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Chapter 3 

The CHORUS experiment 

Magic is any sufficiently advanced technology. 
Arthur C. Clarke [43] 

The CHORUS (CERN Hybrid Oscillation Research Apparatus) experiment 

has been designed to search for neutrino oscillations of the type uß —» vT. 

It aims primarily at the detection of vT induced charged current interactions 

vT N -> T~ X. Due to the short lifetime of the r lepton (er ~ 90 /urn) excellent 

spatial resolution is needed. Therefore, nuclear emulsion is used simultaneously 

as a neutrino target and as a tracker in three dimensions with sub-/mi resolution. 

It allows to examine the primary interaction vertex along with any short-lived 

particle decay. In this thesis, we report on a study of the production and decay 

of - also very short lived - charmed particles. 

The topology and kinematics of the neutrino events are obtained by com

bining data from the electronic detector with tracks measured in the integrating 

emulsion detector (hybrid setup). The electronic detector information is used to 

predict the particle trajectories in the emulsion. Automated microscopes follow 

these trajectories through the emulsion until a primary neutrino interaction is 

found. 

To match electronic detector tracks with emulsion tracks, the emulsion is 

interspersed with layers of high resolution scintillating fiber trackers. For the 

kinematic reconstruction, downstream of this target area a hadron spectrom

eter, a calorimeter and a muon spectrometer are situated. The detector is 

schematically shown in Figure 3.1. 

The CHORUS experiment took data with emulsion target in the period 

1994 - 1997. In 1998 neutrino and anti-neutrino data were taken for calibra-
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24 CHAPTER 3. THE CHORUS EXPERIMENT 

tion purposes and for dedicated studies, in particular for a structure function 

measurement using the calorimeter as target [44]. 

In this chapter we describe the main points of the neutrino beamline, the 

CHORUS subdetectors relevant for our work, and the properties, handling and 

scanning of the emulsion target. A complete and detailed description of the 

experimental setup can be found in Reference [45]. 

Calorimeter 
Magnetic 

Spectrometer 

' ° n S <*« rom^ 

I 
Figure 3.1: The CHORUS detector. 

3.1 Neutrino beam 

The CHORUS experimental setup has been installed in the beamline of the 

West Area Neutrino Facility (WANF), which was operated in the wide band 

mode [46, 47]. The layout of the beam line is shown in Figure 3.2. 

Protons are accelerated with the Super Proton Synchroton (SPS) to 450 

GeV in a cycle of 14.4 s. They are extracted in two 6 ms long spills, separated in 

time by 2.7 s, and then stopped in a beryllium target producing mainly pions and 

kaons. For the neutrino beam a sophisticated setup of pulsed magnetic lenses 

(horn and reflector) focuses the positively charged mesons while the negatively 

charged mesons are bent out of the beamline. The mesons decay in flight in 

a 290 m long evacuated tunnel and produce neutrinos mainly via the decay 
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Figure 3.2: Schematic overview of the neutrino beamline WANF (not to scale). 

channels 

7T+ -> n+v„, 
K+ 
K+ - * T T V * V 

M+*V, (3.1) 

The charged leptons from the decay as well as the remaining not-decayed 

mesons are absorbed in a beamdump of iron and a 400 m long path through 

earth. 

For the whole neutrino beamline a Monte-Carlo (MC) simulation has been 

developed (GBEAM [48]). The resulting energy spectra of the wide-band beam 

composition - consistent with measurements [44] - are displayed in Figure 3.3. 

The neutrino beam consists mainly of muon neutrinos with a mean en

ergy {EVy) = 27 GeV. Contamination with other (anti-)neutrino flavours is 

20 40 60 80 100 120 140 
Ev(GeV) 

Figure 3.3: The neutrino spectrum in the CHORUS experiment. 
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unavoidable. Muon anti-neutrinos primarily result from K° decays and the re

maining 7T~ component in the beam. Electron (anti-)neutrinos come mainly 

from semi-leptonic K± decays. Furthermore, in the production target and in 

the beamdump Ds mesons are produced. Their decays via D+ —y T+VT and 

Dj —» T~VT, T~ -¥ liTVpV-r result in an almost negligible prompt vT back

ground [49, 50]. 

3.2 The experimental setup 

3.2.1 Target area 

In the target area, stacks of nuclear emulsion and scintillating fiber trackers are 

installed: 

• Emuls ion [51] 

A volume of 206 liters nuclear emulsion, in total weighing 770 kg, is used 

in CHORUS for two purposes: as 'bulk sheets' in the primary neutrino 

target and as 'changeable (CS) and special sheets (SS) ' for high precision 

tracking to interlink the electronic trackers and the bulk emulsion. 

