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Chapterr  2 

Thee experimental set-up 

Thee CHORUS experiment was designed to search for neutrino oscillations through 
thee appearance of a r~ in a beam of predominantly muon neutrinos. A measurement 
off  the neutrino-nucleon differential cross-section was not foreseen in the proposal [4]. 
However,, in an extension of the experiment in 1998, it was possible to perform this 
measurementt with the existing equipment, using the lead calorimeter as a target. 

Thee emphasis in this chapter is on those systems that are essential for the differen-
tiall  cross-section measurement, namely the beam-line, the calorimeter and the muon 
spectrometer.. The detectors used for the oscillation search are mentioned briefly in the 
detectorr overview (Section 2.2). A detailed description of all systems of the detector is 
givenn in Ref [5]. 

2.11 The neutrino beam 

Thee West Area Neutrino Facility (WANF) [6] at CERN can be run in two different 
beambeam modes, to provide a beam of mostly muon neutrinos or muon anti-neutrinos. A 
schematicc overview of the beam-line is shown in Figure 2.1. 

Thee Super Proton Synchrotron (SPS) accelerates protons from the Proton Syn-
chrotronn (PS) to an energy of about 450 GeV. The acceleration cycle is repeated every 
14.44 s. Once accelerated, the protons are extracted in three steps: the first fast-slow 
extractionn (fsl), the slow extraction and the second fast-slow extraction (fs2). During 
thee slow extraction, protons are extracted for 2.4 s to various targets to produce sec-
ondaryy beams, for example the pion beam used for the calibration of the calorimeter. 
Thee fast-slow extractions, also called spills, last about 6 ms, long enough to separate 
multiplee interactions per spill in the neutrino detector, and short enough to operate 
thee focusing magnets with short pulses of very high current. Up to 1.8  1013 protons 
aree extracted each spill to the neutrino production target. The actual number of pro-
tonss incident on the target is measured with two beam-current transformers (BCTs). 

7 7 
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Figuree 2.1: Schematic overview of the WANF neutrino beam-line (not to scale). 

Duringg the fast-slow extraction, the protons are deflected upwards by 42 mrad and 
directedd onto the neutrino production target. This target consists of 11 beryllium rods 
off  10 cm length and 3 mm diameter, separated by 9 cm gaps. This particular geometry 
minimizess the number of re-interactions of the produced pions and kaons. 

Twoo pulsed air-core toroidal magnets, the horn and the reflector, are positioned at 
200 m and 90 m downstream of the production target. In neutrino mode they focus 
positivelyy charged particles, while in anti-neutrino mode the polarity is changed so that 
theyy focus particles with negative charge. Alternatively, the beam-line can be run in 
unfocusedd mode, with the horn and the reflector switched off. The horn and reflector 
consistt of a 7 m long aluminum cylinder, with an inner cylinder of conical shape. The 
outerr diameter of the horn is 40 cm, while the reflector has an outer diameter of 80 cm. 
Theyy are single winding magnets, yielding a small inductance. This allows to operate 
themm with short (8 ms) pulses of high current (100 kA). The current profiles of the 
hornn and the reflector are shown in Figure 2.2. 

Too minimize the number of hadronic re-interactions of the pions and kaons with 
air,, helium bags are positioned in the space between the horn and the reflector, and 
downstreamm of the reflector. Most neutrinos are produced in a 290 m long evacuated 
tunnel,, starting 124 m downstream of the production target. The entrance consists of 
aa 2 mm thick titanium window. The diameter of the vacuum tunnel is 220 cm for the 
firstt 30 m, and 120 cm for the remaining 260 m. 

Neutrinoss originate predominantly from decays in flight of charged pions and kaons. 
Thee particle properties, relevant for neutrino production, are listed in Table 2.1. Both 
pionss and kaons decay predominantly into a muon and a muon-neutrino. The transverse 
momentum,, pr, of the neutrino with respect to the direction of the meson is: 

m m 
PT PT 

TT,K TT,K 

2m, , 
—— m' 

sinn i 
,K ,K 

(2.1) ) 

wheree m^/f is the mass of the decaying meson, mM the mass of the muon and 6 the 
anglee between the direction of the meson in the laboratory system and that of the 
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mass s 
lifetime e 
flightflight  length 
£ r ( -- fi+vj 
maximumm pr of z/M 

maximumm PL of v^ 

7T+ + 

139.66 MeV 
26.00 ns 

55.99 m/GeV 
99.99% % 

29.88 MeV 
0.4277 v, 

K+ K+ 
439.77 MeV 

12.44 ns 
7.522 m/GeV 

63.5% % 
235.66 MeV 
0.9444 pK 

Tablee 2.1: Summary of the properties of the positively charged pions and kaons relevant 
forr neutrino production. The same values hold for the charge conjugates. 

