used to study the en-
ergy depositions in each longitudinal calorimeter sampling. Fig. 4 shows
the differential energy depositions as a function of the longitudinal coordi-
nate Z for energy from 10 to 300 GeV.

An analytical representation of the hadronic shower longitudinal devel-
opment from the calorimeter face has been used [9]:

dE(Z) on( Z)a b2 ( ( XO) Z)
7 — 7 = 1 -2\ =
17 \ N{ e \X, e X Fi(l,a+1,(b )X,



AE/AX (GeV/A,)

Figure 4: The differential longitudinal energy depositions at 10 (crosses),
20 (black top triangles), 40 (open squares), 50 (black squares), 80 (open
circles), 100 (black circles), 150 (stars), 300 (black bottom triangles) GeV
as a function of the longitudinal coordinate Z and the results of the de-
scription by the Bock et al. [8] (dashed lines) and modified (solid lines)

parameterizations.



_1_(1—71)))\1(2 Z

@ _,z
- /\I)e A11F1<1,a+1,(d—1)/\—1_)}, (5)

where 1 Fi (e, 8, Z) is the confluent hypergeometric function and a, b, d, w
are parameters. Note that the formula (5) is given for a calorimeter char-
acterized by its Xy and A;. In the combined setup the values of Xo, A1
and the e/h ratios are different for electromagnetic and hadronic com-
partments. So, the use of formula (5) is not straightforward for the de-
scription of the hadronic shower longitudinal profiles. To overcome this
problem, Ref. [10] suggests an algorithm to combine the electromagnetic
and hadronic calorimeter curves of the differential longitudinal energy de-
position. Fig. 4 shows comparison of the differential longitudinal energy
deposition with the combined curves for the longitudinal hadronic shower
profiles (dashed lines). A significant disagreement has been observed be-
tween the experimental data and the combined curves in the region of the
LAr calorimeter, especially at low energies. We attempted to improve the
description and to include such essential feature of a calorimeter as the
e/h ratio. Several modifications and adjustments of some parameters of
this parameterization have been tried. The conclusion is that replacing
the two parameters in the formula (5) with b = 0.22 - (e/h).u/(e/h).,;
and w = 0.6 - (¢/7)car/(€/T),q. Here the values of the (e/h)., ratios are
(e/h)em ~ 1.1 and (e/h)},,q = 1.3 which correspond to the data used for the
Bock et al. parameterization [8]. The (e/r).,, are calculated using formula
(2). In Fig. 4 the experimental differential longitudinal energy depositions
and the results of the description by the modified parameterization (solid
lines) are compared. There is a reasonable agreement between the exper-
imental data and the curves. Fig. 5 shows the measured and calculated
relative values of the energy deposition in the LAr and Tile calorimeters.
The relative energy deposition in the LAr calorimeter decreases from about
50% at 10 GeV to 30% at 300 GeV. Conversely, the fraction in the Tile
calorimeter increases as the energy increases.

4 Conclusions

Hadron energy reconstruction for the ATLAS barrel prototype combined
calorimeter has been carried out in the framework of the non-parametrical
method. The non-parametrical method of the energy reconstruction for
a combined calorimeter uses only the known e/h ratios and the electron
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Figure 5: Energy depositions in the LAr (circles) and Tile (squares)
calorimeters at different beam energies. The diamonds (crosses) are the
calculated energy depositions in the LAr (Tile).

calibration constants, without requiring the determination of any para-
meters by a minimization technique. Thus, it can be used for the fast
energy reconstruction in a first level rigger. The value of the e/h ratio ob-
tained for the electromagnetic compartment of the combined calorimeter
is 1.7440.04. The results of the study of the longitudinal hadronic shower
‘development have also been presented.
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Kynpunukuit 10.A. E1-2000-260
H3zmepeHue sHepruu agpoHOB

B KOMOMHHPOBaHHOM Kanopumerpe ycraHoBkd ATJIAC

C UCIONB30BaHUEM OecriapaMeTpHYecKOro MeTona

IpuBeneHs! pe3ynbTaThl H3MEPEHHs SHEPTHH alpOHOB B IIPOTOTHIIE KOMOMHHPOBAHHOTO
kanmopumerpa ycraHoBku ATJIAC B pamkax GecriapameTpHyeckoro Merofa. B mpemnoxeH-
HOM METONE HCIIONB3YIOTCS M3MEPEHHBIe BEeJTMYMHbI HECKOMIIEHCHPOBAaHHOCTH Kallopume- -
TPOB, COCTABJIAIOMINX KOMOMHUPOBAHHBIA KaJIOPHMETP, a TAKXKE KaTMOPOBOYHBIE BETTUYHHEI.
ITpu aTOM He TpebyeTcs onpeneneHus KaKUX-I1u60 MapamMeTpoB C HCIIONb30BaHUEM MUHUMHU-
3allMOHHOM Npouenyphl. JIaHHBIA MeTOn MOXeT ObITh NPUMEHEH IpH U3MEPeHHM SHEpruu
B TpUrTepe nepBoro yposHs. ITokazaHo, YTO ompeneNeHHas TaKMM METOJOM 3HEeprus He OT-
KJIOHseTcs Gonee yeM Ha +1% OT HOMUHAIBHON, M SHEPIeTHYECKOE pa3pelleHHe COCTABIIET
[(58+3)%./TsB/ ﬁ +(25+0,3) %] ® (1,7+£0,2) I'*B/E. H3MepeHa BenMYMHA HECKOMIIEHCH-
POBAHHOCTH UL DJIEKTPOMAarHUTHOTO KaJIOPHMETPa, KaK COCTaBHOHM 4acTH KOMOMHHPOBaH-
HOTO KaJIOpUMeTpa, KoTopast cocrasisieT e/ h=174+0,04. IIpuseneHs! pe3yabTaThl UCCIIENO-
BaHMS IIPOJOJIBHOTO MPOGHIA afPOHHOTO JIMBHA B KOMOHHMPOBAHHOM KaJIOPHMETpe.

Pa6ora BoimonHeHa B JlaGopatopuu simepHbix npo6neM um. B.I1.Ixenenosa OWSIH.
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Hadron Energy Reconstruction

for ATLAS Barrel Combined Calorimeter

Using Non-Parametrical Method

Hadron energy reconstruction for the ATLAS barrel prototype combined calorimeter
in the framework of the non-parametrical method is discussed. The non-parametrical method
utilizes only the known e/h ratios and the electron calibration constants and does not require
the determination of any parameters by a minimization technique. Thus, this technique lends
itself to fast energy reconstruction in a first level trigger. The reconstructed mean values
of the hadron energies are within +1% of the true values and the fractional energy resolution
is [(58+ 3)%,/GeV/ﬁ+(25t0.3) %] ® (17£0.2) GeV/E. The value of the e/h ratio ob-
tained for the electromagnetic compartment of the combined calorimeter is 1.74+0.04. Re-
sults of a study of the longitudinal hadronic shower development are also presented.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear Prob-
lems, JINR.
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