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Abstract

This is a study of rho photoproduction from hydrogen and deuterium
-for energies between 9 GeV and 16 GeV using a wire spark chamber spectro-
meter. Density matrix elements describing the decay angular distribution
of the rho are presented. The momentum transfer dependence of these ma-
trix elements confirm s-channel helicity conservation for momentum trans-
fers out to -0.3 (G.ev/c)2 and over the full energy range covered by this
experiment. The data are compared with the S8ding model and all differ-
-ential cross sections as well as mass distributions are presented within
the context of this model, for all energles. The ratio of differential
cross sections from deuterium and hydrogen is presented as a function of
momentum transfer and is found to be consistent {at all energies) with no
I=1 exchaﬁ&e. However & small amount of I=1 exchange is favored. The
shape of the differential cross sections as a function of energy is con-
sistent with Regge shrinkage. -Finally, the differential cross sections
are compared with pion-nucleon elastic scattering and with Compton scat-
tering in the spirit of the quark model and vector meson dominance.
While the rho and Compton differential cross sections are found to agree
in shape only, the rho and pion-nuclecn differential cross sections are

found to agree in both shape and megnitude.
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CHAPTER I

INTRODUCTION

Vector mesons were first discovered over & decade ago. The p meson

was discovered first, in 19611’ and the ®, ¢, and K* mesons were found

shortly thereafter.2 The existence of vector mesons had been postulated
several years earlier to explain the form factors for the neutron and
the proton. Nambu3 first postulated the existence of an isoscalar vector
meson in 1957 to explain the charge distributions of the neutron and the
proton, and in 1959 Frazer and Fulcoh predicted the existence of an iso-
vector meson te describe the electromagnetic structure of nucleons.
Assuming the existence of wvector mesons allowed one to fit the nucleon
form factors out to momentum transfers squared (qe) of 1-2 (GeV/c)z, the
limit of then existing data. However, the physical p mass differs from
the predicted value. This difference in mass results in a poor fit to
the isovector form factors for the nucleon. Also, more recent measure-

5

ments” at much larger q2 show & much faster falloff of the form factors
than predicted by the above fheories, and this rapid falloff is still
unexplained.

Around the same time that vector mesons were being postulated to
describe the nucleon form factors, other theorists who were attempting
to construct a theory of strong interactions were led to similar predic-
tions eoncerning the existence of vector mesons. In 1960 Sakurai6 formu-
lated a field theory, based on conserved currents and universality in

which an isovector and two isoscalar vector mesons played a key role.

8
8lightly later Salam and W‘ard,7 Gell-Mann, and Ne'eman9 independently



extended the theory using unitary symmetry to include all of the vector
mesons .

In 1961 the two approaches were unified by Gell-Mann and Zachariasen.lo
They emphasized the concept of vector meson dominance (VDM) of all elec-
tromagnetic form factors of hadrons. They used & dispersion theory
derivation as opposed to the field theory approach of Sakurai, but both
epproaches ylelded the same final results. The theory was later extended
to include all elecfromagnetic interactions with hadronsll’lg.

The field-current identityll expresses the electromagnetic hadron
current, ju(x), as & linear combination of the neutral wvector meson
fields. Conventionally one assumes that the rho meson dominates the
isovector component of ju(x), and the omega and phi mesons dominate the
isoscalar component of ju(x). This can be summarized by:

2 2 2

( _!_li_g_ po T W Ty ¢
jp x) =e 270 55 (x) + §;; s“(x) + 5;; su(x) (1.1)

where the s:'s are the vector meson fields, the 7v's are the coupling con-

stants, and the m 's are the vector meson masses. Using identity (1.1)

11,13

one cen write the amplitude F (q2) for a reaction: 7+ A — B as:

YAB

2 v
| en. <A |3']| B>

2 . «
F g (@) =<A |Ju]B>=A ??" EJ‘ 5 (1.2)

v v qg + m

v . .
where ju (x) is the vector meson source current and satisfies:

(O+m) sy (1) = 3% (x) (1.3)

2
If one now assumes that <A [jﬁl B > is a slowly varying function of g,

the photon mass squared, then it can be replaced by a constant FVAB which



describes the reaction : vtr + A —+ B, wvhere Vtr refers to the trans-

verse component of the contributing vector meson. With this assumption

(1.2);becomes:

(1.4)

14

2132439

Rho photoproduction is an attractive reaction with which to test VIM
vecause {a) the cross section is large, and (b) the reaction can be
gtudied as a function of qg, the photon mass squared. The large cross
section allows one to obtain good statistics, but this advantage is
partially offset by the large rho width, pr 130—170.Mev/c2.15‘ The large
width means that background subtractions are very important, and the
resonance theory ié somewhat complicated. These effeets result in the
determination of the rho cross section being model-dependent as will be
discussed later in this section.

The q? dependence of 7p2/hﬁ can be compared with the behavior pre-

2 .
dicted by VDM. Inelastic electron scattering covers the g < 0 reglon

while photoproduction studies q2 = 0. The q? > 0 region can be studied



by doing electron-positron scattering. This is the. only region that
allows a direct measurement of 7p2/hﬂ. However, this reaction is dif-
ferent from the previous two in that no proton is present.

This experiment studied 7p2/hﬁ at q2 = 0 and was interested in
comparing this value with the directly measured value of 79?/hx found
for q2 > 0. For photoproduction 792/hﬂ can be determined in two ways.
First one can relate Compton Scattering to photoproduction by equation

(1.4). One obtains:
2

22\-1
. : ¥ i
dg _a do oy | ¥ v
TP~ =y [ E (7P = v p) (I;;-) e (1.5)
Vo=p,w,®
where Bv relates the phases of the various amplitudes. Unfortunately
2
the existence of ¢ and w mesons complicates extracting 7, [hn in this

case. Secondly, one can use eguation (1.4) at q2 = 0 and the optical

theoren to relate forward rho photoproduction to rho elastic scattering

by
2 2
o 1+ 1
do o] o d N
5t(rp = op) lo=0” = 5= ——F (1.6)
| 7 fhw

vwhere de is the total rho nucleon cross section and qp is the ratio of
real to imaginary part of the rho-nucleon elastic scattering amplitude.
Due to the short lifetime (10'2hs) of the rho meson, the rho nucleon
cross section cannot be measured directly. However, there are two in-
direet ways of measuring cpN.

- The first method uses the strongly interacting nature of rho mesons

to measure absorption in complex nuclei, where the various nuclei act

as absorbers of varying thickness. Since the rho and the photon have



the same quantum numbers, rho photoproduction should proceed coherently
(see the section later in this chapter on diffractive scattering), pro-
vided that the longitudinal momentum transfer to the nucleus is kept
small.16 Under these conditions the micleus remains unchanged, and
Glauber theory can be used to relate the t-channel isospin-conserving

part of the amplitude f(»p — °p) to the amplitude f(yA — p°A). Simple

Glauber theory gives the following result:17

fyA—>p°A ) = ny—>p°N(°) fdabfmdz o(b,z) exp (iquz + Iq.B)
(1.7)
exp(—cpN (1- in, )‘[dz' p(B52")

where p(D,z) is the nuclear density and 9, is the longitudinal momentum
transfer. (This can never be O due to the difference between the rho
and photon masses.) However, this simple description must be modified
slightly to give a more accurate description of the nucleus. One must
include the effects of nuclear correlations,18 as well as ineoherent
background effects. As will be discussed later in this chapter, this
effect is sma.ll.l9 Also the value of the nuclear radius is somewhat
uncertain. One expects a value somewhere between the electron scattering

21,22

radiuseo and the radius determined for strong interactions.
turns out that these nuclear corrections are less troublesome than the
corrections due to strong-interaction physics. The two biggest compli-

3

cations are due to npz and the uncertainty of the rho shape. If one
assumes that VDM holds, one expects qp = ny, where ny is the ratio of
real part to imaginary part of the Compton scattering amplitude. This

value, calculated using dispersion-relation fitseu to high energy,



2
photon total cross-secticn data, > is -0.2 at 5 GeV and falls to -0.1

at 20 GeV. The second effect concerns the rho shaﬁe. It is noticed that
rho-photoproduction-mass distributions are skewed toward low dipion
masses compared to the storage-ring mass distributions. Several

26,27,28 | ave been put forth to describe this effect, and they

models
result in different values for the rho photoproduction cross section.
A discussion of these models will be presented later in the chapter.

Fortunately the determination of o , depends more on the relative depen-

pN
dence of the cross-section values as a function of the atomic number of
the nucleus than on the absclute cross section values.

The second method for determining ¢ . also depends upon Glauber

pXN
seattering. Here rho photoproduction is studied in the double scattering
region off deuterium. The advantage of this method is that it is inde-

29

pendent of qp. The results of this measurement, “ the complex-nuclei
results and the Orsay storage-ring results are presented in Table I.

The agreement is impressive, indicating that the theory of high-energy,
coherent, nuclear scattering is a precision instrument. This makes the
use of complex nuclear targets very attractive, because the coherence
eliminates many of the backgrounds that plague experiments on hydrogen.
Furthermore, VDM appears to work well in relating rho photoproduction to
elastic rho scattering.  However, as will be discussed in Chapter VI, the
similar ?DM relation between rho photoproduction and Compton scattering
does not appear to be satisfied.Bo

Rho photopreduction is interesting for other reasons than testing

vector dominance. One expects this reaction to be an example of



TABLE I

EXPERTMENT O 5 22 i (Assumed)

| (b ) P o
DESY-MIT: at 6.6 GeV
H. Alvensleben, et al.,
Nuclear Physics B18,
333 (1970)
(1) B-W + D-S + Poly. 26.7%2.0 0.57+0.10 -0.20
(2) B-W (m./mm)h + Poly. 27.1%1.7 0.59+0.08 -0.20
Cornell:
G. McClellan, et al., Phys.
Rev. D4, 2683 {1971)
(1) 8.8 Gev 26.8%1.2 0.68+0.04 -0.24
(2) 6.5 Gev 30.1%1.5 0.7420.05 -0.27
(3) 6.1 Gev 26.1%0.9 0.58+0.03 -0.27
Rochester: 8.0 GeV
H.J. Behrend, et al., Phys.
Rev. Lett. 24, 336 (1970)
(1) 26 .8+2 .4 0.6220.12 -0.20
SLAC: Ref. 29
(1) 6 Gev 28.6+1.4 0.61+0.06 -
(2) 12 gev 28 .510.5 0.70%0.0k -
(3) 18 gev 27.6%0.6 0.70£0.03 -
SIAC:
S.K. Williams et al., 28.2%5.0 0.93£0.22 -0.2

(to be published)

S.H. Williams (thesis)
Combined fit to all
complex nuclear targets
at 5, T and 9 GeV




diffractive scattering. Diffractive scattering is characterized by
sharp forward peaking, energy-independent c¢cross section, and a purely

imaginary forward amplitude (see below).

T T T 7T T T 7 1TT7] T T T T [T T T T TTT]
30 ¢
26
EzzL
bl"
18 —
P9 SN N N I BVER B oot Ly Py
0 10 20 0 0.5 1.0

Prap (Gev/c) 1] (Gev/c)2

2132A40

Diffraction scattering also involves nc change of quantum numbers; how-
ever, angular momentum can be picked up during the scattering. Thus,
the spin-parity of the diffractive system may change: 0O — O‘, I+, 2.
or1” — 17, 2+, 37 . . . This property leads to the coherence in com-
plex nuclear targets and causes the suppression of processes which in-
volve meson exchange, spin flip, and I-spin exchange.

Diffractive reactions do not have to be elastie. Diffraction disso-
ciation reactions such és:

ﬂ+T—+Al+T or 7+T—+p°+'I.‘

are also diffractive and can be produced coherently. In this case where
the particles have spin, the reaction must proceed in such a way as to
take care of the angular-momentum balance without affecting the target
nucleons. Hence, the Al must be aligned so that m = 0, and the rho must

be transversely polarized (m = % l) gince the photon has no m = 0 state.

Diffractive reactions can also be described in terms of high energy



Regge theory, where interactions proceed via exchanges of particle or
Regge trajectories, as the exchange of a Pomeron. Phi photoproduction
reaction is particularly suited to the study of the Pomeron since all

other exchange contributions (P', Ays %, ete.) are expected to be neg-

1igible.31 The diagrams for Pomeron exchange are shown below:
™ m 14
P
T T T T

2132442

In the formalism of Regge one expects shrinkage of the forward slope.
Some reactions such as K+p and pp elastic scattering do show Regge
shrinkage. As in phi photoproduction the Pomeron is expected to be
totally dominant in these reactions. However, other reactions such as

- +
K p and n" p elastic scattering show little or no shrinkage.

IRIELE)V 4
3 f1dlt
FETTTT

(L L aitd

Ktp
do | L g
dt E E at E "?
= . - 5=10 =
- §=12 7] - =2
- §=14 — 5=14
5=16 §=16

[t Tt

37441
In the case of np elastiec scattering this has been recently explained by

2
including a small P' and p exchange contribution.3 From the quark model

one expects rhos to behave like pions, only in this cace one expeets



small P' and A2 exchange contributicns to be present.

If rho photcproduction does proceed diffractively, then the angular
distribution of rho mesons produced with photons (especially polarized
photons) should tell us about the spin-dependence of diffractive scatter-
ing. 1If the photon helicity i1s conserved, then one expects kp =* 1] in
this helicity-conserving frame, resulting in a sinee distribution, while
kp =0 gives-a 00829 distribution. Another feature is that for natural
parity exchange the pions emerge preferentially in the plane of the pho-
ton polarization (?ROO), and for unnatural parity exchange they emerge

perpendicular to it (¥=90°) (see below).

z ool '}

~

2132442

The Gottfried-Jackson coordinate system for the

analysis of the po decay angular distribution.

10
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Reaction yp — p p at L.7 GeV. Rho decay angular
distribution in the helicity system without back-
ground subtraction. The curves are proportional to

sinzeH and (1+p_y cose‘{{ﬂ). Fig. taken from Ref. 33.

The results shown are from a SLAC experiment using a back-scattered

33

laser beam to form a polarized photon beam. This experiment, as well
as several other experimentssh using unpolarized photon beams, shows that
s-channel helicity is conserved in rho photoproduction at energies up to
9 Gev,>” and for t < 0.3. |

Another check on the diffractive nature of rho photoproduction comes
from comparing the differential cross section from hydrogen and from
deuterium as a function of t. This allows one to extract the relative

amounts of T = 0 and I = 1 t-channel exchange. (See Chapter IV for a

description of this procedure.) Previous experiments found substantial
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I = 1 exchange for low s. However, the amount of I = 1 exchange was
found to decrease to about zero at 9 GeV.35
Finally, the forward and total cross secticns are slowly falling

and appear to be leveling out at around 8 Gev. This behavior is very
similar to that observed in elastic pion scattering and is characteris-
tic of reactions having a large Pomeron contribution. However, the actual
values for the cross sections and slopes are model-dependent.

The two most common models for the mass shape of the rho are the
Ross-Stoéolsky and the S8ding. The Ross-Stodolsky model considers the
p-mass shift to be kinematical in origin, and it suggests that for small
t the rho Breit-Wigner should be multiplied by (mb/mﬁﬂ)h. This factor
was studied by Moffeit et al. for variable exponent n, (mp/mmt 1
it was found that n varied quite rapidly with t. The model does not
predict this t dependence as required by the data. The S8ding model,
which is used in this experiment, is discussed in detail in Chapter IV.
This model not only predicts the mass shift but also describes (a) the
change in mass shape as a function of t and (b) certain moment Yg(e,¢)
distributions as a function of dipicn mass.33

Below 9 GeV there is an abundance of good data on rho photoproduction,
and the reaction is found to be essentially diffractive in nature. How-
ever, above 9 GeV there is no data with large statistics in which a big
fraction of the angular-decay region is actually observed. This experi-
ment, begun in 1967, wag designed to study rho photoproduction in the en-

ergy range 9-16 GeV, obtain large statistics, and measure a large fraction

of the angular-decay distribution. Hydrogen, deuterium, and alsc complex
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targets vere used. A high mass search for coherent production of vector
mesons - from beryllium was also conducted. This thesls concentrates on
the hydrogen and deuterium experiments.

Chapter II details the experimental apparatus, whereas Chapter IT1
deseribes the reconstruction programs and the data reduction. Chapter
IV deseribes the fitting procedures, while Chapter V lists corrections
thet were applied to the data in order to obtain cross sections. Chapter
VI presents the results. Specifically, the density-matrix elements are
studied, as well as the mass and t distributions. There is also a dis-
cussion of possible I = O exchange contribution and the question of
Regge shrinkage. Finally, a short discussion of the compatability of
VDM with the results of this experiment and the possible existence of

higher-mass vector mesons is presented.
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CHAPTER II

EXPERIMENTAL APPARATUS

A. A General Description with Design Considerations.

The original experimental motivation was to study rho photopro-
duction at various energies from several targets, including complex
.ﬁuclei. Since rho photoproduction proceeds cocherently, one expects
exponential behavior in da/dt =~ exp (Bt). TFor example, one expects
B = h50‘for lead, which means that 90% of the differential cross
section occurs for 't{ < .005 (GeV/c)e. In comparison B =~ 8 for
hydrogen, which means that only 4% of the differential cross section
has |t| < .005 (cev/e)?.

To do this experiment one needs to be able to detect very small t
events with a very good resolution. One also wants large statistics in
order to be able to study the reaction as & function of all its veri-
ables. These two considerations--good t resolution at small t's and high
statlstics--necessitate the use of a triggerable spark-chamber spectro-
meter or similar apparatus, rather than a bubble chamber, to avoid
sccumilating & large amount of unwanted data. Because of their high
data-rate capabilities, good spacial resolution, and easy readout,
wire spark chambers with magnetoatrictive readout were used. See
Figure 1 for a plan view of the experimental setup.
| High energy is desired since photons and rhos have different
masses giving rise to a minimum momentum transfer which is -~my/hK?.

This minimum momentum transfer necessitates an extrapolation to t = O.
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(For example, at 5 GeV the extrapclation at the rho;mass is about a
factor of 3 for Pb and under 10% for H, and D,, while at 16 GeV this
extrapolation is reduced to about 10% for Pb and is negligible for H2
and D2.) Another reason for wanting high energy is that diffractive
processes do not fall off with energy, while non-diffractive processes
do fall off with energy. OSince these non-diffractive processes form a
type of background, going to higher energies allows an easier extrac-
tion of the diffractive part of the reaction. BRBeing limited to about
10 GeV Qith the annihilation beam, we were forced to use a bremsstrah-
lung beam to get higher energiles.

This bremsstrahlung photon beam emerged from a vacuum line at the
end station wall and was incident upon a 1% sluminum converter located
just before the final beam-sweeping magnet 2D%. This magnet in conjunc-
tion with two small scintillation counters located just downstream from
it formed a small electron-pair spectrometer used to monitor the y beam
intensity. ¥From here the 7y beam proceeded inte an enclosure housing
our targets, either a 4O-inch-long liquid hydrogen (or deuterium) vessel
or a target wheel containing several nuclear targets. This area was
heavily shielded to reduce backgrounds. The photon beam was buried in
a 90 radiation length, 5" wide tungsten plug to prevent the large amount
of electromagnetic radiation associated with photon beams from satura-
ting the chambers. Rhos produced in the target decayed into & ' and
n which passed around the plug, were momentum analyzed by 2D5, and then
passed through two "pilcket fence" trigger hodoscopes A and B and thiough

a set of four wire-spark chambers.
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The size of the plug, the magnetic field valué, the target position,
the phamber positions, and the trigger requirements were chosen to pro-
duce & compromise asmong good scceptance, high resolution, and low back-
ground. To improve acceptance one wants a narrow plug, low field inten-
sity, and the target, spark chamber, and hodoscope package close to the
magnet. For high resolution one wants the magnetic field high and the
chamber package {a) spread out to get good angular resolution and (b)
placed far bvack from the magnet to get good momentum resolution. For
low background one wan*s to eliminate electromagnetically-produced
events. This means a wide plug and a tight trigger requirement. The
final values were determined by a combination of actual running and
Monte Carlo studies for each energy. Thé final configuration for 16

GeV H, and D, running is shown below.

2 2

Target 7 position = 140" from magnet center

Jléydz = 860 Kg-inches (21.84 Kg-meters)

Plug Width = 5"

B Hodoscope Z Position = 173" from magnet center

Trigger = 2 or more A counters in coincidence with 2 or

mere B counters
An IBM 1800 computer logged the data, monitored the system on line,
and reconstructed events, time permitting. A detailed description of

each part of the apparatus and a discussion of data-collection proce-

dures now follows.

