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ABSTRACT

Search for Massive Narrow Mesons

in pd Interactions at 15 GeV/c
by Hartmut Preissner

Thesis director: Professor Richard J. Plano

63300 photographs taken at BNL during an exposure
of the 80" deuterium - filled bubble chamber to a beam of
antiprotons are used to study the neutron interactions
pd —> pSX_ at an incident momentum of 15 GeV/c. The mass
recoiling against the spectator proton Pg has a range from
~5 to 6 GeV/c2 and is determined by the beam momentum and
the kinematic quantities of the spectator. A special
technique for reconstructing the angle of the spectator
track by constraining the curvature according to the
momentum from its range provides an average accuracy of
~15 MeV/c2 for the mass. The beam momentum was monitored
by measuring non-interacting beam tracks using PEPR in an
automatic mode. With a resolution of 22 x 3 MeV/c2 and a
sensitivity of 10 to 20 ub per standard deviation of
significance no resonance is found in the total sample of
events nor in any of the topological channels. On each event
the track forming the largest angle with the beam has been
measured for a better determination of the vertex if the
angle with the beam was greater than 20° in each view. An
analysis of the hypothetical reaction pd — pSTTX ror
these events shows no narrow structure exceeding a
significance of 3 standard deviations in either the doubly

charged (exotic) or the neutral missing mass distribution.
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1. INTRODUCTION

High mass meson spectroscopy has experienced
varying interest in the last 10 years. The results from

1 in 1966 initiated

the CERN missing mass spectrometer
experimental activity for meson searches in the mass
region up to ~3 GeV/c2 as well as many theoretical
attempts to explain the data. The Regge model described
the high mass resonances as members of some rotational
band of well established particles. A few years later it
became apparent that most experimental studies on meson
resonances did not reproduce the results of the CERN
experiment. pp total cross section data2 showed broad
bumps in the T- and U- region; beyond this region the
cross section appeared to approach smoothly and fairly
rapidly the Pomeranchuk limit. Most high statistics
experiments failed to see narrow high mass mesons in
exclusive reaction channels and many of them even
provided evidence against the existence of previously
claimed resonances. The "killing" of dubious resonances
was accompanied by attempts from theorists to explain the
broad bumps in the total cross section data as threshold
effects. When by the end of 1972 the first data were
obtained from the accelerator at Fermilab attention and
activity in particle physics were concentrated on

interactions at very high energies. The recent discovery
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of the J/Y meson3 revived the interest in heavy meson
spectroscopy with the aspect of charm.

This experiment was started in 1970 and was
influenced in its design and goals by the Regge theory.
It is a search for mesons with a mass close to 5.5 GeV/c2,
aiming for a resolution that is able to separate narrow
Reggeons. The spacing between the resonances on a straight
trajectory with a slope of 1 (GeV/cz)-1 in this mass
region is 90 MeV/cZ, requiring a resolution of
approximately 20 MeV/cz.

Exposures of the BNL 80-in. deuterium - filled
bubble chamber to an RF- separated beam of antiprotons are

used to study the reaction

pd; = Pg 4 (1#13

where Pg is a spectator proton,

X is the particle or the system of particles
recoiling against the spectator,

at an incident momentum of 15 GeV/ec. The total film of
~225000 pictures was obtained in two runs. The results
from the data of the first run in June 1970 are summarized
in chapter 6. In the other chapters only the data of the
second run in Feb.1973 are discussed; most analysis
procedures, however, apply to the data of the first run

as well. One half of the 125000 useful photographs of

run #2 were scanned for events with a spectator proton.

If the proton is a real spectator, not participating in
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the strong interaction of the antiproton, then reaction
(1-1) is equivalent to the reaction

pn —> X~ (1-2)

in the approximation of a zero binding energy for the
deuteron. The neutron target is not at rest in the
laboratory frame; the Fermi motion in the deuteron varies
the center-of-mass energy of the pn - system between

~5 and 6 GeV. The spectator proton reflects the motion of
the neutron at the time of the interaction. For a constant
beam momentum its kinematic quantities determine the mass
of the X  to an accuracy of ~15 MeV/c? (on the average).
The momentum of the proton is obtained with high precision
from its range, its angle with the beam track is found by
a special method that constrains the curvature of the
track according to its momentum.

Counter exper'iment.s4 measure the total neutron
cross section on a deuterium target at fixed beam energies,
thus averaging over a wide region of pn CM- energies. Any
resonance in the pn - system is a member of an I = 1
triplet; I-spin invariance predicts that its neutral
equivalent is formed in pp interactions. The counter
experiments5 that measure the pp total cross section
in the CM- energy range between 5 and 6 GeV do not observe
any narrow structure (see Fig.18). However, their

resolution, given by the width of the beam momentum, is



Chap. 1

roughly 50 MeV and since the pp system couples to I = 0
states as well, the density of resonant states may be
higher. This experiment provides a continuous range of

CM- energies, whereas the average spacing of the discrete
counter data is 100 MeV. Although the bubble chamber
experiment cannot compete in the amount of measured events,
the systematic errors - especially between different
counter experiments - are in the same order as the

statistical errors of this experiment.



2. DATA ACQUISITION

2.1. SCANNING AND MEASURING

A total of 63300 pictures from the second run were
scanned for events with a stopping proton. Scanning and
measuring was performed concurrently on Vanguard film
plane digitizers. Because the measuring is relatively
simple for this experiment a separate scan did not prove
to be more efficient.

According to the experience with the preliminary
experiments (chapter 6) and due to the considerations in
chapter 5 about contaminating reactions the film was
searched for all events with more than 2 outgoing prongs
(even or odd numbered), where at least one of the tracks
is a stopping proton and for 2-pronged events with a
stopping proton, where the other track forms an angle of
more than 2 degrees with the beam track in at least one
view. The scanning rule for the 2-prongs was chosen to
eliminate essentially all elastic and quasi-elastic
scatters as well as 2-prongs with a charged leading
particle; most of these reactions are peripheral with
not much interest for this experiment.

A stopping proton was defined as a heavily
ionizing track, consistent with being positive (straight

or opposite curvature to that of beam tracks), which stops
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in the chamber in the region visible on the Vanguard
screen when the production vertex is on the cross hair
(center of the screen) and which does not kink or interact.
The rules required the scanner to test whether the proton
leaves the chamber at the front glass or through the back
wall. Clearly associated Vos, gammas and neutron stars
were recorded.

The only tracks measured for each event are the
beam track, the stopping proton and, if available, a
"pointing track". 3 points were measured along the beam
track with the last point near the vertex in a clear region.
Up to 8 points were measured on the stopping proton track,
depending on its length. In high multiplicity events it
is often hard to measure the vertex precisely. In many
cases the position of the vertex can be determined better
by intersecting one of the outgoing tracks with the beam
track. This track was called a pointing track and was
defined on a view to view basis as a clear track with
close to minimum ionization, forming an angle of more
than 20 degrees with the beam track. If the event had a
pointing track in the particular view it was measured
instead of the vertex as a 3 point track with the first
point close to the vertex in a clear region. If there
was more than one pointing track the one most nearly
perpendicular to the beam was measured.

Events with a missing view and events with a
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proton track shorter than 1 mm in all 3 views were defined

as unmeasurable.

2.2. RECONSTRUCTION

The measurements were checked weekly with
preliminary versions of the reconstruction program. The
quick feed-back to the measurers helped to reduce the
number of logical errors and misinterpretations of
the scanning and measuring rules, the quality of the
reconstruction provided a monitor for the measuring
accuracy as well as for the functioning of the data
encoding - decoding system. In addition all raw data were
processed through a program to check the last two digits
of the recorded coordinates for randomness.

For reconstruction the program NP54 6 was
modified to make various checks on the data and the
scanning information and to perform the operations needed
for the special technique to reconstruct short stopping
protons (section 3.5). The beam track is reconstructed
in the normal way. For the reconstruction of the proton
track the vertex is first determined in each view. If a
pointing track was measured the circle through the three
points on the beam and the circle through the 3 points on
the pointing track are intersected. The error of the

intersection perpendicular to the stopping proton 6, is
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calculated from

5 sinzu A sinzB
6. = 6 e (2-1)
sin®y

where 6 is the measuring error,
o« is the angle between the beam and the proton,
B is the angle between the pointer and the proton,
y is the angle between the beam and the pointer

and is used to determine the error of the proton angle.

The error in direction of the proton Sy > with
2
6
i
65 = 6° ——5 (2-2)
26,-6

is used for the calculation of the error of the proton
momentum (obtained from range). The vertex and the
endpoint are reconstructed as corresponding points. If
more points were measured on the proton track the vertex
with weight (6/6’_L)2 and the other points with weight 1
are reconstructed either as a straight line track or if
the distance between vertex and endpoint in the xy - plane
(parallel to the chamber glass) is greater than 5 cm, as
g hmelix.

A successfully reconstructed track is tested as to
whether its endpoint is inside the chamber. Track length
and angles are averaged with the corresponding point data

and the corrections for the azimuthal angle (angle in the

Xy - plane) are added (section 3.5).
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If a pointing track was measured in more than

one view an attempt is made to reconstruct it. Since the

pointer is not necessarily the same track in the 3 views

a failure to reconstruct it does not imply that it was

measured incorrectly.

The failing events were grouped into the following

categories:

1

Initialization trouble

(e.g. wrong number of points; wrong number of tracks;
wrong fiducials measured).