neutrinoo in the rest system of the meson. In the relativistic limit, the longitudinal 
momentum,, p^,, is then: 

M - * ( 1 - S £ )( H O " * ) II  (22) 

wheree E is the energy of the decaying meson. For the same meson energy, neutrinos 
fromm kaon decay have on average a higher energy and a wider angular spread than 
neutrinoss from pion decay. 

AA shielding of 225 m of iron and 144 m of earth stops practically all particles except 
neutrinos.. The muon flux in the shielding is measured at three different positions in 
muonn pits, giving indirect information on the neutrino flux. Finally, a toroidal magnet 
defocusess muons which did not range out. As a consequence, the number of muons 
incidentt on the detector is fewer than a 100 for a typical spill of 1.5  1013 protons. 

2.22 Detector  overview 

AA schematic overview of the complete detector is shown in Figure 2.3. Four regions 
cann be distinguished, namely the emulsion target with the fiber trackers, the air-core 
spectrometer,, the calorimeter and the muon spectrometer. 

Thee emulsion target is used in the neutrino oscillation search to identify a r~ by 
itss decay topology. Scintillating fiber trackers are used for the reconstruction of the 
particlee trajectories, used to locate the neutrino interaction vertex in the emulsion. 
Ann aluminum air-core toroidal magnet with a hexagonal shape [7] is positioned down-
streamm of the emulsion target. Scintillating fiber detectors are installed upstream and 
downstreamm of this magnet. A set of streamer tubes (replaced in 1996 by the honey-
combb chamber [8]) supplements the tracking around this magnet. The emulsion target 
andd the air-core spectrometer are not used for the analysis described in this thesis. 

Thee calorimeter, described in Section 2.3, is the target for neutrino interactions 
studiedd in this analysis. It was originally designed to measure the energy and the 
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Figuree 2.2: Timing of a typical spill. The numbers on the horizontal axis correspond to 
unitss of 1 /xs. The units on the vertical axis have been normalized to 1.0. The nominal 
valuess (arbitrary units) are indicated on the top right. The light grey area represents 
thee physics gate, during which neutrino data are taken. The middle grey area shows 
thee intensity of the neutrino flux as measured by the counters in the muon pits. The 
darkk grey area corresponds to the beam lost due to dead-time. 
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Figuree 2.3: Schematic overview of the CHORUS detector. 
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directionn of hadronic showers from neutrino interactions in the emulsion target. Finally, 
muonss are identified in a magnetized iron spectrometer, described in Section 2.4. 

Inn addition, trigger counters (A, V, T, E and H in Figure 2.3), each consisting of two 
staggeredd planes of scintillating strips, are used to select on-line neutrino interactions 
inn the emulsion target, the calorimeter or the muon spectrometer. The A counter is 
usedd to veto neutrino interactions in the concrete floor. The V counter is used to 
distinguishh neutrino interactions in the detector from beam related muons. The E, T 
andd H counters are used to recognize neutrino interactions in the emulsion target. The 
triggerr system and the data acquisition system are described in Sections 2.5 and 2.6. 

2.33 The calorimeter 

Thee layout of the calorimeter is shown in Figure 2.4. Longitudinally, the calorimeter is 
comprisedd of three sectors of decreasing granularity, the electro-magnetic sector (EM), 
thee first hadronic sector (HAD1) and the second hadronic sector (HAD2). The EM 
sectorr is composed of four planes; the HAD1 and HAD2 sectors of five planes each. The 
planess are transversally segmented into modules that are oriented alternately horizon-
tallyy or vertically. The modules are made of lead, containing 1% antimony to improve 
thee mechanical properties, and plastic scintillator in a volume ratio of 4:1. The scin-
tillationn light is measured at both ends of the modules with photo-multipliers tubes 
(PMTs)) Detailed information on the construction and properties of the calorimeter can 
bee found in Ref [9]. 

