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ABSTRACT OF THE DISSERTATION

A Study of Hadron-Proton Elastic Scattering at High

Energy and Large Momentum Transfer

by
Sean Francis McHugh
Doctor of Philosophy in Physics

University of California, San Diego, 1983

+ -+ - -
The differential cross sectionsof M , 7 , K ,K , p, P on p
elastic scattering were measured at laboratory momenta of 100 and

200 GeV/c in the range of four momentum transfer squared

0.9<-t<11.0 (GeV/c)z at 100 GeV/c
and

2
0,4<-t< 3.0 (GeV/c) at 200 GeV/c

The data obtained extend the knowledge of these cross sections to
large momentum transfer, The primary emphasis of this experi-
ment was to study the m p reaction, This cross section falls six

2
decades between -t =0,9 and -t = 3,8 (GeV/c)2 . At -t=3.8(GeV/c)

xiv



there is a dip which is followed by a secondary maximum at

-t =5.5 (GeV/c)Z. At larger values of -t the measured cross sec-
tion falls more slowly than in the low -t region. This dip-bump
structure is a characteristic of optical models, One such model, the

Chou-Yang model, has been used to extract the ™~ form factor from

the data.



I, Introduction

This thesis describes an experiment to study the elastic scat-
tering of long lived hadrouns ('rTi , Ki, P» P) on protons at incident
momenta of 100 and 200 GeV/c and with four-momentum transfer
squared, t, between -0, 9 and -11 (GeV/c)2 at 200 GeV/c and between
-0.4 and -3.0 (GeV/c)2 at 100 GeV/c, Primary emphasis was placed
on obtaining the T p cross section at 200 GeV/c over the entire
range of acceptance of the detector,

Extensive data exist for the pp reaction at these ener-

gies "~ and also at higher energies, 4 Our measurement of this
£ _x 5-7 ~ 8
process served as a check, Data for (T , K7) and p

reactions exist at lower energies, Data for these reactions at
beam energies of 100 GeV or more exist only in the low momentum

transfer (low -t) region. 1,9,10

The results of this experiment
extend these data to higher momentum transfer, In addition, these
reactions have recently been measured in the high -t range with beam
energies between 20 and 50 GeV. H

Hadron-proton scattering at high energy is a way of studying
hadron structure., Collisions with large momentum transfer can be
used to investigate (via the uncertainty principle) the short range part
of the interaction, If the hadrons are composed of constituents, then

the effect of collisions between individual constituents may become

important at large momentum transfer, Experiments which study



protons with a point-like probe, a lepton or photon, complement the
hadron elastic scattering data, These- experiments probe the proton
with electromagnetic or weak interactions, It is necessary to use
another hadron to study the proton with the strong interaction,

In addition, the mesons cannot be studied with point-like
probes at large momentum transfer. Because they do not exist in
stable states suitable for targets, the meson must be a beam particle.
Furthermore, the only stable point-like probe suitable as a fixed tar-
get is an electron. The maximum value of -t is approximately equal
to s, the center of mass energy squared (s = 2 ME where M is the
fixed target mass and E is the beam energy). Hence the maximum
momentum transfer is limited by the low mass of the electron, With
a given beam energy, much larger momentum transfers may be ob-
tained with a proton target.

Figure 1.1 and figure 1.2 show the pp and T p differential
cross sections at low energies. Both are characterized by a large
peak in the forward (low-t) direction. This '"diffraction' peak fol-
lows a simple exponential form at low -t. As the beam energy in-
creases this form extends to higher -t. At larger -t the cross sec-
tions fall more slowly with increasing -t. The pp cross section is
smooth in this region whereas the T p cross section exhibits dips
and bumps. In both cases the cross section is strongly dependent on

s in this region, At low energies, the other cross sections



(TT+ ) Ki, Pp) are characterized by a diffraction peak followed by a

strongly s dependent form,
2
The Pp cross section develops a dip at -t = 1.4 (GeV/c)

: 12
at a beam energy of 150 GeV, This dip persists to the highest

energies available, 4

At these energies (figure 1,3) the cross sec-
tions show little dependence on s, The slope of the diffraction peak
increases slightly (the diffraction peak becomés narrower) and the
dip position moves to lower -t with increasing s.

Many models have been proposed to explain the shape and
energy dependence of the proton-proton cross section. The study of

the elastic scattering of other hadrons on protons serves to put some

constraints on these models,
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II. Theory

There are many phenomenological models which describe the
elastic scattering of hadrons. Reference 15 is a comprehensive re-
view of current theories of this subject. The application of Regge
theory to elastic scattering is discussed in reference 16, Unfortu-
nately, Regge theory has little to say about the t dependence of the
cross sections., Other models are based on an assumed structure
of the hadrons, The "multiple scattering" 17 model of Wakaizumi,
for instance, defines the cross section in terms of an effective
potential derived from the quark-quark scattering of the hadrons.
A model by Van Hove 18 takes a different point of view and assumes
that the elastic scattering of hadrons is due to the ''glue' that holds
the constituents of the hadron together, The Chou-Yang model, 19
analyzes the proton scattering daté. in terms of a form factor. This
form factor can be compared to that extracted from proton electron
scattering data, Similarly, the electromagnetic form factor of the
extracted from pion electron scattering data (up to -t = 0.1 (GeV/ C)Z)
and pion electro production (up to -t = 4 (GeV/c)Z, 20 can be com-
pared to the pion fotrm factor e>xtracted from pion proton scattering
data. This model is the subject of section A,

In the past ten years a new theory of strong interactions,
quantum chromodynamics (QCD) has been formulated, This is a

color SU(3) gauge theory of quarks interacting through gluons.



. Unfortunately, the theory does not lead readily to precise calcula-
tions at accessible momentum transfers. Its application to hadron

elastic scattering is the subject of section B.

A, Chou-Yang model

The model uses the impact parameter representation which
is derived from the partial wave expansion of the scattering ampli-
tude, 21 It is assumed that the scattering system possesses azi-
muthal symmetry and that spin effects can be ignored in the high

energy limit, The differential cross section is given by

do Tt 2

where the scattering amplitude, a, is given by
—-1—2(£+—1-)P( 8)1 - S,) 2
a = ik 1 2 £ cos -9y (2)
Here k is the wave number of the center of mass momentum p,
_P

P f is the £ 'th Legendre polynomial and the complex coefficients,

Si ; depend on the form of the scattering reaction, In general,

1 and in the absence of absorption (inelastic reactions)

<
s, |
|S£ | = 1. Equation (2) is expressed in terms of impact parameter b,

defined by



L = (z +-;—\)—h = bp = bhik (4)

where L is the angular momentum of the partial wave. At high
energies there are many partial waves and the sum in equation (2)

is approximated as an integral.

._if:d(g +—12-)(£ +%>P1(cos 8)(1-5,) (5)

a =

For £ large and 6 small the Legendre function (the continuous

extension of the Legendre polynomials) is approximated by

Pl(cos 8) EJO (f sin9) (6)

where JO is the zeroth order Bessel function and equation (5) is

expressed as an integral over impact parameter b.

o =]

a == | bab I bk sin 0)(1 - SG)) (7)
0

Using the identity

2m

1 ix cos ¢
JO(X) = E-'r-r-{) e dg (8)

equation (7) can be put in the form of a two dimensional Fourier

transform

- o
2 iq .
a= o= [a%8 P (- sp) (9)



10

.
where the two dimensional momentum transfer q makes angle ¢
-
with b,
In the center of mass frame the energy component of the four

momentum transfer vanishes., If 9 is small then q, = 0 so that
2 2 2 2
-t = -(O,qX, qy, Q) =q =k sin ©

For a purely absorptive reaction S(b).is real. Equation (9)
can also be derived (in the same limit of high energy and small scat-
tering angles by adding the spherical waves emanating from an
opaque object placed in the path of a plane wave, where S(b) is the
transmission coefficient at impact parameter b, The form of S(b)

can be chosen in several ways., For example, the choice

S(b) = 0 b<b0

(10)

S() =1 b>b0

yields the black disk model with differential cross section given by

b2
do _0 .2
at =" Tt Iy by -t) (11)

The form proposed by Chou and Yang is

o)

2+ iq- 2 C
-2mp | d°q e F. (q)F,a) (12)
) =e MO0 ¢ / !

2 2
Here Fl(q ) and Fz(q ) are the form factors of the interacting

particles., This choice, first proposed in 1968, was motivated by



11

the following observations:

1) The form of the proton-proton differential cross section was
approaching (as s = ») a form approximately (but not
exactly) proportional to the fourth power of the proton
form factor, Furthermore, the total cross sections of the
various hadron-hadron reactions appeared to be approaching
constants asymptotically as s - #, and the ratio of the real
part of the scattering amplitude to the imaginary part (as
determined by studying the differential elastic cross section
in the Coulomb interference region -t = 0,01 GeV/cz) was
approaching zero asymptotically,

2) Since hadrons have a finite size, corrections for the shielding
of the back of the target by the front are important,

These observations led Chou and Yang to assume that the
scattering was (in the high energy limit) due to purely absorptive
effects,

For a point probe, the transmission coefficient is S(b) =
e ™ D(b) where D(b) is the thickness of the target. If p(x,vy,z) is
the distribution of nuclear matter, then the amount of nuclear matter

that a point particle traveling along z encounters is

[><]

D(x,y) =[ dz p(x,y,z) (13)

-0

-
For a diffuse probe, the opacity at impact parameter b is defined as
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=> 2~ S 3 -
ab) = [d B, D (6 - 5)) D, (b)) (14)

and the form of S(b) as prescribed above

pry

S@) = e HOE) (15)
The parameter | represents the interaction strength and is the
only free parameter of the model. It is determined by the total
cross section of the reaction and the optical theorem.,
: 2
do _ Otot ' (16)
dt T o16m

The last step in the model is to relate the nuclear matter
densities to the form factors. The assumption is made that the
nuclear densities are the same as the charge densities. The form
factor is the three dimensional Fourier transform of the charge

distribution

- =
2
A (17)

2 ’ 1 3 =
Fa) = —73 /db o(>) e
(2m)
If the scattering angle ©, is small then the z component of the
momentum transfer q can be neglected as above and the z inte-
gration in equation (14) performed,

S =
2 1 =2 ib.q
F(q)=——/db e D(b_,b ) (18)
(ZTT)3/2 x 'y



13
Inverting equation (18) gives:

P27
D ,b ) =——1-m/d23 e 9 pg? (19)
* (2m

If the Fourier transform of x is denoted (x) and the convolution

of equation (14) is expressed as

a(b) = 2mD, ® D, (20)

then the expression for the scattering amplitude becomes

-
a =X (1.0 (21)
where
-3, 2
Q) = (2m) (F1> ® <F2) (22)
Equations (21), (22) and (1) with free parameter | specified by
equation (16) give a complete statement of the Chou-Yang model,
The convolution theorem can be used to express (16) as
= 2
Q(b) = (2m) <F1F2) (23)

The model can be inverted and the measured cross section

used to calculate the product of the form factors

-1 i
F.F_= <1n 1-—-(a)> (24)
172 (Zﬁ)zu ( k )
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B, Elastic scattering and QCD

QCD calculations to first order in perturbation theory result
in a large number of diagrams because of the constituent nature of
hadrons, Furthermore, these results are put in doubt because of the
large size of a the strong interaction coupling constant. The
effects.of higher order diagrams may be important, Nevertheless,
it has been possible to e#tract some elastic scattering predictions
from this theory in the kinematic range.