Proton track does not stop in the chamber.

Vertex failure

(e.g. failure of intersection routine; bad pointing
track that produces a weight less than 0.1 for the
vertex and the stop point is the only point measured
on the proton track).

I1llegal-usenofubtheimissing: point flag.

Reconstruction failure on beam or proton

(beam tracks were rejected if the discrepancy dz in the
z = coordinates calculated from the 3 pairs of views
was greater than 0.3 cm, the requirement for proton
tracks wastdzd< Oe2vem) .

Beam is inconsistent with having negative charge.

RMS of fit to proton track is too high

(for the straight line fit the limit was length

dependent) .
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2.3. SUMMARY OF DATA GATHERING

Scanning efficiency was checked on a random basis.
Appearance (or disappearance) of narrow structures in m
is not directly influenced by low or biased scanning
efficiency. The data will clearly be biased by a low
efficiency for shert forward protons inlhigh multiplicity
events. Also short extremely backward protons will have a
low detection probability. The overall efficiency depends
on the length cut-off and is generally low because the
film is very crowded with tracks from primary and
secondary interactions.

Special emphasis was given to the accuracy of
the measurements which, especially for the short proton
traeks, is erueial for good resolution.

Results of the data acquisition are summarized
in table 1. The number of frames was determined from the
last frame scanned on each roll and the number of lost
frames as recorded by the measurers. The distribution
of gaps in the frame numbers of consecutive events was
checked for all gaps greater than 35 frames. It was
found to be in excellent agreement with the theoretical
random distribution:

(# of gaps of more than G frames) =

(total # of events) % exp(-G # (# of events per frame)).
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Fabyres Fiis

Frames scanned
Events measured
Events per frame

Scanning efficiency

(for spectator length > 2mm)

SUMMARY OF THE DATA

ACQUISITION

63300
10188
0.16

75 %

Events reconstructed 9530
Reconstructed events per frame Qe 15
Pass rate 93.5 %
RMS of mass error am 12 MeV/c2
(for am_ < 50 MeV/c?)
Accuracy in xy - plane 0.010 cm
Rejects

type 1 2 3 4 5 6 T
number

of events 19 5@ 1Y 2 ==2ms 10 78
Failures to creconstruct sthe pointer Sif bt
was measured in more than one view: 112

11
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3. RESOLUTION

3.1. THE VARIABLES

The mass of the X  in reaction (1-1)
pd =~ Py X~

depends on the kinematic quantities of the beam and the
spectator proton as described by equation (5-3). Typical
uncertainties of the 3 relevant variables - the beam
momentum Py the spectator momentum pSp and the angle 9
between beam and spectator - and their propagations
towards the error of the mass m  are summarized in
table 2. The error of the beam momentum is quoted
according to the specifications of the beam line (and
is consistent with the value found in chapter 4), the
errors of the spectator quantities depend on the measuring
accuracy, the geometry of the specific event and on the
quality of various constants for the bubble chamber and
the optics.

Angle and momentum of the spectator proton are
extracted from the space coordinates of the first
point (vertex) and the last point (end point) of the
reconstructed track. Since these two points are
corresponding points in the three views, the errors of
their space coordinates do not depend strongly on the

geometry (e.g. angles in respect to the intercamera lines,
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BEAM
Typical
oo o PROPAGATION A my
VARIABLE [Mev/c%]
AB =3° Omy _ Papspsin 6 A
o6 my
om mMy=m Psp(Eg+my)
Ap5p=5 MeV/c X o wint D sp(Ep d 12
Opsp Psp 2mpmy
Apy;=0.1GeV/c e R S -
apB mp Pp

Mg = My (psp=0)

Tab.i2

Expected Resolution in the Mass m

13
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dip angle); variations in accuracy with the position in
the chamber are neglected. Therefore, constant errors for

the space coordinates are assumed:

dx = dy = 0.01 em, dz = 0.05 ecm £ 3=1)

(the xy - plane is parallel to the front glass).

These errors depend not only on the one-view measuring
accuracy, but also on the optical constants for the three-

dimensional reconstruction.

3.2. OPTICAL CONSTANTS

The optical constants were determined with the
program CONGEN7 on the measurements of 18 front
fiducials, 4 back fiducials and 6 corresponding points
(bubbles) in the chamber. The data of two pictures were
used for each fit. The front fiducials were constrained
to the nominal Values8 with-an-unecertainty -of0-01—em
for the x- and y- coordinates and with an uncertainty of
0..05 em for their z— coordinate. The z- coordinate of the
back fiducials was constrained to the nominal value with
an error of 0.1 em. Constraining the x= and y— ecoordinates
of the back fiducials did not prove to be useful because
the relative orientation between the front and back
fiducials is unknown.

Initial studies on the photographs of one roll
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(#603) did not include distortion parameters; the quality
of the fits was poor. When Berkeley-type (B) distortion
parameters (2 tilts, pincushion and film stretch) were
included in the fit the x2 did not improve as expeeted.
Graphically it was found that the major distortion was a
constant curvature in the x- direction (along the beam).
With this single distortion parameter (R1) a significant
improvement for the fit was achieved. Finally the
combination (R5) of B- distortions and the R1- distortion

produced a satisfactory result.

Tab. 3: COMPARISON OF DIFFERENT SETS OF DISTORTIONS

Distortions X2 x2 expected
none 334 204
B 275 195
R 235 202
R5 130 193

The optical constants were determined for 3 more
rolls. The distortion coefficients (especially R1) varied
considerably from roll to roll, probably depending on the
camera pack used. Nevertheless, for the reconstruction of
the spectator events only one set of constants has been
used. Though the change of distortions 1s non-negligible

over the whole range of the chamber, the effect is

15
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insignificant locally. Most spectators are very short
compared to the dimensions of the chamber, so that the
mass m. depends only on measurements in a small region.
A random sample of 20 events was reconstructed both with
and without the use of distortion coefficients; the
maximum difference found in m, was only 2 MeV/cz.

The form of the distortions finally used (RY)

consists of 4 parameters (a,b,c,d)

’ 2

x° = x + a*u° + b-ru-v {3-2)
y =y + asu-v + beve + c-u2 + d-v2
where u = (x-x 1
camera camera
il (y_ycamera) / Zcamera

(a and b are film tilts)

The constants listed in table 4 are given in a right
handed coordinate system with the positive x- axis in
direction of the beam, parallel to the front glass and the
positive z- axis in the viewing direction of the cameras,
perpendicular to the front glass. The origin is defined as
in reference 8 for x and y (roughly the center of the
front glass), the average z- coordinate of the front
fidueials is the origin of the z- axis. This coordinate
system 1s used everywhere in this experiment.

The fiducials used for fitting the constants are

those 18 of the total of 22 front fiducials that are
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Tab.

y

OPTICAL CONSTANTS

Index of refraction of

Liquid

Glass

Thickness of glass

-z of cameras

Cameras

1
2

3

SEIE]

W

ith

distortions

1.105
1.513
19.675

215.3

~25:T02

Apparent positions
(not dlstorted)
of fiducial

i VIEW
1 VIEW
1 VIEW
2 VIEW
2 VIEW
2 VIEW
Dilstertions
VIEW
a
b
c
d

1

2
3
1
2
3

-64.
=66,
=66 .
22.
20.
20.

0.44
-0.64
0.29
1.40

33.
33.

373
411

358
595
595
<Y ¥
27y
576

0. 11
0.02
0.22
0.00

0.
. 489

=31

92

230

099

.069

1.208

1.071
.055

1.086

.978

.25
0.04
0.19
0.35

SET 2

without
distortions

1

X
-23.050
35.832
35.901

-64.498
-66.752
~66. T6T
22 . 367
20.477
20.443

1.097
1.513
9.634

e

¥

2.961
“26.
34.

976
582

.028
. 104
. 180
.043
.985
.070
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visible in all 3 views; fiducials Y4a,3d,4d,4 (in the
nomenclature of Ref.8) are not used. The reference
fiducials for the measurements of the spectator events
are le (fiducial 1) and 3e (fiducial 2) ; their apparent

positions are given in table 4.

3.3. RANGE - MOMENTUM RELATION

The momentum of the spectator protons is

determined from their range. The momentum - range

relation was obtained from fitting range - energy data9

for protons in deuterium at kinetic energies T between
3 and 80 MeV (corresponding to momenta between

77 and 387 MeV/c)

/4

p(s) = 125.03%s /% + 129.61%s9°3 + 0.135%s° (3~3)

where s = p-1 (3-4)
and is the range in g/cm2,
is the density of the liquid deuterium,

is the track length,
is the momentum in MeV/c.

T 0.0

The fit to the 12 data points has an accuracy of
0.12 MeV/c with the maximum deviation of 0.27 MeV/c at
T =3 MeV.

For the determination of the charge density of
the liquid deuterium, measurements of stopping pions -
identified by m-u-e decay - are used. The advantage of

this method over the standard procedure using muons is
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that the long range of the pions provides a good accuracy
for the range measurement, even if the pion decays at a
small speed rather than at rest. The disadvantage is that
the momentum has to be determined from curvature and
therefore depends on the magnetic field (section 3.4). Not
including possible systematic errors in the field value
the density was determined to an accuracy of 2.5 % with
only 8 pion tracks.

