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University of Washington 

Abstract 

NEUTRINO INTERACTIONS IN A HYBRID 

EMULSION - BUBBLE CHAMBER DETECTOR 

by Robert Ludwig Rosenbladt 

Chairperson of the Supervisory Co11DI1ittee: 

Professor Jere J. Lord 
Department of Physics 

A target consisting of 22 - 1 liter stacks of cryogenically 

sensitive nuclear emulsion has been exposed inside the 15 Foot Bubble 

Chamber to the Fermilab wide-band neutrino beam. A hybrid system of 

emulsion plus bubble chamber was used to find and analyze neutrino 

interactions with nuclei in the emulsion target. 

The average multiplicity of charged minimum ionization tracks 

of the 45 events was found to be 6.8 ± 0.5. The normalized multi-

plicity with respect to neutrino - proton interactions at the same 

average hadronic center of mass energy was found to be 1.3 ± 0.2. 

When compared to neutrino - proton interactions, the rapidity distri-

bution shows a clear signal for intranuclear cascading in the target 

fragmentation region. Measured rapidity and multiplicity distribu-

tions are compared with predictions of the Growth of Longitudinal 

Distances Model of Nikolaev and the Coherent Tube Model. 

In one event has been observed the decay of a charged particle 

after a flight path of 50 microns. The decay has been identified as 

that of F+ ~ n+n+n-n°. The decay occurred after a time of 1.4 X 10-13 



second. + The mass of the F has been determined to be 2017 ± 25 MeV/c2 • 

The decay time and pionic final state are consistent with gluon in-

+ teractions being significant in the F decay process. 
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CHAPTER I 

INTRODUCTION 

This dissertation is based upon neutrino - nucleus interactions 

from an experiment, E564, performed at the Fermi National Accelerator 

Laboratory (FNAL) in Batavia, Illinois. A hybrid detector consisting 

of the 15 Foot Bubble Chamber plus 22 - 1 liter stacks of emulsion 

was used for this experiment. The emulsion stacks were located in-

side the bubble chamber and served as a track sensitive target. This 

detection system was exposed to the wide band neutrino beam at FNAL 

between November, 1978 and January, 1979. 

The E564 collaboration was comprised of physicists from FNAL, 

the University of Kansas, and the University of Washington in the 

U.S.; the Institute of Nuclear Physics - Krakow, Poland; the Institute 

of Nuclear Research and Nuclear Energy - Sofia, Bulgaria; the Insti-

tute of High Energy Physics (IHEP) - Serpukhov, the Institute of 

Theoretical and Experimental Physics (ITEP) - Moscow, and the Joint 

Institute of Nuclear Research (JINR) - Dubna in the U.S.S.R. (I-1). 

Several groups within the collaboration, i.e. FNAL, Krakow and Wash-

ington, had previously gained valuable experience in the use of a 

hybrid emulsion detector from an earlier FNAL muon experiment, E382. 

The geometric arrangement of the experiment allows unsurpassed 

acceptance of the production products of the events. Only 1/4" of 

stainless steel separates each emulsion stack from the liquid deuter-

ium of the bubble chamber. The bubble chamber and its superconducting 

magnet yield momentum analysis of particles produced in the neutrino 
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events, as well as some information on secondary interactions and pho-

ton conversions. Measurements of the bubble chamber film also lead 

to predictions for the location of each tagged neutrino - emulsion 

interaction. The emulsion, on the other hand, gives a 4TI steradian 

view of the interaction vertex with a micron scale of resolution. 

The low rate for neutrino collisions would present an insurmountable 

scanning problem for emulsion exposed alone. However, use of emulsion 

in tandem with the bubble chamber significantly reduces the required 

scanning volume to a tolerable level. The advantages of this system 

more than compensate for the disadvantages: small target mass and 

relatively large scanning time for each tagged event found in the 

emulsion. 

Two major areas of investigation will be presented in this dis-

sertation. The first will examine aspects of multiparticle production 

in the sample of neutrino events found in the emulsion. Lepton -

nucleus interactions are important for studying the development of 

secondary hadrons. As they traverse the target nucleus, it acts as a 

detector which is sensitive over lengths of a few fermis. Nuclear 

emulsion allows a much higher effective atomic weight (Aeff=80) than 

other track sensitive detectors. Also, the high spatial resolution 

of the emulsion permits an investigation of particle production as a 

function of the number of nuclear fragments (black tracks) and pro-

tons (gray tracks). 

The second major area in which this dissertation presents re-

sults is in the measurement of the lifetimes of charmed particles. 

Because the weak interaction does not conserve the charm quantum 
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number, charmed particles can be produced singly in neutrino inter-

actions. Therefore greater available phase space results in a higher 

rate of charm production (5 - 10%) than in hadronic interactions where 

charmed particles are generally created via associated production (I-2l 

The expected decay paths for charmed particles, lO's - lOO's of 

microns, are in a range of values which indicates that nuclear emul-

sion is a natural detector to be used to investigate this class of 

particles. Several earlier experiments have detected charmed parti-

cles in emulsion. For example, the first known observation of these 

particles was in a cosmic ray experiment performed by a Japanese group 

headed by Niu in 1971. The first hybrid emulsion - spectrometer ex-

periment to see the decay of charm produced in neutrino interactions 

was performed at FNAL by a group headed by Burhop (I-3). 

By investigating the decay times of charmed particles, the basic 

weak interaction prediction for these times can be verified. Hadronic 

(possibly Quantum Chromodynamics, QCD) corrections to the decay rates 

are studied by measuring differences between the lifetimes of the 

various types of charmed particles. The use of a hybrid detector for 

this work is essential both for accurate determination of decay times 

as well as for identification of the parent particle. 

Details of this new experimental technique will be presented in 

chapter II. In chapter III both the theoretical background and the 

experimental results concerning multiparticle production will be dis-

cussed. In chapter IV the current status of charmed meson lifetime 

studies will be summarized and the contributions of this experiment 

will be presented. Finally, in chapter V general conclusions that 
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can be drawn from these experimental results with respect to the cur-

rent theoretical framework will be discussed, both for hadron pro-

duction and for charm decays. 



NOTES TO CHAPTER I 

1-1 For a recently completed second exposure of this experiment, 
the collaboration has been joined by groups from the 
Illinois Institute of Technology and the University of 
Sydney. 
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1-2 M. J. Murtagh, Proceedings of the 1979 International Symposium 
on Lepton and Photon Interactions at High Energies, 
Batavia (1979) p. 277. 

I-3 see reviews by L. Voyvodic, Proceedings of the 1979 Interna-
tional Symposium on Lepton and Photon Interactions at 
High Energies, Batavia (1979) p. 569; J. H, Mulvey, in-
vited talk at the Summer Institute on Particle Physics, 
SLAC (1980). 



Exposure at Fermilab 

CHAPTER II 

EXPERIMENTAL PROCEDURES 

This experiment utilized the wide band neutrino beam produced at 

FNAL. Each 2 millisecond pulse was the result of an average of 
13 1.6 X 10 protons impinging on an aluminum target. The resulting 

positively charged particles, largely pions and k.aons, were focussed 

with the 80 kiloamp single horn magnet train before entering the 400 

meter vacuum decay pipe. Here the neutrinos were produced in the 

reactions: 

+ 
TI + 

+ K + 

+ µ 

+ µ 

V µ 

V µ 

The muons were removed by the 1000 meter earth and steel berm 

while the neutrinos reached the experimental area. The resulting 

spectrum is shown in figure 2-1 (II-1). The average neutrino energy 

is 25.7 GeV. The total exposure for which 315,000 usable bubble 

chamber pictures were obtained was 5.06 X 1018 protons on target. 

Exposure to this beam yields an expected event rate of 0.024 event/ 
13 10 protons/ ton of target or a total of 850 events expected in 

this 0.073 ton emulsion target. 

The 15-Foot Bubble Chamber filled with liquid deuterium was used 

as the primary detector for neutrino events occurring in the emulsion 

target. A 30 kilogauss mangetic field in the chamber provides the 

sign of the charge as well as the momentum of the charged secondaries. 

The 3 meter nuclear collision length of the deuterium provides a first 
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FIGURE 2-1 

Observed neutrino energy spectrum in the 15-Foot Bubble 
Chamber [II-1]. 
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order discrimination between hadrons and muons. The 9 meter radiation 

length, however, provides low photon conversion efficiency. The long 

radiation length does have the advantage that a clear view of tracks 

near the vertex is provided - essential for successful extrapolation 

of particle trajectories into the emulsion. 

Downstream of the bubble chamber following 3 to 5 absorption 

lengths of shielding or magnet coils are located the 21 chambers of the 

first plane of the External Muon Identifier (EMI). After 4 to 7 more 

absorption lengths are located the 18 chambers of the second plane. 

Tracks which leave the bubble chamber without interacting can be ex-

trapolated to the EMI positions and compared with hits in the multi-

wire proportional chambers to separate hadrons from muons. Because 

timing information from each plane is available in terms of 35 nano-

second clock counts, accidental hits which are out of time may be 

eliminated. 

Due to curvature in the magnetic field and multiple scattering, 

the EMI is utilized only for particles with momentum greater than 

4 GeV/c. The configuration of the EMI with respect to the 15-Foot 

Bubble Chamber and the emulsion target is displayed in figure 2-2. 