B. Beam

A SLAC primary electron beam at energies up to 16 GeV was used to

17



produce a zero-degree bremsstrahlung photon beam. (See Figures 2, 3.)
A momentum-analyzed electron beam waé steered onto a thin, movable tar-
get, TC-30, (Figure L) located upstream of the beam target room, by
steering magnets AP 30 and AP 31. The target was 0.03" in diameter,
0.005" thick, and made of aluminum. It was suspended by three .0005-
inch-diameter stainless steel wires and could be meoved in and out of
the beam remotely. The target size was determined by considering de-
sired photon-beam intensity, beam dispersion due to multiple scattering,
and ability of the target to dissipate heat from the beam. A thin tar-
get was also desired fto prevent the necessity of making thick target
corrections to the photon spectrum when doing beam normalizations. As
it turned out, the beam line could be used simultaneously by another
experimenter without removing TC-30 on & pulse-to-pulse basis since the
target was thin enough to introduce negligible background into another
beam. The phase space of the beam was such as to illuminate fully the
whole target.

After passing through the target, the electron beam then passed
through several pulsed magnets and one DC magnet, B-38, which slowly
separated it from the y beam without causing a large amount of synchro-
tron radiation. Finally, a large bending magnet, B-36, carried the
electron beam down to a water-cooled beam dump.

The photon beam line was filled with protection collimators and
permanent magnets to prevent the primary electiron beam from ever acei-
dentally reaching cur experimental area. The 7y beam proceeded inte End

Station B through 2D2, which acted as a sweeping magnet and a protection
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agaiﬁst accidental penetration of the primary electron beam. Located
in 2D2 was a series of lead sheets which acted as a y filter to reduce
the number of very low energy (KeV) synchrotron y's. An extensive
amounit of steel and concrete shielding occupled most of the area sur-
rounding the beam, running all the way from 2D2 to the far side of End
Station B. This was to shield the beam from the electron dump. Located
between the various sections of shielding was a pair of remotely con-
trolled beam collimators 2C1 (V, H). These defermined the size and
shape of the photon beam. TFollowing 2C1l was ancther sweeping magnet,
2D3, which was lined with lithium hydride to "harden" the beam by re-
moving low energy (MeV) y's. The beam traveled in a vacuum from the
target to the downsiream wall of End Station B, except for a small sec-
tion from 2D2 to 2D3, and in a helium bag.from the End Station B wall
to our target area. This was done to prevent a degradation of the pho-
ton spectrum near the endpoint. Outside the end station wall waes a
second remotely controlled collimator 202 (V, H) which was adjusted to
eliminate the heam halo.

One of the problems with a neutral beam is.seeing where it is. To
set up our beam we used P32 and PR3 monitors to locate the electron beam
on the target. Then the beam was tuned up by taking beam profiles with a
small counter located after 2Dh. The counter was remotely controlled
and had a calibrated, positional readout. We first opened up 2Cl and
2C2, placed the counter at the beam center, and maximized the counting
rate using AP 30 and AP 31. Then we closed down 2C1 to .12" x .12" and

took beam profiles. Finally, we closed down 202 to .2L" x .24" to
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eliminate the beam halo. The beam parameters are ghown helow.

Size 25" x L25" at H2 target
Intensity: 300-600 equivalent quanta/pulse
Targetin/Targetout: 1000/1

REP Rate: 180 pps

e” current: 100-200 pamp

Besm Spill: 1.5 s

Angular Dispersion: = 16 uradians

¢. Beam Intensity Monitors

Monitoring a neutral beam &lways presents a problem. In our case
the intensity was so low that a quantometer could not be used. Since
photeons interact easily with matier to produce electrons and positrons,
which then become & source of background and also eliminate the origimal
" photon from the beam, beam counters will not easily work. We finally
decided to place & 1% (2/32") aluminum converter in front of the final
sweeping magnet 2D4. B81.75" downstresm from the magnet center and 5"

above and below the beam we mounted two small counters, 2" by 2". The

counters and 2D4 acted 23 an electron-pair spectrometer, detecting coin-

cident electron-positron pairs. The acceptance of this system was about
% and, since.the produced pairs were swept by 2D4 out of the beam,
background was not a problem. In principle the monitor could be calibra-
ted by lovering the beam intensity, rempving the tungsten plug, discon-
necting the four hodoscopes intercepting the beam (2A's and 2B's), and
then using 205 as =zn electron-positron pair spectrometer. Unfortunately,

the severe eleciromagnetic background swamped the chambers, making it
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difficult to use this method. This problem will be more fully discussed
in the section on normalization. . Finally; we put a secintillation coun-
ter in the tungsten plug and integrated its signal. This monitor and
the 2D4 pair spectrometer tracked very well throughout our running and

gave us confidence in our primery 2D4 electron-positron pair spectrometer.

D. Targets

The target for our experiment was a LO" long x 2" diameter cylinder
of liquid hydrogen or deuterium (see Figure 5). The density of the
liquid was monitored by two calibrated platinum resistofs located in
the cell and the vapor pressure in the outlet tube. The resistor read-
ings were continuously recorded on a strip-chart recorder, and the vapor
pressure was monitored regularly. The whole target assembly was mounted
on rails and could be remotely moved. Furthermore, sensors on the rails
gave us a digital position reading, which was recorded on tape periodi-
cally. For our solid-target running we had a wheel with six targets also

mounted on rails and remotely sensed and controlled.

E. 2D5 Spectrometer Magnet and Tunggten Plug

The spectrometer gap was 15" high along the field direction (y) and
4o" wide in the bend plane (x) with 48" pole faces along the beam &xis
(z). Magnetic-mirror plates were installed at both the entrance and
exit gap, separated by 80", in order to prevent high flux.leskage into
the spark chamber reglon and to improve the field shape. The field was
very uniform over the whole aperiure; in fact, fodz was constant to

within .5% over 3/4 of the active area. This uniformly allowed the use
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Fig. 5--Hydrogen/ deuterium target
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of an effective-length (dipole field) approximation in the track recon-
struction. We also included a sﬁall fringe-fieid-focusing term at each
end. The field integral (fodz) was set to 860 Kg-inches (21.84% Kg-m)
during the running. The field strength was monitored duriﬂg the experi-
ment by the computer readout of the field-excitation current. These
readings were also periodically logged onto tape. The tungsten plug
was located 36" from the magnet center between the magnet-mirror plate
and the'magnet-entrance gap. It was built up from tungsten bricks |

1" x 1" x 3" to a width of 5", a height of 15", and & length of 13"

(~ 90 radiation lengths) (see Figure 6).

F. Trigger Hodoscopes

The trigger was determined by two "picket fence" hodoscopes. The
first one, called hodoscope A, consisted of twen£y scintillation coun-
ters 21" wide, £" thick, and 20" long and was located 81" from the még-
net center. The second one, called hodbscope B, consisted of thirty-
six scintillation counters 21" wide, " thick, and 32" long and was
located 173" from the magnet centér. Each counter was attached to an
Amperex 56 DVP photo-multiplier tube. Each counter alsoc had a low
voltage {~ 50 volfs) Feranti light pulser attached to it. These were
very useful in originally adjusting, timing, and checking cable continu-

1ty for each counter. Each counter was voltage plateaued before the
beginning of the run using a Ru106 source and & coincidence telescope.
106 '

Ru is a particularly convenient source for testing counters since

it emits a high energy (3.5 MeV maximum) electron, and despite the
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large amount of energy available for decay, it has & usable shelf

1life (t% = 1 year). To prevent false coincidences due to the r's

also emitted by the source, we had to install a third telescope counter.
This was a thick (3/8") counter in which the electronnwould‘be stopped.

The test setup 1ls shown below.

Ru106 o —e
Rl."i06 — R]1i06 — Pd:m6 _
. 3 | .

B C D

h_o Kev , 3.5 MeV

Test Counter & e +7

t%r-lyr t%=30$

Each counter had .001" aluminum and .009" tape covering on each
side. This setup produced an electron very close to minimum ionizing |
going through the test counter (see‘Appendix A). Using this setup each
counter with its discriminator was plateaued, reaching an efficiency
greater than 99.5%. Plateaued operating voltages ranged from 1900
volts to 2400 volts. Each counter had its own high voiiage sgurce aé
well as its own light pulser voltage source.. Any or all of the 1light
puléers could be turned on'simulténeously and reéd into the computer-

for test purposes.

G. Magnetostrictive Wire Chamber Package

To optimize our acceptance we used large chambers. The two cham-
bers closest to the magnet had an active area of 50" x 18", and the two
farthest from the magnet had an active area of 61" x 38.5". With

chambers of this size one worries about uneven sensitivity due to the
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3%

large, distributed inductances of the wire planes. In these chambers
that problem was dealt with by including aluminized Mylar sheets

(.008" Mylar, .0004" aluminum) 1/16" behind each wire plane and using
terminating resistors. This introduced an additional capacity and made
the chamber look like & terminated transmwission line with a character-
istic impedance of several ohms (4-8 ohms/gap). Fach chember consis-
ted of four planes and two gaps (see Figure Ta). In three of +he cham-
bers there were an x plane, a y plane, and two planes at * 30o relative
to the vertical direction. In the fourth chamber there were two x
planes and two y planes. The two crossed planes allowed one to resolve
ambiguities in sparks.

The planes were wound with .OOW" - .008", hard, aluminum wires.
This necessitated special caution to prevent wire breakage, which could
only be Tixed by cutting open the chember and removing the broken wire.
To prevent breakage one must limit the discharge currents to less than
10 ucouldmbs/spark. This was done two ways.

The first way was by choosing an appropriately shaped high voltage
pulse. One wants to supply a pulse, uniformly distributed throughout
the chamber, of sufficient amplitude and duration to cause sparking in
the presence of lonized tracks but avoid spontaneous breakdown. Further-
more, one must have current flow for a long enough time to produce a
sufficiently large magnetostrictive pulse, whose amplitude is propor-
tional to the integral of the current over time. The pulsing system
used for these chambers consisted of (1} a spark gap which acted as a

pulsing switch, (2) energy storage elements consisting of several
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capacitors, and (3) a coaxial cable which acted as a delay line of the
same characteristic impedance as the chambers. Such an arrangement is
shown in Figure Tb. This system produces a uniform pulse of some 250 -
300 ns duration throughout the chamber.

The second method used to protect the wires was to introduce alco-
hol into a 90% He - 10% Ne gas system to "guench" the spark formation.
The correct aleohol gas mixture was obtained by incorporating an alechol
reservoir into a Berkeley gas filtering and pumping system. The gas was
pumped over an alcohol reservoir maintained at 50 C. 'The condition of
the gas system was checked periodically throughout our running.

The sparks were detected by a Fe - Co magnetostrictive wire, in which
“the velocity of sound is approximately 2 x ]_O‘5 inches/sec, and preampli-
fied at the chambers. The wire spacing was .O4", and the measured spark
resolution was about .03". A set of 20 Mega-Hertz, 13 bit scalers yas

31 At this frequency one

used to record the spark coordinate information.
count corresponds to 0.0." and the 13 bits are sufficient to ensure com~
plete readout for spark chamber dimensions up to 80".

The chambers were constructed so that the first and last wire in
each plane always had a current flow. This resulted in a fiducial mea-
gurement for each plane for each event. Fach plane had four scalers
attached to it, which were all started by the first fiducial spark. Sue-
ceeding sparks turned off the scalers in order. If there were less than
four sparks, the final scaler gave the last fiducial reading and allowed
calibration of that wand (since the physical spacing of the fiducials

was known). For about 2/3 of the events during our runs this was the

case. In the case of four sparks no fiducial information was obtained,
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but 21l real sparks were recorded. If more than four sparks occurred,
only the first four were recorded. Since this overflow condition could
lead to event reconstruction inefficiency, the number of sparks found
in a specific plane was monitored visually on a scaler. The beam inten-

sity was then adjusted to keep the number of overflow events small.

H. Fast Electronics

The fast electronics was used (a) to generate a master trigger for
the apparatus on potentially good events, (b) to monitor the incident
flux, and (¢) to record data from the chanbers and hodoscopes. All fast

electronics was EG&G*¥ unless otherwise stated.

1. Generating Master Trigger (Figure 8)

Each hodoscope input was fed into a "leading edge” IlhO threshold
discriminator whose thresholds varied from 140 mv to 345 mv. To com-
pensate for biases introduced due to the different threshold levels,
each hodoscope counter was plateaued with its own discriminator. The
output width was set at 10 ns, and this width was used throughout the
system for coincidences. The units also had a resolving power of 13 ns.
The output of the discriminators was sent to a strobed buffer unit and
to an AN106 linear adder. Each AN106 input sharply limits at 600 mv,
and hence the output pulse must be attenuated before being fed into a
second adder. With a six DB attenuation one was assured of being able
to detect in the second adder the difference between when 0, 1, or 2
hodoscopes were on simultanecusly in any of the first adders. The out-

put of the second adders was fanned out to four threshold diseriminators

*Edgerton, Germeshausen, and Grier, Inc.
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(2 TR204's + 2 TR1OM's). The TR20M's were dead-time-less discriminators
operated in the clipped mode and had adjustable thresholds. By varying
the threshold one could trigger on more than 0, 1, 2 or more hodoscopes.
For actual running one of the TR2O4's was set with a threshold for one
hodoscope counter and the other with a threshold for two hodoscope
counters. This allowed us alsc to scale various types of accidental
triggers.

Te TR1OL's were used to measure dead-time effects in the system.
They had adjustable thresholds only in inecrements of 100 mv rather than
continuously. Since the output level of the AN106 units was n * 150 mv,
where n is the mumber of on counters in coincidence, these digerimina-
tors could be adjusted for the same ftrigger requirements as the TR20L's.
These discriminators were set up to be dead for 13 ns after each pulse
and were otherwise identical to the TR204's. The output of each of
these discriminators was fed into a scaler.

The outputs from the various TR2Q4's were fed in various combina-
tions into Lecroy 162 coincidence units. The various combinations

scaled were:

Al - Bl Single Track

Al . Bldelay Accidental Track

(A1 - Bl) - (A1 - Bl)delay Accidental Pair of Tracks
A2 - B2 Pair

A2 » Bedelay 2 7 showers

(a1 - Bl) . Al Track + (Track + 7 shower)

delayl ) BldelayQ

The last three were several of the possible types of accidentals.



A 7 shower is used fo indicate a low energy y converting to give an
ete™ pair which triggers one of the arrays. A track is a "high" energy
charged particle passing through both hodescopes. Clearly the acciden-
tals could be caused by processes other than those listed. However, I
tried to 1list only the most likely source of each accidental, as deter-
mined from studies of our background. It turned out that the dominant
form of background came from a sea of "soft" photons uniformly distri-

buted across the magnet exit aperture.

2. Gating for System (Figure 9)

The event trigger pulse first went to 2 TI0O unlt which acted as
8 single shot. The single shot was effected by using a GG200 gate
generator to set the width cft the T100 to sbout 2 ms. This allowed
time to generate veto pulses and thus only zccept 1 trigger/pulse. One
of the outputs of the GG200 was used to send a 3.7 ms veto pulse to each
of the TR20OY and TRIOL discriminators. A complimented pulse was also
used in coinecidence with our beam monitor to measure only that beam
for which cur system was in the on state. The 3.7 ms vetc gave enough
time for the slower bin gates to gate off the units in the system. Two
sets of gales were generated. The first consisted of an accelerator-
generated, beam-gate pulse which was run through our control system.
This was referred to as 2 non-veto gate since it depended only on the
machine pulse gates. The second gate generated was referred to as a
veto gate. It was formed by having an event-pulse from the T100 trigger -
a (G200 gate generator to provide a 300 ms spark-chamber, dead-time

signal, which was combined in a FGLOO gate fan as a veto to the non-veto
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gate. This gate was applied to all fast electronics and scalers except
the UD ungated, monitoring logic, to which the non-veto gate was applied.
The T100 was also used to send a 20 ns strobe-coincidence pulse to
all of the hodoscope strobe units which were reset 3 ms af'ter each
event. Another trigger pulse from the T100 was sent through an ampli-
fier and used to trigger the spark chambers; still another T100 pulse
went to & DGl02 unit which provided an interrupt to the IEM 1800 compu-
ter. There was aiso a switch which allowed the system to run in a test
mode with the chambers. off. In this mode only hodoscopes were read

into the computer, and the event dead time was 3.7 ms.

3. Beam Monitoring Logic

Since the Up and Down e€'e™ counters were small, we used b ns widths
for 81l of the associated logic to keep accidentals down. Here we
sealed two parallel systems--one only beam»gated and the other on only
when the spark-chamber system was in the ready state. The charge moni-
tor, which integrated the output from a piece of scintillator buried in
our tungsten plug, had a 2 ms gate spplied to it. This ensured that we
.fully integrated all of cur pulses and, since pulses are separated by
2.8 ms at SILAC, only our own pulses. The cherge monitor automatically
reset upon accumulating a fixed amount of charge, and this reset pulse
was alsoc scaled.

A1l of the fast electronics logic was tested and timed using a Tec-
tronics 661 sampling scope in conjunction with a Hewleft Packard Model
215A pulse generator. Delay curves were also done using beam particles,

and these confirmed the timing done with the pulse generator and
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sampling scope.

I. Online IBM 1800 Computer

The primary task of data aecquisition and transfer of data to mag-
netic tape was handled online by an IBM 1800 computer. The IBM 1800‘
used 32 X of 16-bit word memory, a 2 us memory cycle, and integer regis-
ters. The computer also had a nine-track, model 2h0Ll tape drive, two
2310 disk drives, a 1442 card reader, an 1816 typewriter, and a 14hk3
line printer. Besides these standard computer features the IBM 1800
had direct digital inputs and output which sensed or set binary voltage
levels, analog inputs and cutputs, a process-interrupt system, and a
2h.level priority-interrupt system. To meke the programs as fast and
as compact as possible, all coding was done in machine language, although
a Fortran compiler was available for mumerous off-line jobs.38

Communication with the computer occurred by means of a set of con-
trol butions--begin run, reset run, stop, end run, unlicad. There was
also & typewriter inguiry station which allowed one to redefine con-
stants or histograms, as well as ask the computer the status of various
quantities. When one pushed the begin run control ﬁutton, a new file
was started on the tape unit, the 181 scalers were reset, the DVM's
(digital volt meters) were read out and logged on tape, and all histo-
grams were zeroed. {A record describing the constants of the run--chamber
positions, field strength, energy, etc.--was also written onto tape.)

'After a ten-second delay the fast electronics was turned on and data

acquisition began.
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Upon receiving an interrupt indicating that a potentially good
event had occurred, the computer read out the contents of fhe hodoscope
buffers and the magnetostrictive scalers. The computer then used a
restrictive algorithm to attempt to reconstruct the events. Only
tracks which had & wire from each plane contributing to the track were
reconstructed. A simple momentum calculation was performed, based op
the assumption that the track originated at the target cenfer. For
dipion events momentum, dipion mass, and f distributions were histo-
grammed. Histograms of spark deviations for each plané wefe also eal-
culated. These histograms could be displayed during & run on & CRT
scope or printed out on a line printer. See Figure 10 for a sample of
available displays. |

At ten-minute intervals a monitor prograﬁ.was called into executlon.
This program read out the TSI scalers and DVM's, wfété them on tape,
and-printed them out, as well as noting a DVM which had changed by more
than & specified amount. Also, & summary of éhamber statistics, iﬁclu-
ding the number of tracks and dipions found and plane, chamﬁer, track
and dipion efficiencies, was printed out. This gave us a good indica-
tion of the chamber performance throughoﬁt the run. Besides the compu-
ter monitoring procedures, there were several functions monitored By the
experimenters directly. Things like hodoscope voltage levels, chamber
voltage levels, target pressures and target fullness were monitored
periodically. The various power supplies also had alarm bells which
sounded if the current of voltage varied outside.of set limits. Checking

the beam quality was also the responsibility of the experimenter.
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Fig. 10--Online displays: (a) raw spark data, (b) reconstruction pair,
(¢) Chamber deviation in hundredths of inch, (d) dipion mass



J. Data Teking

Data were taken during two one-mdnfh beriods. The first was in
July of 1968. During the previous month the system was checked out,
and a major effort was made to reduce electro-magnetic background.
During July we took data at 10 GeV, 13 GeV, and 16 GeV bremmstrahlung
endpoint energies with the liquid H, and D2 target. It is this data
which will be presented here.

Then in January 1969 the rest of the data was taken. During this
period we ran at 16 (eV and off solid Be and Pb targets. An equal
number of events from Be and Pb {2000 rho events with energy between
1k and 16 GeV) were obtained. The second half of the run was spent in
a search for high-mass vector mesons produced coherently from Be. For
these runs the target was moved as close to the magnet as possible (90"
from meagnet center) to reduce the acceptance for rhos and io increase

the acceptance for higher mass objects.
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CHAPTER IIT

DATA REDUCTION

The output of the experiment consisted of about 100, ¢ track
tapes written by the IBM 1800 computer. The data reduction consisted of
four steps: (1) reducing the 100 tapes to 10 tapes and classifying the
runs, (2) searching the chamber package for lines for each event, (3)
fitting all events with at least two opposite-signed tracks to a dipion
hypothesis, and (4) producing a data summary tape after subjecting all

dipion events to a series of geometrical and kinematical tests.

A. Reducing the Data Tapes

There were several reasons for this step. First of>a11, since the
data was to be analyzed on an IBM 360, Model 91 computer, in a batch
enviromment with no control over the mounting of tapes, we produced'{wo
backup sets of the raw data which we could use in case & tape was acci-
dentally damaged. Secondly, the 100 tapes could easily be compressed
into 10 1600-bpi, heavily blocked, labeled tapes. Finélly, the tapes
had to be read through at least once to confirm what was on each tape by
comparing the contents Qf the tape with the log book.