The bulk emulsion is distributed over 4 stacks, each consisting of eight 

modules with a size of 0.36 x 0.72 m2 installed on aluminium frames, and 

covering in total an area of 1.42 x 1.44 m2. Each module consists of 36 

individual plates. Every plate has a 90 /im thick plastic base covered with 

350 /an emulsion on both sides. Along the beam direction, the installed 

emulsion amounts to about 4 radiation lengths and 0.3 interaction lengths. 

• F i b e r t rackers [52] 

Fiber trackers are placed between the emulsion stacks to predict exit points 

from the upstream emulsion and directions of particle trajectories. Every 

tracker contains four tracker planes, allowing to measure unambiguous 

track parameters from orthogonal small-angle stereo projections (y, z, y', 

z'). The projections y' and z' are rotated by 8° with respect to y and z. 

A tracker plane consists of seven layers of scintillating fibers. The fiber 

diameter is 500 /im. One end of the fibers is covered with aluminium that 

acts as a mirror, while the other end is attached to an opto-electronic 

chain with a CCD camera. In total one million fibers are connected to 58 

opto-electronic readout chains. 
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The achievable precision in track reconstruction increases successively in the 

upstream direction from the fiber trackers (150 x 150 /jm2) to the bulk emulsion 

plates (10 x 10 /im2). The angular precision for the fiber tracker is about 2 mrad, 

and 1.5 mrad in the emulsion. 

To reduce fading of the latent images in the emulsion, the whole target 

region is inside a coolbox and kept at a temperature of (5.0±0.5)° C and a 

relative humidity of 60%. 

Since the neutrino interaction probability is proportional to the amount 

of traversed mass, we can inspect the detector by neutrino tomography. The 

distribution of (target) material can be seen in Figures 3.4, where all recon

structed neutrino interaction vertices from data taken in the period 1994 - 1997 

are plotted in the longitudinal and the transverse projections. 

In the neutrino tomography image of the longitudinal projection the dis

tribution of emulsion stacks and fiber tracker planes is visible. Furthermore, 

between -70 cm and -50 cm the presence of a pilot fiber target setup [53] can be 

seen. In the transverse projection the small gaps showing the aluminum frame 

holders between the eight emulsion modules are just visible. 

•60 -40 -20 20 40 60 

(a) (b) 

Figure 3.4: Neutrino tomography image of the target area in longitudinal (a) 
and transverse (b) projection. 
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3.2.2 Hadron spectrometer 

An air-core magnet [54] with a hexagonal shape is used for momentum and 

charge determination of charged particles (particularly hadrons) emerging from 

the target area. The magnet produces a toroidal field of 0.12 T and it is pulsed 

synchronously with the neutrino beam. 

In front of the magnet and behind, planes of scintillating fiber trackers are 

installed to measure the trajectory curvature. To reach even higher precision of 

trajectory parameters, an emulsion tracker (ET) has been installed inside the 

magnet before the 1996 run. 

The momentum resolution is the quadratic sum of two parts: (a) uncer

tainties of the track parameters before and after traversing the magnet 

Ap 
3.5% x p/GeV; (3.2) 

Pmeas. 

and (b) the momentum independent error due to multiple scattering inside the 

magnet 

Ap 

Pscatt. 
= 22%. (3.3) 

The momentum resolution of the spectrometer as a function of the momentum 

is depicted for muons in Figure 3.5. 

10 12 14 16 18 20 
Muon momentum (GeV) 

Figure 3.5: The muon momentum resolution for the hexagonal magnet spec
trometer. 
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3.2.3 Honeycomb chamber 

A honeycomb tracker has been installed during the 1996 run to improve the 

track matching between the hexagonal magnet and the calorimeter. 

The tracker planes are built-up from hexagonal cells, where each cell is 

acting as a single wire drift chamber. The position of passing-through charged 

particle trajectories is extracted by measuring the drift time of the ionization 

electrons. The tracker consists of 3 modules of 6 planes (~ 3 x 3 m2) at angles 

of 0° and ±60° with respect to the horizontal Y-axis. The obtained residual 

after alignment and calibration is typically about 300 /im. 

Rasnik a l ignment sys tem 

In 1996 three RASNIK systems (Relative Alignment System of NIKhef) have 

been installed to monitor the relative alignment of the honeycomb chambers 

(a fourth system has been installed to monitor the alignment of the hadron 

spectrometer). 