Emulsion Target 

The emulsion track sensitive target for this experiment was as-

sembled from specially manufactured cryogenically sensitive emulsion 

from the Gos Fotochem Project of the NIKFI Company of Moscow, U.S.S.R. 

The emulsion was prepared at IHEP, Serpukhov in 22 stacks each con-
2 sisting of approximately 200 - 4.6 X 19.2 cm pellicles of nominal 
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FIGURE 2-2 

Location of emulsion boxes with respect to the 15-Foot 
Bubble Chamber and the EMI. 
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thickness of 450 to 500 microns. The total volume of emulsion was 

slightly less than 20 liters. 

Whiie firmly clamped, the stack faces were milled perpendicular 

and glued with a gelatin solution to help prevent relative motion be-

tween the pellicles. On the front face of each stack.was scribed a 

series of vertical and diagonal lines as shown in figure 2-3. These 

leave on the edge of each pellicle a pattern of five notches, the 

spacing of which varies with the location of the pellicle within the 

stack. In addition to numbering each pellicle and measuring its 

thickness an independent method of locating the pellicles is thus 

obtained. 

The stacks were wrapped in mylar to prevent water vapor entering 

or leaving and in black paper to avoid light leaks. 

Several factors have influenced the orientation of the stacks with 

respect fo the beam. An earlier hybrid emulsion-counter experiment 

performed at Fermilab has shown that multiple scattering limits the 

efficiency of finding tagged events more than about 5 centimeters into 

an emulsion stack (II-2). 

Preliminary tests for this experiment indicated that errors in 

predictions of the locations of vertices transverse to the beam direc-

tion are smaller by a factor of two in the horizontal direction than 

the vertical due to better stereo viewing angles and less bubble mo-

tion (II-3). Because emulsion scanning within one pellicle is easier 

than scanning an equivalent volume in several, the stacks were exposed 

so that the pellicles were parallel with the direction of the larger 

transverse error. 
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FIGURE 2-3 

Orientation of an emulsion stack and its scribe lines. 
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Since the sensitivity of nuclear emulsion decreases as its tem-

perature is decreased below room temperature, special cryogenically 

sensitive NIKFI BR-2 emulsion was prepared in four separate batches 

for this experiment. This was accomplished by the elimination of 

iodine which causes fluorescence at low temperatures (II-4). This 

also increases the electron trapping efficiency of the silver halide 

crystals. These trapped electrons act as a prelatent image while the 

conventional latent image is formed when increased temperatures allow 

greater ionic mobility. 

The sensitivity at bubble chamber temperature (30°K) for these 

batches has been measured from tagged events to range from 25 - 30 

blobs/ 100 microns. 

One result of the low temperature sensitivity is that the emulsion 

is susceptible to rapid fading at high temperatures. Measurements 

were performed at Serpukhov on each of the four batches by exposing 

the emulsion at +5°C to a 50 GeV/c pion beam and storing the samples 

for variable lengths of time at +20°C, +5°C, or -10°C before proces-

sing. The results displayed in figure 2-4 show the importance of 

storing the emulsion at temperatures at or below +5°C following ex-

posure to the neutrino beam. For this reason after being removed 

from the bubble chamber the emulsion was kept at or below 0°C and was 

sent for processing to the Soviet Union by air while packed in dry ice. 

Prior to processing at JINR, Dubna, each pellicle had a co-ordi-

nate grid printed on its surface and its thickness measured in three 

places. Mounting on uniformly sized glass plates was done in a re-

producible fashion so that mechanical stops can be used to orient the 
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FIGURE 2-4 

Fading of tracks in emulsion stored at +20°C, +5°C and 
-10°C. 
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pellicles on a microscope stage accurately and quickly. The prepara-

tion and processing of the pellicles at Dubna continued for about 

three months. 

Because the emulsion was exposed at 30°K but the measurement of 

the dimensions of the stacks and the emulsion scanning occur at room 

temperature, it was necessary to check the thermal contraction of 

both individual pellicles and a test emulsion stack. The measurements 

were performed while the emulsion samples were held in a simple cryo-

stat. Distances were measured using a travelling microscope with 8 

micron measurement error. Temperatures were measured with an iron-

constantan thermocouple and a digital voltmeter. 

The fractional change in length from room temperature to liquid 

nitrogen temperature for the test stack and pellicles was measured 

to be (6.8 ± 0.3) X 10-3 and (7.0 ± 0.3) X 10-3 respectively. This 

yields a value for the coefficient of thermal contraction for BR-2 

-5 emulsion of (3.2 ± 0.2) X 10 /°K. The linearity of the contraction 

for one pellicle to 77°K can be seen in figure 2-5. A least-squares 

fit to the data yields the same value for the coefficient of con-

traction -nientioned above. This data has been utilized in the programs 

for predicting the locations of tagged events in the emulsion. 

To check for hysteresis the emulsion was allowed to return to 

room temperature. The fractional change in the reference length was 

-4 measured to be (4.0 ± 2.5) X 10 for the test stack. 

Mechanical Support 

Two boxes, shown in Plate I, each to hold 11 emulsion stacks, 
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FIGURE 2-5 

Fractional change in length of emulsion pellicle as a 
function of temperature. 
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PLATE I 

Emulsion boxes during loading of target. 
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were constructed with nominal outside dimensions of 28 X 10 X 152 3 cm. 

One-quarter inch stainless steel was used for the walls and cell di-

viders while the base plate was made from one inch stainless steel. 

The mass of each box is 90 kg. 

Two support blocks for each box were welded to the nose cone 

flange inside the 15-Foot Bubble Chamber. Four bolts through each 

support block affixed the boxes to the bubble chamber, as illustrated 

in Plate II. 

A study of the mechanical vibration of the boxes was performed 

by Battelle - Pacific Northwest Laboratories at Richland. The lowest 

frequency mode is a horizontal vibration at 109 Hertz or greater. 

The lowest frequency of a vertical mode is expected to be at least 

220 Hertz. These are well above the driving frequency of the chamber 

which is 15 Hertz, so the mode coupling is expected to be small (II-St 

Tests performed with the boxes installed in the chamber indicated the 

estimates of the frequencies to be quite good. For example, the 

lowest horizontal mode was measured to be at 117 Hertz. 

A 10 mil rupture disk was welded over a 1/4" hole into each box 

interior. These were to allow a venting of gas while the chamber was 

returning to room temperature in the event of liquid deuterium leaking 

into the boxes during the course of the three month run. 

Scotchlite was applied to the front face of each box upon which 

were applied 6 fiducial marks. These fiducials were positioned ac-

cording to the results of a program designed to give as nearly as 

possible a perpendicular crossing angle in each of the six camera 

views (II-6). 
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PLATE II 

Emulsion boxes installed in the 15-Foot Bubble Chamber. 
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The relative positions of the fiducials and the reference walls 

of each cell inside the box were established by a survey performed at 

the FNAL survey shop. The transformation between points inside a box 

to those outside was done with respect to two punch marks visible on 

both sides of the stainless steel of the downstream face of the box. 

The stated errors on these measurements were 50 microns. 

Around the outside top edge of each box a notch was milled into 

which was welded a 1/16" X l" stainless steel lip. After the 22 

stacks of emulsion were loaded into the boxes, the 1/2" stainless 

steel lids were welded to these lips to simultaneously seal the boxes 

while minimizing the heat transfer to the emulsion inside them. To 

prevent heat build-up in any given part of the boxes, the welding was 

done in segments no more than 3" long •. Also, liquid nitrogen was 

circulated through copper tubing in contact with the front face of 

each box to help absorb heat. Thermocouples placed above several 

stacks and in contact with the box wall indicated that the temperature 

of the emulsion was not raised above room temperature during the weld-

ing process. 

The boxes were checked for leaks by using a 1/4" pumping nozzle 

welded to each. When the vacuum seal was verified, the boxes were 

back-filled with a nitrogen atmosphere, a gas which is compatible with 

the requirements of both the preservation of the emulsion and bubble 

chamber safety. 

In order to know the position of each emulsion stack precisely 

with respect to the three cell walls to be used as reference surfaces, 

three spring panels have been used to ho~d each stack firmly in place. 
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The convention was adopted to label these panels according to the 

direction of its normal in the standard Fermilab bubble chamber co-

ordinate system (X - beam direction, Y - horizontal, Z - vertical). 

Several X and Y panels can be seen in place within one of the stain-

less steel boxes in Plate I. 

These panels were constructed in the Physics Department Machine 

Shop at the University of Washington. The main components of them 

were 1/4" G-10 and stainless steel springs obtained from the Paragon 

Spring Company of Chicago. Each X and Y panel contained 8 springs 

while the Z panels used 6. The dimensions of the G-10 pieces were 

slightly smaller than those of the stack face against which it pressed 

to guarantee that each panel was in contact with the stack. 

Each panel was held together with the springs slightly compressed 

by a length of 1/16" stainless steel wire rope with a brass hex nut 

silver soldered to each end. The wire rope was threaded through 

three holes in a 1/4" stainless steel rod located along the length of 

the panel. A roll pin through the end of the rod can then be used to 

turn the rod with a special wrench which then compresses the panel 

as the wire rope is wound around the rod. A Y-panel being installed 

by this method is shown in Plate III. 

Each panel was calibrated in terms of force versus thickness. 