A machine language prograpm was written to handle the tape copying.
Fach input run was read and all CONSTANT, SCALER, DVM, and COMMENT
recofds were printed out on a line printer. Each input record was
blocked and written out at 1600-bpi. The program automatically kept

track of the number cof records written and the amcunt of tape used to
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ensure full utilizaticn of eazch tape. Fgr sach run an entry was made
into a catalog of volume, file, and run nwnber to facilitate keeping
track of several hundred runs. The printer ouitput for each run was
examined, and the constants were all checked for corrsciness) each run
was also checked for having terminated normally. (Occasionally the 1800
progrem hung up and the run had to be ended manually without a fipal
SCALER record being written onto tape. In that case the SCALER record
written out during the monitor execution was used.) Fach run was given
one of four classifications: (1) good run, (2) bad run, (3) nceds

special attention, or (4) ended abnormally and SCALER reading must be

corrected.

B. Lipe Fitting

The program used to find lines in the chambers was set up automati-
cslly to find and mount the correct tape based on a run pumber catalog.
At the beginning of each run was a CCNSTANT, SCALER, end DVM record.
The CONSTANT record contained the physical and geometrical constants
appliéable to that rvn. They inciuded things like beam energy, target
material, target position, field strength, and fiducial values, as well
as the location of all chambers end hodoscopes. These constants were
also updated to correct any errors found during the first pzss through
the dats tapes. The DVM readings were usad to gebt a more accurate
reading of target bosition and field strength and were always within
5% of the CONSTANT values.

The first step in finding lines was to process the wand scalers.



Fach scaler reading was checked to see whether or not it was a second
fiducial reading. To be a fiduecial scaler w had to satisfy both of the
following:

(1) w lies within 10 of the fiducial count F

(2) w+ 1 >w is-not a fiducial.

Since thé chanbers were not located in a temperature-controlled
environment, the fiducial value could slowly change with time due to
expansion and contraction of the chambers and wands. To compensate for
this an average fiducial value was maintained and each new fiducial was
averaged into the count. The average was conditioned to change slowly.
FIDAVE = FIDAVE + (FID, - FIDAVE)/100. This, plus the fact that F was
fixed for the entire run, prevented locking in on the wrong fiducial.
If a scaler was not a fiducial, it was checked for {1) spark order,
w<w+1<w+ 2, and {2) w is not an overflow. If no spark came
along to shut off the 20 MHz clocks, the scalers would overflow and end
up with a count of about 10-15 in them. This overflow had to he recog-
nized and not treated as a valid spark. All good scalers were then gor-
malized to the fiducial #alue, scaled by the physical fiducial separa-
tion, and oriented in space (see Figure 11b). This orientation was
accomplished using various constants from the CONSTANT record and de-
scribing wire orientation, chamber center relative to beam center, and
wand length.

After scaler readings are translated intc physical space, the next
step 1s to correlate these wires into points (sparks) in each chamber.

The approach in this experiment is to use a collapsed-chamber algorithm.

This consists of assuming each of the four planes in a chamber is

Lk
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located at the same 7. One then takes three planes at one time, which
is an overconstrained system for the {xsyj position of the spark, and
checks whether the system is corsistent. A11L combinations of wires from
one gap are chosen, and the value of wires In the other chamber gap is
predicted. If a wire in the other gap is found to lie within error of
the predicted value, then the set of three wires is taken to represent a2
valid spark and is entered into a point 1list as an {%,v,z) coordinate,
and a code word describing the two selscted gap wires contributing to
the sparﬁ is constructed. The error depends upon the wire resolution
and a geometrical resolution due to the finite plane separation which is
sbout 0.42" between two adjacent planes. After combinations of wires
from the first gap have been trled, the roles of the two gaps are re-
versed. Using this algorithm, at most 32 points can be found in each
chamber. In practice the use of the diagonal planes reduces this number
substantially by reducing ambigulities (sece Figures 1lla, 12). While this
algorithm permits finding each spark twice, 1t prevents the loss of a
spark due to plane inefficiency when only h-wire fits are accepted.

The next step is to use fhis point list te find lines or tracks.
The algorithm used here is toltry 2ll combinations of points in chambers
5 and % and look for a point in chamber 1 or 3 lying within 50 (0.15") of
the line joining the selected points in chambers 2 and Y. Upon finding
such & point, a search for all wires in all plianes 1ying within 50 of the
1ine is carried out. The following fitting procedure is terminated if
(&) there are less than eleven wires in the line, or {(b) there are not
at least three chambers having thrae wires or more contributing to the

1ine. Test (b) ensures that at least twe diagonal planes are included
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to resolve X,y ambiguities. The fitting procedure consists of (a)
least-square fitting the set of wires to a line with each wire receiving
equal weight, (b) finding the besi wire within 50 of this line in each
plane, (c¢) re-least-square fitting this set of best wires to a line,
(d) finding the best wire within 30 of this line in each plane, and
(e} refitting this latter set of best wires to a line. Steps (d) and
(e) are repeated until the set of wires being used stebilizes. This
finsl line i1s considered to be.a valid track if the chi-square/degree
of freedom is less than 5.0. This is a very non-restrictive test (see
Figure 13). The effects of the 30 test are shown in Figures 14, 15.
After the line has passed this test, all points having both wires
contributing to this track are deleted from the point 1list. This helps
to prevent the same track from being found many times starting with
different combinations of points on the track. Finally, this newly

found nth

track is checked to see if it is a duplicate to any already
reconstructed jth track. This is done by forming for all Jth tracks

X§ = I, (sji - Sni)E/(Gc)z for all planes having the same wires used
for the P and n®® track. Then if X?/degree of freedom is < 5.0 the
tracks are considered duplicate and the line with best X?/degree of
freedom is kept. If more than five tracks are found, the one with high-
est X?/degree of freedom is deleted. TIn practice very rarely are more
than five tracks found or are duplicate tracks found (see Figure 16).
After all combinations of points in chambers 2 and 4 have been tried,

the roles of chambers 2, 4 and chembers 1, 3 are reversed and the pro-

cess repeated. In the above ¢ = 0.03" was used. This was based on &

L8



1000 13381 Lines -

500 -

Xz/(Degree of Freedom)

Fig. 13-~X2/('degree of freedom) for line fitting {(typical rum)

k9



T T x
980! Entries
1500 _LL |
B
1000 — -
500 - _
o L | | 1
12 -6 0 6 12

DEVIATION (hundredths inch)

2132A30

Fig. lb--Chamber deviations in hundredths of inch {typical run)

50



3000 L 13381 Lines N

2000 - —

1000 — -

—

7Y S R E T S N |
O 2 2 S 8 1o 12
DEVIATION (hundradihs EnCh) 2132431

Fig. 15--Maximum deviation for fit lines (typical run)'

51



4000 -

13371 Events

3000 - -

2000 —

1000 |- ~

o 1 |
0 5 10 | 15

21132432

Fig. 16--Number of initial lines found per event (typical run)

52



study of spark chamber deviations as well as a careful study of the
program performance with different o's. Finally, each ftrack has its
momentum caleulated on the assumption that the track originated from

the target center. See Figure 17a and Appendix C for a descripticn of

the algorithm used.

C. Event Fitting

Since we only had chambers located downstream of the magnet and no
information on the target side, reconstruciicn of an event was compli-
Eated. Essentlially the fit consisted of taking pairs of oppositely
signed momenta and imposing a set of four constraints:

(1) Min (Distance between Track 1 and Track 2) = O

(2) (xl + xg)/E - x target = 0
(3) {y; + ¥,)/2 - y target = 0
(4) (Zl + 22)/2 - z target = O

where x, y, and z are the values for Track 1 and Track 2 satisfying (1).
Put into words, these four constraints demand that the two tracks inter-
sect at a polnt which lies within the target. In actuality the inter-
section point of the two tracks is determined almost entirely in the

¥z plane since in the xz plane the intersection point can be moved to
any place by changing the momentum of the *wo tracks. There is a small
correlation that comes in through the fringe-field focusing (see Figure
1Tb and Appendix C), but this is very weak. A% first we were hoping to
get some constraints in the xz plane by using a magoet chamber. However,

the background intensity forced us to locate the magnet chamber near the
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magnet exit, and hence the lever arm for determining the xz target posi-
tion was very weak. Also, io use the magnet chamber an effective-~length
approximation of the field was no longer adequate, and at best we were
only able to locate the target position to within 20". Since the amount
of information added by using the magnet chamber was small compared to
the computer tiﬁe needed to ineluds it, it was ignored.

The actual fitting procedure consisted of several steps. The first
step was. to try all combinations of opposite~gigned tracks. Each track
was least-square it sgain, only this time each plane was weighied by
1o (1).

Here each o(I) was initially chosen to be 0.03 and allowed to
change as a result of getting a better estimate from fit events; Upon
fitting, we obisined 11 measured variables and an associated error matrix.

The variables were:

X, =X at magnet exit for easch track

= dx/dz in chambers for each track

Y, =¥ at magnet sxit for each track

x : m = dy/dz in chamber for each track

cham

x, = target production x (initially target center)
v, = target production y (initislly target center)
z, = target production z (initially target center)

We finally want to obtain the following 6 variables:
P = momentum of track {unsigned)

P: L

dx/dz target side

=
il

dy/dz target side



These six variables plus (Xt’ Ve Zt) comprise all of the information
concerning each event that we are able to determine, where (xt, Yy Zt)
is taken to be measured at target center with errors assigned as 1/3
target size. This assures that 2/3 of events fall within 2/3 of target
(see Figure 18).

In actual practice it turns out to be easier to express the con-

straints in terms of the set of variables Xtar:

Xo = x at magnet entrance

L = dx/dz target side

YD = Y at magnet entrance
Xpar M = dy/dz target side

x = target production x

y = target pro&uction ¥

z = target productiion z

The first step in constraining the events is then to calculate

derivative matrices relating Xc n and . Then one linearizes the

ha. Xtar

constraint equations and solves them in terms of Xtar' The quantity

that is actually minimized is:

M = ch C+ Ea?f
M
o
C =X ham X cham
%4 = inverse of error matrix for X
cham
f = four constraint equations (0 when satisfied)
CIt'T = Lagrange Multiplier

An iterative procedure is used to minimize M. This procedure is termi-

nated for any of the following reasons:
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(1) The TARGET Z comes out on chamber side of magnet

(2) Procedure fails to converge

(3) ‘ = M is greater than 100 at any step

(4) The geometry becomes unphysical, and the event can no

longer be projected through the magnet

(5) More than 10 cut steps are needed.
An event which stuccessfully makes it through the fit is considered to
be a valid pair, and the variables P and their error matrices are
calculated.

Having successfully been fitted, these events are ﬁSed 1o calculate
information concerning the chambers. All 16 wire fits are used to cal-
culate average chamber deviations. If an average deviation for any
plane exceeds 0.0l", a special routine is called to realign the chamber
package. This routine accumulates 100 tracks and then adds constant
shifts to each plane in order to minimize the average deviations for
each plane. In order to prevent uniform translation or rotation of
the whole chamber package, four planes are kept fixed. A linear shift
term is calculated, as well as a o{I) for each plane. It is this o(I)
which is used for the weighted least-square fit.

Then the average deviations are zeroed for each plane, and the
calculated tefms are applied to each spark for the rest of the run un-
less the average deviation again exceeds 0.01".

At the end éf a run the following set of quantities based on the
entire run is calculated for each plane:

(1) Average deviation
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(2) A constant chamber shift

(3) A linear chamber factor

(4) Errors on (2) and (3)

(5) o for each plane

(6) % or. using (2) and (3) to improve lines
(See Table II).
In practice (1) and (6) should be very close together and (1), (2), and
(3) should be small if the aligrment routine is working correctly.

The last step before writing out a constrained-pair event is to
calculate the kinematics for the rho event. There are several assé&p-
tions made here. The first is that wé are really seeing pions. This
is & good assumption because (a) the acceptance has been optimized for
rhos, and rhos decay almost entirely to ntx™, and (b) electromagnetic
reactions go forﬁard and will be stopped by the plug. In particular we
worried about wide-angle electron pairs, and a detailed study sﬁowed.
that they were not & problem. Since we only measure the pions and ﬂbt
the photon energy, we cannot separate elastic and inelastic_evénts. It
we assume that the event is elastic,; then we can solve for ﬁhe photon
energy . Tﬁe consequences of fhis will be discussed more fuily in the
section on normalization. Based only on the first assumption we can
calculate Ep, Pp, Mp and with-the addition of the elastic assumptiog'wg

get t, Ey’ and the decay angles in the JACKSON or HELICITY systems.

2
= * - 0.5 %M + (P - B
E‘r (M‘tar Ep 2 o )/(Mta.r ( p)z p)
=2.0% * (E - E
g M‘tar ( o] 7)
In practice it turns out to be more useful to use t' = -t + tmin which
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TABLE II

Below 1a a summary of the Chamber Statistlcs for each Plane

Chamber Plane Average Deviation Sigra of Constant Chamber Shift Linear Chamber Shift Sigma of
Deviation Fit Devietions
1 1 0.006831 + 20.000882; 0.034688 0.006850 + 50.000883) 0.000084 io.oog%37; 0.0346
1 2 0.003897 + (0.000587 0.023071 0.003984% + (0.000585) 0.000175 * {0.000049 0.022
1 3 0.004322 + (0.000594) 0.02335% 0.004510 * (0.000590) -0.000264 + (0.000050) 0.023158
1 b 0.002300 = {0.000364) 0.014293 0.002271 * (0.00036h) -0.000041 + (0.000028) 0.014282
2 1 0.005702 + (0.000396) 0.015580 0.005749 ¢ (0.000396) -0.000088 * (0.000038) 0.015537
2 2 0.002736 + (0.000605) 0.023771L 0.002774% = {0.000605) 0.00010L * (0.00006k) 0.023760
2 3 0.00%96 + (0.000578) 0.022721 0.003572 + (0.000578) -0.00013% * {0.000062) 0.022693
2 4 $.004388 + (0.000670) 0.026325 0.004439 ¢ {0.000669) 0.000251 + (0.000133) 0.026303
3 1 0.002550 + (0.000541) 0.021283 0.002583 *+ (0.000542) 0.000083% * (0.000065) 0.021278
3 2 0.001981 #+ (0.000917) 0.036056 0.002049 £ (0.000917) 0.000392 £ (0.0002Ckh) 0.086025
3 3 0.001522 + (0.000903) 0.035513 0.0014k1 £ (0.000903) -0.000465 * (0.000201) 0.035464
3 L -0.006675  {0.000581) 0.022853 -0.006701 ¢ (0.000582) 0.000065 £ (0.000070) 0.022854
L 1 -0.003752 + (0.000596) 0.023433 -0.003799 * (0.000596)} 0.000180 + (0.000081) 0.023404
b 2 0.004920 + (0.001L147) 0.045106 0.00k279 + {0.001066) -0.004156 + (0.000264) 0.041887
b 3 0.007321 + (0.000903) 0.023150 0.007258 * {0.000588) 0.000233 + (0.000090) 0.023108
L i 0.002079 + {0.000581) 0.022111 0.002076 t (0.000563) 0.000023 *+ (0.000085) 0.022117
EVENT SUMMARY LIST

NUMBER OF GOOD EVENTS 2599

NUMBER OF MULTIPLE EVENTS 99

CHI-SQUARE TOO LARGE 6h7

FAILED CUT TEST 361

FATLED MOMENTUM TEST 550

TOO MANY CUT-STEPS

FAILED TO CONVERGE 12

FAILED CONSR TEST 0

NEGATIVE Z 503



c¢an be more accurately calculated. ' & AE7 * E7 ¥ 8 ¥ @ where 8 is
the angle the rho makes w.r.i. the 7 dirsction in the lab frame, and
tin ® -(M§/(2.0 * Ey * Ey) ) ¥¥2. After the above kinematical guanti-
ties have be:=n calculated, the event is written out onto tape.

The programs were tuned up by selecting = particular 16 GeV
yBe — poBe run. A solid target run was chosen to reduce target Z.
effects caused by the large length of the H2 and D2 target. First the
target errors were all set large, and the value of ¢ was varied. Various
quantities, related to the quality of tracks found, were studied, ineclu-
ding (1) % of 16-wire, fwo~track events found, (2) number of wires found
for 2-track events, and (3) the number of 2-track fit events found.

All of the above indicated a value of 0.03" which compares very well
with the 0.02" - .03" resolution attributed to the chambers.

Next the x and y target errors were set by studying the number of
fit events versus target error. Here a value of .3" gave good resulis.
This is bigger than the value suggested by our beam size, indicating
the difficulty of propagating back through the magnet. |

Then the programs were checked by writing a dummy tape. On this
dummy tape pairs of events were generated, followed through the magnet,
and projected into the chambers. At this point the positions were
converted into scaler readings and perturbed according to the plane
resolution. Several background readings were also randomly added to
simulate background-events. The dummy tape had 200 events, gll of
which were found and correctly reconstructed. Alse a few extra tracks

were found, but no extra pairs were found. At this stage we believed
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that the programs were rumning as well as possible.

Finally, shifts for the chamber system were determined by alighing
the chamber packages. Here we looked for left, right asymmetry and a
finite opening angle of the electron pairs. This would indicate a pos-
sible chamber package misalignment. Only minor corrections had to be

made to the surveyed chanber position using this method.

D. Geometrical and Kinematical Tests

After all the runs had been passed through stﬁges A, B, and C,
they were grouped accordlng to targef material, photon endpoint energy,
and spectrometer setting. This resulted in the data sets shown in
Table ITI.

Within each data set a run-by-run yield study was done to check
run consistency. This entailed calculating the spark chamber efficiency,
the details of which will be presented in Chapter V in the section on
corrections applied to the data. For all "good" runs the yields were
flat, well within statistics. Also a study of target Z distribution
and the distribution of X at the plug position was made. These were
used for making an empty-target subiraction which will also be discus-
sed in the sectlon on corrections. Each data set was then subjected to
thils series of data tests and cuts:

1. The chamber tracks were extrapolated through the two hodo-
scopes, and a demand that all four hodoscopes had fired was made.

2. A target 7 cut was made for H2 and D2 runs to eliminate

events originating in target windows. The cut consisted of accepting
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only those events within 20" of the tarpget center (see Figure 18).
3. Each event was run through program PASS which projects each
track through the spectrometer. An even:t was kept if both tracks (a)
passed around the plug, (b} passed through the magnet fiducial ares,
(¢) passed through the active chamber area, and (d) triggered the hodo-
scopes. The dimenslons of the magnet aperture were reduced from their
actusl dimensions to reduce the possibility of accepting events which
scattered off pole tips.
5. Finally, =ach energy was subdivided into two GeV bytes.
Thus, the 16 GeV endpoint runs were split into three energy regioné
(a) (14.0, 16.0) Gev
{p) {(12.0, 14.0) Gev
(¢) (10.0, 12.0) Gev
After all cuts had been made, each of the data sets was written out onto
disk for easy access. The numbers of events found for each data set

are shown in Table I1I.
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TABLE IIT

Events in Each Data Sample

Ey B D

2 _ 2

9 GeV 1691 % 1025%%
14-16 2312 2680
12-14 2635 3171
10-12 2657 3103
11-13 1367

9-11 . 1564

7-9 1636

Events with 0.5 <M__ < 100 GeV/c2

0.0 <t' <0.3 (cev/e)?

* 0 <t'<O0.14 (GeV/c)z_

%0 < t' < 0.025 (GeV/c)
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CHAPTER IV

DATA FITTING

One of the disadvantages of a spark chamber spectrometer compared
to, say, a bubble chamber is a lack of Ux geometry. This lack of bx
geometry means that all of our distributions such as nn mass, t, decay
angles, and energy spectra are distorted. Thus, to extraét accurate disf
tributions one must somehow fold in one's detection efficiency. This can
be done in either of two ways.

One can simply divide each event by the detection efficiency for
that event. Conversely, one can take a theoretical distribution, mul-
tiply it by one's detection efficiency, and compare it to the observed
distribution. Using the first méthod, one is multiplying by a number
between 1 and infinity, and a statistical fluctuation in a region of low
detection efficiency could totally dominate a distribution. Using the
second method, one is_ﬁulfiﬁlying by & number between O and 1and
is less affécted by regions of 1ow'detection efficiency. TFor this rea-
son we use the second method.

Qur acceptance fof nn mass extended from about .4 GeV/c2 to above
1.0 GeV/ce, peaking at about .775 cncev/c:2 (see Figure 19a). The cutoff at
low mass is due to the'plug, while the high-mass cutoff is due to the
magnetic field. The t' acceptance falls off exponentially with increasing
t', dropping sbout a factor of four from O to .3 (GeV/c)2'(see Figure 19b).

The acceptance for cos 8 of the decay in the HELICITY system looks some-

H
what like sineeH with the acceptance going to zero for Icos GH' > 0.8

(see Figures 19¢,d). The ¢H decay acceptance is fairly flat (see Figure
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19e); however, there are holes in the (9, ¢) space.