The measurements were performed in the following
way : stopping pions with a small dip angle and with a
track length between 36 and 70 cm (momentum between 100
and 135 MeV/c) were selected. 7 points were measured on
the first 15 cm of the track for the determination of
the momentum (from curvature). To obtain the length, the
track was divided into segments with reasonably constant
curvature in a way that & - rays marked the end points of
each segment. Each segment was measured as a separate
track; the length of the pion track is the sum of the
lengths of its segments.

For convenient analysis of the measurements pion

9

range - momentum data” were fit in the narrow region of

p = 90 MeV/c to p 140 MeV/c to the simple function

p = a.31/4 » b~s1/2 T

which, using (3-4), can be solved analytically for the

19
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density ¢

1 (Va2+ubp - a)“

B i 2b (3-6)

(the fitted values are a = 47.08, b = 16.04)

The average density found from the 8 pion tracks is
0 = 0.134 % 0.0035 g/cm> . (3-7)

The quoted error is from the Gaussian standard deviation
and does not include the error on the scaling factor for

the magnetic field.

3.4. MAGNETIC FIELD

For the purpose of determining the deuterium
density the value of the magnetic field was checked;
otherwise the field value is of minor importance for the
resolution, because only corrections to the proton angle
and the measurement of the central value of the beam
momentum depend on it.

Measurements of A- particle decays were used in a
simple method that does not require any fitting and that
is free of ambiguous background. The film was scanned for
charged decays of slow A- particles, i.e. it was scanned
for neutral vees with the positive track having the
ionization and curvature of a slow proton track. The low

Q - value for the decay and the selection of slow A's has
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the advantage that the curvature of the outgoing tracks
will be high enough to get an accurate measurement of
their momenta, which is a basic requirement for good
sensitivity to the field. The possibility of identifying
the proton on the scan table and the low propability for
other charged decay modes guarantees a much cleaner sample
of events at the scan level than the analysis of neutral
K- mesons can provide.

19 neutral V's were measured on one roll (# 615)
and were reconstructed with NP54 with a set of optical
constants specially determined for this roll. For the

reconstruction the nominal magnetic f‘ield10

H (with a
n
central intensity of 17.563 kG) was used. If the true
magnetic field H is
H = S'Hn {3-38)

then, ignoring the constraints from the primary vertex,

2 2 20202 - S Nl 2 _
My = my >, * 2V?mp+s pp)(mﬂ+s pﬁ) 28 pppncos ) (3-9)
where Py and p_ are the momenta of the pion and proton

as given by the reconstruetion,

My = 1.11557 GeV/c2 is the mass of the A,

Y 1is the opening angle of the vO.

A mass plot for mA wiith sthe “gealing ‘faetor °S set! totl'ds

shown in figure 1; the lambdas are clearly separated from

other V0s. The 12 events with

1.11°GeV/e2 <rm, "¢ 1.12 Gev/e2

A
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were selected, equation (3-9) was solved for S and S was
caleulatedyfonpscachpenent s thenerror 'of Siwasuecalculated
from the errors of the measured quantities and was used
for the weight in averaging the scaling factor. The result

S = (3-10)

0.0079 from error propagation
1004 3a
0.0096 from standard deviation

is consistent with a scale factor of S = 1.0 and the

unmodified field was accepted.

18+

EVENTS / 5 MEV/C2

P 0.

1.10 1.12 1.14 1.16 1.18 1.208 1.22 1.24
INVARIANT MASS EGEV/Czj

Il R i VO Mass Distribution

3.5. AZIMUTHAL ANGLE

For most events the mass m. is very sensitive to
the angle between the beam and the spectator. The errors
in the angles of the beam track are negligible compared
to the errors of the dip and especially the azimuth of
the spectator. In usual reconstruction techniques the

azimuthal angle is found from 3- parameter circle fits
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in the xy- plane. For stopping particles the momentum

is determined by the range 1 and can provide a constraint
for the fit. The fit with only 2 parameters reduces the
error of the fitted angle considerably. For example, the
0- constnaint ofiit! off 2iipoints ioval straight fiine fhas. the
error in the fitted angle VT? times smaller than the

0= constraint it of: 3 tequallyispaeced points tic fal ‘eirele.
In general the gain in accuracy will be even greater,

if the points are not equally spaced and if in the two
parameter fit extra points are used as constraints. For
the 2- point, 2- parameter determination of the angle @

its errvordp is

dp = V2 & (3-11)

(here the y-direction is normal to the track).

Fig.2 : Track Angle @ in the Circle Fit and
the Straight Line Fit.

For a track with 3 equally spaced points the angle ¢ at

point # 1 (see Fig.2) is

23
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d
and de = V26 j% (3-13)

The sagitta of a proton track with a projected
length of less than 5 em in the xy- plane is less than
8 times its measuring error. Therefore, for those tracks
a straight line fit to the measured data is sufficient for
a reasonable description of the data. To get the initial‘
azimuthal angle of the spectator the fitted angle has to
be corrected according to the curvature and the change
in curvature due to energy loss along the track. The
corrections A@ were found by a Monte Carlo method. Curves
of stopping protons were generated using the range -
momentum relation. 7 equally spaced points on each of
these curves were fit to a straight line. The differences
A@ between the initial angle and the fitted angle found

this way can be represented by

Q25

AQ = Hx (0.075%1 - 0.0072#10-805) (3-14)

In this equation the first term is the correction due to
the curvature, the second one is due to the energy loss.
The formula is independent of the dip angle; the field H
is to be chosen positive if the track curves counter -
clockwise (from positive x- axis to positive y- axis).
The measured points on the track will generally

not be evenly spaced. A first order deviation from
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constant spacing is

D=c, +c,*s (3=15)

1 2
(s is the distance from the vertex).
This represents constantly changing separation D between

adjacent points. The fitted angle will then deviate from

that obtained by equally spaced points by
AQ, = 0.4 4 (3-16)
with $ = );(5 - 0.5)
14

where S is the average distance of the measured
points from the vertex,
e is the turning angle of the track.

)

To check the quality of the procedure for the
angle determination the stopping protons of 6 events
of elastic scattering on a 1.25 GeV/c pp - film were
measured and reconstructed with this technique. For
elastic scatters the angle can be predicted from the
momentum of the proton recoil. The agreement between the
measured and the predicted angle was within errors and in
all cases better than 0.4 degrees.

The resolution can also be checked with elastic
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events in the film of this experiment. The sample of
events will not be pure elastic pd scattering mainly
because of a background of gquasi-elstic scatters.

32 eventsyloekingsl ikegelasticaseattersiwere measured and
reconstructed like spectator events. The quantity m
calculated with a constant beam momentum (14.9 GeV/c),

for these events is histogrammed in figure 3. It shows the
elastic peak (section 5.2.2.) with a resolution better

than 20 MeV/cZ.

— - -
(=] ~N =
1 1 1
T T 1

EVENTS / 20 MEV/C2

Lol L T e
5.5 5.6

5.2 .3 S.4 b 5 By
MISSING MASS CGEV/C2]

Pighas e m. for Elastic Scatters

The width of the elastic peak mainly tests the
resolution due to the accuracy of the angle measurement.
According toy table; 2ithe jernoriiof m. due to the error in
the spectator momentum is small near m, = mg- This can
also be seen directly from equation (5-3): the term
2 py P cos Y is small for elastic events that have 9

Sp
near 90°. The kinematics of elastic events makes m,
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insensitive to variations of the real beam momentum as
long as a constant value of Py is used for the calculation
of m. (if the real values of the beam momentum are used

the mass m, changes as given in table 2).

3.6. BEAM MOMENTUM

The momentum of the beam track of each event
cannot be determined with sufficient accuracy; the
measuring accuracy for a long track of 160 cm is still
about 200 MeV/c. Some average value for the beam momentum
has to be assigned to each event. The error in the value
of the total average 5b of the beam momentum does not
effect the resolution; it only produces a constant
translation of the whole spectrum by A5b°mp/m0 and
an almost negligible magnification of the mass scale as
given by the term Aﬁb-(mx—mo)/ﬁb.

The resolution, however, is very sensitive to
changes in the difference between the true and the
assigned value of the beam momentum (see table 2). For
constant conditions the beam line is specified with a
momentum bite of + 1.2% corresponding to a standard
deviation of 70 MeV/c. The quality of the beam is

discussed in detail in the next chapter.
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4. THE BEAM

4.1. THE BEAM LINE

The AGS was operated in a bubble chamber = only
mode, i.e. no other experiments had to be serviced by the
beam in the main ring. 2 extractions from the proton beam
were made for each accelerator cycle. The beam of 15 GeV/c
antiprotons was provided to the 80" bubble chamber by
RF - particle separation through beam line #U4 11. The
proposed revision12 - a third separator cavity - was
installed but not operating. The detailed layout of the
beam line can be found in references 11,12; a simplified
schematic is given in figure 4. Momentum selection is
achieved by horizontal deflections (z- direction),
particle separation operates by vertical deflections
(y- direction). During the run all magnet currents were
repeatedly read under computer control and a warning
message was given if any significant change was detected.