Using this information, the thickness of lucite and stainless steel 

spacers for each was calculated to have each stack held in place 

with nearly equal force. The average force in each direction with 

the associated standard deviation is listed below: 

X: 180 + 14 pounds 
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PLATE III 

Installation of an emulsion stack. 
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Y: 140 + 13 pounds 

Z: 120 + 10 pounds 

Bubble Chamber Film - Scanning and Copying 
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The 15-Foot Bubble Chamber is equipped with 6 cameras for photo-

graphing tracks. Three were used by the primary users, E545 from IIT, 

Maryland, Stony Brook, Tohoku, and Tufts. For the first 125 rolls of 

film one camera was allocated for E564 while for the final 55 rolls 

this was increased to two cameras. 

Because at least two views are necessary for stereo reconstruc-

tion, a film copying procedure was necessary for all events measured 

from the initial part of the exposure. For the final portion a pre-

liminary measurement could be performed using two views. Film copy-

ing could then be limited to those events which survived an initial 

fiducial cut. 

During the exposure itself a copying program was carried out 

with the co-operation of the E545 collaboration to obtain as much 

film for early measurements as possible. Film was scanned in one view 

and the roll and frame numbers of all possible events within the emul-

sion boxes were recorded. Physicists classified each event to be 

copied on the basis of a possible muon candidate (negative leaving 

track), presence of hadrons (interaction of secondary particle vis-

ible, to eliminate through track plus knock-on electron events) and 

event location (using templates to eliminate events occurring in the 

nose cone flange and the stainless steel boxes). Those events which 

were deemed possibly useful but doubtful were copied once, while 
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those more promising were copied twice - one copy for the U.S.S.R. 

and one for the U.S. 

The method of copying which was devised was unique to this ex-

periment and has since been utilized by other groups. Kodak LD-7 Pre-

cision Line Film, a high contrast copy film, has several properties 

which make it useful for this application (II-7). Both the emulsion 

and the 7 mil Estar base have high dimensional stability. The emul-

sion is slow enough to be used, with moderate caution, in the ambient 

light of a bubble chamber scanning room and to permit reasonable ex-

posure times (10 - 30 seconds) on a typical scanning table. Avail-

able only in sheet form, 11" X 14" sheets were cut into 8 - 70 X 
2 175 mm strips. These strips were held in place with respect to the 

original film (emulsion to emulsion) in felt covered aluminum clamps. 

Minor modifications were made to one scanning table at Fermilab to 

facilitate this copying procedure, including the addition of a tim-

ing switch to extinguish the lamps of all three views simultaneously 

after a preset length of time. The length of exposure required was 

obtained using a commercial enlarger light meter which was calibrated 

for the scan table. For speed and convenience, the three views of a 

given roll and frame were copied simultaneously. It was found that 

the most consistent results were obtained by keeping the lamp voltages 

constant at the maximum value while correcting for differences in 

required exposure between the views by using neutral density filters. 

Small strips of these filters were also used to correct for differ-

ences in required exposure across the 70 mm image of the bubble 

chamber volume. 
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Following the emulsion-to-emulsion exposure, the LD-7 copy of 

the event was developed in a Kodak Versamat connnercial processing 

machine at Argonne National Laboratory. 

Comparisons between measurements using both original and copied 

film were carried out at Kansas and Seattle. For example, using the 

results of the Kansas measurements, the values of the average track 

residuals for the two are the same within errors. A track by track 

comparison of copied film residual minus original film residual is 

consistent with being zero. 

Bubble Chamber Predictions 

Predictions of vertex locations from the Kansas system were 

based on the TVGP (Three View Geometry Program). Because the vertex 

cannot be seen in the bubble chamber film, special care was taken to 

have tracks measured as close as possible to the downstream box face 

and to have the density of measurement points along the tracks high-

est near the box to facilitate accurate extrapolation into the 

emulsion. This extrapolation was performed by the program LOCATE 

which accounted for the effects of multiple scattering and curvature 

in the magnetic field. A vertex prediction was obtained by perform-

ing a multi-track fit for up to 6 tracks. If one of the tracks failed 

to pass within an acceptable distance of the predicted vertex loca-

tion, it was rejected and replaced by any remaining unused but meas-

ured track for the event. A prediction based on the first 6 accept-

able tracks is the result. Any tracks not utilized were used as the 

basis for a secondary prediction. The location of the vertex 



prediction was first made in terms of a co-ordinate system with its 

origin in the reference corner of the individual cell of interest. 

Next a conversion was performed giving the co-ordinates in terms of 

the pellicle number and photographic grid on each pellicle. 
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Three methods for converting the cell-space co-ordinate into 

pellicle number were studied. One simply adds the individual pelli-

cle thicknesses from the base of the stack until the desired dis-

tance is obtained. This method is tedious and has the disadvantage 

that a correction must be made for the fact that the sum of the 

individual thicknesses does not exactly equal the thickness of the 

stack. A second method using the separation of the notches scribed 

on the face of the stack was utilized as the back-up system. The 

primary means of determining pellicle number takes each stack to be 

composed of several groups of pellicles with approximately equal 

thickness. The sum of each group thickness was adjusted so that the 

total dimension of the stack equalled the measured value. All three 

methods gave consistent results within 1/2 pellicle so the.third 

method was adopted due to its ease of use and smaller necessary data 

base. 

Two parallel systems were established in the Soviet Union, both 

based on the CERN HYDRA package. One from !HEP used a method similar 

to LOCATE described above in that it performed a multi-track fit. 

The program from !TEP used a method similar to one described by CERN 

experiment WA17 (II-8). Basically, the tracks are extrapolated into 

the emulsion to a plane perpendicular to the beam direction. A 

weighted center for the tracks is calculated and a chi-square is 



formed: 

where di is the distance from the center to the track and o1 is a 

function of the track errors in the three spatial dimensions, mo-

mentum, azimuth, dip, and the multiple scattering angle. The loca-
2 tion of the minimum value of x (X) along the beam direction gives 
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the position of the X co-ordinate of the vertex. Various track com-

binations are tried and those for which the probability of the mini-
-2 mum chi-square is greater than 10 are retained. 

In order to facilitate the transmission of data and predictions 

between groups in the Soviet Union and the United States, a Data Ex-

change Tape (DET) format based on the HYDRA package was used. Simi-

lar systems were used by an earlier joint U.S. - U.S.S.R. experiment 

(FNAL E180) and by FNAL E546, another VTL experiment. In addition 

to the bubble chamber information contained in earlier DET's, the 

E564 format also provided for banks for the emulsion data. 

Emulsion Scanning 

The result of the bubble chamber measurements and extrapolations 

is a prediction for the event location in terms of pellicle number 

and co-ordinate grid squares on each pellicle and the associated 

standard deviations. The average quoted errors for all found events 

are 3.1 nnn, 1.5 nnn, and 2.2 pellicles for the beam, vertical, and 

horizontal directions respectively. For those events for which a 

search was performed, a parallelepiped at least two standard devia-

tions on a side centered on the predicted location was scanned. 
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In the case of small quoted errors a standard search volume was adopt-

ed which was ±6 1IDll in the beam direction, ±1.S mm in the vertical 

direction on 6 or 7 pellicles. This gives a total search area of 
2 about 240 1IDll. The average full time equivalent scanner covers ap-

2 proximately 80 1IDll per day so each searched event takes about 3 

full time equivalent scanner-days. 

Scanning at Seattle was performed at a magnification of 27SX 

using 22X oil immersion objectives. Tests of scanning efficiency 

using background and cosmic ray events with at least 3 heavily ioniz-

ing tracks with 22X oil versus lOX air objectives indicated an 88% 

efficiency for the former and 58% for the latter. These results 

justified the slower search rate which resulted from the higher 

power objectives. The measured scanning efficiency for events with 

Nh less than 3 falls by at least a factor of two for 22X oil scanning 

while that for lOX air scanning is near zero. 

For the emulsion scanned in Seattle, the average number of 
2 2 background stars found was 0.330 /mm, of which 0.063 / 1IDll had at 

least one minimum ionizing track. Rarely did more than one back-

ground star per event scan volume have shower tracks in any of the 

predicted directions and hence warrant a complete measurement. Al-

though the probability of background events masking as tagged events 

is apparently small, an attempt to quantify the number of mis-identi-

fied events was made. Using a subset of the first found neutrino 

events, an exponential fit to the integral production angle distribu-

tion has been obtained: 

N (>8) • N exp (-0.043 8°) 
0 
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Figure 2-6 A and B show the distributions of differences between 

the predicted and found azimuth and dip angles respectively. Eighty 

percent of the tagged tracks are within ±2°of the predicted values 

for azimuth and dip. Using this information the probability of a 

background event being mistaken for a tagged event can be calculated. 

Typically this value for an event with 2 or more minimum ionizing 

tracks in the forward direction is less than 1 X 10-4 • 

By convention, a track is considered to be tagged if the azimuth 

and dip each agree within ±2°of those predicted. An event is con-

sidered to be tagged if two or more tracks meet the above criteria. 

If there is a minimum ionizing track in the upstream direction, the 

event is called a background hadron event, otherwise it is classified 

as a tagged neutrino interaction. 