As can be seen in the figures showing the acceptance, both
weighted and unweighted distributions have the same general features.
However, they differ in detail. I have plotted the fitting function
here, rather than the raw data, since the former is less susceptible
in a region of low detection.efficiency to a statistical fluctuation's
dominating a weighted distribution. As can be seen in the m o distri-
bution, there is a very strong rho signal in both weighted and unweigh-
ted distributions. However, the mass skewing--faster falloff at masses
above the rho than below--is more evident in the weighted distribution.
This will be discussed in more detail in the section on mass and t fits.
Also, the cross section is .clearly exponential in t or t' and essentially
flat in ¢_. The cos GH distribution is also ﬁore neafly distributed as

H

sineeH than as coseeH or flat. All of these general features are charac-

teristic of rho photoproduction.

A. Efficiency Calculation

As seen in the previous section, although our acceptance does not
totally alter the distribution, accurate determination is needed in
order to do detailed fits. This acceptance, or apparatus efficiency,
is calculated using standard Monte Carlo techniques. Since we have no
polarization information, we need only five variables to describe the
resction. We take the set (E, m, t, O, ¢). E is the incoming photon
energy; m is the invariant dipion mass; t is the square of the four-

momentum transfer to the nucleon; and © and ¢ are the polar and
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azimuthal angles respectively of the outgoing ﬁ+ in the dipion rest
frame.

The definition of © and ¢ is clearly ccordinate-dependent. By
convention the y axis is chosen in the direction of h Oﬁ& or, in our
case, ?; X ?;. Thus, if one specifies a z axis and demands & right-
handed coordinate system, © and ¢ are completely determined. Two
particular z axes are usually used: the JACKSON system specified the
z axis as along the incident photon in the dipion rest frame, while
the HELICITY system specifies the z axis as along the direction oppo-
site to the outgoing target particle in the dipion rest frame.

To specify an event completely one needs the additicnal variables
¢R, which relates the plane of the reaction to the physical world, and
E: which is the interaction point within the target. ©Slnce our appara-
tus is not symmetrical about the beam axis, these variables cannct be
ignored. However, since there is no physics value to ¢R or Et we can
average over them when caleculating our detection efficiency.

The calculation of efficiency for a set of variables (B, m, t, 6, ¢)
consists of generating a number of trial events bj randomly choosing

the target vertex coordinates and ¢ The momenta describing this

R’
event are then run through the program PASS, described earlier in the
section on data cuts and tests. The efficiency for this set of vari-
ables is given by the ratio of the number of events satisfying PASS to
the total number of trial.events.

In actual practice the data is binned to reduce the susceptibility

to resolution effects, as well as to average out efficiency effects.



To further simplify the fitfing procéss, the data is first fit as a
function of © and ¢ and averaged over m, E, and t. Then the results
of this fi; are used to average over 6 and ¢ and fit for m and t (again
averaging over E).. This causes the above efficiency to be modified
slightly. Instead of choosing one set of (E, m, t, 6, ¢), a range
corresponding to the bin size is chosen. Secondly, instead of giving
each event unit weight, each event is weighted by a function‘deséribing
the averaging process.

Té simplify data haﬁdling, all events for a particular data set
are read in off disk and sorted into the chosen bins. Then a record is
written cut onto disk containing the efficiency and number of events
for each bin. An estimate of the error on the efficiency is also
included.

‘Since computer time is very valuable, the program.was designed to
be self-continuing. If a given set of efficiencies took longer to cal-
culate than the job time specified, the program would automatically
stop shortly before time expired. Another job coﬁld then be read in
to continue where the first job left off. This allowed cne to run long
jobs without wasting computer time either by underestimatiﬁg the time

required or by having to request far more time than actually needed.

B. Fitting Program

The fitting program was based on UCRL's MINFUN39

program using a
ravine-crossing minimization algorithm. The basic minimization routine

was taken in total, but most of the other subroutines were either
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omitted or heavily altered. This program was also designed to be self-
continuing, writing out the current fitting values and relevant deri-
vatives onto disk at the end of each job. Maximum likelihood was used
rather than chi-square due to having, on the average, less than one
event per bin. When chi-square was used in a test, the results were
similar to those obtained using maximum likelihood. The probability
of finding ?\ij events in any given bin is assumed to follow a Poisson

distribution with mean ni

5
| 13
exp (-n..) ¥ (n,
o) < p (-n;.) * (n,)
i3 (ML)t (4.1)
1]
where n i3 is given by a fitting funetion whose parameters, ¢, one is

trying to find. The likelihood function is given by the product of the
individual Poisson probabilities. Since P(Rij) is correctly normalized,
we can use @ = nij P(kij). &, is then maximized by varying . Actuslly,
it is more convenient to use &= -ln!{ and minimize /. The errors for.

a given parameter were found by stepping on that parameter and remini-
mizing to allow the other variables to change. The error on a paraméter
was taken to be the step size needed to change éhi—square by one or the
value of & by one-half, using the above procedure. In the case that

the likelihood function is paraﬁolic, this corresponds to lo. As will

be seen, especially for the pij, the errors were asymmetric and, hence,

the space was not always parabolic.

C. Density Matrix Elements

The ultimate goal of experimental, high energy physics is %o
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determine the production amplitudes for wvarious reactions. Since the
density matrix elementsho are defined as a bilinear combination ¢f the
production amplitudes, determining the density matrix elements is =
first step toward this goal. Following the formalism of Jacob and

;o b '
Wick, L the density matrix element pighc can be written as:

JJ 1 1
Prohet (Somst) = B D (E D e, Mo, N

J! J

fkc'kd;kaﬁb * (S,m,t) fkckd;kakb(s’m’t)

This deseribes the following reaction:
b >

d

Y

where fgghd;kahb(s’m’t) is the amplitude for producing particle c with
mass m_, momentum transfer t, spin J, and helicity Ac. Az,Ab, and Ad
are the helicities for particles a, b, and d respectively. Sa and Sb
represent the spins of incoming particles a and b respectively, while
S 1s the total energy-squared in the center-of-mass system of particles
a and b. TIf one now takes a and b to be unpolarized,_sums over final
spin states d, and takes particles e and f to have zero spin end be in
a p-wave state only, one can express the angular distribution probabi-

lity of particle e (or £) in the c rest frame as:
2 2
Ww(E,m,t,8,¢) = 3/8x [sin"e + pOO(S cos ©-1)
: . )
| (k.3
-2 P11 sinee cos 2¢ - 2\/2 Re P10 sin 268 cos¢]

where for simplification o = pii(s,m,t) has been used and the explicit

(S,mc,t) dependence has been suppressed. XEquation (4.3) also depends
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: e
upon two relations: (1) p = (-1)"™ Pyt ¥hich depends upon

-m-m'

parity conservation and choosing the y axis normal to the production

plane and (2) Poo = 1 which ensures that [WdQ=1. What

teppteaa

we actually observed is expressed in equation (4.4).

O(E,m,‘t,e,¢) = N(E:m’t) * W(E:m}t:9:°) * e(E,m,t,6,¢) (u ')‘")

where O = the number of observed events for given (E, m,t,6,0},
¥ = the number of events produced at the target for a given
(B,m,t), and
¢ = detection efficiency (E,m,t,0,¢}.

Since the density matrix elements are functions of 8 (or E), m,
and t, 1t would be desirable to fit the distributions with respect to
these variables. Lacking infinite statistics, as well as having to
deal with an efficiency function, requires binning the data. This
accomplishes two things: it ensures sufficient statistics, and it
smooths out effects due to the acceptance. The density matrix elements
are expected to vary slowly with respect to m near the rho mass and
elso with respeét to E. The variation in t is expected to be more
rapid. Thus, we choose éne mass bin (0.67 < m < 0.87 GeV/ce) centered
at the rho and a tWo-GeVVE bin. We fit over six t' bins covering the
interval (0, .30) (Gev/c)2. The size of the t' bins was chosen to en-
sure roughly equal statistics in each bin. We chose to divide the
{cos B, ¢) space into 20 x 20 equal-sized cos © bins and equal-sized ¢
bins. This ensures that ¢ and W are slowly varying over‘ény one bin.

If equation {U4.4) is integrated over m, E, the K g bin, 1™ oos 0 bin,

and jth ¢ bin, we get nz , the number of events expected for that bin as

J
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a function of Poo? Dl-i’ and Replo.

k dt decos B, dé
nyy = Iin k /Bin 1 fBin j J dn [ 4E O(E,m,t,0,9)

(4.5)

=N, * Ek T )

LKk k
0 Sij wl':j(‘-’oo » Prapr BePyo

where e?k is the efficiency, weighted by N(E,m,t) and averaged over the
allowed E, m, t, © and ¢ range; Ny Ebg, Ei%l, and Reﬁ?o are fitting
parameters; and Bﬁn represents an average value of p;h over. the selected
E, m, and t range.

For N(E,m,t) we use an s-wave Breit-Wigner to describe the mass
shape, an exponential for t, and the known bremsstrahlung speétrum for
E.ha While the m dependence will be given by a somewhat different form
“when discussing the p cross-section normalization, the difference intro-
-duced here over this limited mass interval is negligible.

The definition of the density matrix elements, as a bilinear sum
of production amplitudes, imposes a set of constraints upon their values.
A discussion of these constraints is presented in Appendix B while

the results of the density matrix element fits are presented in

Chapter VI.

D. Mass and t Distributions
Fitting the rho mass distribution has always been a problem, due
in part to its large width. Another apparent aspect of the rho mass

" shape is that for photoproduction the shape is skewed, and the value
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of the peak is shifted to lower masses than those observed in colliding-
beam experiments. This behavior can be described with several models,
but we choose to use the Sading27 model since, as mentioned in the in-
troduction, this model seems to give the best overall description of
the reaction. The Feynman diagrams included in the model are shown be-

low.

2132A38
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Diagram (a) deseribes rho photoproduction and is what we are
hoping to extract from the data. It redﬁces to a p-wave Brelt-Wigner
for the mass dependence. The other four diagrams are nonresonant-
background contributions. Diagrams (b) and (c) are a Drell or Deck type
background, while diagrams (d) and (e) are the same as (b) and (c)
except with final state interactions present. These diagrams correct
the so-called "double" counting effec’csl‘L3 and ensure that at the rho
mass only diagram (a) contributes. In other words, the rho saturates
unitarity. A priori there is no reason for this to be true. However,
fo be compatible with other groups using the S8ding model, we will use
this assumption, too;

The mass skewing results from the interference of diagram (2) with
the other four diagrams. This interference term changes sign from posi-
tive to negative in passing through the rho mass.

The model assumes that all of the reactions are mediated by pomeron
exchange. Hence, the rho-target and pion-target scattering amplitudes
should be purely imaginary and exponential in t (see the next section
for the modification to the t dependence off deuterium) and have the
other properties of elastic scattering. This results in the following
form for hydrogen:

: 2
2 2 2 2 2
d“ofom_at = No*q3(mﬁﬂ)*exp(Bt)*l/[(mD - mm) + oy ]* 06

0w sl - o)/, ) + ({5 - (s - of )

: ; 2y _ 42 = P
where NO is a normalization parameter, q(mﬂﬂ) =\ /2 L mﬁ/2 is the

momentum of the pions in the rho rest frame, B is the slope parameter,
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mp is the rho mass parameter, BACK gives the amount of Sgding back-
]

ground needed, and y is the p-wave mass-dependent width times the rho

mass.
3
7= g2 o) e @

The three terms--rho, interference, and Drell--are shown in Figure 20
for t=0. The actual parameters found for one of the fits were used to
obtain the results plotted. While the interference term contributes
little to the integrated cross section, it does account for the observed
rho mass shift and the skewing of the n_ spectrum. The Ross-Stodolsky
mod6126 also reproduces the mass skewing by multiplying the rho diagram
by (mp/mﬂﬁ)h. However, it is clear from (4.6) that the S8ding model has
additional t dependence other than the exponential term, exp(Bt). Since
the S8ding model describes dzo/dmﬂndt very we11,33 to get comparable
results with the Ross-Stodolsky model one must use a form (mb/mﬂ“)n(t)
where n(t) averaged over t is 4. However, the model provides no form
for n(t), and we choose to use the S8ding model, where the t dependence
is explicitly proscribed.

Finally, there is a problem with using the p-wave Briet-Wigner, and
that is the dependence for large m . As m  gets large, dzo/dmkndtml/mﬂﬂ,
and thus the integral over mnﬁ diverges. This complication will be dis-
cussed further in Chapter VI in discussing cross-section values.

The fitting procedure is the same as described in the pfevious
section. The only differences are that roles of (©,¢) and (m,t) éreﬂ
reversed. For N(9,¢,E) we now use sino0. to describe the (9,%) shape,

H

the known bremsstrahlung spectrum for E, and the equation (4.6) for W.
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‘ : 2
We fit over the range .50 <m < 1.0 GeV/c2 and 0 < t' < 0.3 (GeV/e)
for the five parameters: m Pp, BACK, B, and N . We divide the
(mﬂﬁ, t') space into 20 equal-sized L bins and 20 equal-sized t' bins.

The results of the fits are presented in Chapter VI.

E. Hydrogen and Deuterium Ratio

Except for small corrections due to the finite rho mass, rho photo-
production can be treated as an elastic process. Hence, if we are
interes%ed in studying rho photoproduction off deuterium, for small t,
Glauber theory should be applicable. Since Glauber theory has already
been shown to work for elastic pion-deuteron reactions,hh it should also
give good results here. Basically Glauber theory describes reactions in
complex nuclei in terms of successive two-body interactions, all of which
leave the nucleus undisturbed.

Since we do not detect the deuteron, we cannot separate the reac-
tions yd — popn and yd — pod. For this reason we use a slight modifi-
cﬁtion, which includes both of the above reactions in the formslism. If

45,35

we ignore spin, we can then write:
2
do} _ 1+ F(t) | G(t;] + L
an D 3

ao(t) 2
where ao(t) and al(t) are the respective isoscalar and isovector t-

2
| G e

channel exchange smplitudes off nucleons, F(t} is the deuteron form fac-
tor, and G(t) is the Glauber scattering correction which takes into .
aceount the shadowing of one nucleon by snother. For F(t) we use the

results of electron scattering,h6 F(t) = exp(56t). Similarly,

T8



(%\H=|a0(t)+al(t)|2 = [a®)F + | o (9] + 2melag(0)ey (0))  (h.9)

Then
R]g;)_-(-g%)]) g%)ﬁ - h((lu?ﬁ.l(t))*(l'%ﬁl - a(t)) —Ag(t)*(F(t)-i-G(t))) (4.10)
where | ( ) *( )
Re a_{t) a_ (t
A (2) = ~ o : B
Iao(t) + al(tﬂ
a (t 2
A2(t) = 4 | 1 )|

y 2
ao(t) + al(tﬂ
Since for each t value we only measure one dguantity, R(t)DH, and since
we have two unknowns, we must make some simplifying assumption to get

any farther. If we assume both ao(t) and al(t) have the same t depen-

dence, then Al(t) and Ae(t) become constants and can be solved for.

For G(t) we use the calculations of Ogren:h9

o< s o® <
G(t) = ——QEE;————— exp(-vt/l4) + (1+qu) PN exp(-bt/2)  (4.11)
where opN is the rho-nucleon total cross section, < r-2> is the expec-
tation value of 1/1'2 for the deutercn wave function, qp is the ratio of
real part to imaginary part of the rho-nucleon amplitude, and b is the
slope paremeter applicable to rho photoproduction off hydrogen. If we

choose UpN = 28 mb, < r'2> = .03 x 10'27 cme (.03(mb)"1), n, = -.2, and

=8 (GEV/C)‘E (3.11 mb), we obtain:

G(t) = -0.0668 exp(-2t) + 0.0062Lk exp(-Ut) (4.12)

19
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Fig. 2l--Glauber terms for rho photoproduct_ion' off deuterium
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1+F{t
2

21. It is clear that the two functions are sufficiently different so

The two functions, + G(t) and F(t) + g(t), are shown in Figure

as to allow the extraction of A, and A2 and, consequently, the fraction

1

Furthermore, we can

of isovector exchange amplitude, lall/ Byt 8

|-

solve for ,al/ao and cos ¢ where ¢ is the relative phase between a

1

ol

)

Since RDH(t) only depends upon the ratio of crosgs sections, any

and a_!

A
1
0 = N/AE/(I—EAI—AQ) and cos ¢ = K;'\/AQ/(lbgAl-AE)

error in the normalization of the UD counters or in the acceptance cal-
culation cancels. Fof this reason we ccmpare unweighted distributions
directly after making the appropriate target empty corrections and all
other corrections which are target dependent, including number of UD
counts for each target, diffefent target densities; absorption correc-
tions, and hodoscope and spark chamber effieciencies. These corrections
are presented in Chapter V while the results of the fits are presented

in Chapter VI.
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CHAPTER V

CROSS-SECTION DETERMINATION

To measure cross sections four quantities must be determined:
(1) the photon flux incident upon the target, {2) the number of atoms/cm?
in the target, (3} the fraction of the observed mass and t specira acfu-
ally due to rho production versus background, and (4) corrections to the
ocbgerved distribution for inefficiencies due to pion and photon absorp-

tion, spark chamber inefficiency, geometrical acceptance, ete.

A, TFlux Determination

Qur run-by-run monitor was the £D4 pair spectrometer described
earlier. Originally we had hoped to calibrate the flux monitor by con-
verting 2D5 into an electron-pair spectrometer and actually counting the
e e pajirs in the spark chambers. The intense electromagnetic background
permitted only a 208 calibration using this method. Hence, to get a more
asccurste calibration we relied upon accurately calculating the bremsstrah-
iung speectrum, the angular-pair production spectrum, and the acceptance
of the 2D4 pair spectrometer. With this method we were able to obtain a

B
more accurate calibration of ﬁ =G§L—“ Jf max KEE dK) +to the number of
o .

dK
max

coincidence counts, UD, in the pair spectrometer.

R

i. TPhoton Spectrum
Since the bremsstrahlung beam wes formed in a C.0014 radiation-length

& target, a thin target bremssirahlung representation was used for the

82



beam, and after several modifications this gave an accurate description
of the beam. The first modification was to take the finlte solid angle
of the ¥ beam into account, and the second was to take into account the
multiple scattering of the beam. The bremsstrahlung spectrum was finally
described by the formula.:MT

aN/aK = o/k [V° + ¢ * (1-V)] - (5.1)
where Q is the normalization constant which one is trying to find, and
to within 10% Q = 5; V is the ratio of the photon energy to the primary
electron energy; and C is a constént depending on the electron beam
energy, multiple scattering, and finite solid angle of the bremsstrahlung

beam.

2. Electron-Pair Production Spectrum
N

The electron decay spectrum is given by:

anjakt = o * [(v - 1/2)% + B) (5.2)
where K+ is the momentum of the posifron, V is the ratio of the positron
momentum to the momentum of the photon pair producing the electron-positron
pair, and B is a known constant depending only on the Z of the target

materisl.

B = (24 ¥ A-1)/[4 * (12 * A + 1)] (5.3)
A =1n (183 * 21/3) * 7/(Z+1) + 1n (1hlo * 2'2/3) * 1/(7+1)
Since we only need the shape of the decay spectrum at this point, T can

be ignored.

3. Acceptance of 2D4 Pair Spectrometer

If one uses a small-angle approximation and an effective-length
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approximation for tracking the electron-positron pair through the

magnet, the acceptance, a(Xy), can be easily calculated as:
' 3
(1 - KMIN/K)” + 12 * B * {1-XKMIN/K),
e : KMIN < K < KM
a(K) = (5.4)

(RMAX/K - 1)3 + 12 * B * (XMAX/K-1),
12 *B + 1 :

KM < K < KMAX

where!
KMIN = Minimum detectable 7y energy
KMAX = Maximum detectable y ehergy
XM = (KMIN + KMAX)/2

These values depend only on the counter separation and the magnetic
field strength of 2D4. For 16 GeV running the spectrometer was set to
be sensitive to photons between 9.85 GeV and 14 .8 GeV, while for 13 GeV
rumning the spectrometer was sensitive to photons between 7.96 GeV and
11.9% GeV. The field strength and counter separation were determined
so that the spectrometer was sensitive to a relatively flat part of the
pair spectrum away from the endpoint. This reduced effects due to
shifting of the 2Db current. The current was monitored continuously
and found to be constant to a fraction of a percent throughout the

running.

L. Determining Q/UD
Q@ is given by the formula:
1 UD=@Q ¥ ACC ¥ PC * MT (5.5)

where ACC = (dN/aK) * a(Ky) dKy. ACC is the fraction of

e

electron-positron pairs created in the converter in front of 2Dk which



actually give coincidences in the pair spectrometer, weighted by the
photon spectrum. The error on ACC is determined by varying the magnetic
field strength of 2Dk and the position of the counters relative to the
beam over & reasonable range of values. PC is the probability of con-
verting a photon in a 1/16" Al converter into an electron-positron pair;
the error on IC is.due to an uncertaiﬁty of 1/3 mil in the thickness of
the converter. MT is a correction for pairs not created in the converter.
This correction is determined by comparing rates with the Al converter

in the beam and with it removed from the beam. See below for a summary

of these quantities as obtained for both energies.