Reference (23) has shown that dimensional counting rules
may be derived from QCD, These rules were first formulated inde-
pendently of QCD from dimensional arguments alone, 24 The
dimensional counting rule, of interest here, is that for the t depend-
ence of the form factor

Fg) « t°° , t o w (25)

where n is the number of constituents in the particle, When similar
arguments are applied to the elastic scattering of hadrons the follow-

ing is predicted:

do 1 -6 [t

- ? t. f(-;\) , -t, s » = (meson-baryon) (26)
do 1 -8 .(t
i —S—Z t f(-;) , -t, s » ® (baryon-baryon) (27)

In general f(t/s) is too complicated to be calculated in the region



15

appropriate to this experiment (t, s » ®, -t<< s), At fixed angle,
however, i,e. fixed = == %(1 - cos B8), tﬁese rules predict cross
sections with energy dependence of s”8 and s_lo . Inrefer-

ence 23 the dominant contributing diagrams are ones like that shown
in figure 2.2, These are the hard scattering diagrams which are
characterized by being connected, That is, all parts of the diagram
are joined,

A rival mechanism, first described by Landshoff, 25 is
depicted in figure 2,3, In these diagrams the quark lines are dis-
connected if the hadron vertices are re1;¢10ved. These diagrams lead
to energy independent contributions to the cross section with angular
dependence 1:--7 and bt-8 for meson-baryon and baryon-baryon scat-
tering, respectively. There are more hard scattering diagrams, but
the Landshoff mechanism leads to differential cross sections which
are independent of s. Hence this mechanism may become important
at large s. The cross section is not independent of s until beam
energies of 500 GeV/c but at higher energies the data have a t
dependence consistent wit}l the Landshoff mechanism (figure 2.4).
There is some doubt, theoretically, as to whether the Landshoff
mechanism is suppressed by higher order corrections to the dia-
grams, 23 Also, because the relative contributions of the hard
scattering and the Landshoff mechanisﬁ depend on the addition of a

large number of diagrams it is now known a priori at what s and t



the Landshoff behavior should dominate in pion-proton scattering (or

if it ever is a dominant contribution at all).
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Figure 2.1, Example of QCD diagrams for meson-proton
scattering. This figure is reproduced from
reference 27.
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Leading diagrams contributing to the Landshoff

mechanism for pp scattering (above)and Tp scattering
(below). This figure is reproduced from reference 25.
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III, Experimental Apparatus
The experimental apparatus is shown in figures 3,1-3, 3 and
described in detail in Appendices 1 through 8, The experiment meas-

ures the differential cross section of the reactions
H+p » H+p

at incident beam moments of 100 and 200 GeV/c. The incident beam
hadrons (H) are protons, pions, kaons and their antiparticles. The
detector was sensitive to events with sqared four momentum transfer
in the range

2
0.9 < -t < 11,0 (GeV/c) at 200 GeV/c

and
2
0.4 < -t < 3,0 (GeV/c) at 100 GeV/c

For the reaction of primary interest, TT-p at 200 GeV/c,

the total cross section is 24 mb, 14

At low values of -t, the elastic
cross section depends exponentially on t (approximately as e9t )
and elastic scattering contributes only 13% to this total cross sec-
tion. 1 Thus the rate of elastic events in the t range of this ex-
periment is several orders of magnitude lower than the total reac-
tion rate.

This small rate required that the experiment have high lumi-
nosity, This was accomplished by having about 8 X 106 particles per

accelerator spill traverse a 1 meter liquid hydrogen target giving a

luminosity of 34 inverse microbarns per accelerator spill, The

20
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beam was defined by a fast coincidence befween the scintillation
counters Bl and B2 (see figure 3.1). Approximately 10% of the beam
interacted with the protons in the target. The production and trans-
port of the beam are described in Appendix 1. The hydrogen target
is described in Appendix 4.

The small ratio of the high -t elastic cross section to the
total cross section required that the experiment have both fast and
efficient rejection of unwanted (inelastic and low -t) events,

The efficient rejection was achieved by kinematic selection
made possible by the use of proportional wire chambers (Appendix 6)
with precise space resolution ( ~ 2 mm) but poor time resolution
( ~ 100 ns)., These proportional wire chambers were deployed in
two spectrometers (Appendix 5) which measured the vector momenta
of the scattered hadron and the recoil proton. A similar measure-
ment of the beam particle momentum was impractical because of the
high beam rate,

The trajectory and momentum of the scattered hadron was
measured in the forward spectrometer (figure 3. 2) and was close to
that of the beam particle., That spectrometer contained two magnets
which deflected the hadron about 10 mr toward the beam axis. Pro-
portional wire chambers were used to measure the trajectory of the
hadron before and after this deflection, This system measured the

forward scattering angle with a resolution of 35 microradians and
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the forward momentum with a resolution of 0. 45 GeV/c (at 100
GeV/c) or 0.91 GeV/c (at 200 GeV/c). The trajectory and momen-
tum of the recoil proton were determined by the recoil spectrometer
(figure 3.3). This momentum ranged from 1 to 10 GeV/c., The
spectrometer consisted of an analyzing magnet bracketed by propor-
tional wire chambers, The magnet deflected the recoil proton
towards the beam axis. The recoil scattering angle was measured

with resolution of 1.4 rhr and the momentum with resolution of

5 i
-—‘% = 0.01 (GeV/c) ! .

o)

For fast rejection of unwanted events the experiment incor-
porated scintillation counters (Appendix 4) with fast time resolution
(~ 5 ns) but poor spatial resolution ( ~ 10 cm). Four scintillation
counter hodoscopes, located in the spectrometers, detected the for-
ward scattered hadron and the recoil proton, The experiment trigger
(Appendix 8) consisted of a suitable coincidence between the beam
counters and these spectrometer hodoscopes, Only hodoscope
signal combinations that were consistent with elastic event trajec~
tories were used in the trigger. The target was covered on three
sides by é.nticoincidence counters which vetoed inelastic events and
elastic events which had an azimuthal orientation to which the spec-
trometers were insensitive, A potential trigger was vetoed by either

one or more of the target anticoincidence counters or the detection
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of two or more charged particles in any of the spectrometer hodo-
scopes.

The hadron was identified with a differential Cerenkov counter
(CB) located in the beam and a threshold Cerenkov counter (CF) lo-
cated in the forward spectrometer (Appendices 2 and 3). During any
one run, the beam counter CB was set to 'tag'' one type of beam
particle.,- The threshold counter was always set so that it was in-
sensitive to protons. The absence of a signal in CF identified the
scattered hadron as a proton or antiproton. At incident beam mo-
menta of 100 GeV/c, separation between pions and kaons was ob-
tained from the pulse height of the signal in CF,

Upon occurrence of a trigger, the state of the detector ele-
ments was read through a CAMAC interface into an on-line computer
and then written to magnetic tape, This information was then proc-

essed by an off-line computer as described below,
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Figure 3.1, Beam apparatus and forward spectrometer.
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Figure 3.2. Forward and recoil spectrometers,

T

x

1-4

5-10
M2,M3
11-13
H3

CF
14-16
H4

H1

M1

H2

liquid hydrogen target

x axis of forward coordinate system
(the y axis points out of the page)

PWCs Flx-F4x (only the sensitive
region of the PWCs is drawn)

PWCs F5x-F10y

forward spectrometer analysis magnets
PWC's Fl1x-Fl13x

forward trigger hodoscope

threshold Cerenkov counter

PWCs Fl4x-Fl6x

forward trigger hodoscope

recoil trigger hodoscope

recoil spectrometer magnet

recoil trigger hodoscope



=0.m z:=126m z:28.5m 2:66.4m
]

l4-i¢

{
|
|
|
'y
o H4

N o e e e e e N

w U 2 i
” // 7 ”"l () 1
_ 77 o @
i mi
o ¥ | ' ; {Becm)
7y - ’ {,//;//'/7,;/_
T 4 V7 U /
| // [

‘ CF

Forward and Recoil Spectromefer
{Plan View)

le



28

Figure 3.3. Recoil spectrometer,
T 1liquid hydrogen target
x,2z forward coordinate system

’ 7 . -
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IV, Data Reduction

The first step in reducing the data stored on magnetic tape to
cross sections was to reconstruct the particle trajectories of each
event. Once this was done, a set of seven criteria was used to deter-
mine if the event should be included in the elastic sample.

