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Abstract

The characteristics of the L3 hadron calorimeter as realized i the observation
of hadronic jets and other events from e*e™ collisions at LEP are presented aud
discussed. The pattern-recognition algorithm utilizing the fine granularity of the
calorimeter is described, and the observed overall resolution of 10.2% for hadron
Jets [rom Z-decay is reported. The use of the calorimeter in providing information
on muon energy losses is also noted.
(Submitted to Nuclear Instruments and Methods
in Physics Research A)
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1. INTRODUCTION
The measurement of hadronic energy in the L3 detector is carried out by combin-
ing signals from a uranium-gas proportional chamber hadron calorimeter with those of
an electromagnetic detector preceding it. An algorithm has been developed for pattern
recognition and for the analysis of the energies and angles of jets produced at LEP in
ete™ collisions at the Z° energy, and coefficients have been obtained which optimize the
resolution of the combined e.m. and hadronic detectors and provide absolute normaliza-
tion. This algorithm is described, following a brief summary on the L3 calorimeters and a
presentation of the calibration and normalization procedures. A patteru-recognition algo-
rithm relevant to the analysis of other types of Z° decays (e.g. to muons) is also discussed.
The L3 detector [1] cousmta (from the interaction.vertex outward) of a central
precision tracking chamber, a bismuth germanate (BGO) crystal matrix electromaguetic
calorimeter, a hadron calorimeter consisting of uranium absorber with proportional wire
chamber (PWC) readout, an active muon filter, and precision muon-tracking drift cham-
].)t:'ls The BGO crystals provide a luminosity monitor for electrons scattered by less than
. The eutive detector is contained within a large solenoidal magnet plowdmg a 05T
d\ldl magnetic field.

2. THE L3 CALORIMETER

The major components of the L3 calorimeter are the eleCtIOHIngletlt B(;O matrix
and the wranium-gas PWC hadron calorimeter (HC). The HC is mechanically d1v1ded into
a barrel, two end-caps, and a muon filter. The BGO (for the 1989-1990 data presented
here) is in a barrel extending over 42.4° < ¢ < 137.6° in polar angle ¢ (Fig. 1). A counter
containing interleaved lead and scintillator sheets is located in {ront of the HC eud -Caps.

The HC barrel consists of 144 modules grouped into 9 rings of 16 modules each. A
module contains PWCs interleaved with 5 mm uranium plates; the 3 central rings coutain
60 chambers and 59 plates, the 6 outer rings contain 53 chambers. The anode wires in
adjacent PWC planes are oriented at right angles, alternately in the z and ¢ directions.
The 2 direction is the beam direction and ¢ is the angle in a plane perpendicular to
the z directiou. The signal wires are grouped into readout cells, or ‘Lowers’; each Lower
imcludes only wires from alternate, parallel layers. The pattern of wire groupings in both
dimeusious provides 10 towers in depth (radially), and 9 in the other duueuuon (z or ).
In the r—¢ plane, the towers subtend about 2.5° from the interaction vertex, whereas in
the r—z plane they have a constant w:dth of about 5 cm, also corresponding to about 2.5°
in the central region.

Each of the two HC end-caps, (upst1ea.m and downstleam) is constr ucted of one outer
and two inner rings (Fig. 1); for mechanical reasons, each ring is in turn divided vertically
into two half-rings. The forward part of the outer ring (= 1.31) has the same sampling as
the HC barrel (5 mm absor be1) All other parts of the HC end-caps ha,ve a samplmg, that
15 twice as coarse (10 mm a,bsorbex) The chamber wires are stretched leIIlut.thlly, thus
measuring the polar angle 0 directly. Alternate chambers layers are oriented at 22. 5° with,
respect to each other to provide two stereo views. As in the barrel, the tubes are grouped
mto readout towers for each view sepala,tely The towers are projective, pointing to the
interaction vertex with an angular segmentation of about 1° in 8. The segmentation in
azimuth is 22.5°, defined by the chamber dimensions. The longitudinal segmentation (in
z) is 5 for the inner rings and 7 for the outer rings.