13 GeV 16 GeV
/B d1 of 2p4 395Kg~in (9.78Kg-m) 4TTKg-in (12.1Kg-m)
KMIN 7.96 GeV 11.94% GeV
KMAX 9.85 Gev 14 .77 Gev
PC a 1/16" Al 0.0139 + 0.000T4 0.0139 * 0.000kk4
ACC 0.0331 * 0.0013 0.0330 * 0.0013
BACK 1.29 * 0.02 1.29 + 0.02
Q/up 1685 £ 90 1690 *+ 90
c 1.522 1.513

Thus, we were able to obtain a =% measurement of the normalization

using the 2D4 pair spectrometer.

B. Data Corrections

The biggest correction, that of the 2D5 acceptance, has already been

discussed. It is very difficult to assign an error to such a Monte
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Carlo acceptance calculation. However, after a comprehensive study of
the problem, an error of 3 was assigned to the caleulation. Below

the mumerous smaller correction and theilr errors are discussed.

1. Hodoscope Inefficlency
| As had already been mentioned, each individual counter was plateaued
before the run and had an efficiency greater than 99.5%. However,
during the run we had a 1" Pb sheet in front of the B hodoscope. This,
plus the fact that counter efficlency can change with time, made it
necessary to caleulate the hodoscope efficiency during the run itself.
Since the experiment had no other timing information for an event,
some assumptions had to be made in order to calculate the efficiegcy.
The first assumption was that it is sufficient to calculate an average
efficiency for each hodoscope array. Since the individual counters had
very similar efficiencies when originally plateaued, and since checks
were made periodically during the run to ensure that no counter had
died, this was probably a reasonable assumption. The second assumption
was that given that a dipion pair (1) has triggered a counter for each
track in one hodoscope array but (2) has failed to trigger one or more
of the counters in the second hodoscope array through which the tracks
have passed, the event would still have triggered the system. This
means that on the average each hodoscope array has more than two counters
on for each event. Table IV shows the number of 0,1,2,3,4, and 5 track
events found, as well as the mmber of events having 0,1;2,3,h, or 5
hodoscopes on for the A and the B hodoscope array. It is clear thatg

there are far more hodoscopes on than there are tracks. This is



probably due to the heavy electromagnetic background present, and this
makes the second assumption appear reasonable.

With these two assumptions the average hodoscope efficiency can be
calceulated. First the set éf 21l events satisfying all the tests listed
under geometrical and kinematical tests in Chapter III, except the one
demanding that the four hodoscopes on the tracks have fired, is selected.
Then, to calculate the efficiency of the first hodoscope array, all
events having two hodoscopes on in the second hodoscope array are selec-
ted. Third, the number of those events having 0,1, and 2 hodoscopes on
in the first array is determined. By fitting these numbers (with maxi-
mum likelihood) to a binémial distribution, the average efficiency of
the first hodoscope array is obtained. At first the fitting was done as
a function of 2 GeV energy cuts, but, since the results were independent
of the cuts, to improve statistics a larger energy cut of 10-16 GeV was
used for the 16 GeV data, and a 7-13 GeV cut was used for the 13 GeV
data. Because four hodoscopes were demanded for all good pairs, the
hodoscope efficiency for each event is the product of the A and B hodo-
scope efficiency sgquared. The results are listed below:

13 GeV H

16 GeV H, 16 GeV D, o

A 0.9993 + .0003 0.9984 + ,0003 . .997 =+ .001

B: 0.973 "% .009 0.969 * .008 .951 + ,010

CF (L.06 £ .02) (1.07 + .02) (1.11 + .02)

HODOSCOTE:
As can be seen, -the A hodoscope efficiency agrees well with the
plateaued values, while the B hodoscope shows a lower efficlency due to

the 1" Pb sheet placed in front of it. It is hard to estimate
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TABLE IV

N = 0 1 2 3 L 5
NUMBER OF EVENTS WITH N TRACKS ' hhoB  Le8) 3900 270 20 2
NUMBER OF EVENTS WITH N HODOSCOPE A 2 39 9887 209 678 671
NUMBER OF EVENTS WITH N HODOSCOPE B 2 51 5616 2657 1589 56

THERE WERE 1337L EVENTS



guantitatively the effect.of the Pb since even if the pion does not
make it through the Pb ﬁo trigger the counfer, some charged particles
probably will.

The target empty hodoscope efficlencies were in all cases consis-
tent with the'respective target full results listed above, and the sbove
hodoscope efficiencies were used for all subsequent target empty calcu-

lations.

2. Spark Chamber Efficiency

Spark chamber inefficiency has three sources: (1) the misfiring of
the energy box, (2) the gas discharge not taking place within the gap,
and (3) the‘magnetosfrictive wand discriminator not firing for weak
signals. These are henceforth referred to as energy-box, gap, and plane
inefficiencies respectively.

The algorithm was chosen to generate all possible combinations (6837)
of the above inefficiencies consistent with the track reconstruction re-
quirements (at least eleven wires with three or more wiresain three or
more chambers). These, together with the track information associated
with the set of all good rho events, were used to calculate the above
three types of inefficiency. Since the spark chamber ilnefficiencies
varied with time, the efficiency was calculated on a run-by-run basis.
The efficiencies were not a function of the energy cut, so %o improve
statistics an energy cut of 10-16 GeV was used for the 16 GeV data, and
an energy cut of 7-13 GeV was used for the 13 GeV data. |

In determining the energy-hox, gap, and plane efficiency for any

one chamber, only those tracks which had at least three wires in the
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other three chambers contributing to the track were used. The plane
efficiency was calculated for only those tracks in which the other plane
in the gap had contributed, to ensure that the gap had fired Similarly,
the gap efficiency was caleulated only for those tracks in which the
other gap in the chamber had contributed at least one Qireifo the track.
This ensured that the energy box had fired. This gap efficiency was
then corrected for the case where the gap fired but both planes failed
to fire. Finally, the energy-box efficiency was calculated as the fr#c-
tion of‘évents having at least one plane in that chanmber contributing

to the track. This efficiency was then corrected for the case of no
‘planes firing due to gap and plane inefficiencies. |

Having determined all of the {individual plane, gap, and energy-box
efficiencies, we used these to calculate the ﬁrobability of detecting
eech of 6837 possible allowed combinations of wires and, at the same
time, to generate a predicted set of wire distributions. These were
compared with the observed spark distributlions, and in practically every
case the agreement was good.- The track-finding efficiency was then the
gsum of the &ﬁove probabilities, while the pair efficiency was the square
of the singie-traek efficiency.

A few runs had very lovw pair efficiencies and were deleted. These
rins occasionally occurred when the gas system became polsoned. As a
further check the yield, the number of pairs in the "rho region” correc-
ted for spark chamber efficiency/the number of UD counts, was plotted for
each target material and photon endpoint energy as a function of run.
Even when the efficiency varied, the yield remained constant. To simplify

future calenlations an average spark chamber palr efficlency was
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calculated, being weighted by the number of events contributing to the
calculation for each run. The results are listed below:

16 GeV Hy, 16 Gev D, 16 GeV MT 13 GeV H,. 13 GeV MT

2

CFg o 1.11+£.02  1.06+£.02 1.21%.13 1.06%.02 1.05%£.05

3. Pion and Photon Absorption in the Target

Since the target was fairly long, both the incoming photon and
outgoing p (ﬁ+n-) were absorbed in it. The only other sources of
absorption were the target windows, the A hodoscope, the four chambers,
and the air. All of these put together constituted less than 5% of the
effect due to the target alone and could be ignored when doing a 10%
experiment. The absorption for a rho, produced 4 radiation lengths
into the target, is given by:

=exp (-7/9 ¥ t ) * exp (-(T-t) * A) (5.6)

Rabsorption
where T is the target length in radiaticn-lengths and A is the dipicn
absorption factor in inverse radiation lengths. The value of A was

' L
determined from experimental, pilon-absorption cross sectlons. 8 The
i d
varlation of Rabsorption was between 10% and 1% for both hydrogen an

deuterium and, hence, an average correction for the whole target was

made. The results are listed below.

16 GeV H, 16 GeV Dy 13 GeV H,

T 0.12h 0.145 0.124
A*T 0.189+0.035 0.44520.080 0 .189;0 .035
CFABSORPTION 0.16 +0.02 1.32 0.050 1.16 £0.02
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L. Pion Decay

Since pions decay into muons, a pion might decay and we would actu-
81ly observe the muon and not know the difference. Since the muon and
pion will have very nearly the same trajectory, due to the high energy
of the pion, very few such events will be actually lost. The major ef-
feet will be to slightly smear out our resolution. 'This correction was
studied using a Monte Carlo approach and was found to be CF =1.01 *

DECAY
0.0l for plons actually lost.

5. TARGET Empty and TARGET Z Cut Corrections

a. TARGET Ewmpty Correction

A target empty subtraction, while very small due to the thinness of
the Al windows, is essential because rho photoproduction is a coherent
process. Thus, all the events coming from the window will occur at very
low t's. This will result in a coherent peak in do/dt at low t. This
peak was in fact observed if no target empty correctlon was made. It
was also observed that almost all of the empty events came from the down-
stream side of the target (see Figure 22). |

Three different methods were used {o determine this correction, and
all gave consistent results. In each caée a scale factor for the empty
runs is being sought. This number accounts for the difference in the
emount of full and empty running time.

The first method ecalculated the scale factor by the following

formzla:
. _ Number Yey1y (CFs o ur
Theory  Number Tup (CFS c.)

* exp (ZZE) (5.7

a2
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where CFS.C. refers to the spark chawmber efficiency correction, t is the
target thickness in radiation-lengths, and the ratio of photons is re-
placed by the ratio of UD's. The exponential factor comes from (1) the
difference in the absorption of photons for the target full and empty
éases and (2) the fact that most of the empty events occur at the down-
stream window.

The second method calculated the scale factor by the formula:

(Number events with TARGZ < 64")

R = Full (5 8)
TARGZ =~ (Number events with TARGZ < 64"} ’

Empty

These events came from the plug region and, hence, tock into account
experimentally the difference in UD counts, spark-chamber efficienciles,
and photon absorption.

The third method calculated the ratio of plug events based on the
x distribution of events at the plug.

(Number events with xPLUG

Roruex = (Number events with XPLUG (5.9)

2 15%m
<1 mpty

Since the three values gave consistent results, a best value (in the
least-square sense) was calculated from them.
16 GeV H, 16 GeV D, 13 GeV H,
Ry 1.784£0.06  1.11%¥0.06  2.22%0.10

. TARGET Z Cul Correction

IT one accepied only eveuwts lyipg within twenty inehes of the target
center, nost of the empty events would be omitted, making & bin-by-bin
empty subtraction unnecessary. However, since the experimental TARGET Z

resoluition was not good enough, it was necessary tc correct for events



actually caming from the target that were lost due to this cut.

Full Events - Ry * (MT EVENTS)
TARGET ~ Full Events - R * (MT EVENIS)

NO CUT
TARGZ CUT

(5.10)

CF

16 Gev H, 17 GeV D, 13 GeV H,

.13%0. 1240, 150,
CFTABGET 1.13%0.02 1.12+0.02 1.15%0.02

6. Inelastic Production Correction

Since we only meagure the two outgoing pions, we can only calculate
the photon energy inducing the reaction by assuming that the event is
elastic. This means that on an event-by-event basis we camnot tell
whether or not an event is elastic. However, we can measure a large
fraction of the calculated photon-energy spectrum and compare this with
the true bremsstrahlung spectrum; this allows us to determine the amount
of inelastic. contamination in any given energy bin.

obs

N~ _dN + - ,
dK B -dE{dr (Uela.stic("p —ep) + ainel&stic("p —+a x p + anything) (5.11)
If we assume that o is constant, an assumption which is good

elastic

to several percent for this reaction at high energies®, then deviations

of the observed spectrum with respect to the bremsstrahlung spectrum

obs .
measure the dinelastic term. We fit ax to:
obs
gg =A%7+B*(MX-K)+C*(EMAX—K)2 (5.12)

¥ See the cross section values near the tip of the bremsstrahlung spectrum
at 9, 13, and 16 GeV as presented in Chapter VI. Near the tip these cross

section values are almost free from inelastic contributions.



We used only events satisfying all data cuts as listed in Chapter IV
(i.e., -5< m < 1.0.Gev/c2 and 0 < t' < 0.3 (GeV/c)2). In all ceses
B turned out to be zero. |

To obtain confidence in this method, we also fit our data at 16 GeV
off Pb and Be targets. Since rho production in complex nuclel is coherent,
the forward amplitude should go as Ah/3. (The Ah/a dependence rather than
an A2 dependence is due to rhos being strongly absorbed, and thus only
surface nucleons can contribute.) On the other hand, the inelastie pro-
duction is not coherent and thus the forward amplitude should go as AI/B.
Thus the inelastic contribution should be greatly suppressed relative to
the elastiec contribution for higher A nuclei. This trend is certainly
clear as seen in the table below. However, it is somewhat surprising that

the Be fit has such & large inelastic contribution. This can be explained

by observing that:

%% ~ e-h5t and (%% ~ e-St (5.13)
elastic inelastic

Hence, even though the elastic contribution is much larger at t'=0, it falls
off much faster with %', and its contribution over the t' interval (0,.3) is
relatively reduced. BSee Figure 23 for the fits off the various targets.

16 GeV Pb 16 GeV Be 16 GeV D, 16 GeV H, 16 GeV Be

t! 0-.3 0-.3 0-.3 0-.3 0-.06
¢/A x 10° 0+0.3  0.59*.17  1.0%.20 1.06%*.09  .22%.07
% inelastic (14,16) =~ O 1.5 2.3 2.3 0.5
% inelastic (12,14) 0 7.0 11.7 12.0 2.7 .
% inelastic (10,12) 0 14.8 23.2 23.7 6.1
Confidence Level 0.70 0.83 0.24 0.55 0.74
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Fig. 23--E __ (E7) spectrum. Solid curve is fit to the hypothesis

of photon spectrum (elastic) and inelastic
(a) yPb — xtx"Pb, 16 GevV, (b} yBe = #tn"Be, 16 GeV,
(e) 7D, = :t"‘:t‘De, 16 Gev, (d) 7H, = 1‘f+1t-}12, 16 Gev,

(e) 7H, ﬂ+n'H2, 13 GeV
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Equation (5.12) was used in the fitting function to determine the expec-
ted number of events for a given energy cut, end only those events asso-
ciated with the first term were considered to represent the eliastice
contribution.

For the 13 GeV data we had only a hydrogen target, and, hence, we
could not study the effect as a function of target.material. However,
the results were similar to the 16 GeV hydrogen results.

3 4 inelastic % inelastic % inelastic Confidence

c/A x 10 (11-13) (9-11) (7-9) Level

13 Gev H, 1.87 = .23 3.3 15.7 28.1 0.35

€. Fraction of ﬁ+n- Background

As has been mentioned in the previous chapter, the amount of ﬁ+n'
background in a given mass and t distribution depends heavily upon the
mode]l used to describe the distribution. Furthermore, one has to make
an assumption concerning the rho width. If one uses a p-wave Breit-Wigner
to describe the data as we did, then one must impose some sort of high
mass cutoff since without a cutoff, the integral over nx masses diverges.

One way around this is to use the method suggested by Yennie:

nl ﬁao

dg 0 U < T N _ L
7 (p—ep) =5 g i, =m (5.14)
Ei#14
The above determination of the cross section is sensitive to the choice
of the rho mass, and it is equivalent to using an S-wave Breit-Wigner.
However, until the rho shape is better understood, thls method does offer
three advantages: (1) it eliminates the divergence; (2) since the S8ding

terms go to zero at the rho mass, it eliminates the need to worry about

tbe exact shape of the S8ding over the whole mass range; (3) it offers

%



& simple method of comparing various experiments independent of the

model used to fit the distribution.

D. Atoms/cm? for the Target

As was mentioned in Chapter II, Section D, the vapor pressure cf
the target was contimiously monitored. The pressure remained relatively
constant, and an average value of the vapor pressure was used. The tar-
get was kept at one atmosphere and at the boiling point; hence, the vapor
pressure. was a sensitive check on this condition. The average density
used was 0.0708 + .0015 gm/cm3 for hydrogen and 0.163 * .035 gm/cm3 for
deuterium. This gave:

iy Dy

23 43.0 * 0.9 50.0 + 1.15 (5.15)

Atom/cm? x 10°

E. Summary
The table below summarizes the resulis of this chapter. The overall

correction does not include the acceptance factor or the factor mentioned
in the previous section concerning mass distributions. The error on the
overall correction does include a 4% error due to uncertainty in the
bremsstrahlung shape (f), another 3% due to uncertainty in the acceptance
calculation (g), a 2% uncertainty due to other absorption in the system
(n), and a 1% track-finding algorithm uncertainty (i), as well as contri-
butions due to the flux (j) and target density (k) errors. All errors

have been combined in quadrature.
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TABLE V

Event Loss {Gain) Correcticn Factor
16 H, 16 D, 13 K,
(a) Hodoscope Inefficiency 1.06£0.02 1.07+£0.02 1.11£0.02
(b) Spark Chamber Inefficiency 1.11£0.02 1.06£0.02 1.06£0.02
(Empty) (1.21#0.13) (1.21%0.13) (1.05%0.05)

{¢) Target y and Pion Absorption 1.16%0.02 1.32+0.05 1.16%0.02
() Pion Decay | 1.01¥0.01  1.01#0.01  1.01*0.01

{e) TARGET Z CUT and

.13%0. .1210. .15%0.
MT Subtraction 1.13%0.02  1.12%0.02 1.15%0.02

(£) Bremsstrahlung Shape 1.00%0.0k4 1.00+0.04 1.00£0.04
(g) Acceptance Calculation 1.00£0.03 1.00%0.03 1.00%0.03
(h) Other Source of_Absorption 1.00£0.02 1.00+0.02 1.00%0.02
(1) Track-Finding Algorithm 1.00£0.01 1.00£0.01 1.00£0.01
(3) Flux Normalization 1.00:0.05  1.00+0.05  1.00%0.05

Total Correction 1.56+0.14 1.69+0.16 1.5820.14

Below the number of UD counts and ¢, where ¢ ¥ WEIGHT is the cross
section equivalent to one event in the chambers in a given energy byte

of the photon spectrum, are given for each target and endpoint energy.

| 16 H, 16 D, 13 Hy

Number of UD counts x 10'6: 3.18 1.6h 2.16
(1k-16): 5.74%0.51 10.4#1.0 -
(12-1k) 4 .6320.42 8.37+0.79 -

I (10-12): 3.91+0.35 7.06+0.67 -

o x 10 ub
(11-13): - - 6.87+0.61
( 9-11): - - 5,310 .47
( 9-7 ): - - 4 ,1h+0.37
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 CHAPTER VI

In this chapter the results of the various fits described in Chap-
ter IV are presented. All results glven here are in the context of the
S8ding model description of the non-resonant dipion background. Because
of the model-dependent nature of the results,.cross-sections for the
total reaction yp — n*n"p are also presented whenever possible.

The results of the fits to decﬁﬂ/dmnﬁdt are presented in Table VI.
The top line for each entry gives the "best" fit values. The parameter
errors represent a change of 0.5 in the likelihoed function while allow-
ing the other fit parameters to readjust. The error on the forward
cross section includes the error due to the normalization parameter in
the fit, as well as uncertainties due to the various corrections listed
in Table V. However, the errors do not include uncertainties due to the
model-dependent nature éf the results.