Eachh plane of the EM sector contains 31 modules. Each module consists of 21 layers 
off  grooved lead, 1.9 mm thick, interspersed with plastic scintillating fibers of 1 mm 
diameter,, packed in a 0.8 mm stainless steel box. The length of a module is 262 cm 
andd the width is 82.4 mm. There are 740 fibers in each module. On both sides of a 
module,, the fibers are assembled into two bundles. Each bundle is coupled to a PMT 
viaa a Plexiglas light guide. 

Eachh plane of the HAD1 sector contains 40 modules. Each module consists of 43 
layerss of lead, identical in width and groove size to those used for the EM sector, but 
withh a length of 335 cm, and packed in a 1.0 mm steel box. There are 1554 scintillating 
plasticc fibers in each module. At both ends, the fibers are collected into one bundle 
andd coupled via a light guide to a PMT. 

Eachh plane of the HAD2 sector contains 18 modules. Each module is built up as a 
sandwichh of five layers of lead with a thickness of 1.6 cm and five layers of 4 mm thick 
scintillatorr strips, packed in 1.0 mm steel. The modules are 369 cm long and 20 cm 
wide.. Each module is coupled via light guides to four PMTs, two on either side. 

Elevenn sets of streamer tube detectors, with a wire pitch of 1.05 cm and an active 
areaa of 3.7 x 3.7 m, are installed between the calorimeter planes. Each set consists 
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Isometricc view of the calorimeter 

Streamerr planes 

Figuree 2.4: Layout of the calorimeter. 
off  the modules. 

.. One corner is magnified to show the orientation 
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EM M 
HADl l 
HAD2 2 
Streamerr Tubes 
total l 

planes s 

4 4 
5 5 
5 5 

22 2 

density y 
g/cm2 2 

37.33 3 
76.09 9 
92.23 3 
0.77 7 

1007.86 6 

lead d 
g/cm2 2 

34.67 7 
71.36 6 
87.93 3 

935.13 3 

iron n 
g/cm2 2 

1.89 9 
3.15 5 
2.36 6 

35.11 1 

other r 
g/cm2 2 

0.77 7 
1.58 8 
1.94 4 
0.77 7 

37.62 2 

X/XQ X/XQ 

5.60 0 
11.47 7 
14.02 2 
0.02 2 

150.29 9 

x/Xi x/Xi 

0.203 3 
0.412 2 
0.495 5 
0.009 9 
5.556 6 

Tablee 2.2: Material composition of the calorimeter. The column "other" refers to 
scintillatorr material for EM, HADl and HAD2, and to PVC and aluminum for the 
streamerr tubes. 

off  one plane with vertical wires and one with horizontal wires. These streamer tubes 
havee not been used in the present analysis. 

Sincee the calorimeter is used here as a target, the material composition is of partic-
ularr importance. This is summarized in Table 2.2. The total thickness of the calorime-
terr corresponds to about 150 radiation lengths or 5.6 hadronic interaction lengths. 
Therefore,, most hadrons from neutrino interactions in the emulsion target are fully 
contained.. However, hadronic showers from neutrino interactions originating in the 
calorimeterr itself may have a significant energy leakage into the muon spectrometer. 
Thiss is taken into account by using the scintillators of the muon spectrometer as a 
showerr tail catcher. 

Thee signals of the PMTs are digitized by analog-digital converters (ADC). The 
integrationn time has been set to 220 ns. Each signal is measured by two 8-bit ADCs. 
Thee first ADC (high-sensitivity) digitizes the PMT signal without attenuation and the 
secondd ADC (low-sensitivity) digitizes the PMT signal attenuated by a factor of about 
twenty.. The low-sensitivity ADC is used when the high-sensitivity ADC has saturated. 
Inn this way, the dynamic range is equivalent to that of a 12 bit ADC. 

2.44 The muon spectrometer 

Thee calorimeter absorbs most particles produced in neutrino interactions, except muons. 
Hence,, the trajectory, momentum and charge of muons can be measured in the muon 
spectrometerr in a relatively clean environment. Shower particles that do reach the 
muonn spectrometer can be detected by their energy deposit in the scintillators. 