Three of these criteria were geometrical: the recon-
structed trajectories should meet in the hydrogen target and the tra-
jectories through each spectrometer should be continuous. The
remaining four criteria were kinematic and corresponded to conserva-
tion of four-momentum in the two particle system. Because there
were extraneous cluster coordinates in the wire chambers, it was
possible to reconstruct approximately 50% of the events in more than
one way. To remedy this problem the event selection was done in
two passes, In the first pass possible reconstructions were identified
and loose criteria were applied. Next sma];l changes were made to
the analysis constants to center the kinematic and geometrical distri-
butions. These changes were necessary because of small deviations
of the proportional wire chamber positions and incident beam angle.
Final cuts were made at approximately three standard deviations,
Finally, fiducial cuts were applied to eliminate events near the edges
of the apparatus and events which originated from the hydrogen target

flask ends, Accepted events were separated by incident beam particle

on the basis of the Cerenkov counter data,
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To calculate the detection efficiency of the apparatus, as
determined by the selection criteria and spectrometer geometry, a
Monte Carlo computer program was used to simulate the response of
the apparatus to elastic events. The simulated events were proc-
essed with 1;he same analysis programs as the real data,

Cross sections were calculated from the real event t dis-
tributions, the Monte Carlo efficiency and the incident beam flux,
The incident beam flux was defined as the number of incident beam
particles defined as the number of Bl, B2 coincidences weighted by
the fraction of each particle in the beam as measured by the differ-
ential Cerenkov counter (CB) during special runs, Corrections were
made for the small background under the kinematic signals, imper-
fect particle separation, measurement resolution of t and counting
losses at high rate., Details of the data reduction may be found in

Appendices 10-12,



V. Results

The measured cross sections are listed in Tables 5.1 to 5.4
and plotted in figures 5,1-5, 12 where they are compared with the
lower -t measurements of reference 1. Not all data points of refer-
ence 1 have been plotted to ensure clarity of the figures, The well
measured pp cross section is plotted along with data from three
other references. Bins which contain no events are quoted with an
error corresponding to the cross-section if one event had been ob-
served in the bin, The errors quoted are statistical only, The
statistical error in the acceptance has been added in quadrature with
the statistical error of the data, The estimated overall normaliza-
tion errors are tabulated in Table 5.5, These errors are due to the
uncertainty in the corrections mentioned previously.

As seen in figure A5.4 the 200 GeV/c pp data agree both in
form and normalization with the measurements of references 1-3,
At 100 GeV/c there is some additional uncertainty in the first few
(-t < 0.8 (GeV/c)Z) bins, (The 200 GeV/c measurements start at
-t=0.9 (GeV/c)Z.) This is attributed to the unéertain’cy in the effi-
ciency of the recoil spectrometer,

The largest contribution to the overall normalization error
was due to the extrapolation of the event yield per incident beam
particle to low intensity, This correction, described in Appendix 12

was typically 5-30%. The error in this correction was largest for
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the T p data. Even within this error the -200 GeV/c T p data
appear low with respect to the data of reference 1, The 200 GeV/c
’rT+p and T p are equal within the normalization errors quoted in
Table A5.5, however, This follows a trend observed at lower -t
where the particle and antiparticle-proton cross sections are approx-
imately equal. The data of reference 1 agree with this postulate
over most of the range of t but the T p data is slightly higher than
the TT+p data in the last (high -t) bins, A change in the slope of the
cross section between low -t and higher -t precludes a comparison
of normalization with the data of reference 9.

The 200 GeV/c T p cross section falls 8 decades from

2
-t=0 to -t =23.8(GeV/c) . There is a dip in the vicinity of

-t = 3,8 (GeV /c)z followed by a secondary maximum at -t = 5,5

(GeV/c)2 . At larger values of -t the cross section falls more
slowly than in the low -t region. Figure 5,13 shows that the back-
ground is small everywhere. In the region of the dip the elastic
signal is small, however, when compared to the background. All
of these cross sections display a change of slope between the begin-
ning of the diffraction peak and higher -t . The measurements of
the T p cross section at 100 GeV/c and ‘rr+p cross section at both
100 and 200 GeV/c do not extend to values of -t beyond 3,4 (GeV/c)z.
The 200 GeV/c pp cross section has low statistics but the

data in the high -t region are consistent with an enhancement of the
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cross section in this region., A dip bump structure in the pp cross
section has recently been observed at incident momentum of

50 GeV/c. 1 This éxperiment’s 100 GeV/c pp cross section is
consistent with a dipat -t =1.4 (C‘reV/c)2 . The Ki cross sections
show a slightly wider diffraction peak then the pion diffraction peak.
This corresponds to the kaon radius being slightly smaller than the

pion radius,



Table 5.1

Elastic differential cross sections for negative 200 GeV/c beam. t is the bin center ex-
pressed in (GeV/c)2 . At is the bin width., The differential cross section is expressed
in ub/(GeV/c)? .

t At cﬂ- ) 5Un' cK- 50K 05 50E

.B25 . 0bE 30. 98 .38 AB. 11. 4.8 1.9

. 966 . 073 22. 14 .24 23,3 6. 4 1.17 . 81

1. 042 .08D 14, 59 .18 - 23.3 5. 6 1. 29 .73
1,125 ., 085 9. 48 .13 25.0 5.1 .71 . 50
1.214 .093 5. 802 . 092 10, 1 3.0 - .34
1.311 .102 3. 300 . 062 4.2 1.7 - .22

1. 417 . 109 2. 006 . 045 2.9 1.3 - .21
i1.8531 . 119 1.072 . 029 4.3 1.5 - .17
1.655 130 . 596 . 019 . 84 . 60 - .23
1.793 . 146 . 334 . 013 .32 .32 . 094 . 095
1.923 . 134 . 1607 . 0082 - .32 - .10
2.100 . 200 . 0649 . 0039 oz . ep . 074 . 074
2.300 . 200 . 0264 . Q022 .18 .18 . 051 . 051
2,500 . 200 . 0107 L0013 - .19 . 040 .. 039
2.700 . 200 .00334 . 0008 - .12 . 039 . 038
2900 . 200 .001862 . 00044 - .15 - ., 028
3.100 . 200 . 00054 . 00025 - .16 - . 036
3.350 . 300 .00014 . 00010 - . 077 ’ - . 022
3. 650 ., 300 - . 000070 - ., 087 - . 021
4,000 . 400 - . 000050 - .05 - L0186
4. 400 . 400 . 000047 . 000047 - . 060 - . 016
4. 800 .4C0 . 000187 . 000090 - . 054 - .014
5. 500 1.000 . 000088 . 000040 - . 022 - . ..0050
& 500 1. 000 . 000088 . 000030 - ., 022 - . 0052
7. 500 1,000 - . 000020 - © ., 020 - .. 0049
g2.%00 1.000 - . 000020 - . 018 - . 0046
2.500 1.000 . 000015 . 000015 - .019 - . 0044
10. 500 1

. 000 . 000017 . 000017 - . 019 - . 0051

G¢
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Elastic differential cross sections for positive 200 GeV/c beam.,

Table 5, 2

t At o+ ) cn_ + O'K-l- 50K+ crp 60p

. 825 | 068 36. 1 1.5 44. 0 8.9 10. 70 . 34

. 968 . 073 21, 60 .93 19. 6 4.8 9. 37 .19
1.042 . 080 14, 84 -1 24. 5 4. 46 2. 94 .13
1,125 .085 ?.21 . 44 13. 6 3.1 1. 206 .071
1.214 . 093 5. 81 .33 3 2 1.3 .A7S . 041
1.311 .102 3. 57 .23 9.9 1.7 . 141 . 020
1.417 | 109 2. 03 .16 2.6 1.0 . 0243 . Q074
1.531 .119 . 933 . 100 1. 99 . 82 . 0241 . 0066
1.46435% . 130 . 679 . 076 1. 20 . 53 . 0256 . 00463
1.793 . 1464 . 219 . 039 .43 .31 . 03921 . 0069
1.933 . 134 . 193 . 038 . 65 .38 . 0447 . 0075
2. 100 | 200 . 054 .015 - i3 . 0493 . 0063
2. 300 | 200 . 031 . 011 20 . 14 . 0202 . 00328
2. 500 . 200 .0143 . 0048 .10 .11 . OR4L2 . 0041
2. 700 . 200 . 0048 . 0046 - 098 . 0197 . 0034
2.900 | 200 - . 0029 - 081 L0114 . 0025
3.100 . 200 - . 0027 - 087 . 0050 . 0016
3. 350 . 300 - L0017 - 051 . 0100 . 0017
3. 650 . 300 - . 0016 - 057 - . 000ORY
4. 000 . 400 . 0011 . 0012 - 037 . D006A . 00038
4.400 . 400 - . 0011 - 034 . 00042 . Q0029
4.800 . 400 - . 0011 - 034 . 00080 . 00040
5. 500 1. 000 - . 00043 - 013 - . 000077
6. 500 1. 000 - . 00043 - 015 . 000080 . 000079
7.500 1.000 - . 00039 - 012 . 00015 . 00010
8. 500 1. 000 - . 00036 - 011 - . 000066
2. 500 1. 000 - . 00036 - 012 - . 000065
0. 300 1. 000 - . 00044 - 014 - . 000077

9¢



Elastic differential cross sections for negative 100 GeV/c beam.

Table 5.3

I P DI PY R st bt - bt et b b e

t At oﬂ écﬁ_ OK' GGK- cr5 605
. 447 . 035 561. 0 b 8B 430, 33. 475, 24,
. 483 . 037 438. 5 4.8 475, 24, 403, 19.
. 521 . 040 3561. 1 3.9 399. 19. 222, 1a.
. 563 . 043 310. 2 3. 3 384, 17. 220, 12,
. 607 L0459 223. 9 2.4 262, 12. 125. 2 7.6
. 654 | 050 167. 5 1.8 188. 8 2.2 92. 0 5.9
. 706 . 053 129.3 1.4 152. 4 7.4 48. 2 3.8
.7HL 058 4.7 1.1 103, 3 5.3 31.7 2.7
. B21 . Q61 bbb, 54 77 89. 6 4. 6 24. 2 2.3
. 885 . 0467 45. 48 54 43. 3 2.6 13. 6 1.5
.25%5 . 073 29. 59 38 40. 9 2.3 6. 48 . 86
030 . 078 19. 68 28 29. 6 1.7 3. 20 . 51
.112 . 085 11. 95 18 146. 4 1.1 1.13 23
. 200 . 091 7. 62 13 12. 41 2 .49 14
. 295 | 099 4. 565 088 b, 41 59 . 1046 0460
L399 109 2. 659 054 5. 01 49 - 030
512 . 117 1. 479 035 1.92 25 - 024
434 127 823 o2 i.80 .23 . 022 022
. 766 . 138 449 014 .82 14 . 036 025
212 153 2193 0084 385 086 . 031 021
.071 146 1074 0052 237 058 . 069 027
.246 . 184 0471 0030 185 047 . 020 013
. 437 .198 0149 0014 086 030 . 017 011
.644 216 004658 00097 029 0146 . 037 016
.B68 | 232 00344 00024 018 017 . 040 oz2

Le



Table 5.4

Elastic differential cross sections for positive 100 GeV/c beam.,

t At O+ So_+ O+ 60‘K+ Gp 5cp

. 447 . 035 &34 17. 671, 71, 751 23.