It is clear from the fit pérameters that for a given bremssfirahlung
gpectrum the rho width increases as cne moves away from the endpoint.
This is most likely due to an inelastic contribution which increases as
one moves away from the endpoint. This inelastic contribution has hot
been included in the mdédel used to fit thé data and could influence the '
results. Even near the endpoint energy the widths tend to be somewhat
large compared to the world average. For this reascn fits were made
constraining the width and mass to the "accepted" values. There is some
disagreement as to what the rho parameters in fact are, and they may

vary from reaction to reaction. The Particle Data Group list gives
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TABLE VI

201

r [y

Mp , T'p . SLOPE - BACK NORM do” /at. ) 2 x%
MeV/e Mev/e (Gev/c) ub/(Gev/c) o

780 £ 5 185 + 8 8.57 + 0.34 1.79 £ .10 129 + 8- 10k £ 11 18.5 25.9
765 145 8.73 £ 0.3 1.65 = .06 104 = 13 1ok ¢+ 10 L8.2 25.9
779 £ 5 193 £+ 81 8.00 % 0.32 1.72 £ .10 i3k + 8 108 + 11 27.8 1%.8
765 145 8.17 + 0.33 1.72 £ .05 102 . 0 3 103 * 10 7.8 18.2
790 + 5 220+ 91 6.10 * 0.33 1.67 + .10 133 #+ 9 o + 11 17.9 20.6
765 145 6.52 = 0.33 1.62 t .05 92.8 £ 3 95 £ 9 114.5 21.2
7L 25 166 £+ 8 7.0 £ 0.46 1.68 + .1k 112 = 9 99 + 12 ok .6 13.0
765 145 T7.50 £+ 0.46 | 1.68 + .07 98.2 + 4 99 * 10 29.2 13.0
783 + 6 PO6 + 11| T.M1  0.46 1.68 ¢ .13 1o % 12 104 £ 13 13.7 29.9
765 145 7.76 £ 0.45 1.67 + .06 102 £ b4 104 + 10 51.1 30.7
T4 + 8 231 13 5.70 + 0.50 1.81 = .16 153 £ 15 105 £ 14 30.8 23.3
65 - 145 34+ 0.50 1.85 £ .06 102 & & 106 + 10 Ly .9 23,4
T+ 7 186 = 7 8.70 * 0.31 1.56 £ .10 505 + 28 403 + 45 20.7 30.8
765 - 145 8.81 £ 0.32 1.50 * .05 394 £ 11 394+ Lo 53.3 30.6
780 £ 4 1908 + 7 6.69 £ 0.29 1.69 + ,08 bgo 27 369 + L1 3.4 ob.7
765 145 6.85 £ 0.28 1.69 + .04 365 10 36L + 36 96 .4 25.0
781 t h 203+ 8 5.83 £ 0.29 1.51 £ .08 480 + 26 352 £ 39 30.1 27.7
765 145 6.08 + 0.29 1.54 & .0k 36+ 10 U5 35 96.9 26.7
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TABLE VI

Energy Mp I'p Slope dUO/dt
gzgge Mev/c2 Mev/c2 (Gev/c)-e Back Norm ub/(GeV/c)2 Con. Level
g 765 £ 5 136 + 9 9.3 1.1 1.81 + 0.2k 111 * 15 118 + 18 .99
H, 772 140 9.3 1.90 £ 0.13 110+ 5 113 £ 10 .25
9 769 * 3 155 + 13 30.6 £ 4.9 1.79 + 0.26 Ls2 + 59 373 + 55 .98
D, 772 L0 | 30.6 1.98 + 0.1k 391 * 23 378 + 3 Rite}
Mp = rho mass in MeV/c

i

T'p = rho width at Mp in Mev/c

Slope = exponential slope in {(GeV/c)~

Back = amount of s8ding required

dg®/dt = forward differential cross section in pb/(GeV/c)
Norm « do©/dt

Con. Level = confidence level for the fit

X°m = chi-square for mass projection (20 bins)

X2t = chi-square for t projection (20 bins)

*The Dot' distribution is fit to an exponential times the Glauber form factor.

for the exponential.

This is the slope
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do/at, is shown for .5 <M__ < 1.0 GeV/c®. The solid line is

the result of the SbBding fit.
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Fig. 25--n+1t" mass spectrum for the reaction rp 4:’:"’:{‘1).

The solid curve is the result of the S8ding fit.
(a) 0 <t' <0.15 (GeV/c)e, (b) 0<t'<0.3 (GeV/c)2
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mp = T70 * 5 MeV/c® and Tp = 146 * 10 MeV/c®.

As has been seen, fixing the rho width and mass has almost no
effect on the forward rho cross section and only a small effect on the
dop/dt slope parameter. Figures 24 and 25 show the projections of
dgaﬂﬂ/dMﬂﬂdt onto the daﬂﬂ/dt and dam/dMm axes. The solid line repre-
sents the fit values for the fixed width énd mass. Figures 26 and 27
show the comparison between the "best" fit and the "constrained" fit
for the reasction yp — x'n~p within the momentum byte 14-16 Gev/c. The
"rho" differential cross section values are obtained by using the fit-
ting function to determine the rho fractionrof each event.

S8ince only a fractiﬁn of the phase space 1s covered--dipion mass
range 0.5-1.0 Gev/c2 and t' range 0.0-0.3 (Gev/c)z—-obtaining eross
section values requires a correctién to be made for the restricted
phase space. For this reason two pseudo cross sectioms, dEYdMﬂﬂ and

dgydt, are defined.

e d 2

do _ (0.3 d’g

== o (m) at (6.1)
nr T

do 1.0 [ &%

= = Jos (————————dmmdt) am__ , (6.2)

For the dipion case these quantities are particularly useful in that
they are model-independent and can be compared directly to other experi-
ments. ¥For the rho case, the cross section values dap/dmﬁﬂ are obtalned
from these pseudo cross sections by using the slope parametef to correct
for the finite t range, while dcp/dt is obtained by normaiizing to
@op/dt)t=o as defined in Chapter V (5.13). These values are meaningful

only in the context of the S8ding model used in the fit. Tables VII-XI
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Fig. 26--The effects on dg/dt' due to constraining the p mass
and width are shown. {a) the width and mass of the rhp fixed
to nominal values of T = 145 MeV/ce? and M_ = 765 MeV/c<,
(b) the width and the mass allowed to be completely free
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Fig. 27-~-The effects on dc/de due to constraining the p mass

and width are shown. (&) the width and mass of rho fixed,

(b) rho width and mass lels Tron
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601

7Y+ p— rc+r(-+p at 16 GeV

Table VII

d?ﬂﬂ/dt' ub/(cev/c)2 d?p/dt- p.b/(Gev/c)2 *
(éévﬁigg 14-16 12-14 10-12 14-16 12-14 10-12

0,000 - 0.015 |105.9 ¢+ 10.8 |117.6 * 11.7 |116.3 £ 11.9 83.6 +9.2|84k.5¢ 9.9i82.2 +10.0
0.015 - 0.030 | 79.6 + 8.4 1| Bs.kh ¢ 9.0} 97.2 + 10.2 66.1 £+ 7.8167T.4 +85f70.1 ¢+ 8.9
0.030 - 0,045 | 69.4 ¢ T.7{ 75.1t 8.1 ] 75.0% 8.4 54.1+6.7]61.9x8.0{53.8+ 7.3
0.045 - 0,060 | 56.6 + 6.6 704+ 7.8} 88.1¢ 9.7 51.8 %+ 7.1{ 4B. T+ 6.5160.0% 1.5
0.060 - 0.075 | 8.8 7.0] 56.7+ 6.6 | Th.2 £ B.7 WE.T 2 6.0 W61 + 6L |52.6 ¢ T.5
0.075 - 0.090 | 45.8 ¢+ 5,91 sh.gr 6.7 64.0 ¢ 7.9 B9 +t58|4w.B8+t6.9[L5.9% 6.9
0.090 - 0.105 | k3.5 + 5.8} 43.5+ 5.7 60.3¢ 7.7 27.5 + 5.4 40.1 + 6.8 |L0.1 £ 6.0
0.105 - 0.120 } 33.1 ¢+ 4.B} Lh.gx 6.0] Sk.0* 7.3 w7 £6.0/4Bs528.5139.9+ 6.3
0.120 - 0.135 ] 31.6 £ 4.8 35.2'1 52| 43,3+ 6.4 29.9 + 5.3 37.L 6.8 13k.h x 6.7
0.135 - 0,150 | 29.1 ¢+ L4.5{ 29.L + L.B| 41.T* 6.6 2.8+ 6.3]23.1+L4.2]31.6¢ 5.6
0.150 - 0.165 | 19.3 ¢ 3.5 25.1 & L.k | 37T.1 £ 6.4 23.1tLk.g{22,5+L.5}|27.82 5.k
0.165 -~ 0.180 | 187+ 3.7] 23.9 L.L| 35.0% 6.2 L.5+ 3.1 17.8x3.7T|30.2% 6.6
0.180 - 0.195 | 19.3 ¥ 3.7 21.6 £+ 4.3 La.2 2 7.7 258+ 58)1b.3t3.2)32.5 6.9
0.195 - 0.210 } 14.02 3.2 22.3% 4.7} 29.5* 6.6 12.7 £ 3.2 22,0+ 5.7{23.1 ¢+ 6.2
0.210 - 0,225 [ 16.9+ 3.8t 2bh t 5.0 26.9 £ 6.k 17.2 2 Lh.1les.ht6.2123.9 6.4
0.225 - 0.2450 | b0+ 3.5] W8 3.9 208+ 5.9 9.9 +2,6110.7 32114 4.2
0.240 - 0.255 | 11.4 t 3.1 13.6+ L.0] 25.7¢ 6.9 11.6 + 4 0f12.6 t4.8]16.,1 ¢ 4.9
0.255 - 0.270 1 13.1 ¢ 3.5] 13.9% k.2} 125t h.9 2.5+ 3.9 9.5+%3.2] 9.6* 3.9
0.270 - 0.285 | 2.3 % 1.4] 10.2% 3.91 11.k £ L.7 2.5+ 1.5 9.0%3.6{12.1% 5.5
0.285 - ¢.300| 10.8+ 3.4} 10.3% L.3{ 16.1 ¢ 5.9 11.2 £ ho}l 7.2+ 3.9118. 7 8.0
X dg’p/dt' = cm* da‘p/dt' cm 1.255 1.255 1.255




Table VIIT
y+p— ax +pat 16 Gev

01T

d&;ﬂ/dmﬁﬁ ﬂb/(GeV/cQ) dEp dm ub/(GeV/cQ) *
(ggg/§5§ 14-16 12-14 10-12 1k-16 12-14 10-12

0.500 - 0.525 [15.0 * 3.0 [12.4 £+ 2,2 |16.8 ¢+ 2.9 2.2%0.61 1.6 +0.3] 2.0 %£0.5
0.525 ~ 0.550 {14.3 + 2.8 {17.1 + 2.6 [25.0 * 4.5 2.7+ 06| 2.6 £0.5] 3.9+0.8
0.550 - 0,575 [14.1 £ 2,6 {19.2 £ 3.0 {21.5 * 3.5 3.1+ 0.7{ 3.9*0.7T( 3.8+ 0.8
0.575 - 0.600 {15.3 * 2.6 [18.6 £ 2,7{23.9 £ 3.8 ¢ Lo+t 0.8{ b1 +x0.8{ Lot 310
0.600 - 0.625 23,1 # 3.3 124.0 * 3.5 1 30.0 % 4.7 7.3+ 1.1) 6.7 1.1) 7.7+ 1.
0.625 - 0.650 {24.9 £ 3.4 j27.3 2.7 |34.6 £ 5.0 g.bh t1.3] 9.1 +1.k]10.6 £ 1.8
0.650 - 0.675 {27.9 £ 3.5 (3.1 £ 4,4 |38.8 £ 5.2 126 1.6 th.5+1.9]1k.2 x2.1
0.675 - 0.700 }33.3 + 3.9 J45.0 £ 5.2 | L6.1 £ 5.9 18.0+2.2|21.8+2.6120.2 2.8
0.700 - 0.725 (k5.3 £ 5.1 {407 £ 5,7 150.0 £ 6.0 30.0 x 3.4 ]29.3 ¢ 3.4 |26.0 & 3.3
0.725 - 0.750 (BT £ 5.2 |53.6 + 6.1 ]66.2 + 7.6 BT +£h.2138.2% 4L 014 4.9
0.750 -~ 0.775 {406 2 b6 |52.5 x5.9!62.0t 7.2 3.8 t4.4iks,3 25,1 k6N 5.0
0.775 - 0.800 | 38.4 £ 4.5 {36.0 + 4.4 |48.8 + 6.3 hk.3 & 5.2137.9L4.71L3.8+ 5.6
0.800 - 0.825 128,1 £ 3.7 §33.1 £ 4,3 132.5 + 4.7 39.0 £ 5.01k2,5 £5,5]135.3 £ 5.0
0.825 - 0.850 [1B.s t 2.7 |1T.2+2.6|28.2 £+ 4 3 315 xLh 5127 t 21366954
0.B50 - 0.875] B.ot ik 12,32 2.2]18.5 + 3 16.8 £ 3.0}2s,1 £4,1]28.84+ 5.0
0.875 - 0.900 | 6.4 1.3 6.1 +1.6{11.82%24 16.0 x 3.L | 1.2+ 3,4i22.4 +4 3
0.900 - 0.925 | 5212 | 422t1.3] 96 2,2 6.4 £ 3.7 124 + 3.3]|21.8 4.7
0.925 -.0.9%0} 3.6t 1.0 3.0 .9| 7.6¢t1.8 13.0 £ 3.6111.6 £ 3.4 | 22,0 £ 5.0
0.950 - 0.975} 2.3t 0.8) 3.6 1.0} L.5 1.6 10.6 3,61 17.5 £ 4.9]15.6 £ h.g
0.97% - 1.000| 2.9 0.9 4.8 14| 58=* 2.0 15.7T £5.0({ 27.9 2 7.3123.7 £ 7.1
*do fam = CT* @ fdm CT 1.079 1.0G4 1.165
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Table IX

y+p— a'x” + pat 13 Gev

da;ﬁ/dt‘ ub/(GeV/c)2

a¥ fat" uo/ (Gev/e ) *

t' BIN 11-13 9-11 7-9 11-13 9-11 7-9
(Gev/e)2
0.000 - 0.015 | 93.6 + 10.1]106.6 * 11.k 123.9 * 13.6 T72.0 + 9.2 186.3 £ 11.2] 96.1 + 16.8
0.015 - 0.030 | 81.4 + 9,2} 101.0 £ 11.0} 125.3 % 14.0 646 + 8,3183.2 £11.5] 78.8 £ 10.9
0.0%0 - 0.045 | 65.9 * 8.0] 83.0% 9.6 92.7 £ 11.2 59.9 * B,7{62.9 * 9.0{ 62.5 ¢ 10.1
0.045 - 0.060 | 64.5 + B8.0] 83.2 £10.0] 81.2 % 10.5 58.8 + 9.5]€0.6 + 8.3]1 59.3 » 11.3
0.060 - -0.075 ] 63.3 ¢+ B.2{ 51 T.1] 78.1 ¢ 10.3 56.1 % 9,1 133.8 5.71s8.3+11.%
0.075 - 0.090 | 44,9+ 6.5 k6.1 + 6.91 71.2 * 10.3 L3k £ 7.5135.9% 65f51L.9 % 11.7
0.090 - 0.105 | b2.3 £ 6.5} 60.3+ 8.5] 62.0 9.8 38.0 £ 6.7 153.4 & 9.1} 384 = 7.7
0.105 - 0.120 [ }.B + 6.0y 38.6 ¢ 6.6 bh.0 % 8.3 28.3 £ 5,7126.T % 5.1] 42,3 + 1h.7
0.120 - 0.135 ] 36.3 ¢+ 6.2] 38.5 % 7.0} 40.5¢ B.5 P.6 2671407102282+ 7.8
0.135 - 0.150 | 27.5 £ 5.7} 385 T4} LO.T+ 9.3 22.2 5,0 246 £ 5.6 36.8 + 14
0.150 - 0.165 |27.1 * 5.9 37.7% 7.7} 4.5+ 9.8 25.1 ¢ 7.0 |28.5 ¢ 6.6/28.2 ¢+ 8.5
0.165 - 0.180 {25.5 £ 5.9 17.2 * 5.3} 20.3 % 6.9 22.7 + 6.5 ({13.3% h.s) 124 2 5.2
0.180 - 0.195 ] 19.3 £ 5.1] 20.3 % 5.9f k7.0t 12.2 21.3 + 6.7 |25.0 2 8.81 u5.7 + 21.5
0.195 - 0.210 ] 13.1 £ 4.5 2+.92 8.1 27.8+ 9.9 10.3 £ 3.7 149 2 L.9] 30.1 ¢ 13.h
0.210 - 0.225 | 13.9 ¢+ L.6| 164 = 6.2] 21.2 = 9.5 10.3 £ 3.4 [17.1 £ 7.8 10.9* 6.2
0225 - 0240 (181 2 6.0] 255+ 7.8 2.0 L.7 22.1 £ 8,4 [20.0 % 6. 2.6+ h4.6
0.2h0 - 0.255 | 23.5 * 7.5} 33.2 £10.5 17.6 £+ 9.7 15.6 £ 5.3 ]20.0¢ 8.3] 8.1+ 6.2
0.25 - 0.270 1868 6.2} 1B.L £ T.7] 20.7 £ 13.3 20.7 £+ 7T.8119.6 ¢ gkt g B+ 7.5
0.270 - 0.285 | 5.0 % L.1} 13.7 % 6.9 0t 5,1 Lo+ 3.3]1.1 % BL| 0.0+ 5.2
0.28% ~ 0.300 | 13.9 £ 6.7 Bh = 6.9 .0t 6,6 11.5 5.6} 6.L £ 5.1] 0.0 .2
. dap/dt' = om* aED/dt' cm 1.257 1.257 1.257
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Table X

¥+ p -+ o+ p et 13 Gev

d'&'ﬂﬂ/dmmt ub/(GeV/ca) da‘p/dmﬂTf ub/(GEV/c2) *
Mrn Blg 11-13 9-11 7-9 11-13 9-11 7-9
{Gev/c")
0.500 - 0.525 | 12.8 £ 3.1 | 16.9 % L.k | 19.6 £ 5.0 2.1 £ 0.7 2.4 £ 0.8 1.9 + 0.7
0.525 - 0.550 7.6+ 1.8 216kl |269=*8.1 1.2 £ 0.5 3.5 * 1.0 3.5 £ 1.3
0.550 - 0,575 | 20.1 = 4.3 [22.3 4.9 |19k + 3.8 L.6 1.2 bL.3+ 1.3 2.6 9.9
0.575 - 0.600 {15.1 % 3,3 | 22145 }|21.2 25.2 3.9 1.1 5.1+ 1.3 3.6 £ 1.1
0.600 - 0.625 |24.2 + 4,5 1234 £ 4.2 | 30.2 6.3 7.8t 1.6 6.3+ 1.5 | 6.6 1.7
0.625 - 0,650 [ 20.3 £+ 3.6 | 3.5+6.9 |43.37T.0 7.5+ 1.5 | 12.0 2,7 | 11.3 2.2
0.650 - 0.675 | 31.0 2 4.5 {37.5 6.3 | 45.2 £ 7.3 13.8*2.2 1 15.3+2.9 | 1.8¢+28
0.675 - 0.700 | 45.9 + 6.3 | 39.6 + 5.8 } 46.2 £ 7.1 25.0+ 3,6 | 18.9+2,8 | 18.3 ¢ 3.2
0.700 - 0.725 [ 54.0* 7.2 | 50.0 + 6.6 | 5L.5 * 7.3 35.6 £ 4.8 | 29.1 £ Lo | 247 £ 3.9
0.725 - 0.750 | 49.2 £+ 6.3 | 59,7 x 7.7 | 62.2 + B.5 BB Lh.g | k1.8 5,5 ] 36.8r5.2
0.750 - 0.775 | 50.7 + 6.4 {53.5 + 6.9 | 64,6 + B.7 L8.3 *+ 6.1 | 5.1 £ 5.8 | 47.0 ¢ 6.5
0.775 - 0.800 {29.5 + 4.1 | 39.6 + 5.8 | 86.6 £ 7.5 3.2+ 4.8 [ 4o 5.7 [ 419t 6.7
0.800 - 0.825 298+ L.5 | 2906 +th.9 | 21.2 k.2 1.9+ 6.3 | 36.6 £ 5.9 | 24,2 £ 4,6
0.825 - 0.850 §18.3 ¢+ 3.4 | 23.9 £ 4.3 | 23.9 ¢ 5.4 3.2 £ 5.6 | 36.0+6.3 | 33.7T+7.1
0.850 - 0.875 j13.522.9 | 12.6 £ 3.1 ] 19.1 £ 5.} 28.0+5.8 {227 +5.5 | ™.0t 8.2
0.875 - 0.900 | 6.6 2.2 | 10.3 £ 2.6 | 10.1 + 3.2 6.1+ 4.8 ]|23.225.6 |23.0%6.7
0.900 - 0.925 L,7 £ 1.4 5,2 + 1.6 9.9 + 4.0 16.1 4.6 1 15.0x 4.4 | 28,1+ 0.5
0.925 - 0.950 2,2 £ 1.3 5,1 + 1.7 6.3 £ 2.7 7.0+ 4.2 | 185 +5,6 | 26,2 4% 9.3
0.950 - 0.975 2.2 + 1.0 7.8 2.8 7.1+ 4.0 10.5 + L.B | 29,6 £+ 9.8 | 32.0 £ 16.1
0.975 - 1.000 | 2.0x1.1} 1.6*1.0{ 0.5 *1.1 11.3¢5.9 [ 9.5+£5.1 | 5.8+ 5.9
* 4o fam = CT* &5 /dm c¢T 1.118 1.108 1.08g
o] nn o) nn
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Table XI

yd = tn"pn

a5 et ub/ (Gev/e)?