Thee muon spectrometer consists of six magnetized iron toroidal magnets, instru-
mentedd with scintillating strips, drift chambers, and streamer tubes. The layout of 
onee section is shown is Figure 2.5. Each magnet consists of twenty iron disks with 
aa thickness of 2.5 cm and an outer diameter of 375 cm. The iron is magnetized by 
fourr sets of water-cooled copper coils passing through a hole of 8.5 cm diameter in 
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Figuree 2.5: Layout of a section of the spectrometer. 
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thee center of each disk. A toroidal field with an average strength of 1.7 T is obtained 
byy applying a continuous current of 700 A through the coils. The field in the iron is 
nearlyy independent of the azimuthal angle, but varies by about 25% along the radius. 
Thee polarity is such that negatively charged muons are bent towards the center of 
thee magnets and positively charged muons are bent outwards. During anti-neutrino 
runningg the polarity is inverted. The six magnets are positioned at increasing height 
too follow the slope of the beam-line. 

Inn each magnet, 20 planes of scintillating plastic strips are embedded between the 
ironn disks. Each plane consists of 24 strips of 15 cm width and a thickness of 0.5 cm. 
Eachh strip consists of two independent halves, separated by a mirror. The strips in 
fivee consecutive scintillator planes have the same (alternately horizontal or vertical) 
orientationn and are read-out by a single PMT. The signals from both half-counters are 
summedd and read-out by an 8-bit ADC. 

Sevenn drift chambers have been installed to reconstruct the muon trajectories 
throughh the six magnets. Each chamber consists of three hexagonal planes with wires 
orientedd at 60° with respect to each other. The chambers are flushed with a gas mixture 
off  60% argon and 40% ethane. Each plane has 62 parallel sense wires with a diameter 
off  40 fim and a length of 375 cm. The wire pitch is 6 cm and the nominal high voltage 
iss +3700 V. A nearly uniform electric field is obtained using field shaping wires at 
differentt voltages. The signals from the sense wires are amplified with pre-amplifiers 
andd read-out by time-to-digital converters (TDC). Each TDC has a buffer of four hits 
perr event. The measured spatial resolution of the drift chambers is about 1 mm. 

AA set of eight planes of streamer tube detectors is placed in each section between 
thee drift chamber and the magnet. Each plane consists of 352 streamer tubes, made 
off  PVC plastic, with an inner area of 0.9x0.9 cm2 and a wire spacing of 1.05 cm. The 
tubess are operated with a gas mixture of 27% argon and 73% isobutane. A negative 
highh voltage of 4300 V is applied to a conductive graphite coating on the inner walls 
off  the tubes. The anode wires, which are kept at 0 V, are coupled directly to the read-
outt electronics. The digital response is recorded for every wire, and the drift time is 
measuredd for groups of eight wires. The latter results in a position resolution of about 
1.22 mm, but only for isolated hits. Orthogonally to the wire direction, on the outside 
off  the tubes, are cathode pick-up strips of 18 mm width. Their signals are digitized by 
ADCs.. The particle position can then be determined from the center of gravity of the 
chargee distribution induced in the strips with a resolution of about 2.4 mm. 

2.55 The trigger  system 

Thee task of the trigger system is to select in real time («200 ns) the events that are 
interestingg enough to be recorded. Due to the limited speed and buffer capacity of the 
dataa acquisition system (see Section 2.6), the trigger system must be able to distinguish 
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neutrinoo interactions from background processes such as cosmic rays and beam related 
muons.. The emphasis is this section is on the calorimeter charged-current (CACC) 
trigger,, which was used to collect the data sample for the analysis presented in this 
thesis.. The trigger system is described in detail in Ref [10]. 

Thee trigger system uses signals from the SPS, the calorimeter, the spectrometer 
andd the trigger counters. The signals from the accelerator are used to generate the 
88 ms physics gate corresponding to the arrival of neutrinos at the detector. For this, 
thee SPS generates two signals, 1000 ms and 80 ms before the spill. The first signal 
interruptss the local data taking of all sub-detectors. This allows each system to prepare 
forr the global data taking, controlled by the trigger system. The second signal is used 
too start the physics gate after a programmable delay. With a physics gate of 8 ms, the 
effectivee duty cycle for recording neutrino interactions is about 1.1  10-3, thus reducing 
thee number of background triggers from cosmic muons by a factor 900. 

Thee trigger logic is shown in Figure 2.6. The trigger is initiated by a strobe signal 
(strobee OR), generated by a minimal activity in the calorimeter, the spectrometer or 
thee trigger counters. 