A total of 450 events were searched for in the emulsion yield-

ing a finding efficiency of 14%. Figure 2-7 A, Band C display the 

differences between the predicted and found locations of the events 

in the three directions (beam, vertical and pellicle number). Offsets 

have been included in the prediction programs to eliminate the effects 

of translations. Figure 2-8 A, Band C show these differences normal-

ized to the errors in the respective predictions. Chi-squared tests 

of two hypotheses - a flat distribution and a Gaussian of width one 

have been performed and the results shown in Table II-1. The results 

indicate that with the exception of the vertical direction, the 

Gaussian distribution hypothesis is favored as expected. Although a 

significant number of events are lost in the tails of these distribu-

tions, the increase in scanning volume to eliminate this loss would 
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FIGURE 2-6 

Difference between predicted and found track angles. 
2-6a is azimuth. 2-6b is dip. 
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FIGURE 2-7 

Difference between predicted and found event locations. 
2-7a is the beam direction. 2-7b is the vertical direction. 
2-7c is the pellicle number. 
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FIGURE 2-8 

Difference between predicted and found event locations normal-
ized to the quoted error in the prediction. 2-Ba is the beam 
direction. 2-Sb is the vertical direction. 2-Sc is the 
pellicle number. 
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TABLE II-1 

Chi-square tests of Gaussian and flat distributions of 
(predicted-found) locations of events 

Direction Gaussian Flat 
x2/DOF Probability x2/DOF Probability 

Beam 1.00 0.40 1.97 0.07 

Horizontal 3.20 0.01 7.03 <10-4 

Vertical 2.58 0.03 1.45 0.20 

32 
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be prohibitive. 

No clustering is observed to occur in the location of found 

events with respect to the co-ordinates perpendicular to the beam di-

rection. Figure 2-9 shows the distribution of events in the beam 

direction. Here a large proportion of the events are near the front 

faces of the boxes while relatively fewer events are found in the up-

stream part of the emulsion. This is the expected result showing the 

effects of multiple scattering and a longer lever arm on the accur-

acy of extrapolating particle trajectories. The finding efficiency 

for events within 2.5 cm of the wall of the boxes is 20% while that 

for emulsion more than 2.5 cm from the wall is 11%. 

Figure 2-10 displays the integral distribution of all events 

found with respect to the number of heavily ionizing tracks (tracks 

with dE/dx greater than 1.4 times the minimum value of dE/dx). The 

dashed line shows this distribution from a hybrid emulsion-counter 

experiment performed at FNAL, E531, which used a track following 

technique and hence avoided any scanning bias (II-9). The two curves 

have been normalized to equal area for Nh greater than 3. It is ob-

served that scanning losses are large for events with a value of Nh 

less than 3. However, as will be justified later, this effect is not 

thought to introduce a significant kinematic bias. 

For each neutrino event found in emulsion a search was performed 

for possible charmed particle decays. For neutral decays a volume 

scan region was defined by a 45° half-angle cone. A high power scan 

(1250X) was performed for the first 500 microns downstream and a 

somewhat lower power scan (660X) was continued for a total of 2 mm. 
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FIGURE 2-9 

Distribution of the event locations in the beam direction -
i.e., depth in emulsion. 
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FIGURE 2-10 

Distribution of the number of heavily ionizing tracks. 
Results from this experiment are crosshatched. Results 
from reference [II-9] are also shown. 
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All minimum and gray tracks were followed for a distance of at least 

3 mm. Generally these were followed as far as practicable. The lo-

cation of any vee, kink or other apparent decay was recorded for 

further investigation. 
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Theory and Background 

CHAPTER Ill 

MULTIPARTICLE PRODUCTION 

Multiparticle production in hadron - nucleus interactions has 

been used as a tool to study the space-time development of the fi-

nal state hadrons over a distance of order of the nuclear size. 

More recently lepton - nucleus scattering has been investigated for 

the same purpose, making use of the simple structure of the leptonic 

vertex. Due to small lepton - nucleon cross sections, the lepton 

scatters only once in the nucleus. In the case of charged current 

neutrino events the outgoing muon does not rescatter. Thus, as dis-

cussed by Bialas and Czyz, any increase in multiplicity with in-

creasing atomic weight of the target for these cases demonstrates the 

existence of intranuclear cascading (111-1). Such an increase in the 

multiplicity in the target fragmentation region has been observed, 

for example, in neutrino - neon interactions and in muon - emulsion 

interactions (lll-2 and III-3). 

Several authors have presented models which predict character-

istics of neutrino - nucleus interactions which are accessible to 

examination with respect to the data from this experiment. In partic-

ular this experiment allows the determination of normalized multi-

plicity and angular distributions for interactions with a much heav-

ier atomic target than standard bubble chamber experiments. Also 

because of the high resolution of the emulsion detector, the depend-

ence of these quantities on varying nuclear excitation can be studied. 
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Specific predictions can be tested from the Modified Cascade 

Model (MCM) of Hossain and Tow, the Coherent Tube Model (CTM) of 

Afek, Berland, Dar and Eilam, and the Growth of Longitudinal Distances 

Model (GLD) of Nikolaev and Davidenko. 

Modified Cascade Model 

The Modified Cascade Model is a multiple scattering model in 

which the secondary particles can interact within the nucleus (III-4). 

Immediately following production they are in an immature state, i.e. 

they have small inelastic cross sections. After a characteristic 

time the secondaries become spontaneously mature and hence have the 

normal particle - nucleon cross section. This process takes place 

more quickly in the presence of nuclear matter, i.e. induced maturity. 

The model has one parameter, the mean induced maturity path 

length which has been fixed on the basis of 200 GeV proton - nucleus 

data. 

Averaging over all impact parameters for a large nucleus yields 

an average of (0.8 X A1~) nucleons which can interact with the inci-

dent particle. This value is independent of the identity of the in-

cident particle. 

Input to the model consists of the measured neutrino - nucleon 

rapidity distribution. Each of the products of the initial interaction 

is then propagated through the nucleus with an appropriate probability 

of participating in a secondary interaction. Measured hadron - nu-

cleon rapidity distributions are then used to generate the products 

of any such secondary interaction. The result after all particles 
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have been followed from the nucleus is the neutrino - nucleus rapidity 

distribution. 

Coherent Tube Model 

The Coherent Tube Model assumes that the W boson emitted by the 

neutrino strikes a parton in the nucleus which is part of a tube of 

nucleons (III-5). The tube has the diameter of a nucleon and extends 

across the nucleus. Thus the target mass is the summed mass of the 

entire tube. This means that a projectile with energy v will produce 

a center of mass squared-energy of w2 = 2~iv where i is the number 

of nucleons in the tube. For a large nucleus the average value of i 

is approximately A1a. 

The model also assumes that at the same w2 value, an interaction 

will appear the same whether the projectile strikes a tube or a free 

nucleon. Therefore the CTM predicts for the multiplicity of neutrino 

nucleus collisions: 

The CTM also predicts that distributions in rapidity, y, for nu-

cleus interactions at Wand y should equal distributions for nucleon 

interactio~s at W~ff = AU3w2 and yeff = y + (l/3)(1nA). This pre-

diction is approximately independent of the type of projectile. 

Growth of Longitudinal Distances Model 

Nikolaev's model is a parton model in which secondary hadrons of 

momentum k are formed a distance lf ~ k/m0
2 from the initial inter-

action (III-6). He takes m0
2 to be 0.7(GeV) 2 for constituent quarks 

(III-7). This distance can be understood using the following 
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argument. By the uncertainty principle the distance over which a 

particle can interact is inversely proportional to its mass. Multi-

plying by a factor for time dilation gives the distance as the energy 

of the particle divided by the square of its mass. Taking¾ as the 

nuclear radius, those secondaries with k < ¾m0
2 are formed in the 

nucleus and contribute to the cascade. Those with k > R?f0o2 are 

formed outside the nucleus and cannot rescatter. 

A second distance scale enters this model which is 6Z, the dis-

tance over which the virtual W interacts with the nucleus and is given 

by 6Z ~ v/Q2 • Here vis the energy transferred to the hadronic vertex 

and Q2 is the square of the four-momentum transferred, Two extreme 

cases for the range of 6Z exist. If 6Z <<~,then the interaction 

takes place incoherently and the Wis absorbed by a nucleon in the 

volume of the nucleus. The nuclear cross section is just A times the 

nucleon cross section. On the other hand, the interaction will pro-

ceed diffractively and the W will be absorbed on the surface of the 

nucleus if 6Z > ¾. On the average the cascade has twice as much dis-

tance in which to develop in the second case and so the multiplicity 

is expected to be greater. In this experiment essentially all of the 

events are in the kinematic region where 6Z << ¾· 

The model predicts the ratio of rapidity distributions, 

R ( l dcr) /J(1 dcr) 
y = o dy A /lo dy P 

has a power law dependence on the atomic weight of the target: 

R = A0 
y 

where a is a function of rapidity. The intranuclear cascade is 
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produced in the central and backward regions where a is greater than 

zero. In the forward region is a depletion (a< O) due to energy -

momentum conservation. 

Events Found 

The results presented here are based on a data sample of 65 

tagged events. Because no upstream veto was used, 20 of the events 

found were produced by incident background hadrons. Figure 3-1 shows 

the distribution of n, the number of minimum ionizing tracks (dE/dx s 

less than 1.4 times the minimum dE/dx) for the resulting sample of 

45 neutrino events. The average value of the multiplicity is: 

<n > = 6.78 ± 0.49 s 

This multiplicity includes the outgoing muon for the charged current 

events. For the neutral eurrent events all tracks are caused by 

hadrons. Only multiplicity data and not track angles are available 

for six of the neutrino events. 