. 4823 . 037 506 13. 473. 48. 608, 18,

. 921 . 040 339. 3 ?.8 322, 36 4222, 13.

.9563 . 043 340. 3 8 3 414, 37 321 10.

. 607 . 045 243. 3 b, 2 174. 20 187. 1 6.9

. 654 050 175. 9 4.5 175. 18 13%. 2 9.2

. 706 . 053 137. 9 3.6 140 14 73. 2 3.3

. 7681 L0538 3.9 2.6 98 11 94. 1 2.7

. 821 | 041 73. 6 2.1 83.0 9.3 33.6 1.8

. 885 . 067 43%. 2 1. 4 4644, 1 6.9 16. 9 1.1
.955 . 073 29,15 .97 32.9 4. 4 8. 44 .70
1. 030 .078 20. B3 76 27. 1 3.7 4., 31 43
1.112 . 08% 12. 76 o= 19. 0 2.7 2.41 28
1. 200 .091 8. 86 40 7.3 1.7 .74 1%
1. 295 . 099 3. 30 28 3.7 1.2 364 083
1.308 . 109 2. 85 i@ ‘5. 4 i.0 073 033
1.312 .117 1. 74 .13 1. 65 .93 107 037
1.634 . 127 1. 090 . 093 1.35 . 43 o9z 031
1.766 . 138 521 . 058 77 .29 04 030
1.212 . 153 248 . 035 . B4 .23 084 025
2. 071 . 1646 151 . 025 . 078 . 080 079 022
2. 246 . 184 055 .014 . 074 . 070 0465 018
2.437 .198 0322 . 0097 - 055 037 012
2. 644 216 0334 . 0092 . 055 051 0260 0098
2. 868 232 0051 . 0051 - 095 056 020

8¢



Table 5.5

Error in normalization

Beam
momentum
(GeV/c) Reaction Error
-100 T p 8%
K-p 8%
.SP 8%
+100 m™p 9%
. <
Kp ; O\OQJ 9%
A~ N
PP 10%
-200 T p 18%
K-p 8%
PP 27%
+
+200 T p 13%
+
Kp 13%
PP 13%
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Figure 5.13, The coplanarity elastic signal in four ranges of t.
The data sample is 200 GeV/c mp . The ranges are
a) 1.362< -t <1.86, b) 1.86< -t < 3,0,
c) 3.0< -t €4.,2, d) 4.2< -t < 11.5 .

Here -t is expressed in (GeV/c)Z.
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VI. Conclusions

The meson-proton cross sections are approximately equal to
the anti-meson cross sections in the range of t covered by this
experiment. The proton-proton and antiproton-proton cross sections
differ, with the antiproton diffraction peak being slightly narrower
than the proton peak. The Chou-Yang model does not distinguish
between particle and antiparticle cross sections except for the total
cross sections. If the model is correct and the antiproton and proton
on proton total cross sections approach each other at high energy,
then the difference between the antiproton and proton differential
cross sections should disappear at higher energy.

The Chou-Yang model has been used to extract (see Appendix
14) the T and p form factors from the scattering data., In this
analysis, it is assumed that the scattering amplitude is purely
imaginary. The ratio of the real part to the imaginary part of the
scattering amplitude has been measured near -t = 0. At 200 GeV/c
this ratio differs from zero by about 6% for pion-proton scattering
and by less than 4% for proton-proton scattering,

The results of the calculation of the profile function is shown
in figure 6,1 for the T p and p reaction. At small impact parame-
ter the pion is less absorptive than the proton. The proton form
factor is shown in figure 6, 2 along with the dipole fit to the electro-

magnetic form factor. This fit is given by
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Ll

F(t) = 1
(5

————-)—2~ (1)

and is obtained from e p scattering data. The agreement between
the two is good with the form factor being ~ 15% higher than the
dipole form factor around 2 (GeV/c)2 and a few percent lower at

4 (GeV/c)2 . Figure 6,3 shows the pion form factor obtained from
the 200 GeV/c T~ data. Theanalysis yields the product of the éion
and proton form factors. The dipole fit to the electromagnetic form
factor was used to determine the pion form factor from this product.
| The pion form factor falls more slowly than that of the proton indi-
cating that the pion is a smaller object than the proton. Also shown
in the figure is a fit to the electromagnetic form factor from refer-
ence 20 which obtained the electromagnetic pion form factor in an
electroproduction experiment,

The e#tension of the T p diffraction peakto -t> 3.0 (GeV/c:)2
and the existence of the secondary maximum indicate that diffractive
phenomena may be the dominant process in the region -t< 6 GeV/c.
In this range the QCD arguments of section 2, B are not valid. At
larger values of -t the data indicate a slow drop off, but the statis-
tical quality of our data is not good enough fqr a comparison with the
predictions, The data do indicate, howeve‘r, that there is an enhance-

ment (compared to the exponential form of the diffraction peak) of
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the cross section at large values of -t, It may be possible to
measure the slope of the cross section in this region more precisely

in the future.
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Figure 6.1. The profile function, T'(b), for the 200 GeV/c for
the pp and T p elastic scattering systems. T (b) = 1-S(b)
where S(b) is the transmission coefficient at impact

parameter b.
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Figure 6.2. The proton form factor. The proton form factor,
F(t), is calculated from 200 GeV/c pp elastic scattering
data with Chou-Yang theory. The result is compared to

the dipole fit of the electromagnetic form factor.
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Figure 6.3. The pion form factor. The pion form factor, F(t),
is calculated from 200 GeV/c T p elastic scattering
data with Chou-Yang theory. The result is compared to

a fit given in the last of reference 20.
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Appendix 1

The M6 Beam

The M6 beam was produced by the interaction of protons, ex-
tracted from the accelerator, with the Meson West target. This target,
made of beryllium, measured 305 mm along the beam direction and
its cross section was 1,5 mm X 1.5 mm. The momentum of the pri-
mary proton beam was 350 GeV/c in May-June 1980 and 400 GeV/c
in January-March 1981, The secondary beam was selected by colli-
mation at 2,5 mr with respect to the incident protons, During short
periods this production angle was reduced to increase the yield of
secondary particles,

A series of dipole magnets deflected the secondary beam to
beam left, then to beam right, After these bends the beam was
approximately parallel to, and about 21 meters to beam left of, the
incident proton beam line, The dipoles were placed so that the com-
bined effect of the bends and magnet apertures selected only those
particles with momentum within 0, 8% of the c'entral beam momentum.
Quadrupole magnets were arranged in an 6ptica1 system with two
intermediate foci and a final focus (see Figure Al.1). The system
was tuned to meet the following requirements:

1) The beam flux passing through the hydrogen target was
maximized,
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2) The angular divergence of the beam was minimized at the
differential Cerenkov counter.

3) To clear detector support frames, the transverse dimensiouns
of the beam were minimized at the forward spectrometer,

The beam was designed by Fermilab personnel with the aid of

the computer programs TRANSPORT and TURTLE.I’ 2

The details of
the beam line elements and their tune are given in Table Al.1. The
effects of imperfections and misalignments of the beam line elements
were compensated with small vernier dipole magnets, During data
taking, the beam was fine tuned by monitoring its position with pz:opor-
tional chambers (Fermilab Type A chambers) or SWICs (Segmented
Wire Ionization Chambers) at five locations:

Second horizontal focus (z = 300 m)

Second vertical focus (z = 312 m)

Just upstream of the hydrogen target (z = 443 m)

In the forward spectrometer (z = 478 m)

Beam dump (z = 548 m)

Under typical running conditions, the average beam intensity
was 8 X 106 particles per accelerator spill (1.5 seconds in 1980, 1.0
seconds in 1981). This beam was modulated by the 53 MHz accelera-
tor radio frequency into bunches 0.5 nanoseconds wide, at approxi-
mately 19 nanosecond intervals, Approximately 15-25% of the occ;u—
pied beam bunches contained more than one particle.

The beam intensity was monitored in two ways:



68

1) A fast coincidence between signals from two' scintillation
counters in the beam (B1, B2) assured that the current bunch
contained at least one particle., This signal was part of the
data acquisition trigger. The bunch width of 0.5 ns made it
impractical to count the number of particles in the bunch and
hence the total number of beam particles used in the experi-
ment.

2) Two '"scatter hodoscopes, ' (N, M) were used to count, at
greatly reduced rates, the number of particles produced at
wide angles by the beam during its traversal of a beamline
scintillation hodoscope (M) and the hydrogen target (N). The
N and M counters were calibrated by extrapolating the ratio
of hodoscope counts to beam counts (Bl, B2) to low intensity,

The beam was also monitored with two sets of narrow scintillation
counters:
P - hodoscope, 32 scintillators 3 mm wide at 2 mm intervals
X - hodoscope, 16 scintillators 4.5 mm wide at 3 mm intervals
These hodoscopes are described in Ref, 3 and gave a coarse deter-
mination of the beam particle position and the rate of multiparticle

bunches.
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Table Al.1

Properties of the M6 beam as determined
by program TURTLE!