The basic principle of the RASNIK is to project a coded mask - a finely 

detailed image (85 /im black-and-white squares on a raster) - through a lens onto 

a CCD camera. When the image of the mask moves, the local displacement is 

measured with a precision of a few /im. The pattern is used to decode the global 

position information. More details of the setup of the RASNIK system can be 

found in [55]. 

Figure 3.6 shows the movements registered with one of the RASNIK systems 

for a one month period in 1997 data taking. The upper two plots represent the 

lateral movements, whereas the lower plot shows the longitudinal movement 

(which is less precisely determined). The maxima and minima correspond to 

daily changes of the temperatures. In the substructure of the curves, the cycle 

of the ventilation system is just visible. Indicated in the figure are movements 

larger than the daily changes that could be correlated with manual interventions 

in the experimental area. 

3.2.4 Calorimeter 

It is important to measure the energy and to some extent also the direction and 

other characteristics of electromagnetic and hadronic showers emerging directly 

or indirectly from a neutrino interaction in the target. This is done in the 

calorimeter which has three segments with different granularity and dimensions. 

One segment (EM) is primarily sensitive to the electromagnetic component of 
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Figure 3.6: A one month record of movements along the three axes measured 
by one honeycomb chamber RASNIK system. 

showers and two segments (HAD1 and HAD2) to the hadronic part. 

The modules EM and HAD1 have been built using a 'spaghetti' tech

nique [56], where scintillating fibers (1 mm diameter) are embedded in a lead 

matrix. In HAD2, lead plates (16 mm thickness) are interspersed with scin

tillator strips (4 mm thickness). Between the calorimeter modules streamer 

tubes are mounted to get tracking information, in particular concerning muons. 

Details on the construction of the calorimeter can be found in Reference [57]. 

The volume ratio between lead and scintillator is 4:1 to reach an opti

mal compensation of the differences in detector response for electromagnetic 

and hadronic showers. This provides a good resolution for the measured total 

shower energy. The total thickness of the calorimeter corresponds to about 150 

radiation lengths or 5.6 hadronic interaction lengths. 

The energy resolution for electrons and pions is shown in Figure 3.7. For 

electrons it can be parameterized as 

AE _ (13.8 ± 0.9 )% 

~Ê ~~ y/WjGeV) 
+ (-0.2 ± 0.4) %, (3.4) 
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and for pions as 

AE (32.3 ± 2.4)% 
+ (1.4 ± 0.7) %. (3.5) 

E yjE (GeV) 

Details on the measured performance of the calorimeter can be found in Refer

ence [58]. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

; /7(E (GeV)) 

(a) 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
7/,/<E (GeV)) 

(b) 

Figure 3.7: Measured energy resolution of the calorimeter for electrons (a) and 
pions (b), in the latter case compared with Monte-Carlo predictions. The solid 
straight lines represent the resolution function resulting from a fit to the data 
points. 

3.2.5 Muon spectrometer 

In the muon spectrometer, situated downstream directly behind the calorimeter, 

the momentum and charge sign of muons are determined. The calorimeter stops 

nearly all particles, except muons with a momentum greater than 1.5 GeV. 

The spectrometer is built-up from six toroidally magnetized iron disk modules 

(375 cm in diameter) sandwiched by seven tracking units with streamer tubes 

and drift chambers. The drift chamber modules are installed under 0° and ±60° 

with respect to the horizontal Y-axis. 

Embedded in the iron disks are scintillation counters primarily delivering a 

muon trigger signal. In addition, a range measurement and thus a momentum 

determination of muons with a momentum of less than 5 GeV at the entrance 

to the spectrometer is possible. 
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The momentum resolution of the muon spectrometer is shown in Figure 3.8. 

10 10 
Muon momentum (GeV) 

Figure 3.8: Momentum resolution for muons measured in the muon spectrome
ter. 

3.2.6 Trigger system 

The trigger system has been designed to primarily select neutrino induced inter

actions in the emulsion target and to reject background from cosmic rays, beam 

muons and neutrino interactions outside the target. In Figure 3.9 the setup of 

the scintillator hodoscopes (E, T, H, V and A) is shown. The E and T planes 

are installed between the emulsion target and hadron spectrometer, whereas H 

is located downstream of the hadron spectrometer. The A and V planes are 

installed upstream of the emulsion target. The size of the V plane has been 

chosen to fully cover the area defined by the angular acceptance of the E, T and 

Plane A V E T H 

Strips/layer 16 20 7 15 20 
Strip width (cm) 20 20 20 10 10 
Strip length (cm) 200 320 148 160 200 

Orientation vert. vert. vert. hor. hor. 
Area covered (cm2) 200 x 320 400 x 320 150 x 148 160 x 160 200 x 200 

Table 3.1: Segmentation characteristics of trigger hodoscopes. 
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Angle condition 
tan G < 0.20 
wrt beam axis • 1 
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Figure 3.9: Schematic view of the trigger hodoscopes. 