Antiprotons have to be separated from T and
K~ mesons. With the two- cavity system exact double
contaminant rejection cannot be achieved for antiprotons
above 6.5 GeV/c. However, above 15 GeV/c the phase between
the two cavities can be adjusted to a compromise for the
cancellation of deflection angles for both unwanted

particles. The phasors for a beam momentum of 15 GeV/c 13
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Fig.5 : Particle Separation in Beam #4
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are shown in figure 5a, the relative intensities at the
stopper are shown as a function of the deflection y in
figure 5b. This particle separation technique splits the
beam into two bunches which remain well separated along
the beam transport into the bubble chamber (Fig.11). The
elimination of the mesonic beam component depends on the
stability of the phase difference between the oscillations
in the two RF- cavities and, to a small degree, on the
beam momentum Py - The size of the stopper determines the
tolerance for the phase. Flux - phase curves were measured
several times during the run; the tolerance was found to
be greater than * 10 degrees, the stability was 2 degrees.
The particle phase angle is proportional to 1/p§ and it
changes by 0.1° for pions and by 1.5° for kaons at a
change of 1% in beam momentum. The amount of mesonic
contamination as measured with the éerenkov counter was T7%.
During the run the Cerenkov counter was set up to veto a
picture if more than 30% of the particles going into the
bubble chamber were triggered as mesons. The resulting
average contamination is estimated to 5%.

The momentum analysis system is designed to select
a momentum band of 1% of the central beam momentum.
Analysis section 1 provides the stated momentum selection,
whereas the main purpose of section 2 (post analysis
section) is the purification of the beam from unwanted

off-momentum particles (e.g. muons from decayed pions).
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The horizontal size of the target used was 0.15", so that
the size of the horizontal image at the slit of the first
momentum analysis (collimator C3) was 0.35 cm. The opening
of the collimator is 0.46 cm, the same size as the
dispersion of the bending magnets for 1% of momentum
deviation. Assuming a perfect optical system and a uniform
illumination of the target the momentum profile behind the
slit has a trapezoidal shape (Fig.6) with 68% of the

area within £ 0.43% of momentum deviation. (With the
standard target size of 0.2" the profile is triangular.)
It is estimated that the beam optics increases the width
by ~20%. The second momentum analysis section has about
the same resolution as the first one with a large
dispersion of 1.2 ecm/% momentum deviation. The beam leaves
the slit C7 with a correlated deflection - momentum phase
space (Fig.6). In the bubble chamber the correlation is

mostly destroyed due to the angular divergence of the beam.

4y.,2. THE BEAM MOMENTUM

4.2.1. THE MOMENTUM DEVIATIONS

It was pointed out before (section 3.6.) that
knowledge of deviations from a constant beam momentum
is essential for the resolution in this experiment.
Differences in the momenta of beam particles may be

grouped into 3 categories according to their origin or
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at Collimators C3 and C7
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appearance:

a) The acceptance of the beam line (momentum bite).

b) Fast fluctuations (changes of the central momentum for
beam line within a few frames), e.g. differences
between first and second pulse of the chamber.

c¢) Slow drifts of the central momentum of the beam line.

Averaging measurements of the curvature of beam tracks in

the bubble chamber can determine the magnitude of slow

drifts and the averaged values of the beam momentum can be

assigned to the events. The amount of deviations a) or b)

can be derived from the width of the measurements, if the

measuring error is known to a sufficient accuracy (what is
sufficient depends on the ratio between the deviations and
the measuring error). In the cases a) or b) corrections

to the beam momentum can only be made if the deviations

correlate with a quantity that can be measured with

sufficient accuracy on a single event. The momentum bite

(deviation a) ) depends on the quality of the imaging.

Although the size of the image has not been checked it

seems unlikely that it differed much from the predicted

value.

4.2.2. BEAM TRACK MEASUREMENTS

To determine differences in the momenta of beam

particles by measuring beam tracks on the bubble chamber
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film one wants a method that provides a sufficient number
of measured points on each track to detect small kinks

and as many measured tracks as possible so that one

can detect drifts with the best time resolution. The
systematic errors should be constant for all measurements
within ~50 MeV/c. The use of the curvature for the
determination of the beam momentum relies on the stability
of the chamber field, which is expected to be sufficiently
good so that fluctuations can be ignored. As mentioned in
chapter 3.2.:the optiecali'distortions ‘are ‘not'feconstant ;

The differences found amount to a change of the measured
momentum by as much as 200 MeV/ec. Therefore, along with
the track measurements the distortions have to be
determined. When using conventional measuring machines

no other systematic errors are encountered but the number
of coordinates to be measured is limited by the measuring
effort (compare chapter 6).

To be able to measure a large number of non-
interacting beam tracks it was decided to use the Rutgers-
Stevens PEPR device in a fully automatic mode. This
electronic encoding system has the disadvantage that,
though the local reproducibility of a measurement within
a short time is ~5 times better than the resolution of a
Vanguard film plane digitizer, its global accuracy is
considerably worse: distortions depend not only on the

x and y coordinates but, since PEPR measures with a line
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element (bite), they also depend on the angle of the track
and on various scan conditions. Since the error is
systematic it does not average to zero and it may drift

in time or may be different for each calibration of the
system. The PEPR hardware drift as well as the change

of optical distortions (other than those caused by the
liquid) can be traced by measuring fiducials and the track
measurements can be corrected according to the deviations
from the given apparent locations of the fiducials.
(Apparent positions are defined with respect to the
position of the camera lens which is not changed with

film changes).

20 of the 22 fiducial marks on the front glass of
the bubble chamber were measured on each frame. Their
apparent positions were calculated from their space
coordinates8 with CONGEN7 using the optical constants
and distortions of roll 615 (compare sections 3.2 and 3.4).
For an increase in accuracy the calibration routine for
the hardware was improved, the hardware was readjusted and
in order to reduce angle dependent errors the fiducials
were measured with half the maximum line length (bite);
most fiducial arms are at = 45°, while beam tracks are
near 0 degrees. The fiducials were fit to 10 parameters
a general linear transformation, 2 film tilts, a
pincushion and the curvature term y x2 (section 3.2).

Agreement with the predicted positions within 1.6 to 2.0 u
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on film was obtained. The effectiveness of the method to
compensate for drifts was tested by repeatedly measuring
a beam track and fiducials on a single frame. The result,
shown in figure 7 as a function of time and remeasurement
number N, is satisfactory.

The PEPR program was modified to automatically
scan for beam tracks near the end of the chamber and to
measure them without any help by an operator or from
previously hand-measured guidance points. The only
information provided is the average angle and the average
curvature of good beam tracks. The angular dispersion of
the beam (in the y- direction) due to the acceptance of
the beam line is only a few tenths of a degree, so that
a narrow scan criterion of * 1 degree could be used to
purify the data at the scan level. Since the film is very
crowded with tracks this is a useful discrimination
against unwanted tracks. The steps of scanning and
measuring are demonstrated on a clean picture in figure 8;
the result of track following on a more typical picture is
shown in figure 9.

Matching of beam tracks in 3 views and - since PEPR
was not set up to read frame numbers - possible necessity
for matching frames can be a difficult problem. However,
the beam position in z- direction is defined by the beam
line collimators to £ 1.5 cm in the chamber which is a

sufficiently small deviation to determine the momentum
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from one view only using the same z, ( = z at x=0) and

0
the same dip angle for all beam tracks. In figure 10 it
is verified from the measurements of the spectator events
that the average z- coordinate is constant within the
required accuracy for all rolls. The only disadvantage

of not measuring the z- coordinates of the beams is the
loss of information about possible correlations between z
and the momentum.

View 1 of the 13 rolls used in this experiment
was measured. During the operation every 100 frames the
average number of fiducials per frame found was checked;
a minimum of 17 was required in each sample of 100 frames
to avoid systematiec errors from losing certain fiducials.
In the average 18.3 fiducials and 2.0 beams were found on
each frame. This is about 75% of all non-interacting beam
tracks on the film. The measuring time was approximately
1000 pictures per hour. All pictures on each roll were
measured with the same calibration of the hardware and

measuring was never interrupted within one roll

(of 5000 frames).

4.2.3. ANALYSIS OF THE PEPR DATA

The PEPR output is reconstructed with the program
PBFIT. On each event, defined as a frame with at least one

measured beam track, the fiducials were fit as described
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before. The resulting transformations and distortions are
applied to the track data points. The x- and y- space
coordinates are calculated using the optical constants and
the z(x) dependence from the Vanguard measurements as
mentioned above. The space coordinates are fit in the
xy-plane to a circle; deletion of up to 20% of the points
with residuals greater than 3 sigma is used in a standard
way. The attempt to delete the PEPR scan point causes

the track to fail the reconstruction. The momentum is
calculated from the radius and an average value of the
magnetic field as provided by a simplified field routine.
An example for the statistics of a PBFIT - run is shown
in table 5. If on a roll the measuring error for the
fiducials, as calculated from the fiducial fit, was
greater than 2.3 p the data were rejected and the roll
was remeasured.

Figure 11 shows a fraction of the results in a
scatter plot of the momentum and the y- coordinate. The
split in y caused by the particle separator can be seen.

The momenta are averaged and plotted as a function
of the frame number in figure 12. A search for systematic
fast fluctuations by Fourier transform techniques gave no
evidence for periodic changes in momentum. In the search
for correlations a difference of 25 MeV/c in average
momenta for the upper and lower beam was found. This

deviation may be due to a systematic measuring error
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and to correlations in kinking tracks and, since it is
negligibly small, it is ignored. The ability to study
differences between chamber pulse #1 and pulse #2 is
limited because PEPR was not designed to record the pulse
number. In the few tests performed on small samples of

data no differences in beam momentum were found.