Beam at parallel section Ax 16 mm
Ay 24 mm
e .03 mr
X
8 .05 mr
Y
Beam at hydrogen target Ax 9.0 mm
Ay 13. 0 mm
0 .14 mr
x
e .28 mr
Yy

lA denotes the full width at half maximum of the envelope of the
following variables: x and y are the horizontal and vertical
beam locations and 8_ and 0  are the horizontal and vertical
beam angles. 4



Table Al, 2

M6 beam line elernents1

Design transverse 2
. momentum kick
z (m) x (m) (GeV/c) Element
0.0 .00 Be target

21.8 .05 .873 dipole

30.2 .11 -.266 quadrupole

33.7 .13 -. 266 quadrupole

37.2 .16 . 227 quadrupole

40,7 .18 . 227 quadrupole

43,1 . 20 vertical vernier3
47.0 .22 vertical collimator
49,0 .24 horizontal collimator

60.3 .34 3.694 dipole

67.0 .51 3.694 dipole

73.7 .80 3.694 dipole
168.8 6.70 .183 quadrupole
171.5 6.88 horizontal collimator
173.2 6.98 horizontal vernier
174.7 7.08 vertical collimator
176.1 7.16 vertical vernier
178.5 7.31 -.183 quadrupole
240, 8 11, 20 1.198 dipole
247.0 11.65 1.198 dipole
252, 4 12,02 .164 quadrupole
252.9 12,29 .164 quadrupole
261.0 12,67 vertical vernier
263.4 12,84 -. 164 quadrupole

266.9 13.10 -.164 quadrupole
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Table Al, 2 (continued)

Design transverse 2
momentum kick

z (m) x (m) (GeV/c) Element
295,1 15,20 horizontal collimator
297. 2 15,36 horizontal vernier
314.0 16.60 vertical collimator
315.7 16.73 vertical vernier
318.0 16,90 . 231 quadrupole
354, 2 19.59 -.261 quadrupole
356.9 19.80 -.130 guadrupole
358.9 19,95 .102 quadrupole
361.7 20,15 . 204 quadrupole
368.2 20,61 3.275 dipole
374.9 21,01 3,275 dipole
381.6 21,28 3.275 dipole
388. 3 21,45 3,275 dipole
395, 0 21,51 3.275 dipole
420,0 21, 34 . 306 quadrupole
423,5 21,31 -. 306 quadrupole
425.8 21,30 horizontal vernier
427, 2 21.29 vertical vernier
448, 2 21,13 hydrogen target center

The coordinates are: z: the distance along the proton (primary)
beam axis; x: the horizontal displacement of the element center
from the proton beam axis,
2The transverse momentum kicks are the design values for a 200
GeV beam. For dipoles a positive value indicates beam left deflec-
tion. The transverse momentum kick for quadrupoles is given at
2.54 cm from the magnet center., A positive value of this kick
indicates focusing in the horizontal plane.

3A typical vernier adjustment was approximately . 005 GeV/c in
magnitude.
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Figure Al.1, M6 beam optics. The equivalent optic system
of the M6 beam line is shown with the horizontal displace-
ment beam envelope for particles with the central
momentum. Displacement by the bends is not
shown. A, C, and F are focusing quadrupole
doublets., B and D are field lenses, The hydrogen

target was located at z = 450 meters.
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Appendix 2

Beam Differential Cerenkov Counter

The differential Cerenkov counter (CB), located in the paral-
lel section of the beam line, is of the DISC type and is described in
references 1, 2 and 3. Cerenkov light at 24,5 mr was focused onto
an annular diaphragm of 107 mm radius. Eight C31000M photo-
multiplier tubes were symmetrically located behind the diaphragm.
The counter was set to ''tag'' either pions, kaons or protons by
adjusting the density of the helium radiator. This density was moni-
tored with an interferometer. Figure A2.1 is a "pressure curve'
which shows the number of CB counts (in coincidence with Bl,B2)
as a function of the radiator density. The density is given in terms
of the interferometer fringe count which has an arbitrary origin.
These curves were made at each beam momentum and were use<—i to
determine the beam composition. Table A2,1 is a compilation of
these results,

For most efficient operation the counter required a beam
with angular divergence of less than , 02 mr. Dur‘ing data taking the
M6 beam line often exceeded this limit resulting in less than optimal
efficiency of the counter. The efficiency of the counter could be
improved by opening up a diaphragm in the counter, but at the cost
of decreased particle separation. The counter was operated so that

less than 0. 5% of the tagged particles were misidentified, To tag
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a particle, six of the eight phototubes were required to be in fast
coincidence with the master trigger. A latch, the result of this coin-
cidence, was the only information recorded at each event. Efficien-
cies for the counter were defined as the number of CB counts in coin-
cidence with the beam counters divided by the appropriate beam frac-

tion times the number of beam counts (Table A2, 2),

References
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Table A2.1

Beam composition

Beam Year % % K % P
-200 1980 95,58 + , 07 3.9+£.,2 .50 £ ,08
-200 1981 95,86 + .06 3.4+.,3 J17T £ .03
-100 1980 92.9 +.,1 4.6 £ .4 2.5 £ .1
-100 1981 92.4 +.,3 4.7 + . 4 2.9 x .3
+100 1980 52.1 .7 4,3 = ,1 43,6 * .8
+100 1981 64,2 +.3 5,1 .4 30,7 £1.3
+200 1980 12.8 +.3 2.5 £.2 84,7 = .5
+200 1981 17.1 +.4 2.8 £,1 80,1 =+ .3

The errors are systematic and are derived from the estimated

error from the pressure curves,

A correction was made for the

high beam rate when the +200 1980 pressure curve was taken,

Table A2, 2

CB efficiency

Beam . T K P
-200 - .07 .82
-100 .69 ' .79 .61
+100 - .73 .68
+200 - .24 .59
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Appendix 3

Threshold Cerenkov Counter

The threshold counter (CF), located in the forward spectrome-
ter, used helium as a radiator and was 27.7 m long. Cerenkov light
from the scattered hadron was collected by the four horizontally adja-
cent spherical (radius 27.9 m) mirrors each 30.5 cm wide and
40.6 cm high, The first 22 cm of the mirror closest to the beam line
was masked to render the counter insensitive to the unscattered beam.,
The light was focused onto a single RCA C31000M phototube, The
counter was operated below atmospheric pressure. At 200 GeV/c
beam momentum the counter was just insensitive to particles with
proton velocities or less, At 100 GeV/c beam momentum the counter
was operated between the proton and kaon thresholds for sensitivity,
Figure A3.1 shows the response of the counter to protons, kaons,
and pions at 100 GeV/c. These graphs show the pulse height of the
phototube during an elastic event in which CB tagged the presence of
the particle in the beam. Figure A3, 2 shows the response of the
counter at 200 GeV/c. These measurements were made during
special runs in which the forward analysis magnets (M1, M2) were
turned off (so that the beam traversed the sensi;:ive region of CF') and
the apparatus triggered on a coincidence between beam and CB, In
both cases it was required that both the P and X hodoscope register

at most one beam particle.
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Appendix 4

Liquid Hydrogen Target and Target Veto Counters

The liquid hydrogen target was built and maintained by the
Hydrogen Target Group at Fermilab. Design parameters for the
target flask are given in Table A4,1. The flask was wrapped in
20 layers of superinsulation and the space surrounding the target was
evacuated. This space was contained by an aluminum block whose
walls were 38 mm or more thick except for the front, back and beam
right sides which were made of 0. 39 mm thick mylar. The top,
bottom and beam left sides of the target block were covered with
veto scintillation counters, The aluminum kept electrons, scattered
by the beam, from the veto counters but allowed high energy recoil

protons and charged secondaries to hit the counters.

82



83

Table A4.1

Hydrogen target

Flask length 101.6 cm

Flask radius 3.8 cm

Flask material . 25 mm mylar
Liquid hydrogen density .0708 g/ crn3

Number of protons contained 24 2
in flask during running 4,28 x10 " cm




Appendix 5

Forward and Recoil Spectrometers

The acceptance of the 3pectrometer's was optimized for

200 GeV/c beam momentum, although no change to the geometry was

made for the 100 GeV/c running. The design was subject to the

following constraints,

1.

01;11y existing proportional wire chambers and analysis
magnets were to be used,

The unscattered beam had to clear all magnet yokes and
support frames,

The lever arms between the chamber stations in the forward
spectrometer were to be made long, in order to maximize the
angular resolution, but the apparatus had to fit inside the
Meson laboratory and M6 extension tunnel.

The forward analysis magnets could not be placed so far
downstream as to »1imit the acceptance in the desired range
of measurement,

The recoil analysis magnet was to be placed as close as pos-
sible to the hydrogen target in order to maximize the azi-
muthal acceptance,

Proportional wire chambers which measure the recoil proton
trajectory were to cover as much of the magnet aperture as

possible,
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The constraints on the forward arm were solved by having the
beam pass through the magnet gaps. FProportional wire chambers
were placed as close to the beam as possible, Helium bags were
placed in the forward spectrometer to minimize multiple scattering
and absorption of the scattered hadron. A hole for the beam and
scati;ered hadron was made in the recoil magnet yoke. The recoil
apparatus was aligned along an axis 25 degrees from the forward
beam (z) axis (see Figure 3. 3). 'To maximize the efficiency of event
reconstruction and to be able to determine chamber efficiencies all
available chambers were used. The positions of the chambers is
listed in Table A5,2., The chambers have been named with an f, r
or b denoting forward spectrometer, recoil spectrometer and beam,
The names end with an x or y to denote measurement of the hori-
zontal or vertical coordinate respectively. The recoil positions are
in terms of the recoil coordinate system. With the exception of the
downstream recoil chambers, the length of the signal wires was
more than sufficient to cover the required aperture., The downstream
x recoil chambers had a transverse (y) dimension of 70 cm which was
just sufficient to cover the 70 cm vertical aperture defined by the H2
hodoscope. Because there were small misalignments a fiducial cut
was made on the data to limit the vertical aperture. Two y chambers
were placed to cover the apertures defined by r10x and rllx,

Two forward chambers, f7x and f8y, were placed in the beam

just before the M2 analysis magnet. Two additional chambers, blx
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and b2y, were placed in the beam upstream of the liquid hydrogen
target. During special alignment runs the analysis magnets were
turned off and the beam intensity lowered. The undeflected beam went
through the above chambers and also through fl4x, fl5y and fléx,

This enabled the forWard chamber positions to be aligned with respect
to the beam. The recoil chambers were aligned by turning the Ml
analysis magnet off, but absolute alignment between the recoil and
forward arm used survey data which was checked with elastic scatter-

ing kinematics,



Table A5,1

Analysis magnets

Center Position Aperture Field
x or x' z or z’ (horiz, X vert.) Depth integral
Name Type Location (m) (m) (m) (m) (m) (GeV/c)
M1 72D18 Recoil 1,53 -2,10 .183 . 305 . 457 .270
M2 BMI109 Forward 30,48 .254 .610 .203 1.880
M3 BM109 Forward 32,92 . 244 .610 .203 1,880 (2.050/1.031)1

1This is the combined field integral of M2 and M3,
second for 100 GeV/c running.