H planes, as well as the calorimeter and muon spectrometer. The segmentation 

characteristics of the planes are summarized in Table 3.1. 

A neutrino trigger in the target region is defined by a coincidence of hits in 

the hodoscopes E, T and H consistent with a particle trajectory with tan 6 < 0.20 

with respect to the neutrino beam axis. A veto is formed by any combination of 

a counter hit in the veto hodoscopes (V and A). Precise timing between T and V 

is needed (2 ns FWHM) to avoid vetoes due to backscattering of particles coming 

from neutrino interactions in the target. The trigger efficiency is typically 99%. 

Details of the trigger system can be found in Reference [59]. 

3.3 Emulsion target 

Using nuclear emulsion for visualizing particle trajectories is an old technique. 

In fact, many particles (n+,ir~, n°,K+
} K~, E+,Ä [60]) have been discovered 

with nuclear emulsion as a detector. Modern emulsion detectors are still based 

on the same principle, but their performance, ease of handling and their scanning 

have been improved tremendously. In this section, the emulsion handling and 

scanning is summarized, while including specific details relevant for the work 

described here. 
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Figure 3.10: Distortion correction. 

3.3.1 Track formation 

Along their path through the emulsion, charged particles break the bonds of 

silver-bromide molecules. The bromide diffuses slowly outward and along the 

particle trajectory specks of metallic silver remain behind. During the exposure 

those specks are not visible, they form a latent track image. The specks serve as 

active centers during the development process at a later stage. After subsequent 

chemical fixing and drying of the emulsion, grains of metallic silver form a visible 

track along the trajectory of any ionizing particle having passed through. 

3.3.2 Emulsion shrinkage and track distort ion 

After the development and fixation, the CHORUS emulsion has shrunk by a 

factor of typically 1.9. This shrinkage factor is locally constant. After the 

development, emulsion is still hygroscopic so that the equilibrium thickness 

depends on the ambient humidity and temperature. Therefore, scanning and 

storage of emulsion plates requires controlled environmental conditions. 

In the preparation phase, processing the emulsion generates inherent stresses 

that - after development - result in a gradual non-linear lateral displacement of 

the emulsion, increasing from the plastic base to the surface. Tracks are thus 

distorted in the emulsion. The distortion factor is locally constant and can 

be derived from arbitrary straight through-going reference tracks nearby (Fig

ure 3.10). Since the emulsion is fixed on the plastic base, grains close to the 
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base have not been displaced and the correct track angles of the reference track 

can be measured across the base. Extrapolating the track through the emulsion 

then describes correctly the original particle trajectory. The lateral distances 

of the grains from the measured track to the reference trajectory reflect the 

distortion correction as a function of the depth. 

3.3.3 Swelling of emulsion 

Events can be measured most accurately by measuring in three dimensions the 

coordinates of each single grain along a track. However, after the standard 

development procedure subsequent silver grains belonging to a traversing track 

are difficult to be resolved under a microscope due to the focal depth. In this 

case a special treatment with chemicals can be applied to uniformly expand 

(swelling due to water absorption) the emulsion layer in the 'beam' direction 

and to get a better separation of the grains. 

Procedure 1 Temperature Time Purpose 

water 23.5°C 4h slow expansion 
cooling 5°C lh 

CH3COOH 5°C 2h fast expansion 
Na2S04 23.5°C 24h stop expansion 

D-sorbitol + glycerin 
+ water (0.823:0.144:1) 

23.5°C 24h fixing 

P rocedu re 2 Temperature Time Purpose 
water 23.5°C 4h slow expansion 

cooling 5°C lh 
CH3COOH 5°C 2h fast expansion 

Na 2S0 4 23.5°C 24h stop expansion 
alcohol (60%) + glycerin (25%) 

+ water(15%) 
23.5°C 24h fixing 

Procedure 3 Temperature Time Purpose 
water 19°C 10h slow expansion 

alcohol (50%) + glycerin (50%) 19°C 22h stop expansion 
and fix 

Table 3.2: Procedures for emulsion swelling. 