4.2.4. ERROR ANALYSIS

The reliability of the data was checked by
remeasuring some film and by splicing two rolls together
and measuring continuously the end of one roll and the
beginning of the next one. Changes with the frame number
in the measurements could be reproduced within 10 MeV/c
but offsets of the average by up to 30 MeV/c were found
on measurements which were accepted as good. These offsets
are probably caused by differences in the calibration of
the hardware.

In order to calculate the resolution for the
mass m, in this experiment, the width of the momentum
spread of the beam has to be determined. Since for the
calculation of m. the momenta of figure 12 are used, the
width has to be reduced by the contribution from the slow
drifts, i.e. the random errors in the measured momenta
are investigated on the distribution of the momentum

differences from the local average 5h (local being defined
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as the averages shown in figure 12). The contributions to

the width of this distribution of (p-ﬁn) are

Random error of fiducial fit + 60 MeV/c
Random error of track point measurements + 80 MeV/c
Spread in the z- coordinate of the beam & <70 MeVi/ e
Coulomb multiple scattering error + 120 MeV/c

Strong interaction single scattering error (; 800 MeV/c)
Internal spread of the beam ?
The error due to hadronic single scattering is dominant
and its effect is commonly reduced by track rejection
techniques. To get a meaningful estimate for the internal
spread of the beam the technique has to provide an
accurate prediction for the remaining width. The cut-off

method on a detectable kink14

(like rejects of bad circle
fits) is not very effective at 15 GeV/c; a scatter in the
middle of the track by only 0.1° varies the sagitta by 10%.

15 is not suitable for an

The cut=ofif oniay visibile recoill
automatic scan that is incapable of detecting recoils. On
beam measurements, where the momentum of the track is
known a priori to much better accuracy than the single
scattering error, a cut-off on the measured momentum is
possible. This method is especially effective because the
single scattering error distribution is non-Gaussian with
a very narrow peak at zero, containing more than half of
the data, (tracks that do not scatter or tracks that are
fixed up correctly or almost correctly by the circle

fitting routine) and long tails extending over several

GeV/c. For a numerical investigation the PEPR output of a
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perfect beam track of 15 GeV/c was simulated and modified
by kinks as obtained from a Monte Carlo of momentum

bt The reconstruction with

transfers with a probability e
PBFIT failed 55% to 65% of these kinking tracks, depending
on the value of b ( b = 11, 15, 20, 25 (GeV/c)_2 were
tried). The momentum distributions are almost independent
of the value of b and, assuming a cross section of 40 mb
for kinks (elastic scattering and events with leading
particles), its width (in agreement with reference 14) is
about 800 MeV/c.

The width 6,45 u(p-ﬁh)z after rejection of
data outside a window *p,, of the measured momentum is
plottedias:a funetion of Py in figure 13 for the Monte
Carlo data of kinking tracks (curve 1) and for the real
data (curve 2). The fraction of tracks in the real data
that are kinking is determined by subtracting (squared)
a fraction of curve 1 from curve 2 so that the resulting
curve has a horizontal asymptote for high values of P
The correct fraction of curve 1 is plotted as curve 6;
it is the single scattering error as a function of the

*

cut=of P Curve 4 is the result of the subtraction.

Its shape is consistent with a Gaussian within 0.002 GeV/c

¥ The fraction obtained by this subtraction is the
probability for a track to have a kink, corresponding
to a cross section of 90 mb; this means that more than
half of the kinks are actually caused by track
following mistakes.
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in the vertical scale of figure 13; the asymptotic value,
205 MeV/c, is its width.
Now the unfolding of the internal width of
the beam momentum is straight forward. The result of
110 MeV/c = 25 MeV/c is consistent with the

specifications for the momentum bite of the beam line.
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5. KINEMATICS

The use of deuterium as a neutron target

introduces difficulties for the following reasons:

a) The neutron target is not at rest
and its momentum at the time of the interaction can only
be determined by the use of models (e.g. impulse model).
The presence of Fermi motion, which usually is an
undesired difficulty, is of essential importance for this
experiment. The kinematics of interactions with a moving
target is discussed in section 5.d.

b) The target is not a pure neutron target.
The neutron interactions must be separated from proton
interactions and double (or coherent) scattering. The
contaminations from interactions involving the target
proton are discussed in section 5.2.

¢) The neutron is bound to the proton.
Although the binding energy is only -2.23 MeV there may be
noticeable differences between interactions with free
neutrons and interactions with a neutron that is slightly
off the mass shell. The separation of the nucleons in the
deuteron is not much larger than their radii and therefore

518 mye ok that the

causes non-negligible "screening".
neutron is in a bound system is of no disadvantage for the
study of the missing mass m, . The implication on the cross

sections is discussed in chapter 8.
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5.1. THE TARGET MOTION

16 _909

In the approximation of the impulse model
to 95% of the inelastic interactions can be described as
scattering from free neutrons and free protons; the

measurement of the reaction (1-1)

pdu——> ps X
is equivalent to the study of the process

pn —> X~
i Pg is really a spectator with no scattering or
rescattering . ofif the proton in the deuteron.
The CM-energy Vs of the pn- system for an incident beam
momentum of 14.9 GeV/c with the target neutron at rest is
equivalent to a mass of

my = 5.45 GeV/el . (5-1)

The Fermi motion of the nucleons in the deuteron sweeps
the CM- energy with a probability that is obtained from
the deuteron wave function, thus providing a continuous
spectrum of CM- energies mX02 = Vs' in a range of about

5.0 to 6.0 GeV . (5=2)

m is determined by the momentum Esp of the spectator

proton using energy - momentum conservation for the

reaction (1-1)
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2 L2 2 - = =
my = my + 2mp + 2myE, 2Esp(md+Eb) + 2py Psp (5-3)
or 5 5 Eechl)
m, = mg - 2Tsp(md+Eb) + 2pb-pSp {5~3°1

where mp is the proton or antiproton mass,

m, is the deuteron mass,

d
Py Eb are the laboratory beam momentum and energy,
Esp is the laboratory energy of the spectator and

TSp is its kinetic energy.

The kinematic boundary according to equations (5-3) and
(5-1) is shown in figure 14 (solid lines). The dashed line
represents pSp versus mX at cos Y = 0 (9 is the angle
between the spectator momentum and the beam). Masses

greater than m, can only be obtained from forward going

0

spectators; a small region below m approximately

O’
0.1 GeV/c2 wide, is populated by both forward and backward

spectators; masses below that region are only produced by

backward spectators.

18,19,20

Among the various approximations to the

21

numerical deuteron wave functions the most popular one

is the Hulthén wave function for the S- wave, neglecting
the ~4% D- wave contribution19
1

(5-14)
+a%) (pZ+b?)

0(P) e
(p?

Ignoring the flux factor and assuming a constant total

cross section for pn- scattering in the range (5-2) of Vs

29
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the momentum distibution n(p) is obtained by integrating
@2 over the solid angle o :
2

n(p) = A- P y (5-5)
((p%+a?) (p°+b2)) 2

(-]
The area ‘fn(p) dp is normalized to 1 with
o

ab (a+b)3 . 05 6)

- 1 F g

Monte Carlo events are plotted in figure 14 using this
approximation with a = 45.7 MeV/c, b = 237 MeV/c and the
following visibility cut-off for slow spectators (for

p < 100 MeV/ec) : the momentum vector of the spectator is
projected into a plane parallel to the beam. Events with a

projected momentum Py of less than 70 MeV/c are rejected,

Ve
events with pxy between 70 and 100 MeV/c are accepted with
a Gaussian probability centered at 100 MeV/c with a half
width of 20 MeV/c. This visibility cut-off reduces the
number of events around cos ¥ = 0 for the low momentum
spectators.

The relation between the cross section 6 and the

number of events N is given by

o
dN =iioh RewimnE = &
N = pn g F G5, 9Py (5-7)
where LT is the total track length of the beam,

P, =~ psp is the neutron momentun,

pé is the density of neutrons with momentum D

22

F is the Mgller flux factor given by

57
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¥ e (I -7.12 - war 12142 (5-8)

with Vb, Vh being the beam and neutron velocities.
The neutron density pé can be expressed by the Hulthén
distribution (5-5) and the particle density Pn in the target,

the pn- cross section can be approximated by

65n = 60(1-0(3-30)) (5+9)

where 6, is the pn- cross section at By = mg 4

c is the slope %g of the cross section at s = SO'
Then
s 2. 2N =2
dN = Lq-p, 654 ((p™+a®)(p~+b7))
doy - = \2_ = =2 2 1 Ly
ng(vb V) (Vbxvn) p® dp »=d cos J . (5=-77)

Here % p2 ((p2+a2)(p2+b2))"2 dpdcos ¥ 1is the normalized

probability density for a neutron to have the momentum p
and the angle Y with respect to the beam. Integration

over cos 9 can be done in a closed form and provides the
momentum distribution. Results of the integration are used
for fits and predictions of the measured data (Fig.19,20).
Angular distributions were obtained by numerical

integration (Fig. 21 to 23).
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5.2. CONTAMINATIONS

5.2.1. DEVIATIONS FROM THE IMPULSE MECHANISM

For the study of the process (1-1) as a missing
mass experiment, deviations from the impulse mechanism are
unimportant as long as one does not want to extract free
pn- cross sections. The fact that the neutron is slightly
off mass shell and that additional momentum transfers
(Fig.15) to the proton are possible may even enhance a

resonant X~ state.