Muon Selection and Charged Current Cut 

For this data sample the muon has been selected by taking the 

negative track with the greatest transverse momentum with respect to 

the beam direction (III-8). According to Monte Carlo calculations 

of Chapman et al., and verified by tests using the EMI, this method 

selects the muon correctly in 95% of all charged current events. Due 

to this high confidence level, the EM! has only been used for special 

events •. 

In order to separate charged and neutral current events, a 
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FIGURE 3-1 

Distribution of minimum ionizing tracks. 
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kinematic method used by Fermilab experiment E545 has been adopted 

(III-9). The quantity PTR is defined as the length of the component 
+µ +h '!'lJ of p perpendicular top. p is the apparent muon momentum as se-

+h lected by the method previously mentioned and p is the summed momenta 

of the other charged particles. 

Events with PTR less than 1 GeV/c are labelled neutral current 

events. Twenty-eight events survive this cut and serve as the charged 

current sample. Figure 3-2 shows the integral distribution of PTR. 

A linear least-squares fit over the range 1 GeV/c < PTR < 5 GeV/c of 

the differential distribution indicates that 6.0 ± 2.3 charged current 

events have been lost in this cut. Monte Carlo calculations performed 

by E545 to study this method indicate that less than five percent of 

the surviving events are due to neutral current interactions (III-9). 

Energy Correction 

In order to correct for neutral hadrons an energy correction due 

Here p~ (p~) is the longitudinal momentum of the muon (transverse 

momentum of a hadron). 

Monte Carlo calculations indicate that therms difference between 

the corrected and true neutrino energy is 15% (III-11). Figure 3-3 

gives the distributions of visible and corrected energies. The 

average visible energy is 26.8 GeV which can be compared with the 

visible energy distribution for neutrino - deuterium interactions 
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FIGURE 3-2 

Integral distribution of the quantity PTR. 
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FIGURE 3-3 

Visible and corrected energy probability distributions. 
The visible distribution is crosshatched. 
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shown above in figure 2-1 which has an average value of 25.7 GeV. 

The average corrected energy for the charged current neutrino - emul-

sion interactions is 43.8 GeV. The average of the ratio between cor-

rected and visible energy on an event by event basis is 1.32. This 

factor is somewhat higher than that reported in other experiments due 

to tracks which either failed to reach the bubble chamber or were 

not measured there. Also the poor information on neutral hadrons 

because of the long radiation length of the liquid deuterium has con-

tributed to the large correction factor. 

The distributions for invariant hadronic mass, W, and square of 

the four-momentum transfer, Q2 , are shown in figure 3-4. These values 

have been calculated using the relations below: 

q2 = 4E E sin2 (0/2) V µ 

w2 = -Q2 + ~v + ~2 

~ = nucleon mass 

V = E - E µ V 

0 = neutrino - muon scattering angle 

The range of Wis between 1 and 14 GeV with an average value of 4.8 

GeV. Eighty percent of the events are contained in the interval 

q2 < 16(GeV/c) 2 and have an average value of 5.64 ± 0.88(GeV/c) 2 • 

Scanning Bias Test 

Because minimum ionization tracks are difficult to see at the 

magnification used for scanning, finding these neutrino events is de-

pendent upon the number of heavily ionizing tracks. As shown in 

chapter II, a bias against low Nh events exists. Therefore, to test 
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FIGURE 3-4 

Kinematic distributions. 3-4a is the center of mass hadronic 
energy, W. 3-4b is the square of the four-momentum 
transferred, Q2 • 
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for possible scanning bias effects in these results, the dependence 

of <ns> and <W> on Nb have been plotted in figures 3-5 and 3-6. A 

linear least-squares fit to <ns> versus Nb yields the result: 

<ns> = (0,15 ± 0.15)Nh + (6.16 ± 1.34) 

49 

The slope is consistent with zero and any scanning effect is expected 

to be small. The value of <W> is seen to be independent of Nb, indi-

cating no correlation between the hadronic center of mass energy and 

the number of nuclear fragments. Therefore, the known scanning bias 

is not expected to result in the introduction of a kinematic bias to 

the data. 

Multiplicity Distributions 

The average charged hadronic multiplicity, <n > = <n - l>, for · C 8 

charged current events is seen to rise linearly with the logarithm of 

w2 in figure 3-7. 

<n > = (1.60 ± 0.59)1n<W2> + (1.50 ± 1.31) 
C 

Both the slope and the intercept are consistent with results reported 

for neutrino - proton interactions (III-12): 

<n > = (1.38 ± 0,03)1n<W2> + (0.38 ± 0.07) 
C 

Other experiments have shown that Wis the most useful variable 

in this case for interactions with protons (III-13); however, low 

statistics prevent a clear separation between Q2 and W dependence 

from this sample, 

yields the result: 

For example, a linear fit of <n > versus lnQ2 
C 

<n > = (1.46 ± 0.57)1n<Q2> + (2.92 ± 1.04) 
C 

with a x2 value of 2.07/DOF which is somewhat higher than that for 
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FIGURE 3-5 

Average number of shower tracks, (n ), versus number of heavily s ionizing tracks, Nh. Also shown is a least-squares fit to the 
data. 
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FIGURE 3-6 

Average center of mass hadronic energy, (W), versus number of 
heavily ionizing tracks, Nh. 
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FIGURE 3-7 

Average number of hadrons, (n ), versus natural logarithm of w2 • 
C 
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the W dependence quoted above, x2 • 0.82/DOF. 

To investigate the character of the intranuclear cascade in lep-

ton - nucleus scattering, the normalized multiplicity, RA, is often 

used. RA is the ratio of the average number of produced hadrons in 

lepton - nucleus interactions to the number produced in lepton - nuc-

leon interactions. In figure 3-8 are plotted points for these neu-

trino - emulsion events (<W> = 4.84 ± 0.52 GeV) and neutrino - neon 

events (3 ~ W ~ 6 GeV)(III-2). Also shown are predictions of 3 

models: the MCM (W = 4.5 GeV), the GLD model (interpolated between 

v = 10 and 100 GeV to give v = 20 GeV; the average value of v for 

this experiment is 21.3 ± 4.4 GeV), and the CTM (W = 4.8 GeV). The 

MCM curve is well below the results while the GLD and CTM predictions 

appear to fit the data considerably better. 

Wroblewski has shown that the multiplicity dispersion 

D2 = <n 2> - <n >2 rises linearly with the average multiplicity in 
C C 

hadronic interactions (III-14): 

D = A<n > + B 
C 

This data sample also exhibits a linear dependence, figure 3-9. The 

slope parameter found in this experiment is much larger than that 

found in the neutrino - deuterium interactions and is essentially the 

same as the hadron - proton result as shown in Table 111-1. 

Nikolaev has predicted that the ratio (D/<n >) is independent of 
C 

both the atomic weight of the target and of the number of grey tracks 

emanating from the event, N. These grey tracks have velocities such g 

. that 0.3 ~ e • v/c < 0.7. For emulsion studies grey tracks are taken 

to be those tracks with a relative ionization at least 1.4 times the 
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FIGURE 3-8 

Normalized multiplicity, RA, versus atomic weight of the target, 
AU3 • Also shown are neon results from reference [III-2]. 
Predictions from the MCM, cm and GLD models are also displayed. 
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FIGURE 3-9 

Dispersion versus the average number of hadrons, (n ), and 
linear least squares fit. c 
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TABLE III-1 

Fits to dispersion versus average hadron multiplicity 

D = A<n > + B 
C 

Interaction A B Reference 

PP 0.57 ± 0.01 -0.54 ± 0.02 III-14 

v-Emulsion 0.59 ± 0.11 -0.60 ± 0.67 this exper-
iment 

vD2-P 0.34 ± 0.01 0.16 ± 0.05 III-9 

vDrN 0.34 ± 0.01 0.47 ± 0.05 III-9 
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minimum ionization value and a range greater than 3600 microns. Gen-

erally these tracks are caused by fast protons. The prediction of N g 
independence is consistent with results of this experiment. The value 

for low N events (N < 2, <N > • 1.26 ± 0.20) is 0.53 ± 0.06 while g g - g 

that for large N events (N > 3, <N > • 4.70 ± 0.42) is 0.60 ± 0.08. g g - g 
The A dependence, however, differs from the GLD prediction. The 

value of D/<n > for this experiment is 0.56 ± 0.05, well above the 
C 

neutrino - proton value of 0.38 (III-12). 

Koba, Nielsen and Olesen (KNO) have predicted that asymptotically 

the multiplicity distribution scaled by the average value of the mul-

tiplicity is a function only of the variable n /<n > (III-15). A re-c C 

sult of,KNO scaling is that the ratio D/<nc> is independent of kine-

matic quantities. Thus the two N samples presented are consistent g 

with obeying KNO scaling with respect to each other. That this ratio 

differs between proton and emulsion results may show the effect of 

secondary interactions within the nucleus. It is known that double 

scattering in deuterium results in a change in the shape of the mul-

tiplicity distribution (III-16). This fact is manifested in the mo-

ment, c2 = <n 2>/<n >2 • Because of the relation: 
C C 

2 
D/<n > = [(c2 ) - 1) 112 

C 

a change in c2 results in a change of D/<n >. The fact that this 
C 

ratio is apparently independent of N but dependent upon A is diffi-g 

cult to reconcile with the correlation between N and the number of g 

secondary collisions within the nucleus. More data would be extremely 

helpful in understanding this question. 
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The GLD model yields a prediction for the ratio of the average 

number of grey tracks, <N > for neutrino - emulsion and pion - emul-g 
sion interactions which is 0.68. The experimental comparison with 

pion events at the same W value is 1.55 ± 0.25 (III-17). Thus many 

more protons are seen to be emanating from neutrino - emulsion col-

lisions than are predicted. 