The first value is for

200 GeV running and the

L8



Table A5.2

Chamber deployment

88

Wire

1The types of chambers are described in Appendix 6.

z or z' lst wire Last wire
1 position spacing Number position position
Name Type (m) (mm) wires (cm) (cm)
fly FNAL 12.62 2. 00 64 -6.75 5,85
f2x FNAL 12, 74 2,00 96 4.15 23.15
3y FNAL 12,88 2.00 64 -6.64 5.96
f4x FNAL 13,01 2.00 96 4.31 23.31
f5x CBUG  28.53 1.59 256 14.11 54,59
£6y CBUG  28.64 1.59 144 -11.86 10,84
f7x CLASP 20,61 1.27 496 -10.65 52, 34
8y CLASP 28.82 1,27 144 -9.75 16.90
£9x FNAL 29,05 2.00 192 11.84 50. 04
f10y FNAL 29.15 2.00 96 -9.62 9. 38
£11x CBUG  34.58 1,59 320 13,55 64,19
fl2y CBUG 34,68 1,59 144 -12.29 10, 41
f13x FNAL 34,91 2.00 248 12. 29 61.69
flax CLASP 66,72 1,27 720 -5.54 85,78
f15y CLASP 66,83 1,27 320 -21.16 19. 34
fléx FNAL 67,00 2.00 448 -8.60 80. 80
rlx FNAL 67 2.00 432 -59, 28 26.92
r2y FNAL .70 2.00 88 -8.42 8.98
r3y FNAL .87 2.00 9 -8.86 10. 14
réx FNAL 1.07 2.00 504 -81, 05 19,55
5y FNAL 1,10 2.00 112 -10.93 11. 27
rbx FNAL 2.17 4,00 312 -105.80 18.60
r7x FNAL 2.32 4,00 320 -109.09 18,51
r8x CLASP 2.86 1.27 304 -147.57  -109, 09
r9% FNAL 2.92 4,00 296 -93,42 24.58
r10x FNAL 3.07 4,00 120 -157.34 -109.73
rllx FNAL 3. 14 4,00 296 -94.74 23. 26
rl2y CLASP  3.41 1.27 480 -30, 34 30, 49
rl3y CLASP  3.44 1,27 480 - -29.89 30.94
blx FNAL -17.904 2.00 48 -3.10 6.30
b2y FNAL -17,986 2.00 48 -4, 29 5.11



Appendix 6

Proportional Wire Chambers

Two types of proportional wire chambers were used in this
experiment. Chambers of the first type were built by Fermilab
(FNAL) and used in previous experiment E-290, ! These chambers
used a gas mixture of 80% argon and 20% carbon dioxide with a trace
(0. 1%) of freon 13B1, The .02 mm diameter gold plated tungsten
signal wires were spaced at 2 mm intervals, The downstream recoil
FNAL chambers had adjacent signal wires- connected giving an effec-
tive wire spacing of 4 mm, The high volta:ge planes were .08 mm
diameter Cu-Be alloy wires spaced .5 mm apart. The signal plane to
high voltage plane gap was 6 mm, Signals from each wire were ampli-
fied and transmitted to the experimental control room on striplines.
Here coincidences between the wire signals and the master trigger
were made and the data encoded and stored in memory. This memory
was subsequently accessed via a CAMAC command from the data
acquisition computer, Details of these chambers may be found in
reference 2,

The second type of chamber was built at Cornell University.,
These chambers were first used by the CBUG3 group and the CLASP4
group. The sensitive area of the CBUG chambers was 55 cm X33 c¢cm
(horizontal X vertical as used in this experiment) and the signal wire

spacing was 1,27 mm. The CLASP chambers had a sensitive area
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of 90 cm X 58 cm and signal wire spacing of 1,59 mm,. The signal
wires were .02 mm diameter gold plated tungsten. Two high voltage
planes of , 025 mm aluminum foil were spaced 6, 3 mm on either side
of the signal wire plane, The gas enclosure was made with , 008 or

. 013 mm mylar spaced 6,3 mm from each high voltage plane. The
chambers used a gas mixture of argon (76%), isobutane (19,.5%),
methylal (4%) and freon 13B1 (,5%).

One special 'driver card” was used in each chamber. The
purpose of this card was to regenerate signals going to and from the
chamber. The wire signals were amplified by a circuit designed by
Browman. > The adjustable threshold voltage on the cards was set at
-2 volts, With this threshold the chambers reached maximum effi-
ciency at about 4.5 kV (CBUG) and 5.5 kV (CLASP), The signal was
amplified and delayed by a one shot. A bias voltage on each chamber
was used to adjust this delay, This particular set of Browfnan cards
used RC timing of 180 ns., Because long delays caused bad time
jitter, the pretrigger logic was duplicated close to the spectrometers
(outside pretrigger). The needed delays were about 300 ns (forward)
and 350 ns (recoil). In each channel the coincidence of the amplified
signal and an enable gate (the pretrigger with 120 ns duration) was
latched é.nd strobed into a shift register by a clock pulse, This clock
pulse was generated on the driver card from the trailing edge of the

enable pulse, The serial output of one shift register was connected to
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the input of the next shift register, All shift registers in the forward
spectrometer were chained in this way, The recoil chambers had a
separate shift register chain,

A master trigger initiated the readout by two ''wire chamber
scanners.”6 The trigger caused each scanner (forward and recoil) to
generate a 5 MHz clock which was transmitted to the end of each
spectrorrieter. The clock was used to step the shift register chain.
The clock and serial data were transmitted in synchronism from cham-
ber station to chamber station and then back to the scanner, When the
Nth clock pulse arrived back at the scanner the data line was high if
the Nth shift register bit had been set, A scaler in the scanner counted
each clock pulse, When the data line was high a second scaler began
counting clock pulses until the data line went low or seven clock pulses
were counted, The first scaler was the address of the last wire in a
"cluster'' and the second gave the number of wires in the cluster, At
this point the contents of both scalers were stored, as one word, in a
64 word memory, The data was retrieved by a subsequent CAMAC
command generated by the data acquisition computer.

Efficiencies of the wire chambers were calculated from the
elastic event sample in which a latch from the outside pretrigger was
present. The 'raw'' efficiency of a chamber in an N chamber pattern
recognition group was defined as the number of times the chamber

was used in an N or N-1 track segment divided by the number of N and



92

N-1 track segments, The raw efficiency was corrected by assuming
that the inefficiencies between chambers were uncorrelated. The
outside éretrigger efficiency was calculated from the sample of
elastic events in which all the FNAL chambers were used. The FNAL
chambers were sufficient to reconstruct an event so this was an un-

biased sample. The efficiencies are shown in Table A6, 1.
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Table Ab.1

Chamber efficiencies

Period 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
flx .93 .97 .9 .95 .97 .98 .97 ,90 .94 .72 .94 .95 .97 .97 .9
2y .98 .99 .86 .97 .9 .94 ,98 ,9 .98 .97 .97 .97 .99 .97 .97
£3x .98 .98 .97 ,97 .97 .99 .98 .9 ,97 .96 .9% .9 .97 .97 .96
fhy .9 .97 .81 ,93 .89 ,93° .94 .91 ,95 ,95 ,93 .94 .94 .96 ,95
5% .99 .99 .99 .98 ,98 1,0 ,98 ,97 .99 .98 .97 .98 .98 .98 .9
6y .97 .99 .80 .95 ,98 ,96 .98 .92 ,98 ,98 .97 .97 .87 .98 .97
£9x .93 .92 ,94 .8 ,90 .89 ,90 .94 ,97 .89 ,91 .90 .97 .9 .97
{10y .83 .6 ,79 .80 ,35 ,81 .87 .98 ,99 .88 .91 .90 .90 .97 .98
fl1x .95 ,97 .84 ,95 .95 ,90 .92 ,97 .9 .9 .93 .95 .98 .95 .96
fl2y .99 .99 .86 ,95 ,94 ,95 .9 .97 .98 .92 .94 .92 .95 .95 ,95
£13x .98 .90 .65 .97 .98 .98 .98 .9 ,98 ,9 ,98 .9 .98 .89 .9
flax .91 .91 .78 ..8 .80 .87 ,87 .90 .95 .8 ,91 ,91 .92 .88 .88
f15y .94 ,94 .83 .87 .8 .94 ,93 ,90 .95 .88 .89 .90 .92 .92 .91
fl16x .9 .98 .85 ,98 ,98 .98 .99 .97 .97 .96 .97 .98 .98 .94 .94
rlx .98 .94 ,9 .9 .95 .93 .9 ,9 .,9% .95 .95 .99 .99 1.0 1,0
T2y .92 ,92 .8 ,89 ,88 ,91 ,91 ,94 ,9 ,98 .94 .92 .92 .96 .88
r3y 97 .9 .% .94 ,95 ,95 ,9% .95 ,97 ,94 ,91 ,95 .97 .98 ,97
rdx .94 .92 ,98 ,92 ,98 ,9% .99 .95 ,97 .95 .93 .96 .98 .97 .97
r5y .8 ,92. .85 .81 .82 .87 .88 .88 .94 .82 ,75 .83 .87 .91 .86
réx .97 ,00 ,97 .95 ,9% .97 .94 .92 .97 .00 .67 .76 .87 .8 .80
rTx .92 - .94 .93 .88 .88 .88 .93 .95 - .80 .75 ,70 .71 66
r8x .99 - .89 .99 .9 ,97 .98 .98 .99 - .99 .99 .99 .99 .99
rox .82 .89 ,70 ,34 1,0 - .88 ,95 .89 .8 .94 .97 .93 1.0 .95
rlox .99 - .99 .99 .99 .99 .99 .99 .99 - .98 .99 .99 ,99 .99
rilx .99 .89 ,70 ,83 ,86 - .87 .98 ,97 .8 ,93 ,97 ,90 1,0 ,98
Pretrigger .74 - .83 79 .9 .94 ,9% ,96 ,95 - .45 ,96 ,96 .96 .9