The HC barrel subtends a polar angle § between 25° and 155°, thus ovel]appnq.,



the IHC end-caps, which cover polar angles between 5.5° and 35°, aud between 145° and
174.5°. ‘ |

“The muon filter (MF), radially just outside the HC barrel, subtends about 85% of
4r in azimuth. The primary functions of the MF are to track muons between the HC
barrel and the muon drift chambers and to absorb the tail of the hadron .‘:hOWEIS

The BGO barrel consists of 7680 crystals, each in the form of a truncated pyramid
whose axis is radial from the interaction vertex. The pyramids a.re 24 crh. lohg (21.4
radiation lengths or 1.1 nucleon interaction lengths) and (about) 3 x 3 cm? tapering to
(about) 2 x 2 crn?. The matrix contains 48 crystals in 6 and 160 in ¢, couespondm;a to
4 granularity of about 2° x 2°. The BGO has a measured resolutlon of about 4% for 150
MeV electrons and better than 1% for electrons of over 4 GeV.

Foir the 1989-1990 running periods, a set of e.m. counters (veto counters) were
installed in front of the hadlon calonmete:. end-caps, each consisting of 12 layers of plastic
scintillator interleaved with 3 mm thick lead plates (for a total of 6.5 radiation lengths).
‘The counters were azimuthally segmented into 16 moduleb each 1ead out by Hamamatsu

type R2490-01 photomultiphers, via wavelength shifters. These counters (,oveled polar
angles of 7°-37° and 143°-173°,

3. GAIN CALIBRATION .

In order to obtain a uniform response of the dxﬁelent channels (towels) peclestdl
levels and intercalibrations were peuodudlly Lhecked The towers were read out through
LeCroy Fastbus model 1882F ADCs, 12-bit for the HC bd.llel and the MF, and 15-bit
for the HC end-caps. The pedestal level:: could be subject to occamoud,l dllﬂ,b aud were
updated” daily. Pedéstals from the most recent pedebtal run were stored dnd used for
subsequent data ana,lysls untﬂ the uext pedebta,l run.

T'he intercalibration of the HC channels is done usmg the ga,rnrna 31gnals from
uranium in the PWCs. It has been found that the U-noise spectrum with random gating
has a unigue shape, which can be fitted to obtain a system gain (chamber and amplifier)
for each channel with an accur acy of better than 2% [2] Periodically (appr oximately once
a month) a U calibration run is taken so that the gain of each channel can be compaxed
with a hlgh statistics 1efe1ence spectlum The dnstrlbutlon of the gains of the 22 ,000
channels' in’ the HC barrel befme correction 15 1llustra.ted in Fig. 2. Similar IESLIIL::- are
obtained foi thie 3960 ernd- ca,p chd,nnelb The gain dependb on the chamber high voltage,
the gas der151ty, the gas c0n1p031t1011 and the a,mphﬁe1 gain, The lugh voltage and chamber
gds are continuously monitored and held constant to within about 0. 1% no dnft of the
amplifiers is observed. The long-term btd.blllt_y of the HC system is found to be beltel
than 1.3%. The 111te1ca11b1at10n constants are a.pphed during off- hne Leconstluctlon to
the amphtudes measured i in the corlespondmg readout channels

"It'was fourid [3] that the response of the PWCs to the ulanmm Ladlauou depeudb
wea.kly on the L3 mdgnetlc field, and is different when it comes fr om chambexs w1th anode
wires’ palallel to'this field or pelpendlculal to it. Consequentl_y U -noise, (,athblatlonb we1e
duue both with and without umgnetm ﬁeld S0 tha,t the effect of Lhe ﬁeld ou the calibr ctl]lOIl
is kuown Oxi'the other haid, we see 110 eﬂect of the field on ‘the blgllalb from hd.dlou _]t'tfa ‘
This wa.s determined by comparlng mgnals from both ha,dlons and muons beiore a,nd aftel
applymg the field; and also by comparing ‘the s;gnals from the two orthogonal sets of wires
from the samie ha.dron jets. The plocedures descrlbed below are all Cdllled out w1th the
magnetlc ﬁeld on.
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The U-noise pulses correspond to a signal per channel equivalent to about 2 MeV
ran.s. hadron energy deposition for the largest tower (including 26-28 PWC anode wires),
or about 150 MeV r.m.s. when summing over an entire module. During normal data
taking, the channels were read out only if their signal was above a given threshold, which
corresponded, for the HC, to a hadronic energy of 9 MeV. This reduces the number of
wanium-induced signals recorded with each event, per HC barrel module, to about 4 out
of a total of 180 channels. It should be noted that a minimum-ionizing particle (e.g. a
muou) produces in each calorimeter plane a signal corresponding to about 25 MeV of
equivalent hadron energy.