Itt can be seen from Figure 2.6 that the trigger logic consists of three levels. In 
thee first level, one Programmable Logic Unit (PLU) is used to generate the pre-trigger 
signal.. The PLU is a 16-input, 16-output programmable lookup table; each of the 16 
outputt signals can be programmed to be on or off for each of the 216 combinations of 
inputt signals. A pre-trigger is generated if a strobe coincides with no activity in the 
Antii  or Veto plane during the 8 ms physics gate. 

Inn the second level, the event signature is analyzed in more detail. For example, the 
"CACCC fiducial volume" condition is tested here. For the 1998 run, this condition was 
satisfiedd if three or more of the calorimeter planes 7 to 12 are hit in their central parts. 
Inn addition, at least one plane of each orientation should have a hit. For charged-
currentt neutrino interactions in the central parts of the EM and HAD1 sector (plane 
1-9),, this condition is satisfied by the muon alone, which generates hits in at least 
planess 10, 11 and 12. The "CACC penetration" condition requires a minimum of 2 
hitss in the first 4 magnets of the muon spectrometer. This condition helps to reject 
neutral-currentt events which do not have a muon in the final state. 

Forr the final trigger decision, three PLUs are used for the calorimeter, spectrometer 
andd emulsion triggers. The CACC trigger is accepted when the "CACC fiducial vol-
ume""  and "CACC penetration" conditions are satisfied in combination with no activity 
inn the Veto or Anti plane1. Finally, the set of sub-detectors which should buffer then-
dataa for subsequent read-out is determined by the Logic Matrix Unit (LMU). 

Inn neutrino (anti-neutrino) beam mode, the number of CACC triggers is about 
100 (4) for a typical spill of 1.5  1013 protons on target. The number of accidentally 

1Inn the 1994-1997 run the fiducial volume was smaller and no activity in the H-plane was required. 
Thiss resulted in a very small triggered volume and a physics bias in the data sample [11]. 
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Firstt level trigger Secondd level trigger 

Figuree 2.6: Layout of the trigger logic. 
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triggeredd cosmic muons is about 0.15 per spill. 

Duringg the time that the trigger system is busy processing signals, it is not possible 
too trigger on new events. This introduces an inefficiency, called dead-time. The largest 
sourcee of dead-time is the 20 /*s conversion time of the ADCs and the TDCs. This 
sourcee of dead-time is proportional to the trigger rate and inversely proportional to the 
spilll  length. Other, smaller, sources of dead-time are the veto system, the strobe and 
thee pre-trigger. The actual dead-time is determined during each spill from the rate of 
muonss in the muon pits when the detector is unavailable for triggering on new events. 
Thee typical dead-time during the 1998 run was 11% during neutrino running and 6% 
duringg anti-neutrino running. 

2.66 The data acquisition system 

Eventss that have been selected by the trigger system are processed by the data ac-
quisitionn (DAQ) system. Up to 16 events can be buffered in the read-out electronics 
off  the various sub-detectors. After the neutrino spill, the data from the sub-detectors 
aree assembled by the event builder into global events and written to disk. A typical 
neutrinoo event in the calorimeter contains about 10 kB of data. The inter-spill period 
(afterr the read-out of fs2 and before fsl of the next cycle) is used to record cosmic 
muonss in the calorimeter and in the spectrometer. These data are used for calibration 
andd monitoring purposes. 

Dataa are recorded in units called a "run". A run in 1998 corresponds to about 8 
hourss of data taking and contains about 600 MB of data. At the start of each run, 
thee sub-detectors take data that are used for the determination of their calibration 
parameterss (e.g. pedestals). At the end of the run, the data are transferred to the 
computerr center at CERN, and stored on magnetic tape. 

Thee read-out of the calorimeter, the muon spectrometer, the scintillating fiber de-
tectorss and the trigger system is controlled by rack-mounted VME computers, running 
thee real-time operating system OS9. A dedicated OS9 system is used to host the event 
builderr system. The control of the DAQ system and the communication with the data 
storagee devices is handled by IBM RS-6000 computers running the UNIX operating 
system. . 

Thee detector status is monitored continuously. The slow-control system monitors 
thee status of high- and low-voltage channels, temperature, gas flow etc. It gives an 
alarmm when any of these values is outside a pre-defined range. The on-line monitoring 
systemm produces histograms during the run. These histograms are analyzed by human 
operators. . 
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