Transverse Momentum Distributions 

The transverse momentum distribution with respect to the visible 

hadronic system for all events is shown in figure 3-10. These results 

yield an average value of pt2 equal to 0.15 ± 0.02 (GeV/c) 2 • This is 

in agreement with the average value of pt2 from neutrino - neon inter-

actions at the same average W value, 0.153 ± 0.007 (GeV/c) (III-18). 

The average values of pt2 for events with Ng< 2 and Ng~ 3 are 0.17 

± 0.02 (GeVJc) 2 and 0.13 ± 0.02 (GeV/c) 2 respectively. These values 

are within experimental errors of each other. The independence of 

transverse momentum with respect to number of protons has also been 

found in pion - neon interactions at WK 4.54 GeV (III-19). This has 

been interpreted to mean that the pt2 distribution is not broadened 

as more nucleons are involved in the collision process. 

Pseudo-Rapidity Distributions 

Much detailed information can be gained through examination of 

the distribution of produced hadrons in rapidity, y, and in the fre-

quently used variable pseudo-rapidity, n, which closely approximates 

y when~~ pt. The definitions of each variable follow: 
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FIGURE 3-10 

Distribution of transverse momentum (squared) with respect to 
the visible hadronic system. 
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~. (pt2 + m2)112 

Y • (1/2)1n[(E + p1)/(E - p1)] 

n ~ -ln[tan(0/2)] 

where E, p1 and 0 are the energy, longitudinal momentum and the lab-

oratory production angle respectively. Here both p1 and 0 are taken 

with respect to the visible hadronic system. The pseudo-rapidity has 

been used here because momentum values are available for only about 

60% of'the tracks seen in the emulsion. 

No difference is observed between the pseudo-rapidity distribu-

tions for hadrons from charged current events and from the entire 

sample, figure 3-11. This indicates similarity of the produced had-

ronic system whether the incident vector boson is charged or neutral 

as expected if leading particle effects are ignored. In view of this 

result subsequent rapidity studies which do not require that the W 

value be known will use all tracks from the neutral current sample 

and all hadrons from the charged current sample. Because the neutral 

current events have an outgoing neutrino with unknown momentum, W can-

not be accurately calculated for these events. 

To illustrate the level of agreement between y and n, Table III-2 

gives the ratio of tracks contained in bins of the two variables for 

a subset of tracks measured in both the emulsion and the bubble cham-

ber. For 66% of the tracks the fractional difference between the two 

variables is less than 5% and for 81% of the tracks it is less than 

10%. Also shown is this ratio derived from measurements of the two 

quantities for 1250 tracks in an earlier neutrino - neon experiment 
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FIGURE 3-11 

Pseudo-rapidity distributions of hadrons from charged current 
events. 
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TABLE III-2 

Ratios of number of tracks in bins of rapidity to number in bins of 
pseudo-rapidity - emulsion and neon results [III-20] 

Range emulsion ratio (#y/#n) neon ratio (#y/#n) 

-0.5-+ 0.5 3.00 ± 4.73 1.290 ± 0.218 
0.5-+ 1.5 1.14 ± 0.34 1.221 ± 0.108 
1.5 -+ 2.5 1.11 ± 0.31 1.025 ± 0.072 
2.5-+ 3.5 0.94 ± 0.33 0.950 ± 0.074 
3.5 + 4.5 0. 73 ± 0.34 0.860 ± 0.099 
4.5 -+ 5.5 1.25 ± 1.18 0.708 ± 0.159 
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(III-20). The ratios from the two sources agree within errors. 

A comparison of rapidity distributions for neutrino interactions 

with emulsion, neon and hydrogen is made in figure 3-12 (III-2 and 

III-21). All three data samples have approx~mately equal values for 

the hadronic center of mass energy. A correction has been applied to 

the pseudo-rapidity distribution from emulsion to account for systema-

tic differences between y and n. This correction is based on the neon 

results from Table III-2. Defining the projectile fragmentation region 

to be the rapidity interval y ~ 21n(W/~) - 2, it can be seen that in 

this region the emulsion distribution is consistent with but uniformly 

above the proton and neon results. This is probably due to high W 

events in the emulsion sample which have broadened the distribution. 

As expected, the emulsion distribution is enhanced in the target frag-

mentation and plateau regions, y < 1 and 1 < y < 21n(W/~) - 2 re-

spectively, a clear signal for intra-nuclear cascading (III-22). 

Assuming a power law dependence: 

R = A0 
y 

figure 3-13 gives the value of a as a function of rapidity along with 

the interpolated prediction from the GLD model. a for the experimental 

values have been calculated for an effective atomic weight of 80 for 

emulsion using data from Powell (III-23). The data are seen to lie 

generally above the prediction. This difference is consistent with 

the GLD prediction for normalized multiplicity being lower than the 

data as seen above in figure 3-8. 

Pseudo-rapidity distributions for neutrino and muon projectiles 
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FIGURE 3-12 

Rapidity distributions from neutrino interactions with emulsion, 
neon [III-2) and protons [III-21). 
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FIGURE 3-13 

Comparison of emulsion to proton rapidity distributions in a neutrino interactions. a versus rapidity (where R e A). y 
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interacting in emulsion are compared in figure 3-14. The muon data is 

at a mean hadronic center of mass energy of 10.1 ± 0.4 GeV (III-3). 

The muon distribution is wider by about 1 - 1.5 rapidity units. This 

is expected as rapidity distributions have a width which grows asap-

proximately ln(W2) (III-24). 

To test the CTM prediction that 

! dcr(W2 y) = ! dcr[A113w2 y + (l/3)lnA] 
a dy ' A a dy ' p 

figure 3-15 displays pseudo-rapidity distributions from this experi-

ment and from 50 GeV Il - proton interactions. These two distributions 

are at the same CTM effective center of mass energy (III-25). The 

pion data has been shifted by 1.5 pseudo-rapidity units as prescribed 

by the CTM. The offset appears to over-correct the difference be-

tween proton and emulsion results by about one-half unit of rapidity. 

Nikolaev (REF Madison) has predicted that a significant depend-

ence on N, the number of grey tracks, should exist for the pseudo-ra-g 

pidity distributions in neutrino - emulsion interactions. This pre-

diction assumes that the number of protons measures the occurrence 

of intranuclear interactions, the source of cascading in the target 

region. Figure 3-16 shows the ratio between the pseudo-rapidity dis-

tributions for 19 events with N < 2 (<N > = 1.26 ± 0.20) and for 20 g - g 

events with N > 3 (<N > = 4.70 ± 0.42). Also shown is the ratio from g - g . 

the GLD prediction for freon (Aeff = 50). The slow change in this 

ratio with A allows a good comparison between freon and emulsion. A 

x2 test between the model and the data yields a confidence level of 

75%. However, the x2 value for Nikolaev's prediction, 0.55/DOF, is 
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FIGURE 3-14 

Pseudo-rapidity distributions of hadrons from this experiment 
and from muon-emulsion interactions [111-3]. 
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FIGURE 3-15 

Pseudo-rapidity distributions of hadrons from this experiment 
and from n-proton interactions at the same CTM effective energy 
shifted for A dependence within CTM. 
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FIGURE 3-16 

Ratio of pseudo-rapidity distributions of large and small N 
data samples versus pseudo-rapidity. Also shown is GLD g 
prediction for freon at v = 10 GeV. 
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essentially indistinguishable from that for a constant ratio of unity 

which yields x2 • 0.59/DOF. Therefore, increased statistics for the 

data would be very useful for testing the model more fully. 
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CHAPTER IV 

PRODUCTION AND DECAY OFF+ MESON 

Theory and Background 

In early formulations of a gauge theory for weak interactions, 

the three original quarks (u, d ands) were written in a single 

left-handed doublet: 

where d' = d*cose + s*sin9 
C C 

and e = the Cabibbo angle 
C 

The form of the weak component of the neutral current predicted 

by the Weinberg-Salam model is: 

where the qi's are the quark doublet components, T3 is the third com-

ponent of the isospin operator and (V-A) is the vector minus axial 

vector space-time structure of the current (IV-1, IV-2). 

This predicts that a component of the weak neutral current 

should be flavor-changing, i.e. mix the d ands quarks with a relative 

strength proportional to sine *cos9 • While neutral currents were 
C C 

discovered at CERN in 1973, the flavor-changing neutral currents 

were not observed (IV-3). An explanation for this is the GIM mecha-

nism (due to Glashow, Iliapoulous and Maiani) which proposed the 

existence of a fourth so-called charmed quark and a second quark 

doublet: 

( :, ) L 



wheres' c s*cose - d*sin0 (IV-4). 
C C 

With only the first doublet the hadronic neutral current given 

above yields the form: 

J ~ uT u + d'T d' nc 3 3 

~ uu - ddcos2e - sssin2e - (ds + sd)cose sine 
C C C C 

Adding in the new doublet, however, gives: 

J ~ uT
3
u + d'T d' + cT c + s'T s' nc 3 3 3 

~ uu + cc - ddcos 2e 
C 

- (ds + sd)cose sine 
C C 

- 2 sssin e 
C 

- 2 - sscos e 
C 

ddsin2e + {ds + sd)cose sine 
C C C 

~ uu + cc - dd - ss 

This results in the cancellation of all non-diagonal terms in the 

weak neutral current at the expense of one new quark. 
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Following the simultaneous discovery of the J/~ particle at SLAC 

and Brookhaven, the new particle was quickly interpreted as a cc pair; 

that is, a particle which is a manifestation of charm but which has 

a net value of zero for the charm quantum number (IV-5). 