The noise level in the BGO readout is also reduced by imposing a threshold of 2 MeV.
The BGO readout electronics and digitization is quite different from and independent of
the hadron calorimeter system, and is described elsewhere [1]. The dynamic range of the
readout, for signals in each crystal ranging from less than 100 eV to about 200 GeV, is
equivalent to that of a 21-bit ADC.

4. PATTERN RECOGNITION

The hadronic or electromagnetic cascade initiated by a single particle or by a jet
of particles must be recoguized from its signature in the HC and BGO. Of interest here
are hadronic jets from quarks and gluons, electrons, gammas, muons, and single hadrous.
‘I'he event reconstruction proceeds in two steps. In the first step the event is reconstructed
m each subdetector separately. In the second step it is recoustructed globally, using the
results of the first step.

The first step identifies the ‘hits’ in the calorimeter, where a hit is a tower (chaunel)
with over 9 MeV energy loss in the HC or 2 MeV in the BGO, i.e. above threshold. The
hit coordinate is defined as the geometrical centre of the tower or BGO crystal. ‘Clusters’
are then forined {rom these hits. A cluster is defined as two or more adjacent or contiguous
lits. T'wo Lits touching at their corner are understood to be contiguous; also, in the HC
barrvel, two hits which are separated by a tower, but lie along the same radial vector
froni the interaction vertex, may form or be part of a cluster. This definition of a cluster
strongly discriminates between particle tracks or cascades and random background, while
accommodating fluctuations in the cascade process as well as possible inefficiencies in the
detector coverage. As an example, a 45 GeV jet from Z° decay contains about 70 hits in
the HC barrel in a volume comparable to one module, whereas the noise level corresponds
to about 4 hits (as noted above). The density of hits in clusters from muons and electrons
1s greater than in those from hadrons; for muons the clusters essentially define the track,
aud for electrons the cascade ilonization densily is high because of the short radiation ,
length of uraniun.

Each cluster is characterized by its type, energy, and direction. The direction is de-
fined as the vector sum of all the hits it contains (where the vector origin 1s the interaction
vertex). Two types of clusters are distinguished, hadronic and electromagnetic, accord-
ing to their transverse and longitudinal profile. The global reconstruction procedure then
defines ‘objects’ in the detector corresponding to hadron jets, single electrons, and single
mnuons. At this stage of the analysis, the information about muons reconstructed in the
muon chambers is added to the first-step calorimeter reconstruction information.

The global reconstruction algorithm starts from the most energetic-cluster, taken
as the ‘seed’ of an ‘object’. An iterative procedure then adds to this seed all clusters in
a 30° cone around the seed axis (the vector to the interaction vertex). An object axis is



then defined by calculating the energy-weighted vector sum of all included cluster vectors,
and a new 30° cone 1s defined about this axis. The clusters within this newly-defined cone
are used to define, in turn, a new object axis. This procedure stops when no new clusters
are added to the object after redefinition of its axis. Then, starting from the next{ most
energetic cluster not included in any previously-defined object, the procedure is repeated
to build up a new object. This iterative reconstruction procedure stops when the energy of
the next new object is less than 7 GeV. Each one of the remaining (lower-energy) clusters
15 then added to the closest existing object if it is not separated by more than 20° from
the closest cluster in this object. As a last step the identified objects are classified and
their energies are determined. .

The reconstructed object classification designates the energy calibration for the hits
of this object. Thus, for a muon inside the object we take its momentum as defined by the
muon chambers. The cluster and object definitions are applied to the hadron calorimeter
and to the BGO signals. The object thus includes, for example, both the electromagnetic
aud hadronic components of a jet (as well as possible muons).