~ 2
daﬂﬂ/dMﬂ“ ub/{(Gev/c®)

t' Bin 14-16 12-14 10-12 My BID 14-16 12-14 10-12
(GeV/c)E (GeV/c?)
0.000~0.015 |253 %26 27 28 287 129 0.500-0.525 [18.8+4.2 | 21.9% 3.7 | 33.6* 5.4
0.015-0.030 {180 *20 192 %20 192 22 0.525-0.550 |19.1+3.8 | 31.3t 4.8 | 43.2% 7.3
0.030-0.045 l1k2 #16 164 18 164 18 0.550-0.575 | 26.5%4.6 | 36.5% 5.0 | 36.3% 6.0
0.045-0.060 |10k =12 123 #1k 151 #17 0.575-0.600 | 36.8+5.5 | 39.6+ 5.9 | 4B.7+ B.2
0.060-0.075 { 87.1+11 105 #12 115 *14 0.600-0.625 | 35.2¢5.1 | 51.1* 6.4 | 50.2%¢ 7.7
0.075-0.090 | 77.8%10 8h.7#10 111 1k 0.625-0.650 | 41.8+5.5 | 52.2¢ 6.5 | s4.7¢ 7.8
0.090-0.105 | 57.6%+ 8.2 | 72.0% 106 *1k4 0.650-0.675 | 53.9¢6.6 | 73.8t 8.8 | Th.5% 9.3
0.105-0.120 | 59.1t 8.5 | gh4.9+12 83.0t11 0.675-0.700 | 60.9+7.2 | 67.7t 8.2 | 87.6%10
0.120—0.135' W77+ 7.3 | 57.1= 8.6 | 90.3%13 0.700-0.725  83.0£9.3 | 93.9%11 112 +13
0.135-0.150 | 34.2% 6.3 | 56.5¢ 8.7 | 8l.6%12 0.725-0.750 | 86.8+9.3 115 213 116 113
0.150-0.165 | 27.7+ 5.6 | h1.9t 7.4} 56.1%10 0.750-0.775 | 81L.1%9.2 [109 #12 116 #13
0.165-0.180 | 2.2+ 5.2 | bb4.8+ 8.1 | 35.k+ 7.9 0.775-0.800 | 63.7+7.5 | 67.3% 8.3 | 89.3#11
0.180-0.195 | 30.0+ 6.0 | Lkk.6x 8.5} 55.8411 0.800-0.825 { b7.846.1 | 55.6% 7.3 | 60.6% 8.1
0.195-0.210 | 25.1% 5.6 | 41.8% 8.3 | 45.2%10 0.825-0.8501 34.9%4.8 | 32.8% 5,1 38.5¢ 5.9
0.210-0.225 | 26.4% 6.0 | 37.4% 8.3 ] 47.0%11 0.850-0.875 [ 16.3+3.1 | 27.0t k.6 | 35.0% 6.0
0.275-0.240 | 21.2% 5.4 | 26.2¢ 6.8 | 31.9* 9.3 0.875-0.900 | 14.922.8 | 21.2% L.0 | 21.hx L4 3
0.240-0.255 | 10.8+# 4,0 | 18.7¢ 6.0 | 52.7%13 0.900-0.9257 T.2+1.8 | 12.8% 3.1 | 23.7t L .6
0.255-0.270 { 19.2% 5.5 | 16.0x 6.0 | 25.0t 5.0 0.925-0.950 7.8%2.1 A 2.0 1674 b1
0.270-0.285 | 15.3* 6.0 | 22.1% 7.2 | 30.8% 9.3 0.950-0.975 ! T7.4%2.0 5.0t 1.6 8.3t 2.6
Hmp.285-0.300 3.2¢ 2.7 ] 24.85 7.7 17.5¢ 8.3 0.975-1.000{ 3.9%1.2 5.9+ 1.8 9.2+ 2.7




give the pseudo cross section values for dipions and rhos, as well as
the two corrections to be applied for rhos to account for the finite
phase space accepted.

Figures 28 and 29 show the forward cross-section do/dt(yp —+p°p)[t=o

and the slope parameter as functions of energy. Only results obtained
by using the S8ding model were included. This was done since both
g8lope and cross-section values are sensitive to the model used. The
forward cross section appears to fall with energy and levels off
around 8 GeV. Here we use only our bremsstrahlung points near the end-
point to reduce inelastic effects as much as possible. Further, as
mentioned earlier, an inelastic correction has been mede in determining
our total cross sections.

™e situation with the slope parameter as a function of energy is
even more interesting. If one omits our data points, it appears that
rho photoproduction exhibits no Regge shrinkage. Since Pomeron exchange
is expected to dominate this reaction, one expeects behavior similar to
other pomeron-dominated reactions. Several such reactions, like K+p
and pp elastlc scattering, do show shrinkage; while others, like nip,
K"p elastic scattering, show little 6r no shrinkage. This apparent
contradiction has been resolved in the case of ap elastic scatiering by

32

iﬁcluding a small amount of P' and p exchange. A similar analysis is
appiicable to rho photoproduction. With the addition of the results
from this experiment the data now seem to favor shrinkage; however, the

€3 It must be

error bars are large enough to allow other interpretations.
noted that most of the low energy data are from bubble-chamber experi-

2
ments which have events mainly with t' > 0.02 (GeV/c) , while most of
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the high energy experiments are "counter" type and cover a t' range of
0.0 - 0.2 (GeV/c)e. As observed in other reactions, a difference in t'
range could give slightly-:different results for the slope. It will be
interesting to see what happens at still higher energies like 100 GeV
at NAL.

Next the results of the density matrix element fits are presented.
Figures 30 and 31 give the results for production off hydrogen at 13
and 16 GeV gespectively, while figure 32 gives tﬁe results off deuterium
at 16 GeV. The results of fits from our previous experiment af 9 GeV

49

using a quasi-monochromatic photon beam ~ are given in figures 33, 34
and 35, 36 off hydrogen and deuterium respectively. The predicted
velues which are shown as X on the figures are thg values of the Py j as
predicted from the Pyy found in the other frame. This was done to
ensure that a false solution was not accidentally.found during the fit-
ting procedure. Several conclusions can easily be drawn from the five
figures.

First,:the behavior of thé pij's in either the HELICITY or the
JACKSON frames is almost éompletely energy-independent. This is some-
what remarkeble when one considers that on an event-by-event basis we
have no way of separating elastic and inelastic reactions. As discussed
earlier, thé energy distriﬁutions indicate an increasing inelsstic con-
tribution as one accepts events farther from the endpoinf‘of the brems-
strehlung spectrum. This lack of energy-dependence in the pij seems to
indicate that both elastic and inelastic reactions in the rho region

proceed by a similar production process. However, as was shown in the

case of the mass spectra, this is not completely the case.
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Fig. 30--Reaction yp -+p°p: the density matrix elements as a function of
t' in the HELICITY and JACKSON frames for 0.67 < My, < 0.87 GeV/cZ. The
results are shown for the energy bins (9,11) and (11,13) from the 13 GeV
-endpoint bremsstrahlung beam. The predicted values for the p 3 in ore
frame are based on the values for pj, as obtained from the fi% in the
other frame. The 9 GeV points are tﬂe same as in Figures 33 and 34
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Fig. 3l--Reaction 7P — pop: same as Fig. 30 except for the energy bins
which are (12,14) and (1k,16) from the 16 GeV endpoint bremsstrahlung beem.
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Fig. 32--Reaction yd — pod + oopn: seme as Fig. 31
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Fig. 33--Reaction yp — pop: the density matrix elements
2

as a function of t' for 0.67 <M__ < 0.87 GeV/c™ using

the 9 GeV quasi-monochromatic proton beam. JACKSON FRAME
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Fig. 35--Reaction yd — pod + popn: same as Fig. 33
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Another interesting question which can be answered by locking at
the pij is in which frame, if any, helicity ié conserved between the
photon and the rho. In this preferred frame all of the pij's are expec-
ted to be zero, and the decay angular distribution of the rho 1s expected
to be sin28. It is clear from the figures that for the energy range
covered by these experiments ( 9 GeV - 16 GeV) and for t' out to 0.3
(GeV/c)2 helicity is conserved in the HELICITY frame and not in the
JACKSON frame. Thus, over the range covered by these experiments s-
channel helicity is conserved for rho photoproduction.

Thirdly, the density-matrix elements for rho photoproduction have
the same behavior off deuterivm and off hydrogen. Experimenters have
always assumed s-channel helieity consafvation for rho photopreoduction
off complex nuclei, and this adds confidence to that assumption.

Finally, several of the constraints due to the physical nature of
the density matrix elements {see Appendix B) are violated on the order
of 1lg - 20. The worst offender is Poo which must be non-negative. A
careful study of the data, our acceptance, and the fitting procedure
indicated that the preferred negative values for Pao wereldue to regions
of cos6 at the limits of our acceptance. Thus one could éssume that
small error in the acceptance calculation could be causing the problem.
However, we have carefully studied the acceptance and believe we under-
stand it. Another interesting observation is that bremsstrahlung
photoproduction experiments in both bubble and streamer chambers also
show to a lesser extent this same effect for small t'. In these experi-
ments there are no possible acceptance problems. Possibly this effect

is due to some form of inelastic contamination. HKowever, in that case
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Tsble XII

yp = 0°p Density Matrix Ezsments {unconstreinsd)
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0122 7 gong <0uSM6 T gifey 0.2 T ghvs 02357 gnigy 032 T N 0415 7 glo83
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Teble XIII

yp = p°p Density Matrix Elements {unconstrsined)
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*This i{& chi-square for the unweighted, projected distribution/the nurker of ronzers bins
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Table XIV

yd = pnpn Density Metrlx Elements (unconstrained)
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+ 0.0L3 + 0.051 + 0.039 + 0,06 + 0.090 + 0.031
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Soo (mess:) 0175 T glogy 00T I glzer 09% oms 02T o ©3* Lol 0% oloss
+ COHL + 0.043 + 0.037 + 0,04k + 0.0% + C.0u6
4y (meas.) -0.112 o ob1 06 T 0.043 0.106 0.0%8 0.167 ~ 0.052 0.14C 0.033 0.187 _ 0.061
+ 0.0L3 + 0.05C + 0.051 + 0.089 + 0.042 + 0.069
Reey (meas.) 6.113 o.u3 0.154 et o.ek2 7 bt 0.327 " 0.09 0.251 _ 0,049 £.160 _ 0.cub
“ . coso ¢t 13.2/16 13.4/17 21.8/18 16.1/18 5.4/18 23.3/19
2 s 26.8/20 8.0f20 22.7/20 L2.of20 16.5/20 13.9/20
Confidence Level:  O.Lb C.20 o.Lg 0.12 0.27 0.10
Number of Events: 382 30 322 325 363 ask

*This 1s chi-square for the unweighted, projected distribution/the numter of nonzerc bins
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Number of Events:

oo (mens.)

o, (mens.)
Reo, (meas.)

X2: coseu“'

X2:0 *
uw

Confldence Level:

0.0 = 0.01 0,01 - 0.0225 0.0225 - 0.0k 0.0% - 0.07 0.07 - £.13 0.13 - 0.30
< E,r < 16 Gev
EELICITY FRAME
+ 0.182 + 0.068 + 0.087 + 0,071 + 0.0% + 0.1b
0.06 | J'og, 0.028 ~ e 0.086 7 0.050 0.001 T ooy 04000 T glonn 0010 T oy
. + 0.076 + 0.045 + 0.045 + 0.019 + 0.027 + 0.058
1 =0.006 | 4037 -0.026 | oioun "0 [ 5 oed 0.056 0.0 293 . glog0 0.0 T o
+ 0,051 + 0.005 + 0.045 + 0.017 + 0.010 + 0.087
0.04T T 085 0.061 [ o'y 0120 | 5lpes .00k | otora <0000 T olane <€:C33 . glgus
19.2/18 18.8/18 18.9/18 18.8/18 14.2/18 7.4/18
24.0/2c 25.9/20 21.1/20 i1.5/20 14 .0/20 16.6/20
0.17 0.7% 0.37 0.85 0.87 0.32
235 233 257 304 305 215
JACKSCK FRAME
+ .12 + 0.090 + 0.08% + 0.0T7 -y + 0.081 + 0,093
0.08 7 0.06 0.212 7 0.083 0.264 7 0.088 0.281 7 6.0 0.257 7~ 0.079 0.360 _ 0.167
+ D.042 + 0.037 + 0.0% + 0.030 + 0.030 + 0,030
0.016 ~ 0.0k3 o..d‘o - 0.037 0.075 0.037 0.05% " 0.0%2 ¢.138 ~ 0.0 0.195 ~ 0.029
+ 0.029 + 0.023 + 0.017 + 0.00T + 0.01k + 0.0%0
0.08 7 0.0%8 0176 " 8.002 0.179 0.025 0.197 _ 0.003 C.5k T 0.015 0.106 7 5020
8.9/16 91.5/16 17.0/17 B.6/18 15.0/18 20.0/18
22.1/20 20.5/20 ¥%.2f20 16.4/20 18.1/20 13.3/20
0.5% " 6.80 0.07 0.4b 0.76 0.35
253 248 263 24 i 243
12<E < 4 Gev
HELICITY FRAME
+ 0.098 + 0,052 + 0.075 + 0.05% + 0.05% + 0.038
o.00e % 0Ton 0.0 7T N 00537 glap 008 T gToag 0-030 [ oloan 092 L gl00a
+ 0.04% + 0.048 + C.043 + 0.040 + 0.01% + 0.052
-0.005 % 0'012 0087 (Toln 0.007 T glgas <0031 glom 06T olyy 0089 | ogly
+ 0,032 + C.010 + 0.009 + 0.006 + 0.042 + 0.060
.06t 026 000 gl 0087 D gl 03T olor 003 loms 2% . olar
18.0/18 27.0/18 19.4/18 19.6/18 12.1/18 13.8/18
18.5/20 9.7/20 27.2/20 15.4/20 18.6/20 41,0/20
0.12 0.85 0.1} 0.88 0.20 6.0
259 21 258 303 £k 220
JACKSON FRAME
+ 0.0% + 0.069 + 0,084 + 0.098 + 0.06% + 0.066
00137 5a7y 0.073 7 57033 0.260 7 0.085 0.268 7 0.075 0.465 ¥ 0.073 0.5k ¥ P
+ 0.0k5 + D.0L7 + 0.037 + 0.033 + (.024 + 0.017
g1l T tuz 0-938 ] plng 0.096 " 5o3y 9830 glga3 03B T o, 0T8T 5l
+ 0,01 + 0,05 + 0.015 + 0,029 + 0.015 + 0.007
0.03%0 _ o.oh!? 0.103 7 J'0d 01T " gloz 0157 Dolosg O19T Loloed 193 . g.o10
11.8/16 13.6/17 21.7/18 12.2/18 26.9/18 15.0/18
15.5/20 3.5/20 213.3/20 27.1/20 1k .2/20 40,1/20
0.5 o.80 0.25 0.26 0.20 0.5%
251 212 261 250 322 220

Humber of Events:

*Tnis 1s chi-square for the unweighted projected distrivution/the number of

Table XV

yp — o p Density Matrix Elements {constrained)
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Table XVI

yp = ¢Op Density Matrix Elements (constrain=d)

*This is chi-square for the unweighted, projected distributiun/the number of nonzero bins
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0.C - 0.01 0.01 - 0.0225 0.0225 - 0.0k 0.0k - 0.0 0.07 - 0.13 0.1% - 0.30
11 SE <13 GevV .
HELICITY FRAME
. + 0.189 + D.OM1 + 0.1L8 + C.079 + 0,097 ey *+ 0.075
PO olnee 00 lolooo 90% L glog 00 U glgnz 04130 Glgrg 0:027 T gopy
+ 0.056  _ + 0062 + 0.062 + 0.057 + 0045 + 0.022
0001 | gtedy -009k T oteel -a.0e7 0.055 O-OM [ glggy 0.108 7 ool 0.006 T goes
+ 0.060 + 0.057 + 0.065 + 0.023 + 0,042 + 0.035
0015 5lo60 099 5lo% 0.054 7 0.050 %5 glos 06T glga 0.0k T 0.019
19.9/18 20.2/18 12.0/18 21.218 13.0/18 22.1/18
22.0/20 Lg.3/20 By .2/20 16.7/20 28.9/20 20.8/20
0.3 0.90 a.06 0.48 0.56 0.53
128 13t 132 178 185 129
JACYSON FRAME
. + 0.15% + £.079 + 0.139 + 0.096 + 0.068 + 0.080
-t 00787 otorg 0-0887 '3 0897 il 0.206 7 0.085 061 glon  0-%2 T o078
. + 0.057 + 0.059 + 0.0L9 + 0.0L6 + 0.029 + 0.028
002 o3 06 olkp O0F Tolose O3 T ol O30 loleas 01887 oo
+ 0,046 + €.022 + G084 + 0.021 + 0,063 + 0,034
0089 _ olosy O gl O35 D glogr O3 Lol 9199 glo30 9979 glods
15.4/17 31.3/18 25.2/18 27.1/18 21.7/18 13.2/18
22.4/20 10.5/20 24.5/20 2.1/20 15.8/20 15.7/20
0.% 0.85 0.07 0.25 0,02 .76
135 13t 132 178 185 129
9 <E £ 11 Gev
HELICITY FRAME
. + 0.0 + 0.072 + 0.0T% + 0.069 + 0.056 + 0,111
PO oy 0% L gloes 0907 Dgloor 0093l gigif %0 Uoigee 0091 | 5lao1
. . + 0.059 + 0.048 + 0055 _ + 0.03% + 0011 _ + 0.078
1-0.055 7 plosg  0.003  gloes 0.026 " gnls ~C.119 T o7y 0.031 7 o027 0% T 5580
+ 0,053 _ + 0.020 + 0,020 + 0.070 + 0.003 + 0.069
0.019 7 o'0a% 0.0% ooz OO gleee 013 olgra o.0i0 ¥ 0,003 - 5lopg
11.8/16 30-1/17 . /1T 21.5/16 31.0/17 8.2/16
+ 16.3/20 17.6/20 15.7/20 15.1/20 2h.1f20 22.0/20
0.75 0.78 0.68 c.12 0.10 o.77
142 158 161 205 218 116
JACKSON FRAME
. + 0.120 + 0.058 + 0.08% + 0.076 + 0.082 + 0.124
P0.027 | gtag  0-0ME | oTad 0.18g ~ ootz O%89 _glpge 0318 | ylgmn 0433 | 5ling
N + 0.057 + 0,05 + 0.046 + 0.0% + 0.0 + 0.059
20,050 | gToce 0.0RT  5iacy ©-083 _ plgug 9-038 T g 0170 D olg3 9-0% | 5los6
+ 0,043 + 0.008 an + 0.016 + 0.02% Ly o+ 0,002 s+ Q04D
OOk T 5B O-OBT [ gloan 9139 [ glges O 1R _glgz O D glopy O1T2 L glore
13.0/17 26.9/18 15.8/18 15.2/18 14 .6/18 14.1/19
15.1/20 28.9/20 23.1/20 11.8/20 2c.8/20 18.4/20
0.3 0.09 0.61 c.58 0,06 0.62
e 158 161 205 218 116
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: =-0.011

+ 0.059
0.006 0.008
+ 0.033
- 0.037

+ D.017
- 0.010

~0.043

18.1/18

17.5/20
0.75

33

o.o10*

-0.064

[ 3

222 58

o
°
.
o
o
0

0.035

20.4/16

18.6/20
0.80
>3

+ 0.061
- 0.002

+ 0.033
- 0.018

+ 0.0
- 0.023

21.0/18

23.4 f20
0.28
B2

0.002
~0.061

0.003

00537 5228

+ 0.033
= 0.035

+ 0.006
- 0.008

13.6/16

26.7/20
0.T?
B2

0.077

0.0L - 0.0225

0.0285 - 0.0 0.04 - 0.07 0.07 - 0.13 0.13 - 0.0
< E, <16 GeV
HELICITY FRAME
+ 0.054 + 0.122 + 0.0T + D.06k + 0.112
0.012 7 y'ofn 0.01B7 5'5ig 00327 0.032 0.089 | g0 O-W¥B T 5T
+ 0.042 + 0.023 + 0,021 + 0.0% + 0.041
0.0 | glquy 0.0 0.0% -0.080 0.0% =0.081 .00 =G.OMT T 0.039
+ 0.015 + 0.01b + 0.005 + 0.046 + 0.067
0.0 5015 9T _ 5,033 0.08% _ 0.005 0073 _ 0.0u3 0.085 0.085
21.1/18 26.3/18 T.A4/18 19.9/18 13.7/18
16.4 /20 22.3/20 21.6/20 1.9/20 21.1/20
0.66 0.18 0.4 0.64 0.51
331 o 38 307 N3 199
JACKSON FRAME
; + 0.07TL + 0,077 - + 0,000 Lo, + 0,073 + 0.083
0135 | g.059 0.3 7 The, 0.337 o089 0741 oloB 0.483 7 0.095
+ 0,035 + 0,033 + 0.030 + 0.025 + 0.030
0.086 0.0% 0.064 7 0.037 0.0k T 0.0% d.11k T 0026 0.165 0.02%
+ 0.023 + 0,023 + 0.018 + 0.014 + 0.013
0.13t " 0.029 0.146 7 0.023 0.186 ° 0.0%1 0.1 oo 21997 o030
12.0/16 13.0/17 9.3/18 7.6/18 1%5.0/18
15.1/20 1 4 f20 19.4/20 6.~ v 27.2/20
0.88 0.37 0.68 0.68 0.%0
W2 318 07 13 21
12<E, < 14 GeV
RELICITY FRAME
+ 0.063 + 0.050 + 0.0% + 0.0u8 -+ 0.05%
0.000 _ glo00 O3 . glen 0085018 909 _gimg 9992 . o070
+ 0.015 + 0,039 + 0.003 + 0.015 _ + 0.062
0.007 _ goas 0099 glo3a  0.012  57n3 -0 oha " 0.037 0111 g
+ 0.007 + 0.063 + 0.081 + 0.00% + 0027
0.0007 513 00837 gl O0M T oo 02T 5oef 01T | oloi6
9.4/18 L7.7/18 1,818 30.4/18 h.5/18
T.4/20 2 .5/20 1h.5/20 14 .,0/20 ¥ .7/20
0.96 0.08 0.09 o.58 0.02
30 32 325 %3 254
JAGKSON FRAME
+ 0.06% + 0.0T1 + 0.073 o+ 0.066 + 0.069
0.0@ 7 g'ole 0-269 7 gioze 0305 T glors 0T D glorg O L glo78
+ 0.037 + 0.028 + 0.030 + 0.024 + 0.009
0.038 7 0.037 0,08 7 0.091 0.211 0.030 c.ae 0.025 0.161 | o'
+ 0,068 + 0.007 + 0,008 + 0.013 + 0,007
0110 | gloeg M5 Lotz %Mooy T .oz %10 - o.013
1b.1/17 23.4/18 14 19/18 9.3/18 - 23.8/19
8.0/20 22.7/20 L2.2/20 16.6/20 13.9/20
0.1 0.83 0.53 o.4T 0.13
30 322 325 363 25k

* This i8 chi~square foT the unwelght=d, projected distribution/the number of nonzers bims
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one would expeet the effect to be more prominent as one moves away from
the endpoint of the bremmstrahlung spectrum, and this does not appear
to be true.