This technique has been applied for the special event presented in Chap

ter 5. Several tests have been performed with a series of test emulsion plates 

using different procedures and chemicals. Plates were hung in a basin filled 

with a specific test solution, while kept under constant temperature. In this 

way a uniform expansion was obtained. Different trials are listed in Table 3.2. 

Procedure 3 has been chosen to be applied on the CHORUS emulsion plate 
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containing the above mentioned event. Procedure 2 was abandoned because the 

expansion rate was too small. The plates treated with procedure 1 showed a 

proper expansion, however sorbitol crystallized and damaged the surface of the 

emulsion after drying. 

3.3.4 Automatic scanning 

Until approximately 10 years ago, emulsion could be read out exclusively by 

manually controlled microscopes. However, analyzing the CHORUS emulsion 

manually would take hundreds of man-years. The CHORUS experiment is only 

possible thanks to the development of automatic scanning systems [61]. 

Using track predictions from the target tracker, automated microscope sys

tems controlled entirely by computers locate in good approximation the cor

responding tracks in the emulsion. A CCD camera takes images at different 

depths resulting in a tomographic digital representation of the emulsion. Us

ing automatic control, identified particle trajectories are then traced backward 

through the emulsion plates until the primary vertex is found. 

The technique for automatic scanning has been pioneered by the Nagoya-

University group [61]. Recently the CERN and NIKHEF groups have jointly 

CCD 
Mpixel 

Objective, 
shutter, 

light source 

Data (LVDS' 

• 

Clean jPOom •*-
10 m Opera tor room 

Figure 3.11: Schematic description of the track recognition by an automatic 
scanning system (see text). 
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set up a laboratory for automatic emulsion scanning at CERN [62]. 

In the Nagoya-setup tracks are recognized by hadware controlled summing 

of the binary images while applying a differential shift corresponding to the 

predicted track angles. At the correct differential shift a track shows up as a 

pronounced peak or cluster in the summed image. 

In the CERN/NIKHEF-setup a software controlled, and thus more flexi

ble track detection method has been implemented. The CCD-images are first 

digitally filtered to enhance the grain signal. The barycentres of pixel clusters 

over threshold are then used as grain coordinates. From these three-dimensional 

coordinates (about 3000 per layer) the particle trajectories are reconstructed. 

A schematic description of the CERN/NIKHEF scanning station1 is given 

in Figure 3.11. A digital CCD camera2 (1024 x 1024 pixels, 15-30Hz) reads the 

images from the microscope optics.3 The online data taking is controlled by a 

personal computer (PC) equipped with a digital signal processor (DSP) board.4 

Apart from filtering and identifying grains, the DSP is also used to control the 

camera and the shutter of the optics. Microscope tables5 (800 x 400 mm2) are 

positioned with micro-stepper motors via the serial interface of the PC. The 

compressed grain data (19 bits/grain) are sent via fast 100 MB/s ethernet to a 

cluster of dual Pentium III machines, where the tracking is performed. Results 

from the data taking are stored in an Objectivity database running on a SUN 

Sparc5. Environmental conditions are not only controlled but also monitored 

and stored in the database. For physics analysis, the most relevant data that 

need fast access (e.g. reconstructed tracks) are stored on 300 GB of RAID disks. 

For the low level data (raw images) 1 TB tape space on the High Performance 

Storage System (HPSS) system at CERN has been allocated. Four scanning 

stations (3 CERN, 1 NIKHEF) have been equipped with the described set-up. 

Other scanning laboratories contributing to the CHORUS analysis are lo

cated in the universities of Ankara, Bari, Naples, Rome, Salerno, Toho and 

Utsunomiya. 

3.3.5 Scanning procedure 

The scanning starts with a given target tracker (TT) track, whose corresponding 

emulsion track is searched with the automatic microscope in the CS plate. 

1 Status: Autumn 1999 
Manufactured by Thomson [63] 
Manufactured by Jenoptik [64] 
Manufactured by LSI/Blue Wave [65] 
Manufactured by MICOS [66] 
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The scanning is done by spiraling outward around the predicted position and 

searching for trajectories in the emulsion with similar direction (in the following 

also called angle) as the TT track. The spiraling stops as soon as a candidate has 

an angle in the emulsion differing by AÖ < 6 mrad from the predicted direction. 

If no such match is found, all candidates in the area of 11 x 11 microscope views 

(1 view= 120 x 90 ^m2 at 50 x magnification) with AÖ < 15 mrad are denoted 

as 'found on CS'. 