It should be noted that the L3 Collaboration has employed a procedure whereby
the analysis is carried out usiug two independent algorithuns applied in pavallel. Tle
procedure described above is that employed by one of the two; the other algorithm uses a
procedure that is similar in concept but different in detail from this. The resulting physics
conclusious from the two algorithms are in agreement with each other.

5. ENERGY CALIBRATION

During the course of the design and construction of the L3 experiment, calorimeter
modules were tested, as prototypes and final assemblies, in beams of hadrons, electrons,
and muons; results of these studies have been published [2, 3, 4]. The measured energy
resolution of the HC/BGO system for hadrons was found to fit 55%/+/E 4+ 5%, where £ s
in. GeV. These studies provided useful orientation for the initial setting of voltages, gains,
dynamic range, etc., of the calorimeters. However the results cited below are substantially
independent of these earlier studies.

The Z° usually decays through the two-quark final-state channel, giving rise to two
back-to-back hadron jets. This in turn has provided a convenient source of objects of
known energy for the calibration of the calorimeter. Furthermore, a well-tuned Monte
Carlo has been developed by the Lund group {5, which has been verified in Z-decays and
lower-energy electron-positron experiments. The characteristics of the cascade initiated in
a particular calorimeter structure are also well understood, and are successfully simulated
by the computer program GEANT [6]. Hence, the expected characteristics of jets from
Z-decay can be and have been studied through extensive Monte Carlo runs.

It is known, for example, that the charged hadron multiplicity is about 11 per jet,
and that the average hadron energy in such jets is about 3 GeV.

L order to ineasure the total energy one has to add up the energy deposition in
each subdetector properly. The summing algorithm should provide a uniform response
with optimum energy resclution over the entire solid angle covered by the calorimeters.
This is done by expressing the total energy as a linear combination of the signals recorded
by each subdetector, with each signal weighted by an appropriate energy-independent
conversion coefficient. These coefficients depend on the particular subdetector and on the
cluster position in it. The objective of the energy calibration is to determine the value of
the coeflicients which provide uniform energy response and which minimize the error in
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Table 1 Weighting factors for different polar angles

9 42.3°-54° | 54°-66° | 66°-78° | 78°-102°
126°-137.7° | 114°-126° | 102°-104°

Wito 1.42 1.40 1.39 1.40

Wi, 1.07 1.09 1.12 1.10

ng 1.02 1.02 1.01 1.00

the energy determination.

The L3 hadron calorimeter system is divided into four' sectors in polar angle 8 in
each hemlsphere (forward and backward), which are characterized by different geometries,
as seen in Fig. 3. Thus there are eight subdetectors for which to fix parameters. The
central region is further divided into four angular intervals (between 42.4° and 90°, and
correspondingly between 90° and 137.6°) to seek any finer variation of coefficients within
this largest sector. The major & dependence of the HC barrel response is due to the
change of the effective sampling thickness with 8. To compensate for this and reduce the
dependence of weighting factors on 6, an empirical weighting factor of sec[(90° — 0)/1.5)
was applied to all cluster energies in the HC barrel.

The calibration is done by scanning the detector with two back-to-back Jets (
electrons) of known (beam) energy and with an event thrust polar angle ¢ between 5.5°
and 174.5°, i.e. within the HC acceptance. The selection of events for this calibratjon
1s made using the selection criteria described elsewhere {7], extended to include Bhablia _
events. Only events with two errergetic objects, each with energy greater than 7 GeV and
a departure from collinearity of less than 14°, and with both objects (Jets) lalling in the
same ¢ region are used for calibration.

The energy of each event is calculated as

Emeas = E,E,(H) X W,(G) (I, =1lto 8)

Here & is the polar angle of the event thrust axis, £; is the response, i.e. the sum of the
energies of the clusters, associated with jets (or electrons) in the 7 subdetector, and W
1s a weighting factor whose value is then obtalned by mlmmlzmg the sum

Ea]J‘. svents(Emeas - Ecm)zs' |

where FE ., 1s the energy of the colhdmg electrons a.nd p051t10ns couected for 1nclus1ve |
muon energies as determined from the muon chambers. This minimization is done sepa-
rately for ete~ and jet—jet events, Figure 4a shows the d1st11but10n of the total nuiber of
hits and Fig. 4b the dxstnbumon of the front end (BGO) energy ha,ctlou the separ ations
illustrated here are used for electlon—Jet separation.