New weakly decaying mesons, D's, were observed at the SPEAR and 
+ - +, DESY e e colliding beam ma.chines and new baryons, A s were seen in 

C 

a photoproduction experiment (IV-6, IV-7). These particles which ex-

plicitly carry the charm quantum number had been detected through 

their decay products, allowing measurement of branching ratios and 

masses. But final confirmation of the existence of the charmed quark 

awaited the direct measurement of their decay times. 
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A simple prediction for the semileptonic decay rate of the 

charmed particle can be made by assuming that the other constituents 

of the particle act only in a spectator role. Then the calculation 

reduces to scaling the Fermi calculation of the muon decay rate. 

Figure 4-1 A and B show the appropriate Feynman diagrams. 

+ r(c+sl v) = 1 
+ + - ( mc)s 4 r(µ + e "v) - cos e e µ m c µ 

= 3 X lOlls-l 

using (mJ/~)/2 for me. 

+ Because the W can decay into 2 types of lepton pairs and 3 

colors of quark pairs, a naive estimate of the semi-leptonic branch-

ing ratio is 1/5. Because the mass of the tau lepton is so close to 

that of the lowest mass charmed particles, it has been eliminated 

from consideration here. This simple model gives a charm particle 
-13 lifetime of about 7 X 10 second independent of the specific parent 

particle. 

This model can be applied to the decay of strange particles al-

though the smaller strange quark mass weakens the spectator assumption 

for the other quarks. 0 Specifically the Ki, has an analogous three body 

semi-leptonic decay mode. For example, using a value of 30% for the 
0 2 Ki, semi-leptonic branching ratio and 300 MeV/c as the strange quark 

mass gives the following results which can be compared with the meas-

ured~ lifetime of 5 X 10-B seconds. 

+ + - lms)S 2 2 r(s+ul-vl) = r(µ +e \) \)) - cos e sine e1,1 m c • c 
)J 

= 4 X 106s-l 

T •BR /r = 7 X 10-8s 
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FIGURE 4-1 

Feynman diagrams of: 4-la muon decay, 4-lb semi-leptonic decay 
of Dor Fin spectator model, 4-lc W-exchange in D0 decay, 
anniliation in F decay. 



(a) 

(b) 

µ+ ----~:.,__ ___ ilfL 

u 

d 

----...L:!....----s 

Dor F { :---------- q 

( C ) 

C -------r _ _;__ ____ S 

Do { \ w+ d 
u----.1_ ___ _ 

( d ) 



77 

The first charm decays observed in emulsion did not have external 

spectrometers and gave limited information on the parent particles, 

but indicated a charm lifetime of about 10-13 seconds (IV-8). Early 

hybrid emulsion experiments have detected the decays of a small sam-

ple of charmed particles, some of which have been identified as 

Do, D± and A+, and confirmed that the lifetimes are approximately 
C 

those predicted by the spectator model (IV-9). 

A more recent hybrid-emulsion experiment, Fermilab experiment 

E531, has observed 29 decays of charmed particles and published re-
+ sults which show that the lifetime of the D- is significantly longer 

than that of the DO: (IV-10) 

This result is consistent with the ratios of semileptonic branch-

+ -ing ratios observed in decays ate e machines: (IV-11) 

MARK II 

> 4.3 (95% C.L.) DELCO 

Several authors have presented explanations of this difference 

in lifetimes (IV-12). If diagrams involving W-exchange or quark 

annihilation into a Ware important, figure 4-1 C and D, then the 
0 + D and F decay rates respectively would be enhanced. Early esti-

mates of charm decay rates ignored contributions from diagrams such 
0 as these because of helicity suppression. The initial meson, D or 

F+, is a pseudo-scalar state. Because of its (V-A) nature, the weak 



78 

interaction couples to left-handed quarks and right-handed anti-

quarks. In the limit of zero masses for the final state quarts in 

figure 4-1 C and D, the quark (antiquark) would necessarily have its 

spin anti-aligned (aligned) with its momentum. In the rest frame 

of the parent particle the decay products have equal and opposite 

momentum vectors and spins which are in the same direction, i.e. 

J = 1. Therefore, both linear and angular momenta can not be si-

multaneously conserved. 

Because the final state quarks (u, d ors) have non-zero masses, 

their helicities are not absolutely determined. Although the above 

suppression is not total, the decay rate to a J = 0 state is reduced 
2 by a factor of (m /m ) which is equal to a few percent. Here, m q ps q 

is the light quark mass and m is the mass of the pseudoscalar meson. ps 
A possible mechanism to circumvent this suppression is gluon 

emission from the initial state. Since a gluon has spin 1, the qq 

system can have J = 1 while the total angular momentum of the qq + 

glue system is zero as it must be, The emission of a single gluon 

(color octet) leaves the cq of the charmed meson in a color octet 

state which will not couple to the color singlet W boson. Thus soft 

gluon processes are probably necessary to carry off this color, allow-

ing a color singlet cq state. 

Estimates by Shizuya and Fritsch - Minkowski are that the rela-

tive lifetimes of the charmed pseudoscalar mesons are: 

specifically, Shizuya estimates: 
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where r is the rate for the soft gluon process. With the observed sg 

D lifetimes quoted above this yields the value of 2.4 X 10-13 seconds 

+ for the F lifetime. 

If these predictions are correct, then there should be a signifi-

cant fraction of F decays without a strangeness content. If the F 

decays only through W-radiation, then the final state should contain 

both ans and ans quark. 

Experimental Results 

In the tagged neutrino event sample an example has been found of 

+ -the production and subsequent deciy of an F meson (cs) (IV~13). The 

event is shown in Plate 4 as it appears both in the bubble chamber 

and in a camera lucida drawing from the emulsion. Four minimum 

ionizing tracks and two heavily ionizing nuclear fragments with ranges 

of less than 500 microns emanate from the neutrino vertex (A). Track 

parameters as measured in the emulsion and from the bubble chamber 

film are listed in Table IV-1. The bubble chamber angles have been 

swum back to the vertex and converted to the emulsion co-ordinate 

system. 

Track 1 is identified as a muon by hits in both planes of the 

EMI. There is a small likelihood of track 3 being caused by a particle 

more massive than a pion due to the combination of low momentum and 

minimum ionization. Three tracks (5, 6 and 7) visible in the bubble 

chamber are not seen in the emulsion and are consistent with being 
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PLATE IV 

+ Neutrino event with F decay as seen in emulsion and bubble chamber. 
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TABLE IV-1 

Measured track parameters for event 

Emulsion data Bubble Chamber data a 
Track Azimuth Dip Azimuth Dip Momentum Charge 

(deg.) (deg,) (deg.) (deg.) (GeV/c) 

V -3.0 ± 0.5 -2.5 ± 0.5 
1 2.8 ± 0.1 -5.0 ± 0.3 2.3 ± 0.5 -5.5 ± 0.5 12.02 ± 0.11 
2 8.4 ± 0.1 -18.7 ± 0.5 8.2 ± 0.7 -18.3 ± 0.7 1.37 ± 0.01 + 
3b 30.4 ± 0.1 -28.4 ± 0.5 28.7 ± 2.8 -26.1 ± 2.4 0.314 ± 0.005 
4 -28.8 ± 0.2 4.4 ± 0.7 
4,1 -45.1 ± 0.2 11. 7 ± 0.4 -44.3 ± 0.6 10.4 ± 0.6 2.01 ± 0.01 + 
4.2 -2.3 ± 0.3 41.3 ± 0.3 -1.3 ± 3.2 38.8 ± 2.5 0.299 ± 0.003 + 
4.3 86.4 ± 0.4 -62.4 ± 0.4 0 • 0.65 ± 0.06c 
5 33.4 ± 1.9 -20.3 ± 1. 7 0.257 ± 0.007 
6 32.7 ± 3.0 -20.3 ± 2.6 0.160 ± 0.007 + 
7 3.9 ± 6.9 -37.4 ± 4.7 0.049 ± 0.020 + 

a Tracks have all been swum back to their respective origins and their angles transformed to the 
same reference frame as the emulsion data, 

b This track decays after traveling 50 ± 1 µm. 
C ':('his track does not enter the bubble chamber. The value for 8 is obtained from ionization measure-

ments in the emulsion, 

00 
I-' 
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the conversion products of two photons. Both the difference in 

angles and the spatial separation of tracks 5 and 6 are a minimum at 

a point 3.2 mm into the stainless steel of the box which is thus 

taken as the conversion point of y1 • Track 7 is assumed to be from a 

photon conversion (y2) from which the electron is not observed. The 

conversion point of this photon has been determined by tracing track 

7 upstream until a minimum difference between its track angles and 

the direction to the decay vertex has been found. 