€6



Appendix 7

Trigger Hodoscopes and Scintillation Counters

The deployment of the trigger hodoscopes is given in Table
A7.1, These hodoscopes were designed to cover the full range of
acceptance. The trigger hodoscopes H2, H3 and H4 were constructed
for Fermilab experiment 290, ! All elements of these hodoscopes
used a 56 AVP phototube and a resistive chain voltage divider. These
counters used cast acrylic light guides and the phototubes were
shielded with Co-Netic shielding. 2 The H2 hodoscope, because of its
proximity to the recoil analysis magnet, had additional shielding of
.76 cm of steel,

The H1 hodoscope was constructed for this experiment, The
scintillators were made as thin as possible (3. 2 mm) in order to mini-
mize multiple scattering of the low energy recoil proton. Light from
the scintillator was transported to the phototube through an adiabatic
light guide and then a 22 mm radius cylindrical light guide to 8575
phototubes. This long (75 cm) light guide was needed to remove the
phototube base from the vicinity of the field of the recoil analysis
magnet. The phototubes were shielded with Co-Netic shielding and
.76 cm of steel. These counters used a transistorized base designed

after those of C. Kerns of Fermilab.
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Table A7.1

Hodoscopes
Number Scintillator Position Vertical
of x min x max  thickness z or z’ Height Displacement
Name Elements Element (cm) (cm) (mm) " {m) {ecm) ({cm)
H1 6 1 -60, 96 -45,72 3.2 6,22 15, 24 0
2 -45,72 -30,48 ' 15, 24
3 -30, 48 -15, 24 15, 24
4 -15.24 0. 00 12,70
5 0.00 15. 24 12,70
6 15,24 22.86 7.62
H2 12 Ul, L1  -149,86 -121,92 12,7 3.30 30,48 U: +15.24
Uz,1.2 -121,92 -97. 98 14 -15,24
U3, L3 -97.98 -66,04
U4, L4 -66, 04 -38.10
Us, L5 -38.10 3.81
U6, L6 3.81 17.78 _
H3 7 1 11.08 18,07 6.34 35.26 19.05 0
2 18. 07 25,06
3 25,06 32.04
4 32,04 39.03
5 39.03 46.01
6 46,01 53.00
7 53.00 59.88
H4 7 1 -5.71 8.89 6.35 67.16 36.83 0
2 .16 23.97
3 13.02 36.83
4 25,88 49,69
5 . 38,74 62,54
6 51.60 75.40
7 65,41 80.C1
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Table A7.2

Additional scintillators

Position Scintillator

~ z or z’ thickness Dimensions
Name Location {m) {mm) (mm)
B1 Beam -17. 38 6. 35 44, 5% 63,5
B2 Beam -3,39 3.17 radius 25, 4
Al Beam : -3,49 6.35 203 % 203
w/ 25, 4 hole
A2 Top target block 12,7 Covers
target block
A3 Beam left side target 12,7 Covers
block target block
A4 Bottom target block 12,7 Covers
target block
N1 Target scatter ~ 2,0 6.35 63.5%x44,5
N2 monitor
N3
M1 Beam scatter ~ =17,0 6.35 63.5%x44.5
M2 monitor

M3




Appendix 8

Trigger Logic

The trigger logic is shown in Figure A8.1. The trigger is
composed of a fast coincidence between the beam and hodoscope ele-
ments. In the figure lines with a subscript i, j, k. or { represent
parallel signals from each of the hodoscope elements. Intermediate
signals used by the trigger are defined in Figure A8.2. Only major
delays are shown in these figures,

The logic first defined the "beam' signal which was a fast
coincidence between Bl and B2 with no signal in Al (the beam halo
veto counter). Next a coincidence between the appropriate elements
in H1 and H2 was made, Only appropriate coincidences {fhose con-
sistent with possible elastic scattéring trajectories and the element
positions) contributed to the trigger. The logic matrices are defined
in Table A8.1. This coincidence was vetoed by any of the target anti-
counters (A2, A3,A4) or the detection of more than 1 particle by
either Hl or H2 (H1l, H2 multiplicity). This signal constituted a pre-
trigger which was used to enable the wire chambers, This coincidence
started the logic gate which disabled durther pretriggers. If a master
trigger was not completed in 670 ns then the logic gate was turned off
and the tr_igger enabled, The signals from H3 and H4 arrived in the

experimental control room approximately 240 ns and 630 ns later than
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the beam signals respectively. A coincidence (matrix B) was made
between the elements of H3 and H4, This coincidence was vetoed by
the occurrence of more than one signal from H3 (H3 multiplicity) or
more than 2 signals from the overlapping H4 elements (H4 multi-
plicity). The H4 elements were placed so that matrix B (H3,H4) was
diagonal.

Finally, a coincidence (matrix C) was made between the H2
and H3 elements. With a master trigger the logic system remained
disabled until the logic gate was reset by the data acquisition com-
puter,

A trigger which resulted from the hodoscope coincidence was
called a type 1 trigger. A second type of trigger (type 2) required
only the coincidence betweené. pulse generator and the beam signal,

About 5% of the triggers were type 2.
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Table AS8.1

1
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The symbol 1 indicates that the combination of hodoscope elements

was used for the trigger.

not used,

1

A 0 indicates that the combination was
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Appendix 9

Elastic Two Body Kinematics

The scattering reaction
1+2—>3+4 (1)

can be described by the 16 components of the energy-momentum

-5
vectors P, = (Ei’pi) of the four particles. For an elastic reaction,
1

m1=m35m and m2=m3“=‘M (2)

Conservation of energy and momentum,

P1+P2=P3+P4 (3)

and Lorentz invariance,

2
E =p + mi (4)

specify eight constraints between the 16 components, Fixing the
Lorentz frame provides five more constraints. For example, fixing
the direction of 31 provides two constrain’cé and choosing a labora-
tory reference frame where the target particle is at rest (;2 = 0)
provides three more. The three remaining degrees of freedom can

be given by the square of the center of mass energy,
= (P +P)2—(P +P)2 5
ST T Ty (5)

the square of the four momentum transfer
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2 2
t=(P -P,) =(P,-P) (6)

and azimuthal angle ¢ , of a polar coordinate system with polar axis
-
in the direction of Py - In such a system the final state azimuthal

angles are related by

¢, =9,-T =¢ (7)

If there are no polarization effects (there is no natural origin for ¢)
then s and t alone are sufficient to describe the reaction. In

terms of the polar coordinate system:

s = m2 +M2 + ZME1 (8)
t= 2 2 2E.E_ +2 8 9)
T e T R Ty T AP Py €08 Fy (
= -ZM(E4-M) (10)
_-2ME1p4cos 94
- E, *M (11)

The following approximations are useful:

. :
-t = szl (p1 - m) (1 - cos 93) m << p, (12)

- 2Mp1p4 cos 94 — 5
T (p+M) L U
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s = ZME1 m << El’ M<x E1 (14)
t = 2 92 t <<2M << 15)
BLS T - Ppp M= Py (
2 2
-t =4M  cot 94 M << Pys rn<<p1 (16)

Equations (12) and (13) are valid to . 01% over the range of this exper-

iment so that the mass of the beam particle can be neglected in the

data reduction. Equations (15) and (16) are valid to 4% in this range.



Appendix 10

Event Reconstruction and Selection

The master trigger initiated recording of the state of the
detector onto magnetic tape (''raw data tape”). The first step in
reducing the raw data to cross sections was to determine the
particle trajectories of each event (event reconstruction) and to sift
out those events that corresponded to elastic processes (event

selection),

1. Event Reconstruction

In order to reconstruct tracks the proportional wire data
were converted into real coordinates. A particle traversing a cham-
ber normal to the wire plane set one or two wires. Low -t recoil
protons, however, made a large angle (up to 45 degrees) to the wire
plane and several adjacent wires could be set. The coordinate of
this ''cluster' was taken as the mean of the location of all set adja-
cent wires. Up to seven wires were used to define one cluster co-
ordinate, If there were more than seven adjacent wires then two
clusters were defined, If there was more than 14 clusters in one
chamber then the chamber was not used in the reconstruction.

The track finding algorithm was designed to be as efficient
as possible despite chamber inefficiencies (typically 5-20%),

extraneous cluster coordinates and the gap between the wire
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chambers in the downstream part of the recoil spectrometer, A
track segment finding routine (Figure Al0. 3) was used, with the
groups of chambers (Pattern Recognition Groups) and parameters
defined in Table A10, 1,‘ to find two dimensional straight segments
of the trajectories, Up to 60 slopes and intercepts were stored for
each of the six pattern recognition groups.

The track finding algorithm can be summarized as follows:

The track segment finding routine was used to search for
an elevation (y) track ‘segment in the forward arm. Then it was used
on the upstream forward plan (x) view. If between 1 and 14 track
segments were defined then "'dummy' clusters were defined as the
position of each track segment at the z coordinate of the effective
magnet center plane., Using the "dummy" clﬁsters a search was
made for track segments in the forward downstream plan (x) view,
The downstream track segments were used to define dummy clusters
at the magnet center plane and a search for x upstream track seg-
ments was done again, If track segments were not defined for all
three views then the algorithm was not continued.

The recoil spectrometer presented problems, not only be-
cause of the large gap between the wire chambers but also because
of the large angies of entry and exit to the magnetic field and a large
amount of vertical focusing in the magnetic field, Because of this

last problem the downstream recoil y chambers were not used in
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the event reconstruction, The algorithm continued by searching for
an elevation (y) view recoil track segment. Next the track segment
routine was used to search for downstream x track segments with at
least three chambers., Any track could go through at most four of the
x downstream recoil chambers,

Next two chamber track segments were defined with the pro-
vision that they either went through the gap between the chambers
(gap track segments) or missed the first two downstream recoil
chambers r7x and r8x (wide track segments). To take into account
the finite resolution of the wire chambers the gap and chamber edge
apertures were taken to be 12.5 mm larger than actual size, If no
track segment was defined at this point then two chamber track seg-
ments were defined first using the track segment finding routine (this
limits the two chambers to the possible anchor chambers) and then
using all other pairs of éhambers.