Fig.15 : The Impulse Mechanism (left) and Possible

Resonant Double Interactions (right)

As an exchange of an I-spin 1 particle is possible the
otherwise pure I-spin 1 state of the X can contain a
small admixture of I=2 states.

Deviations from the impulse process are not
considered as contaminations in this experiment if the
antiproton interacts mainly with the neutron and if the

track identified as a spectator is really a proton.

59
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5.2.2. PARTICLES MISIDENTIFIED AS A PROTON

Antiprotons may look like a spectator proton if
they interact near the vertex of the event and form a
O- pronged secondary event. These events are rare though
and could be distinguished by a check on charge
conservation for the primary interaction.

The only important contribution from particles

mistaken as protons comes from stopping deuterons

pd —> pd + anything {5~10a)

pd —> nd + anything . (5=10b)

The dominating process in (5-10a) is elastic scattering.
Mistaking elastic scatters as the pn- interaction (1-1)
generates a missing mass m  according to equation (53" )
constrained by 2T (m +E ) = Zﬁb'ﬁsd
to the kinematics of the elastic scattering of

E, +m

o b "d | Psq 5| Psp _
m_ = m, + - psp(——— ﬁ——> (5=11)

m g b
in non-relativistic approximation. Here Psg is the
momentum of the spectator-like deuteron, TSd ig its
kinetic energy and pSp is the momentum that a proton of

the same range would have. For deuteron momenta around

0.2 GeV/e

Psq = 14% pSp
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and

m) =-ms =-0.85 pS geat1s)

X 0 SpP

Equation (5-11") shows that elastic scattering events will
contaminate the missing mass spectrum m, in a narrow

region near m, with a half width of

0

am = DS Apgp = 5 MeV/cZ. Experimental results are

shown in figure 17 and figure 3. The scattering angle is
close to and always less than 90° in the lab.

Among the other interaction channels in (5-10) the
only one studied at Py = 15 GeV/c is the reaction
pd —> pdw'w~ with a cross section of 0.3 mb 23. The
total cross section for inelastic coherent deuteron
events is estimated to be 1.5 to 2.0 mb. The resonance

productions
pd —> N + d (5-10c)

are constrained in the quantity m. in a similar way as
. . ‘B B
elastic scattering by 2Tsd(md+Eb) = Zpb Psq (mN mp)
In equation (5=117) m, is replaced by mgy with
- e 2o g $;
moy = My *+ R (mN mp)/2mX (5-12)

where my is the mass of the N - resonance,

R is essentially the ratio psp/pSd = 0.59
(its more accurate form also contains the

ratio between the beam momentum used in the
calculation and the true beam momentum)
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The width of the N - resonance reduces to a width in mX
by the factor 0.59 my /i m. which is approximately one
sixth for the low N* states. Therefore these events will
produce narrow peaks in the By = spectrum if the beam
momentum is constant or a constant beam momentum is used
for the calculation of m . A change of 1% in the true
value of the beam momentum varies only the factor R by 1%,

whereas adjusting the value Py by 1% changes m, by 1/2 %.

0
The kinematic region for the coherent deuteron events is in
the forward hemisphere only; the sample of events with

backward spectators is free of deuteron contamination.

5.2.3. PROTON INTERACTIONS

Interactions of the antiproton with the proton can
produce a low momentum proton P which looks like a

spectator, while the neutron is the true spectator

pd —> ng p + anything (5-13a)

Py,

pd —> ng n p; + anything . (5-13b)

These interactions are the major source of contaminations.
Reactions (5-13a) contain pp quasi-elastic scattering. The
missing mass m. of these events is like in pd elastic

scattering still centered near m, but because of the

0

Fermi motion of the proton it spreads over a much larger

region in the missing mass spectrum. Resonant channels in
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the proton interactions of the type

pp —> N + p. (5=13e)

will also resonate in the quantity m. with

2 s

m_= + (mN-mp

) m )/2mX - TL(md-mp)/mX (5=-14)
if the Fermi motion of the target proton is ignored.

(the energy TL of the low momentum proton varies m., only
Dy B3 MeV/c2). The target motion, though, causes the

resonance to be spread out over several 100 MeV/c2 in

the X~ - mass. The center of the peak does not coincide

with the peak caused by the equivalent reaction in (5-10c).

The kinematics of the inelastic channels in the
reactions (5-13) can be understood with the results from a
pPp - experiment24 at 12.1 GeV/c at the CERN 2m bubble

chamber, which studied the reaction

pp —> ppwm . (5-15)

The distribution of the laboratory momentum pr for the
proton is shown in figure 16a, the angular distibution
(Fig.16b) is obtained under the restriction
0.11 GeV/e < pr < 0.36 GeV/c to eliminate detection
biases and most protons that do not stop in the chamber.
(A1l data were read from graphs).

The kinematic limit for cos ¥ in reaction (5-15)

is approximately (for Py > mp)
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~ q|.am ) =
(cos ﬂ)min % 2, (1+Am/mp) (5-16)
where am is the mass of the (w'n~) - system.

The threshold for this U4-prong reaction is at am = 2 Mo
and (cos{))min = Q.12
The lower limit for cos ¥ due to visibility in the bubble

chamber is higher than the kinematic 1limit. The value of

2
2TL(Eb+mp) + m_am + (am)

= p

cosd = (5-17)
2PpPLp

at Plp = 0.11 GeV/ec is (cos-9)min = 0 .19,

To apply the above results to the inelastic
pd - cross sections (5-13) the proton momenta have to be
transformed by the Fermi momentum of the proton target.
For this purpose spectator momenta have been generated
randomly with a Hulthén distribution and are used as
Lorentz transformation for the measured momenta of
reaction (5-16). If the resulting proton is too slow to be
visible in the bubble chamber the event is rejected
(a smooth cut-off is applied for momenta below 110 MeV/c).
The momentum distribution (Fig.16c) is almost flat
above 0.2 GeV/c, the angular distribution for momenta
between 0.11 GeV/c and 0.36 GeV/c (Fig.16d) shows the

original nearly rectangular shape with the slope at

threshold smeared by the width of the Hulthén distribution.

In general one can expect the angular distribution for

each channel in (5-13) to have a similar behavior with the

65
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flat portion restricted to higher values of cos ¥ as
(cos-S)min increases with higher missing masses.

The total angular distribution for all inelasie
channels is the sum of these distributions and should

therefore be continuously rising up to cos 9 = +1,

5.2.4. EVENTS WITH 2 SLOW PROTONS

In the interactions with the neutron (proton
spectator events) a slow proton may be produced, usually

as a charge transfer to the neutron

pd —> Pg Py + anything . (5-18)
Either of the two proton tracks may be too short to be
visible in the bubble chamber; in most cases the invisible
one is the spectator, because a large part (~70%) of the
Hulthén distribution is below the visibility limit. If
one of the tracks is going backwards, it is most likely
the spectator according to distribution figure 16d. The
interactions (5-18) can easily be distinguished as being
even pronged events with two slow proton tracks or odd

pronged events with one visible proton.

5.2.5. BEAM AND TARGET IMPURITIES

Beam contaminations by 1~ and K mesons are

approximately 5% (chapter 4); the hydrogen impurity of
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the deuterium amounts to 2% by weight. Mesonic beam
contaminations are negligible; their cross sections are
only half the antiproton cross section so that only 2.5%
of the events are induced by 7 or K mesons.

The target impurity simply adds to the
contaminations (5-13) for the channels not resonating in
the mode (5-13c). Reactions (5-13c¢) off a free proton will
produce resonances in m, in the 2- and 4- prong data and,
because of the absence of Fermi motion, they will be
narrow. The amount of hydrogen admixture is so small
though that one cannot expect to observe any of these

resonances.
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6. PRELIMINARY EXPERIMENTS

The film of 98000 photographs from the first run
in June 1970 was divided equally for analysis among the
Strasbourg group and the Rutgers - Stevens group. For a
survey 25000 pictures were scanned for all interactions
with an outgoing clear proton which stopped in the chamber.
Track coordinates that are necessary to reconstruct the
momentum (from range) and the angle of the proton track
with respect to the beam track were measured on an image
plane digitizer. The mass m. recéiling against the proton
was calculated from energy-momentum conservation and is
plotted in figure 17. The apparent structure in this mass
distribution is the elastic peak on top of a broader
peak of events of quasi-elastic scattering off the proton
in the deuteron ( compare chapter 5 ).

Subsequently another 40000 pictures of the total
film with the best quality regarding contrast and focus
were also scanned for events with stopping protons and
measured on a film plane digitizer. In this scan all
2-pronged events were ignored because this class of events
is dominated by elastic and quasi-elastic scattering.
Partial results were presented at an APS-—meeting25 in
1972; the final data of this scan are contained in the
mass plot figure 18.

For comparison the pp total cross section data
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are shown in the upper part of the graph. The separation
of the data points is large compared to the resolution of
this experiment. The comparison of the cross sections can
only be considered as an estimate : the pd- data in the
lower histogram do not contain elastic scattering or any
other 2-pronged event. Double scattering and contaminating
events (chapter 5) contribute mainly at masses greater
than 5.5 GeV/cZ. The flux for the pn interactions
depends on the value of s for the pn- system, mainly
determined by the deuteron wave function. The requirement
of a visible spectator reduces the flux largely around
m, = m,. Two examples for approximate scales of cross
sections are drawn into the plot. For a more rigorous
discussion of cross sections refer to chapter 8.