The result of the calibration procedure is a set of weighting factors W;. Sowe of
them are given in Table 1 for 1llustrat10n ‘

Hence the standard L3 1econst1uct1on procedme starts by the d.])ph(.d.thIl of a
pattern- lecogmuon a.lgouthm Then the energy deposxted in each subdetector is calcu-
lated, using the weighting ia.ctms dete1mmed in the ca.hbla.tlon and the totd.l energy of
the event i is detelmmed

(e ]



6. RESULTS, 2" EVENT ANALYSIS

Data collected during 1989 and 1990 at energies at and near the Z° peak have been
analysed using the pattern recognition and calibration algorithms described above. The
data sample contains of the order of 10% events, Cuts were applied to extract samples of
electrons, muons, and hadron jets from the data.

Muons

The response to muons of the central electromagnetic and hadronic calorimeters
is shown in Iigs. da and 5b, together with Monte Carlo ])ledl(,tl()ub 'Lhe loug tail of
events is due to the lcuge energy loss undelgone by the muons in the calorineter through
electlomagnetlc processes (blemsstmhlung,, delta rays, etc. ) This is llustrated i in Figs. 6a
and 6b, wheLe the calorimeter energy loss is plotted agamst the muon energy measured in
the muon spectrometer. The correlation is clearly seen. The caloumeLel miouud,tlou call
thus improve the muon-momentum measurement, in par Llcula,l for energy lowes of over

5 GeV 1 the hadmn calorimeter. Figure 7 is the computer graph of a dimuon event in
Lhe detéctor with a hard bremsstrahlung photon in the BGO calorimeter.

Tle single-track resolution of the HC bauel 18 illustmted in Iig. 8. These results,
obtained with a muon test beam, show avela,ge values of 28 and 25 mrad for the angu-
lar resolution in # and é lespectwely, and of about 8 mm for the transverse- coordinate
resolution. The poorer coordinate resolution near 90“ seen i1 Flg 8a, 15 due to the HC
tower alignment there. In dddltlon from comparisons between the MI and the muon drift
chambers, the muon filter is found to determine the coor dnlate of a muon on the r—¢ plane
with an accmacy of 2 mm.

In Fig. 9 the distribution of the dlﬂerence in angle as mea.suled by the muon cham-
bers and the HC barrel for Z° — pup events is plotted. This distribution is in good
agreement with test beamn studies. Although the angular accuracy of the muon cham-
bers is better than 1 mrad, there is multiple Coulomb scattering of about 3 mrad in the
calorimeter. In the off-line reconstruction, angular and coordinate informatiou lrom the
HC and the muon filter are used to resolve ambiguities in the muon chambers.

Hadromc Jets . : ‘ :

The response of the central portion of the caloumetel ::.ybtem to hadrouic events is
shown in Fig. 10. The measured energy resolution is 10.2%. The uniformity of the response
over the fiducial volume is illustrated in Fig. 11; the response is plotted as a function of
the polar angle 0 (Fig. 11a) and azimuthal angle ‘¢ (Fig. 11b) of the thrust axis. The
mean response is uniform over the full angular range, although fluctuations are greater
at both ends of the @ range. This effect is cledrly seen in' Fig. 12, where the hadronic
jet resolution s plotted as a function of 8. The resolution in the forward and backward
regions is affected by leakages from the calorimieter near' the beam’ axis, by the coarser
sampling of the end-caps, and by the 1nc0mplete absmptlon of elet_tlmndguetlc ::howeu.
in the veto counters.