Such a track found on CS is then followed on SS (see Subsection 3.2.1), 

using the position found in CS. It is searched within 7 x 7 microscope views 

centered around the prediction and is called 'found on SS' if its angle differs by 

less than 15 mrad from the prediction. The measured S S angle becomes the 

reference for the scanning of the target emulsion. 

Starting at the back-end of the target emulsion, the initially scanned region 

is centered around the predicted position and has a radius of 15 + 50 x A8x7 pm.6 

The angular tolerance for confirming a track is 25 + 50 x A.9xr mrad. 

The confirmed tracks are then subsequently followed to the next plate. In the 

bulk of the emulsion target the plate-to-plate finding efficiency as a function of 

the track angle is shown in Figure 3.12. 

If - during scan-back - no continuation of a track is found in two subsequent 

plates, the first plate missing the track is called vertex plate and the event is 

denoted for this analysis as having its vertex located in the emulsion. 

0.98 

0.94 

0.90 

0:1 0.2 0.3 0.4 
track angle(rad) 

Figure 3.12: The plate-to-plate matching efficiency in the bulk emulsion as 
function of the track angle. 

6A6x7 is the angle with respect to the direction of the X7 testbeam in the CERN West 
Area. The muon halo of this beam reaches the emulsion target and provides a controlled 
density of reference tracks in the emulsion. 
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Figure 3.13: Screen-shot of the manual scanning program. 

3.3.6 Manual scanning 

Once a charm (or r) candidate vertex has been located by the automatic system, 

it is checked and measured extensively under manual control. To measure track 

directions in the emulsion not only sufficiently accurately but also efficiently 

in time, usually not all grain coordinates along the track are measured and 

included in the final fit. 

If the track crosses the plastic base, the entry and exit grains are measured 

to simply determine the local track angle. If the track has to be measured inside 

the emulsion layer, a distortion correction is needed using a reference track (see 

Subsection 3.3.2). 

A screen view of the program implementing decision logics and microscope 

control for manual measurements on the CERN-NIKHEF scanning stations, is 

displayed in Figure 3.13. 

The accuracy of the manual measurement depends not only on the optical 

system and emulsion quality, but also on the experience of the scanner. Figure 

3.14 shows the difference of the manually measured angles with respect to the 

automatically measured angles on a special sheet (SS) 

A<p- s«. manual ^s)2 + manual HsY- (3.6) 

The inaccuracy of a standard manual track angle measurement can therefore be 

up to 25 mrad. This has to be taken into account in the minimum visible decay 

angle (see Section 4.1.2). 
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Figure 3.14: Accuracy of the manual track angle measurement. 

3.4 Event reconstruction 

Signals of the electronic subdetectors are recorded as 'raw' data. Over the 

running period of one year they amount to about 400 GB. Event reconstruc

tion starts from the raw data using the reconstruction and analysis package 

CHORAL [67]. The reconstruction output of an event gives access to informa

tion that can be used for the analysis. 

Inside CHORAL, algorithms perform 'stand-alone' track finding in all sub-

detectors. Trajectories are then matched between different subdetectors, before 

the ones emerging from the target region are used to predict the track inside the 

emulsion target. 

To find and identify muon tracks in the muon spectrometer and determine 

their momentum and charge sign, different methods are implemented in the 

CHORAL package. The SAMTRA method is based exclusively on the drift 

chamber information while the DATSPC method uses streamer chamber data -

both wire and strip hits - as well. 

The momentum fitting part of SAMTRA uses a global fit along the length 

of the track, taking into account the energy loss and multiple scattering [68, 69] 

in iron and scintillators. Another method, SUPERSAMTRA, uses the DAT

SPC information with the corresponding driftchamber hits together with the 

SAMTRA momentum fitting part to obtain the momentum value. For muons 

in the low momentum range (< 5 GeV) the CAMMOR method is applied to 

determine the stopping range [70] inside the spectrometer, allowing to derive 
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the momentum through the range-energy relation [71]. 

For each muon track in every event there are usually several track candi

dates with momentum values and charge sign (except for CAMMOR). A de

cision routine chooses the 'best' result, taking into account the reconstructed 

track length, the fit quality (x2) and whether the muon stopped inside the muon 

spectrometer. 

For our work, the most relevant output parameters of the reconstruction 

program are the vertex location, the direction and momenta of the identified 

muons and the visible energy in the calorimeter. 

In the following this 'electronic' information will be combined with emulsion 

information (hybrid analysis) to gain insight in charmed particle production. 
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