Indications of changes in the momentum of the beam
were observed in these data. Instabilities in the incident
momentum of more than 100 MeV/c affect the resolution for
the mass m, noticeably. Various studies were performed,
including investigations of beam tracks on the measured
events for this experiment and other exper'imentsz3’26 on
the same film as well as measurements of non-interacting
beam trackss

On 4 of the rolls ( 5000 pictures per roll )
15 beam tracks were measured every 500 frames. An F-test27

for the 8 samples of beam data for each half roll revealed

a probability of less than 1% that the 8 samples derive

71
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from a common distribution. Mainly due to the multiple
scattering error and due to the single hadronic
scattering14 ( small kinks ) in the chamber or upstream,
the error of the average momentum of ‘a 15 track sample is
about 100 MeV/c. To reduce this source of error one can
select beam tracks that are parallel to each other within
a very tight tolerance. 500 beam tracks on 3/4 of the
film used in figure 18 have been measured this way to
provide an average momentum with an accuracy of 40 MeV/c
every 2500 frames. The results, showing differences of
up to 300 MeV/c, confirm the hypothesis of variations
in the beam momentum. The data have been used - where
available - for the calculation of the mass in figure 18.
A1l the above methods for monitoring the beam
momentum lack sufficient statistics. When the film from
the second run of 125000 pictures in February 1973 was
available, it was decided not to proceed on the analysis
of the beam momentum in the first run. The quality of
the new film was considerably better so that automatic
measurements with the PEPR-device were conceivable.
In addition, further exchanging of film of the first
run between Europe and the United States did not seem
worthwhile.
The data of run #2 were treated separately and
in the following chapters only these data are discussed.

Although most of the techniques, data gathering and
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processing procedures apply to run #1 as well, some
differences in the scanning rules and especially a
systematic uncertainty of about 300 MeV/c in the relative
values of the beam momenta in the two runs motivated the

decision not to combine the data.
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7. SPECTATOR DISTRIBUTIONS

Angular and momentum distributions for the
measured spectator protons are compared with the
predictions in chapter 5. The distribution of the momenta
psp for all events, shown in figure 19, cannot be
described by the Hulthén function because of the presence
of contaminations. As explained in chapter 5, the
contaminations should be negligible for backward going
protons. The momenta of the backward going protons are
plotted in figure 20; the shape of the distribution agrees
with the theory (Hulthén wave function with a = 45.7,

b = 260 MeV/c; d6/ds =-2.5 pb/GeVZ; other corrections as in
section 5.1; amplitude fitted) in the momentum interval of
120 to 220 MeV/c. Below 120 MeV/c the detection efficiency
decreases and approaches zero for spectator tracks shorter
than 1 mm. The sudden increase of the cross section above
220 MeV/c has been observed by other experiments with

28’29. The D - wave of

various beam energies and particles
the deuteron wave function averages at slightly higher
spectator momenta19 but its shape is very similar to the
shape of the S -wave distribution, so that it cannot
explain the excess of spectators with high momenta. Most
likely the enhancement above 220 MeV/c is caused by double

scattering with an exponential probability for the

momentum transfer |tl to the proton. The number of events
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with pSp > 350 MeV/c drops rapidly with the increasing
probability for the track to leave the scan volume. The
fitted amplitude of the distribution of the backward going
spectators was used to predict the curve in figure 19.
The angular distribution is shown in figure 21
for events with 110 MeV/c < pSp < 360 MeV/c; this
restriction is to eliminate most of the detection and
stopping condition biases. The shaded histogram is the
angular distribution for events with
110 MeV/c < psp < 150 MeV/c, a momentum region that is
reasonably well described by the Hulthén prediction
(Fig. 19). The angular behaviour of this fraction of the
data can also be described by the impulse model with only
a slight excess of events in the forward direction.
The curve that is supposed to describe the angular
distribution for the events with psp between 110 and
360 MeV/c is a prediction using the scaling factor of the
fit in figure 20. Even in the backward direction there is
a slight excess of events arising from the excess seen
in figure 20. The increase of the number of events above
the curve in the far backward direction may indicate the
presence of a pion exchange mechanism from the antiproton
to the deuteron as described by R.Poster et al.30. The
distribution for the events with pSp > 220 MeV/c was
investigated and for cos ¥ < 0 no discrepancy with the

impulse hypothesis was found. This result suggests that
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these events are real spectators, although it is possible
that an almost flat angular distribution in the backward
hemisphere can be produced by a mixture of pion exchange

30

mechanism and rescattering with small momentum transfer.

60% of the events with forward going protons
are not spectator events in the sense of the impulse
approximation. The shape of their angular distribution
is in agreement with the shape predicted for the
contaminations (5-13) from neutron spectator events. For
better comparison the distribution for 4-pronged events
is plotted in figure 22 (upper histogram); the theoretical
curve is drawn to fit the left half of the plot. The
distribution of events above this line agrees well with
the one in figure 16d (note that Fig.16d contains only one
of all possible 4-prong channels).

The lower histogram in figure 22 shows the
angular distribution for 2-pronged events; it proves the
effectiveness of the rejection of elastic and quasi-elasic
type of events, which should peak at a positive value of
cos ¥ near cos VY = 0. A remainder of the tail of quasi-
elastic events extending to cos ¥ = 0.4 can be seen.

The amount of contamination from non-spectator
events decreases with increasing charged multiplicity. As
an example the angular distribution for events with 8 or

more prongs 1is shown in figure 23.
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8. CROSS SECTIONS
8.1. VISIBLE BACKWARD GOING SPECTATORS

Cross sections for spectator events and neutron
interactions are derived from the events with backward
going protons only.

The neutron density p ~is calculated from the
measured charge density ®eh (3-7), corrected for the

hydrogen contamination

é— = 2565 + 6 m mb /event . (8-1)

n
The length of a non-interacting beam track within the
fiducial volume is L = 150 £ 0.5 em. The average track
length <L> is reduced by the probability of the track to

interact according to the "decay law"

nfL) = ng o "L/2 (8~2)

where n(L) is the number of tracks with a length greater
than L,

A is the free path length

track length _ 1
A== : = = = 291 cm
interaction Gtot Pch

where the total pd cross section5 of 93 mb has been

reduced to Gtot

undetectable elastic scatters and by the correction for

= 86 mb by the cross section for

scattering with lower probability off the hydrogen
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impurity in the chamber. The result for the average track

length is .

-L/A) =

KL> = A(1-e 117 £ 1 cm . (8-3)

The number of beam tracks entering the fiducial volume
was counted on 2% of the used frames. An average of
4.68 £ 0.06 beam tracks per frame was obtained. This
determines the total track length
Ly = 350 % 103 £ 7 % 103 m
and the flux F = 1350 £ 20 events/mb for neutron
interactions:.

The topological cross sections for events with a
visible backward going spectator (visible defined as pSp P
110 MeV/c) are listed in table 6a. 0dd pronged events have
been added to the next higher class of events. The number
of events has been corrected for misidentification of the
spectator in events with 2 stopping protons, for losses
caused by secondary interactions of the spectator, for
beam contamination, for reconstruction rejects that are
not due to a violation of the scanning rules and for
scanning efficiency. The number of Dalitz pairs is

estimated from the number of detected y = ray conversions

and is also included in the corrections.

¥ The commonly used approximation <L> =L°(1-%i)= 111 cm
is inaccurate for this experiment.

83
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8.2. NEUTRON CROSS SECTIONS

For the attempt to calculate free neutron cross
sections from the events with visible spectators the total
number of spectator proton events is determined with the
assumption of the impulse model and the Hulthén momentum
distribution. The momentum distributions of backward going
spectators are fit in the region of psp between 120 MeV/c
to 220 MeV/c to dn/dp as obtained by integrating equation
(5=7°) over cos ¥ from 0 to 1 (forward neutron) with the
cross section as the only free parameter. The number of

Hulthén - type spectator events, obtained as scaling

factor of the fitted curve, and the corresponding cross

(d)

p are listed in table 6b. Because the fits

sections 6
do not follow the reduction of scanning efficiency below

o} = 130 MeV/c an increased efficiency of 80% was derived

Sp
for the calculation of these cross sections. Otherwise the
same corrections were applied as before.

These cross sections have to be corrected for
Glauber screening and all scattering that is not described
by the impulse approximation with a Hulthén wave function,
to obtain neutron cross sections. Glauber theory by itself
cannot predict this correction; additional assumptions or
models have to be included.