After a flight length of 50 microns, track 4 decays into three 

charged particles at vertex B. One of the daughter particles (4.3) 

does not reach the bubble chamber, so its velocity has been deter-

mined by ionization measurements in the emulsion. Its charge has 

been determined to be negative because both of the other two decay 

products are positive. Another track (4.1) has a transverse momentum 

of 610 MeV/c with respect to the direction of the parent. The summed 

transverse momentum of the charged decay products with respect to the 

parent direction is 0.53 ± 0.02 GeV/c which implies the existence of 

one or more neutral particles emerging from the decay vertex. 

The three charged plus neutral(s) decay topology eliminates 

from consideration as possible background known strange particle decay 

modes which could pose as charm decay. The probability of a secondary 

hadronic interaction with this form can be calculated to be 1 X 10-3 

using a 12 meter interaction length for hadrons in emulsion leading 

to an event with no nuclear fragments (Nb= O) and having an odd 

number of produced charged tracks (IV-14). 

Using the three charged particles, 0-C kinematic fits were 



attempted for both charm and non-charm decays. The only fits thus 

obtained were to the D+, F+ and A:, all with at least one missing 

neutral. 
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0 Acknowledging the presence of a neutral (i.e. n + r 1r 2 or just 

+ + y1) four 3-C fits were obtained, three to the F and one to the Ac 

(see Table IV-2). The lambda decay is removed from consideration by 

the combination of its large chi-squared value and its Cabibbo sup-

pression. 

+ The selection of the F (2030) + 4n mode on the basis of its 

high probability leads to the fitted track parameters shown in Table 

IV-3. The invariant mass of the (4.2, 4.3, n°) system is 808 ± 20 

MeV, near thew mass and inconsistent with either then or~. The 
0 (4.1, 4.3, n) mass is near 1800 MeV. 

The proper time for the decay is 1.4 X 10-13 seconds. Treating 

+ the parent mass as unknown gives a 2-C fit and a value for the F 

mass assignment of 2017 ± 25 MeV/c2 • 

For this event the visible energy is 16.2 GeV and the corrected 

energy is 18.5 GeV. The uncorrected x and y values are 0.30 ± 0.05 

and 0.26 ± 0.01 respectively. These values are well within the phase 

space limits for charm production given by: (figure 4-2) 

Eth 
0 < x < 1 - yE 

'V 

Eth 
--<y<l E - -

where Eth= (m! 

tion (IV-15). 

'V 

- m2)/2m is the threshold energy for charm produc-
p p 
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TABLE IV-2 

3-C fits obtained 

Hypothesis x2 Probability 

F+ (2030) + + - 0 -+1T1T1T1T 3.77 29% 
'-t Y1Y2 

+ + - 0 K n 1T 1T 12.7 0.5% 

'-+r1Y2 
++- 16.7 0.08% 1T 1T 1T 'Yl 

A+(2257) + - 0 
-+ pn 1T 1T 

C 

~'Yl'Y2 11. 7 0.9% 



TABLE IV-3 

+ + + - 0 0 Fit results for F (2030) ~ n n n n, with n ~ y 1y 2 

Track 

4 
4.1 
4.2 
4.3 

Identity 

F:(2030) 
n+ 
n 
n 
no 
Y1 
Y2 

Azimuth 
(deg.) 

-28.7 ± 0.2 
-45.2 ± 0.2 
- 2.3 ± 0.3 
86.4 ± 0.4 
25.0 ± 2.2 
32.1 ± 1.9 
3.5 ± 3.4 

Dip 
(deg.) 

5.1 ± 0.4 
11.5 ± 0.4 
41.3 ± 0.3 

-62.4 ± 0.4 
-28.2 ± 1.6 
-22.8 ± 1.6 
-39.7 ± 3.9 

Momentum 
(GeV/c) 
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2.37 ± 0.03 
2.01 ± 0.01 
0.299 ± 0.003 
0.133 ± 0.018 
0.568 ± 0.028 
0.415 ± 0.010 
0.169 ± 0.029 
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FIGURE 4-2 

+ Phase space limits for charm production in F event and location 
of the event in phase space. 
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+ The F was first detected at DORIS by the DASP collaboration 

through the nn mode (IV-16). The reported mass value is 2030 ± 60 
2 MeV/c. The only directly detected F's are from this experiment and 

+ E531 which has seen two decays. Table IV-4 summarizes the F decays 

seen in emulsion. A likelihood function can be formed from this 

sample: 

£ (T) = ~[(1/t)exp(-t1/t)] 

which yields a lifetime of 2.01 (+1.80, -0.82) X 10-13 seconds which 

is very close to the estimate basea on Shizuya's analysis. Figure 4-3. 
+ 0 Because the F lifetime is close to that of the D and because 

only one of the three events has a two kaon final state, this small 

data sample appears to argue against W-radiation being the dominant 

decay mode for this particle. The fact that two of the decays are to 

four pion states is very suggestive that the cs annihilation diagram 

is significant and hence that gluon emission is decreasing the effect 

of the helicity suppression. 



+ Summary of F decays seen in emulsion 

Experiment Decay Decay Length 

E564 + + + - 0 F-+'IT'IT'IT'IT 50 microns 

E531 F--+ 'IT-'IT-'IT+'ITo 670 

E531 + + - -+-o F-+K'IT'ITK 130 

TABLE IV-4 

F Momentum 

2.37 GeV/c 

12.25 

9.70 

F Mass 

2017 ± 25 (MeV/c?-) 

2026 ± 56 

2089 ± 121 

Decay Time 

1.4 X 10-13s 

3.7 

0,9 

00 
(X) 
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FIGURE 4-3 

+ Likelihood function for F lifetime calculated from results of 
this experiment and reference [IV-10]. 
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CHAPTER V 

CONCLUSIONS 

Several conclusions can be drawn from the material presented in 

this dissertation. One is that this new experimental technique has 

proved its merit for detailed analysis of individual neutrino inter-

actions. The NIK.FI nuclear emulsion which was used maintained good 

sensitivity at 30°K and was capable of withstanding the mechanical 

rigors of nearly one-half million expansions of the 15-Foot Bubble 

Chamber. 

The combination of emulsion, bubble chamber and external muon 

identifier information permits the identification of a high percen-

tage of the produced particles. Because of the very large geometric 

acceptance, track parameters (e.g. momentum and angles) can be de-

termined for essentially all particles created in the interactions. 

This capability is particularly important for the investigation of 

the lifetimes of charmed particles. 

For example, at the time the details of the F decay discussed 

in chapter III were published, these results gave the best de-

termination of the mass of that particle: 2017 ± 25 MeV/c2 • Also 

the decay time, 1.4 X 10-13 second, when combined with the two 

events from E531, permits a good determination of the lifetime of 

the F+, 2.01 (+1.80, -0.82) X 10-13 seconds. The agreement between 

this value and the prediction of Shizuya's QCD calculation, 2.4 X 

10-1 3 second, offers support to the hypothesis that the interactions 

of gluons cannot be neglected in examining the physics of the decays 
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of charmed, pseudoscalar mesons. The lack of strange particles in 

the final state is also consistent with this hypothesis. 

Several main results can be summarized about the production of 

hadrons in these events. The average number of produced hadrons is 

consistent with the linear increase with ln(W2 ) observed in neutrino -

proton events. However, the dispersion of the multiplicity of these 

events rises more steeply with average multiplicity than in neutrino -

deuterium interactions. The observed slope is very close to that 

reported for p-p collisions. 

The ratio (D/<n >) is independent of N as predicted by the GLD 
C g 

model. The observed dependence on the atomic weight of the target, 

however, contradicts the GLD prediction that this number does not 

vary with A. Also the average number of grey tracks with respect 

to hadronic interactions is larger than the GLD predicts. 

The normalized multiplicity results from this experiment are 

consistent with the CTM and the GLD models and are in disagreement 

with the MCM. Clear evidence for intranuclear cascading is seen 

both in the measured value of RA and in the rapidity distribution 

when compared with the distribution from neutrino - proton events. 

The ratio of the emulsion to proton rapidity distributions as a 

function of rapidity indicates somewhat more cascading (i.e. more 

A dependence) than predicted by the GLD model. The ratio of pseudo-

rapidity distributions for the large N and small N samples is g g 

consistent with the prediction of the GLD -model but also is con-

sistent with being a flat distribution with value of unity. The 

data, when compared with pion - proton events at the same CTM 
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effective W, show less A dependence than that model predicts. 

The transverse momentum distributions show no evidence for de-

pendence upon Ng or upon A at the rather low Pi values seen in the 

small sample of events examined. At this level of Pi the transverse 

+ momentum seems to be inherent in the initial W - quark interaction 

and independent of the subsequent processes during the passage of 

the production products through the nucleus. 

Of the three models considered here, the Modified Cascade Model 

is the only one clearly inconsistent with the data. Neither the CTM 

nor the GLD model, however, is in complete agreement with these 

results. The Growth of Longitudinal Distances model gives a more 

detailed picture of the interaction than the Coherent Tube Model and 

therefore generates a larger number of predictions accessible to 

empirical test. With some exceptions the GLD is in agreement with 

the results presented here but a larger data sample would provide an 

extremely interesting test of this model. In particular, neutrino -

nucleus events at high Q2 should show a diffractive character if the 

GLD model is correct. 

A second nuclear emulsion target was exposed to the FNAL neutrino 

beam by this collaboration recently. Experience gained from the 

first exposure and associated improvements in experimental technique 

should result in a significant increase in the size of this neutrino -

emulsion data sample. With this larger amount of data, new insights 

into the nature of the decays of charmed particles and of neutrino -

nucleus interactions should be gained. 
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