Because some of the density matrix elements are non-physical, they
were also fit using the constraint equations. The results of both fits
are presented in Tables XII ~ XVII. As in thé cross~section parameters,
the errors represent a 0.5 change in the likelihood function while allow-
ing all other parameters to vary.

If one compares the ratio, Ry, of do / 29)  one can by the
H dt e dt

use of Glauber shadowing theory extract the amount of I=1 exchange.
The results of such a fit are presented in Table XVIII. While the amount
of I=1 exchange is not zero, for all but the 12-14 Gev fit, the values
are less than one standard deviation from zero. This is shown in Fig-
ure 37 where the solid line represents the case of no I=l exchange.
Probably part of the difficulty in extracting the amount of I=l is that
this amplitude seems to be almost 900 out of phase with the I=0 amplitude.
This results effectlvely in our seeing only Ial/aola which is quite small
even for non-negligible [al/aol. The similarity of the results as a
function of energy cut also shows that, as in the case of the density
matrix elements, the inelastic background in the region of the rho exhi-
bits rho-like behavior.

Finally, we make a few observations concerning vector dominance,
YDM. Without going through all the ideas presented in Chapter I, for
convenience we repeat some of the results and predictions. Starting with

the Pield-current identity:
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4.0 -
7.9-99 Gev
3.0 F -
2.0 + 'h+_ Y 1 -
! T
oL -
O L1 N T D U TS AN B NS N A G I
= T
40 -
10-12 GeV
3.0 —
2.0 4 —
N
,v'—':-t\ I.O I~ —
bl .
Bio 0 T N 3 [ T TR T S S SN TORY A N S B |
o
o I~ ]
—=._ 4.0
8"" 12-14 GeV
© 307y -
2.0 » f+_+_ 4 =
1.0 - -
0 [ SN NNV (NN U N DO TS NN H S S T N S NS |
r —
4,0 -
14 —-16 GeV _l
3.0 ' '
.+.
2.0 + —" ~ i -
1.0 F _—
g QLI S N o N O N O YN JUNURS Y O N M OO RO
9] 0.05 010 0.15
tl= |t-_t-mm‘ (GEV/C)Z 232CK

Fig. 37--The ratio of ditferential cross sections for yp —p°p and yd — %4 +
o®pn as a function of t'. The 10-12 GeV, 12-1k GeV, and 1L4-16 GeV data is from
the 16 GeV endpoint bremsstrahlung beam and the 7.9-9.9 cut is for the quasi-
monochromatic 9 GeV beam. A mass cut of 0.67 <M__ < 0.87 GeV/c? has been
made. The solid curve is the prediction for no 1% exchange in the t-channel
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Table XVIII

Fit to do/at(yd — o pn)/do/at{yp - p°p)

Energy Byte Ial/aol Cos® Al | A2 *2 ?:‘gzgz; Conii.i:r;ce
14 - 16 GeV | 0.00% £ 0’25 1 0.75 g:?; -0.0093 | 0.0355 | 16.3 31 0.99

12 - 1 gev | 0.27 8:%? -0.02 & g:ég -0.0051 | 0.0686 | 15.3 31 0.99

10 - 12 GeV 0.19 * 8:13 -0.05 t 8:%2 0.0030 0.0000 28.8 31 0.58
Al = Iai/aOI*Cos¢/DENOM

A2

I

2
|al/aol /DENOM

DENOM = 1 + [al/aO]2 + 2*[&1/30]*Cos¢




3, () =2, m= v 0 (x) (6.3)

one is led to the following relation between photon amplitudes f7 and

transverse vector meson amplitudes fv:

<7

f =elk (6.4)
v

¥

o

Ty

The Orsay colliding-beam experiment determines the values of the coupling
constants for q2 = mi > 0. For 72p/hn they obtain d.6h + 0.06. Photo-
production, on the other hand, uses vector domlnance for q2 = 0, and,
hence, is a test of the independence of the rho coupling constant on q2.

Using VDM and the optical theorem one can write:

o #1490
dg o, _Q ( ) pl .2
i P 0P) =T iy ( 167 )GpN (6-5)
where N is the total rho-nucleon cross-section and n, (~ .15) is the

ratio of real to imaginery parts of the amplitude. If one uses 27.6 £ 0.6

for the value cof UaN as obtained from an experiment on the rho photopro-
duetion off deuterium in the double scattering regicn at 18 GeV28 and

15

2 . .
the Orsay value for 7p/hn, one obtains a predicted forward cross sec-

tion for hydrogen of 113.5 * 11.5 ub/(GeV/c)e in good agreement with our
observed value at 16 GeV. If one also uses the quark model to relate

50

rho-nucleon to pion-nucleon scattering, one predicts:

do o, _@,2 -1{ fdo , + + i Mo, - - 2
at (P =ep) = (7 /kn) [2 5 (e =ap)+ 3 fa (tp—x p)]
! (6.6)
The predicted rho photoproduction differential cross section is plotted
together with the observed differential cross section in Figure 38. Here

51

we have used the data of Foley”  to obtain the pion-nucleon cross
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Fig. 38--The differential cross section as a function of t' for
reactions: (a) o 7p — 7p,(52) (b) & «*p — nip,(51) (c) e
yp = p%p (this experiment). All reactions occur in the energy
range 14-17 GeV
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sections. The agreement is really quite good. BRBolstered by our success
here, we also try to relate Compton scattering to rho photoproduction.

VIM prediets the following relation:

> \t :
d P15
%% (yp —=7p) = % e é (yp —=v°p) (E-;E) etV (6.7)
“D:m:¢

vwhere Ev is the amplitude phase. Due to the low w and § cross-séctions
and the difficulty of detecting w's, there is almost no data on these
reactions at 16 GeV. However, since the cross sections for these reac-
tions are so much smeller than for p photoproduction, and since the
coupling constants are much bigger, the p contribution to the right
hand side of equation (6.7) dominates. The cross section predicted

52

by Compton scattering” as given by equation 6.7 is also shown in Figure
8. It is clear from the figure that the shape is correct, but the
magnitude is wrong. Even if one includes the best estimates for o and

$ cross-sections’- at 16 GeV, one still needs a value of 0.40 for 7i/hﬂ
to obtain agreement. Figure 39 shows relations 6.6 and 6.7 plotted for
the forward differential cross section as a function of energy. Here
again we have used tﬁe results of Foley for the pion-nucleon cross-
sections. TFor the rho photoproduction cross sections we have used only
the counter-type experiments, and we have used the DESY and STAC Compton

52,54

scattering results. Again there is agreement in shape anéd megni-
tude for pion-nucleon and rho photoproduction, but there is only agree-
ment for shape hetween Compton scattering and rho photoproduction. One

explanation for this disagreement would be the existence of higher mass

vector mesons (p', p'", ete.) which couple strongly to the photon. The
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d
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Fig. 39--The forward differential cross section as a function

of 1lab momentum for reactions: (2) 7p - 7p: m DESY,('SA) A STAC
{Anderson, et al.),(se) A SLAC (Boyarski, et _q_];.),(52) {v) 7p —+pop:

=3
{ Cornell ,G‘ TH DESY-MIT,

(57)

e this experiment, (c¢) n*p —='p: X BNL
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strength of these mesons would have to be:

d
z — 3¢ P ~Vp), =10-304b

25

The existence of these mesons had been predicted by the Venezlano Model.
The first two had predicted masses of mp' = 1.3 GeV/02 and mp'' = 1.5
GeV/ce. Also, recent analysis of the nucleon form factor56 predicts
the existence of several new isovector and isoscalar vector mesons with
masses above 1.5 GeV/cg. Severel searches for such higher mass vector
meson have been made in the lgst few years ;overing the mass range
1.0 - 2.0 GeV/cz. (See Table XIX)
Three different technigues were used to search for such a p':
(1) Studying final state hadronic reactions. In particular
yp = 7w p
yp = x N n D

(2) Using a missing mass spectrometer and integrating over all
decay modes.

(3) Studying lepton pair spectra.

A SIAC experiment using the apparatus described in this thesis
studied 7Be —*ﬂ+n-Be.57 If such a p' exists onelwould expect 1t to be
coherently produced and readily observable if p' '+ﬂ+ﬂ- is a significant
Qecay mode. No narrow structure {width < 200 MeV) was seen up to 2 GeV.

Assuming singeﬂ distribution for a p' with mass = 1506 MeV

do -3 d?p Fi
& S0 ® FT =%

This same result was obtained by several experiments,58 inciuding a very

high statistics experiment by the DESY-MIT group.
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TABLE XIX

Experimental Decay Mass
Group Mode Range
H. Hicks et al., 1969 2n 1360 - 1780
G. McClellan et al., 1969  2x 1000 - 1800 y , 2 , I (22)T
F. Bulos et al., 1971 2n 1000 - 2000 ;P-— > 1 x 10 5
Y. Eisberg et al., 2n 1000 - 2000 P o
J. Ballam et al., 1970 2n 1000 - 2000
D. Earles et al., 1969 2u 1100 - 1800 '
— 2= Yy 2 r
S. Hayes et al., 1970 2u 1250 - 1900 -;P— > (5 —»20) o
p P

(The 1limit varies smoothly with mass; S5 corresponds to

to 1200 MeV.)

B. Anderson et al., 1970

ALL

1000 - 2000

1100 MeV whereas 20 corresponds

025 T,

2 (" )
2 (p) ' r

at P




Studies of yp — p'(4x)p gave more positive results.6o In this
case a total cross section ~ .9 ub is found for a p' —Ln with mp' ~ 1568
MeV, Tp' ~ 300 MeV.

A high statistics missing mass experiment done at t = -.2 (GeV/c)2
and 17 GeV/c photon energyél which because of the low t and high energy
should have been very sensitive to the existence of a p' with a mass up
to 2000 MeV, saw 1little if any structure. They found

do , _ .025 Tp' 99,

at f Te at

When compared with the Yn result one sees that the 4n decay must account
for almost the entire cross section.
Thus, there is evidence for a p' (high mess vector meson). The

' 2
cross sectional value is related to 7p, by

2
Tor © _glyp —pn) o' —mhx g

7, a(rp ~p'p) Tp'

_ 1 d
2
(o " fun) &

enough to satisfy relation 6.7. Since the existence of p' has been shown,

Thus (rp »p'pP) < 1 pb/(GEV/c)z, which is not nearly

there is no reason not to believe in a whole series of p'', p''' ete.
Although the existence of such a series of reéonances would satisfy VDM,
it would greatdly reduce the simplicity of the theory and make it much
more dlfficult to use. |

It will be interesting to see if an extension to higher energles at
NAL does reveal the existence of a series of p' required to éatisfy VDM.

At high energies; presumably pomeron exchange will be even more dominant,
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and the interpretation of the data essier. It will also be interesting
to see if the present indication of Regge shrinkage continues. Even at
present energies, rho photoproduction seems t§ be well described as a
diffractive process conserving s-channel helicity and is very similar
(except for magnitude of cross sections) to pion-nucleon elastic

scattering.
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APPENDIX A

This appendix is devoted to a discussion of the hodoscope testing
telescope. It will be shown that the test setup resulted in minimum
ionizing electrons passing through each test counter.

First consider the equation for energy loss by an electron passing
through matter. If the material has an averagé atomic number A and Z .
electrons and if the average ilonization potential is given by I, then

the energy loss dE/dx in MeV -_cmg/g is given by eguation Al.62

g ]

o hmec2 nmec2 1 5
-GE"/ax = —5— * 7 ¢ |Ia{——*(y-1) ¥ (»*1)%] - 1.h5p (a1)
B |

For scintillator Z/A = 3, end thus everything in Al is known except I.

To determine I, the experimental results for heavy, charged

particles passing through scintillator are used. Equation A2 gives the

b7

energy loss for heavy charged particles. This containg the same I and

hence A2 can be used to determine the ionization potential.
‘ hmec2 7 2me02
- = * =2 S R
dE /dx = 5 25| 5

- B (x-p) 1

- g? (a2)

Experimentally —dEH/dx)min = 2.03 (MeV-cm?/g) in scintillator. Thus by
solving A2 for its minimum I can be eliminated. Then the minimum value
can be used to determine 52. . Finally BE. can be used to find I.

nin min
When this is done, Biin = 0.924 and I = 23.3eV. Using this walue for I,
Al hecomes A3.

e
'gi _ 0‘1253 [?1.138 + In(1-7) + 0.5 In(y+1) - l.h53é] (A3)
B

13



This equation is plotted in figure 40 as a function of y = E/mec2. A3
has & minimum (-dEe/dx)min = -1.91 MeV—cma/g) for 52 = 0.9375 (y = 4.00,
E = 2.0k MeV). For 7y between 2 and 10 the curve is essentially flat
(+1.95 Mev—cma/g) while for y between 1 and 2 the curve can be approxi-
mated (deshed line) as -dE*/dx = 1.2/B2 + 0.8 MeV-cm?/g. The test

setup is repeated below for convenience.

Ru — Eh -+ Pd

Ru106 e [
é 106 106 106
L0 KeV 3.5 MeV
A B ‘

C D

e e +y
Test Counter
ti1 =1lyr t; = 30 s

2 2
The dimensions above are the "effective" amount of scintillator and
include the aluminum foil and tape used to wrap fhe counters.
Using our approximations, A3 can be integrated to obtain EI =
2.64 + Eh’ where EI is the initial electron energy and Fh is the energy

deposited in counter Ch. Let E, be defined as the energy of the electron

1
entering E and E, the energy of the electron exiting T. Then using the
fact that EI < 3.5 MeV due to the source and Eh > 0 to trigeger C,

limits can be placed on E, and E,. These limits are given by Ah.

2.670 < E, < 3.175 MeV
_ (AL}
1.695 < E, < 1.875 Mev

These limits are shown in Figure 40. (learly, to within several per

cent the entire range of energies seen by the test counter is minimum-

ionizing.
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L — 1El L A L DO S B B I /I/,
dE 2 s
i dx) vs ¥ and (3/13 ) /// i
/I
R - .
(i.2/32+0.8)///
8 -, —
//
[ » // —
) P
6~ - —
-~
» // —
-
4 — —
- Ronge seen by T _-j
2 |- —
-~ -

~ Energy lost in transversing T -

0 S N N S T N T T Y N I
0 4 5 6 7 8 =] 10

Y
(L.O) (10.0)

(V/82)
Fig. l\tO--d}I‘J/d.}fi electrons plot for thin scintillation counter telescope
used to test hodoscopes. T represents counter being tested. Solid
curve shows dE/dX(y), while dashed line gives dE/dX(l/Be). The test
counter range is shown to cover the minimum ionizing region of the
aE/dX curve
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APPENDIX B

In this section the three constraint equations, B12, B13 and Blk,
governing the density matrix elements will be derived. These equations
depend upon the Schwartz inequality relation B9 and several other rela-
tions which are & consequence of the density matrix defining relation,

Equation 4.3 which is repeated for convenience as Bl.

1 1
Pij © (@s 1) (s +1)

T - (B1)

. |
Aa, Wb, M T3Adsaers Tindsharb

Three properties (B2,B3, and B4) of the pij's follow directly from

Bl.
oy5 = Py (B2)
Pyy 20 | (3)
Det(pid) >0 (B4)

Relation B2 immediately reduces the number of independent complex
variagbles from nine to three comples (plo,plﬁl,p_lo) and three real
variables (DOO’pll’D—l-l)'

Two more density matrix relations (B5 and B6) reduce the number of
independent variables to two real (pOO and pl-l) and one complex (plo)-

1-3

p-i-j

Pyy = (-1) (85)-

Poo t P1pt Paap =1 (86)

Relation BS depends upon parity conservation and the cholice of the y
axis as norma)l to the production plane, while relation B6 depends upon

integrating B7, the angular distribution probability (w) over all angles.
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W = Eij pij Dij(e,¢) . (BT)

In practice only Poo’ P1-1 and ReDlO can be measured using a nonpolari-
zed photon beam (see 4.3). Using BS to get pyq = P_g.y ¥e can then use
relation B6 to obtain B8.

Pr1 T P11 T 2(2-pg0) (88)

The constraint equations depend upon B3, B4, B8 and the Schwartz in-
equality BO.
2
<

lpijl — pii pjj (B9)
Using B9 we obtain two relations Bl and B2 (plus the trivial rela-

tion | |2 < 2) Using B3 and BB we obtain a constraint B13 on
Poo! = Poo 7" oo~

Finally by expanding B4 we get B10.

“Poo Poo Poo

>
s—+t Py T L-FC Py.p) ¥ logol

>0 (B10)

Constraint B12 ensures that the first factor‘be non-negative and hence
so must the second. This leads to the final constraint Blk. Clearily
constraint Blk on Replo ig stronger than Bll; and, therefore, the set of

constraints used to fit the data was B12, B13, and Blh.

2 o
(Re(plo)) < ]oml < P11P00 = Poo (1-p00)/2 (B11)
2 2
lpl“l‘ S pllp-l-l = (l“ﬂoo) /h (312)
0 < pyy <1 (B13)
(Reo. )Z < loinl® < pon (Lmp -2p. )/ (1k)
ep1o) S Il = Poo VTPpo Pl
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APPENDIX C

The determination of the momentum of each track is based on the
assumptions that the trajectory can be deseribed as (a) a helix within
the magnetic field, (b) a straight line outside the magnetic field, and
{¢} that the fringe field can be repreéented by a simple lens at magnet
entrance and exit which results in a change of the dip angle at each
lens (see figures 17a and b).

The measured quantities in our experiment are (a) the track on
the exit side of the magnet and (b) a point corresponding to the inter-
action point within the target. There is only one trajectory through
the magnet which will satisfy these measurements, but it must be calcu-
lated by iteration. Figure 17e shows the geometry of the correct tra-
jectory. For that trajectory, triangies AACD and ABRCD are congruent
right triangles. Thus |

BD = AD = A (c1)
and .
BE 4+ FA = I, {magnet length) {c2)
Then if one introduces the parameter x defined in C3,
x = BE/L = A cosB (c3)
one finds that
1 - x = FA/L = A cosa.
If we define the function f£(x) as in Ch,
2 cosEB 2
£fx) = (1-x)" —5~ - x (ck)
cos O

then f{x) = O for the true trajectory. The iteration consists of
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selecting x=0.5, calculating point D from x and the straight line track
DA, and then calculating the angle B for the track on the target side
of the magnet. An improved estimate for X is determined according to

relation C6.

£2(x) =f(x -~ 8) = 0 = £(x) - £'(x)5

| (c6)
& = F(x)/f(x*)

In practice three iterations results in 8 < 10-5 ineches. This
final X is then used to calculate the angle B and the momentum.
The fringe field focusing is shown in flgure 17b. The radious 6f
the trajectory in the xz plane is caleulated from the angles O and B
(positive as shown in 172) according to C7.
R = L/(sinx + sinB) (cT)
Then each focel length f, {magnet entrance) and £, (magnet exit) is
given as in C8.
£y = R/TANB and f, = R/TANG (c8)

If the dip angle § is defined as in C9

tand = (dy/dz)/; [1 + (ax/dz)? (¢9)
then the change in dip angles at the magnet entrance and exit is given
&s in C10.
8, = & - yl/fl and &y = B, - ¥o/ts (c10)
Thus this algorithm takes as input the track seen in the chamber
package along with the assumed interaction point within the target and

calculates the track momentum snd incaming track parameters.
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