In an attempt to experimentally find the

correction D, defined by
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= gld) v
g 1= ol (1+D) (8-4)

40O frames of the film have been scanned carefully for all
interactions. 628 clearly inelastic events and 157
possibly elastic 2- and 1- prongs were found ("possibly
elastic" defined as a scattering by less than 2 degrees
for the fast track).* The number of neutron interactions
in the class of "possibly elastic" events was obtained by
subtracting the estimated number of elastic deuteron
events (a cross section of 6 mb was guessed) and dividing
the remaining number by 2, with the assumption of equal
cross sections for pn and pp "possibly elastic™"
scattering. The 286 events with an odd number of prongs
or with a visible spectator were corrected for the
reactions (5-13) by the fraction obtained from figure 21.
This procedure determined the total number of neutron
interactions to 280 * 30, yielding a cross section of
32 + 3.5 mb and with)1l 6n = 53 mb

D= 0.65 & 0.15
A different approach was tried ignoring all events with
2 or less prongs. These 260 events, after being corrected
for 3- and 4-prongs with Dalitz pairs and for reactions

(5-13), correspond to a cross section of 22 + 3 mb and

(>2)

are to be compared with Gn

, the total inelastic pn

¥ Estimating that 20% of the elastic and quasi- elastic
events are undetectable a total pd- cross section of
90 £+ 4 mb was found).
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cross section reduced by the inelastic 1- prong cross
section ( here the spectator is not counted as a prong).
Neither cross section has been measured near 15 GeV/c.
The elastic cross section can be approximated by the pp-
elastic cross section31 of ~9 mb. The 1- prong cross
section is estimated from the pp 2- prong cross section32
of 12.6 mb at 15 GeV/c and the various exclusive pp cross
sections33 at 6.9 GeV/c. The data at 6.9 GeV/c show that
2~ prong annihilations are negligible and that the four
classes of 2- prong interactions have comparable cross
sactions:

pp —> pp (1)

Dp —> np ™ (T°)
pp —> pn wh (10°)
Pp —> nn TR (T7°)
For the pn interactions only 2 of the equivalent channels
have a 1- prong topology

pn —> pn (T°)

pn —> nn 7 (1°)
Therefore it is assumed that the pn inelastic 1- prong

cross section is roughly half the pp inelastic 2- prong

89353
n

D= 0.7 £ 0.3

cross section. Then 37.7 mb and

For comparison, the value of D found by B.Y.Oh et al. for

28

pn scattering between 1.09 and 3.45 GeV/c by scaling

exclusive pp cross sections as obtained from a deuteron
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target (neutron spectator) up to the pp cross sections as
obtained with a hydrogen target was D = 0.7.
A theoretical prediction of the correction is

attempted starting with the Glauber model

65 sobpys G'p - &6 (8-5)

where 6 6 6_ are the total cross sections for

d n’

86 is the screening of one nucleon in the deuteron by the

other; its simplest f‘orm17 is

-2

RS e pu
66-—lm—sn 6y (8-6)
where <r‘2> is the mean inverse square separation of the

nuclei in the deuteron.
<r"2> is usually derived from charge symmetry and the
four cross sections for (particle - proton), (particle -

deuteron), (antiparticle - proton) and (antiparticle -

17,4 2

deuteron) interactions The measured values of <r “>

at various beam momenta up to 20 GeV/c have been reviewed
by Galbr'aithB)4 in 1969, Serpukhov data are included in

reference 35. <r_2> appears to rise with increasing beam

momentum. At 15 GeV/c its value is 0.04 mb_1. Theoretical

values are energy independent; the highest value of

1

0.03 mb~ ' is obtained from a deuteron wave function with

hard core18.

Writing from the experimental point of view

deuteron, neutron and proton scattering.
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- pldia) (Hu) S
So®0 6 8 + A6 (8=7)
where GéHu), GéHu) are the cross sections for events with

a Hulthén - type spectator proton or neutron,
A6 contains coherent scattering from deuterons, double
scattering and single scattering which is different from
the Hulthén - impulse model. Equation (8-7) may be

rewritten as

(Hu)

o (Gn (Hu)

d P

and may be interpreted as equation (8-5), i.e.

1 1 1 3 el
+—2-(S5+-2-A6) + (6 +-§66+-§A5) 66

_ ~(Hu) 1 1 .
& = 6 + 566 s (8-8)

(Hu)
n

1

> (8-85)

1 ul _
or 6, (1 EéG/ﬁn A6/6,) = 6

The factors of 1/2 are based on the assumption that
protons and neutrons have similar cross sections and
screening properties.

In the geometrical inter’pr‘etation17 of the Glauber

-2
U < i Sl g
model the term = 3; Ty e~ 6p is the probability for

a beam to hit the proton in the deuteron after it
intersected (without interacting) with the neutron

( = screening, shadow). Encouraged by the success of
this model one may estimate double scattering A6° in a

similar way

Blici, 1
586°/6, =

N

2
e a2
‘TFH"Z; A6, (x;) (8-9)

where x; are the particles produced by the pn
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interaction with intensities Ai‘
For a crude estimate of the sum in (8-9) the total pn
cross section is divided into an absorptive part and a
scattering part

< 1 ngnn i, nyn
Li_Aio-p(xi) = 5-6,("Bn") + 5+ (6, ("N")+6 (N))

The rescattering Gp("ﬁn") of the absorptive component has
the quantum numbers of a pn - system for the projectile;
its cross section should be roughly the deuterium cross
section of 100 mb. The other component consists of a slow
nucleon recoil and a fast component with the quantum
numbers of an antinucleon. Setting the cross section for
the fast component to 50 mb and the cross section for the
slow nucleon to the nucleon - nucleon cross section around

0.5 GeV/ec of 150 mb
) 446,(x;) = 150 mb = 36,
and Aa6” = 3 &6 (8-10)

If deviations from the Hulthén wave function and coherent
deuteron events that cannot be described by double

scattering are ignored A6° = A6 and

. oCHQ)
6, = 6, + 2 86 . (8-11)

With <r~2> = 0.04 mb~ ', 6, = 50 mb one gets &6 = 8.3 mb

and D =05

Considering the assumptions made in this derivation the

89
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result is in good agreement with the values of D found
from the scan data. The topological neutron cross sections
calculated with the same value of D = 0.65 + 0.15 for all

topologies are listed in table 6b.



Tab.6 : TOPOLOGICAL CROSS SECTIONS

a) For Events with a Visible Spectator in Backward Direction
110 MeV/c < pSp < 360 MeV/c

Charged Multiplicity P 4 6 8 10 12
Events Ny 147 960 765 350 83 12
Corrected # of Events *¥ 285 1482 1182 540 126 18
Cross Section [mb] 0.19 190 0.88 0.40 0.09 0.01
Error (statistical) [mb] 0.016 0.036 0.032 0.022 0.010 0.003

b) Model Dependent Corrections of Neutron Cross Sections

Charged Multiplicity P 3 5 7 9 more
Extrapolation in Py

Events Ny P 1350 7600 6550 3300 700 150
Corrected

Cross Section [mb] 1.66 8.26 7.06 3.54 s 0.16
Error 0.20 0.38 0.36 0.27 0.15 0.06

Corrections for Screening
and Double Scattering

pn Cross Section [mb] 2.7 13.6 11.6 5.8 1.2 0.25

Error (random) [mb] 0.3 0.6 0.6 0.4 @52 0.1

Error (systematic) [mb] 0.4 20 1.8 0.9 B2 0.05
* Clearly inelastic events only . *% Systematic error ~5

* %% Not fitted; from extrapolation in multiplicity of the ratio NV/N

*¥ %

%
Hu

mor

e total
2319
3594
2.66
0.055

tobal
19600
21. 4

0.6

35.3

L6
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9. RESONANCE SEARCH

9.1. THE pn - SYSTEM

The mass m. recoiling against the spectator

proton Py in the reaction (1-1)

pd —> Pg >
is plotted for all events in figure 24. The error in m,
due to the inaccuracy in the measurements is calculated
for each event by the reconstruction program; their
distribution is shown in figure 25.

Events with short spectator tracks are restricted
to a region around m, as shown in figure 14. The events at
the high and low mass tails of figure 24 have spectator
tracks with a length around 30 cm. For these events the
measuring accuracy is unimportant; multiple scattering
errors and more systematic errors like distortions become
more relevant in this region. The best resolution is found
around 5.2 GeV/c2 and 5.8 GeV/cz. However, for most events
the effect of the error in the spectator quantities is
small compared to the error introduced by variations in the
beam momentum, which is almost constant (-~20 MeV/cz) over
the whole mass region. Therefore the rejection of events
with a geometry that causes high errors in figure 25 will
not improve the total resolution significantly.

Except for the enhancement above 5.6 GeV/c2
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= which will be discussed later - the mass distribution is
smooth. The largest fluctuations (at 4.62 and 5.37 GeV/cZ)
have a significance of less than 2 standard deviations. For

2 (with ~200 events/bin) the

the region near 5.4 GeV/c
sensitivity is 10 pb per standard deviation for narrow
resonances (with a width of 20 MeV/c2 or less) that can be
resolved from others similarly produced in the reaction
(1-1) pd —> pSX- with a visible spectator.

The sensitivity to resonant channels in the reaction

pn —> X~ is model dependent. The cross section limit
increases according to the fraction of invisible spectator
protons in reaction (1-1) and by the factor (1+D) for
double scattering, as discussed in section 8.2, to about
65 yb. Furthermore, assuming an impulse mechanism, the
sensitivity is proportional to the flux going into the
region of the resonance and therefore is inversely
proportional to its width. The sensitivity to the product
(cross section # width) is then ~1.3 mb MeV for narrow
resonances in the pn - system. The upper limit for the
cross section of resonance production increases rapidly
with the density of resonant states from the point where
the resonances are no longer resolved completely. The
three curves in figure 26 are calculated under the
assumption of equally spaced states with equal amplitudes.
Curves 1 and 2 are obtained for Gaussians with half-widths

of 20 MeV/c2 and 25 MeV/c2 respectively, curve 3 derives
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from the convolution of a flat distribution w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>