‘The angular distribution of energy within a _|et is shown in Fig. 13, where the data
and the Monte Carlo simulation are presented. The two-jet acollinearity angle 101 two-jet
events is plotted in Fig. 14. Also shown is a Monte Carlo simulation which agrees well
with the data. Assuming the same accuracy for each jet, we obtain for the central region
an accuracy of 37 inrad on the determination of single-jet angles. Figure 15 illustrates
how the amount of energy found outside jets in a two-jet event affects the determination



of the jet angle. Naturally the less energy there is outside jets the better the jet direction
is imeasured. The resolution levels off when less than 3 GeV: is outside the jets.

The computer graph of a typical two-jet Z° decay in the barrel is shown in Fig. 16,
that of an event in the end-¢ap in Fig. 17. R * ' E

7. CONCLUSIONS: : :

The L3 caloriineter has been opéra,tiné; successfully since' August 1989. The long-
term overall stability of the readout, the electronics, and the chamber gain, is found to
be better than 1.3%. An algorithm has beén developed to obtain -uniformity of response
over the entire solid adngle covéred by the calorimeter systém and to minimize the error
in jet energy measurement using two-jet events from Z° decays. The energy resolution
obtained is 10.2% in the’centtal region and: 13.8% in the forward and backward regions
of the system. Single hadron jet directions are determined to an accuracy of 37 mrad.

The correlation between the measured muon energy loss in the calorimeter and the
muon momentum measured in the muon chambers necessitates the use of the calorimeter
data to improve the determination of muon momenta from the primary interaction by
inclusion of large muon energy losses, The measurement of muon track position in the
calorimeter is shown to provide a cordinate accuracy of about 8 mm and an angular
accuracy of 25-28 mrad i the barrel and 2 mm in the r—¢ plane in the muon filter; these
provide additional information for the global reconstruction of muons in the L3 detector.
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Figure captions

Fig. 1 Side view of the L3 detector calorimeter part.

Fig. 2 Distribution of normalized individual cell amplitudes in the uranium hadron calorime-
ter.

Iig. 3 Logical subdetectors used in the L3 calorimeter calibration. HBl—central part
of hadron calorimeter barrel; EB—electromagnetic calorimeter barrel (BGO crystals
array); HB2,HB3—peripheral parts of hadron calorimeter barrel; HC1 front/deep—
parts of end-cap-1 (the front part has two times higher sampling then the deep one)
HC2—end-cap-2; EC—electyomagnetic end-cap counter.

Iig. 4 Distribution of the number of hits (a), and fraction of total energy, deposited in
the frout-end (BGO) calorimeter part (b) for events selected for calibration.

Iig. 5 Electromagnetic calorimeter response to muons (a). Hadron calorimeter response
to muons (b). -

Fig. 6 The correlation of the muon momentum measured by the muon chambers and
muon energy deposited in the hadron calorimeter for dimuon events in the data (a)
and Monte Carlo (b). ' '

Iig. 7 Computer graph of a dimuon event in the calorimeter with a hard brems- strahlung
photon in BGO.

Fig. 8 Coordinate (a) and angular (b) reconstruction accuracy for muouns as a function of
polar augle 6. Coordinate (c) and angular (d) reconstruction accuracy as a function
of the azinuthal angle ¢. The angle of the incoming muon is measured with respect
to normial incidence.

Fig. 9 The difference between the ¢ angles measured by the muon chambers and by the
hadron calorimeter.

I'ig. 10 The distribution of the total energy for two-Jet hadronic events. Oulyevents with
both jets in the central part of the detector are plotted.

Fig. 11 Uniformity of L3 detector response for hadronic events. The total measured energy
is plotted as a function of the angles ¢ (a) and 6 (b) of the thrust axis.

Fig. 12 The calorimeter energy resolution for hadronic events as a fuuction of tle angle
0 of the thrust axis. The resolution values in the forward and backward regions are
discussed in the text. ,

Fig. 13 Transverse-energy distribution inside a jet; 6 is the angle with respect to the jet
axis.

Fig. 14 Acollinearity angle for two-jet events.

IFig. 15 Angular resolution determined from the sets of two-jet events with a different
energy outside the jets. '

I'ig. 16 The side view of a two-jet event in the L3 detector.

Fig. 17 The side view of a two-jet event in the L3 end-cap.
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