Next all pairs of clusters between the two upstream recoil
chambers were used, in turn, to define a slope and intercept. The
pair was stored as a track segment if it intersected the fiducial
volume of the hydrogen target (as defined in Figure Al0, 3) and
matched at least one of the downstream segments, This test was
relaxed if the downstream track segment was of the wide type defined
above. 'E[‘he matching took into account the large angles of the tra-

jectories to the field, To do this, the recoil magnet was considered
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as producing a "square'' field which vanished everywhere but between

Z. and Zo (Figure A10,5), where it had only a vertical compo-

in ut

nent and was uniform throughout this region. A charged particle
traversing the field would move in a circular path and the intersec-

tion of the ingoing and outgoing particle trajectories occurred at a

point
6, +686 8. -8
_ w in out in out
2.+ 2. %3 tan( 5 ) tan( 5 ) (1)
where
Z + Z
7 = out in
c 2
and
Z - Z
_  ou in
W= 2

and ein and Go are the ingoing and outgoing angles respectively,

ut
The value of W was determined from the data by using a survey
value of Zc¢ and inverting equation (1). Reconstructed tracks were
used to define the angles,

If no satisfactory pairs were found an attempt was made to
define a track through tl:le magnet with oﬁl’y one upstream chamber,
This was necessary, not just to recovér the tracks in which one of
these chambers did not work, but also to determine the efficiency of

these chambers. The upstream track segment was defined using a

cluster in one of rlx or r3x and the x position of the downstream



track segment at Zc . The slope of the upstream track segment was
used with the downstream track segment and equation (1) to define
. Zint . The slope and intercept was recalculated with the cluster and

the position of the downstream track segment at Zi This proce-

ot °

from step to step was

dure was iterated until the change in Zint

less than . 02 mm.

2, Event Selection

At this point only events with at least one track segment in
each of the six views were retained., All combinations of track seg-
ments were tested, A given combination of track segments was used
to define three dimensional trajectories (see Table A10, 2) of the
scattered hadron and recoil proton. The variables defined in Table
Al0, 4 were calculated using the analysis constants in Table A10, 3,
The combination was tésted with the seven functions defined in Table
A10.5, The functions were expected to be zero on the basis of the
expected event geometry (the tracks should be continuous through the
analysis magnets and should meet in the hydrogen target) and
elastic kinematics (four -momentum should be conserved by the two
particle system). The distribution of these functions had finite width
corresponding to the experimental resolution.

Events in which one or more combinations had function values
falling within 9 of the initial resolution estimates giveﬁ in Table

Al10,5 were written to a summary magnetic tape, Special allowances
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were made for combinations which had wide or gap track segments
and ones in which r4x was not used. The combinations within an
event (if there was more than one) were ordered by a ¥ 2 like estima -
tion defined as the sum of the square of the functions divided by their
resolutions. Only the best 16 combinations were written to 2 summary
tape. The summary tapes were studied and "fine-tuning' of the analysis
constants was done to center the distributions of these functions.
Typical adjustments are shown in Table A10.3, The adjustments to
the beam angle parameters, DXB and DYB, were needed because of
minor deviations of the incident beam angle. The measured direction
cosines were rotated into the perturbed beam coordinate system.

Final cuts were made at three standard deviations and the
closest approach of the tracks limited to the hydrogen target volume
(Table A10,6)., Finally, fiducial cuts were made (Table A10.7). The
fiducial cuts limited the effective aperture of the spectrometer and
in particular eliminated events with wide track segments. The target
fiducial cut eliminated events that came from the interaction with the
target flask ends rather than the hydrogen. The distributions are
shown in Figures A10,6-A10.12. In these figures all cuts (including
fiducial cuts) have been made except the one associated with the dis-
tribution.

The events were binned according to their value of t. This

value was determined from the measured recoil scattering angle
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because of the approximate independence of t, as a function of the

recoil angle, on the incident momentum (Equation A9, 16),
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Table Al10.1

Pattern recognition groups

Road
width Anchor chambers Required
View Chamber (mm) 1 23 456 7 8 number

1 Recoil y Ty 13,6 x x
r3y 2.7 X x 2
r5y 13,6 x x

2 Forwardl! vy fly 3.0 x X x x
3y 4,4 x x x x
f6y 2,7 X x 3/2
f10y 3.4 X x
fl2y 3.3 X X
fl5y 7.8 X x

3 Recoil2 upx rlx
r2x

4 Recoil3 down rbx 9.5 X x- X X

x rix 10.9 X X X X

r8x 8.1 x x 3/2
r9x 8.1 x x
rl0x 7.6 x x
rllx 7.8 x x

5 Forward up x f2x 6.2 x x x
f4x 4,4 x x x 2
f5x 2.7 X X
f9x 3.1 X X
dummy 12,3 X x

6 Forward down dummy 12,3 X x

x fllx 3.3 X X 2

f13x 2,7 X x
fl4x 3.0 x x b
f16x 4,0 X X x

1Three clusters were required if the outside pretrigger worked. If the
pretrigger did not work then only two clusters were needed,

2
This pattern recognition group was not used with the track segment

algorithm,

Three clusters were required on the first pass and only two on the
next (see text).
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Table A10. 2

Trajectory parameterization

DXjk

DYjk

XOjk

YOjk

DCjk = [DCjkx, DCjky,

POjk

DCjkz]

the horizontal slope of the j = u,d
(upstream, downstream)
k = f,r (forward, recoil) trajectory

the vertical slope

the horizontal intercept at z
{or =z Y=0

the vertical intercept

the direction cosine vector

[Dx. ,DY_ ,1]
pC, =—dt &
jk / 2 2

1+DX~ +DY!

jk jk

the intercept vector defined by
POjk = [X0jk, YOjk, O]

DCjk and POjk are vectors and are
denoted with a prime is expressed in the
recoil coordinate system. The trajec-
tories are parameterized by




Table A10. 3

Analysis constants
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Typical
Initial value adjustment
P1 incident beam 100.0 200.0 GeV/c 1%
momentum
DXB horizontal beam 0.0 0.0 .05 mr
angle
DYB  vertical beam 0.0 0.0 .05 mr
angle
FBDL forward magnet 1.02 2,04 GeV/c .5 %
field integral
RBDL recoil magnet . 270 .2710 GeV/c .5%
field integral
w recoil magnet 76,2 76.2 cm 8 cm
width
ZF forward magnet 31.70 31.70 m .02 m
center plane '
ZR recoil magnet 1.53 1.53 m -

center plane
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Table A10.4

Measurement variable definitions

DXF Forward track segment matching parameter,
This is the difference between the position of the
upstream and downstream track segments at the
magnet center,
DXF = ZF(DX a

-DX ) + (XO4-XO0 )

f f

DXR Recoil track segment matching parameter. The
difference in position is calculated at Z; .
the expected position of meeting (see text).
DXR = Z, (DX. -DX )+(XO, -XO )
int dr ur dr ur

PT =[XT,YT,ZT] The coordinates of the center point of closest
approach of the recoil and forward trajectories.

PD = [XD, YD, ZD] Vector of this closest approach.

TF The measured t based on the forward scattering
angle and elastic kinetmatics,

TR The measured t based on the recoil scattering
angle.
PF The expected momentum of the forward particle

based on the forward scattering angle,

PFM The measured forward momentum.
PFM = FBDL/(DCde-DCduZ)

PR The expected momentum of the recoil proton
based on the recoil scattering angle

PRM The measured recoil momentum.
_ ' ’
PRM = RBDL/(DCer-DCer)
CPL Coplanarity, i.e. the cosine of angle between the

beam axis and the normal to the scattering plane,

3
CPL =(DC. DC -DCc, DC ) [+ %, .DC_ .DC
fux™ “ruy fuy rTux i=1"7 "fui rui
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Table A10,4 (continued)

XRA, YRA The position of the measured recoil trajectory
at réx, i.e. z’ = 2.17 m.

XFA, YFA The position of the measured forward trajectory
at H3, i.e. z = 35,26 m,




Table A10.5

Resolutions used for initial cuts
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Mnemonic +1C0 + 200
Cut name Definition Exceptions GeV GeV . Units
1 forward track DXF- . 686 .€86 mm
2 recoil track DXR . 315 . 315 mm
wide 4,32 4,32 mm
gap 4.32 4.32 mra
3 forward PF-PFrM . 0075 . 0075
momentum PF
4 recoil momentum PR-PRM . 124 .1 24
: PR
wide 5. 5.
gap 5. 5.
5 target closest YD 2.72 2.72 mm
apprcach . 4
6 coplanarity CPL .00014 . 00014
7 t difference TE-TR
a+b|TF|
2
a=,013(GeV/c) 1,
2
b=.014(GeV/c)
no r4x 1.533
2
a=,033(GeV/c) 1.
2
. b=.017 (GeV/c)
no r4x 1,533

llnitial cuts were made at £ 9 times the above defined resolutions.
The resolutions were widened for events which used wide or gap
(defined in text) downstream x recoil track segments and events

in which proportional wire chamber r4x was not used, The column
headed "Definition' gives the distribution in terms of the measured

variables defined in Table A10, 4.



Table A10.6

Final event selection

criteria
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Mnemonic
Cut name Definition Exceptions -200 |-100 +100 | +200 | Units
1 | forward |DXF 2.44 [ 2,06 [2.06 |2.44 |mm
track
2 recoil track| DXR 17.5 | 23.6 |26.4 |13.2 | mm
wide 83,8 [83.8 {83.8 |83.8 | mm
gap 31.2 |31.2 |31.2 |31,2 | mm
3 forward Pr-PEM .0207 |,0225|,0225} ,0207
mosinentum P
difference
4 | recoil PR-PRM 048 |.099 |.099 {.048 |(GeV/c)
n?omentum PRZ
difference. 1
wide L141 | .372 |.,372 | .141 | (GeV/e)
gap .105 |.186 |.186 |.105 | (GeV/c)~!
5 target ‘YD 5.87 |6.71 | 6,71 |5.87 |mm
closest
approach
6 target XT 38.1 |38.1 }38.1 {38.1 |mm
volume YT 38.1 38,1 [38.1 38.1 | mm’
T 50.8 50.8 50.8 50. 8 cm
7 coplanarity | CPL .420 |.420 [.354 |.285 |x1073
8 t difference!_TF-TR
a+b|TF|
a=,0462
b=.0238 3. 3.
no r4x 5.1 5.1
. 2
a=.0182 (GeV/c) 2, 3.
b=,0154 .
no réx 5.1 5.1
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Table A10,7

1
Fiducial cuts

YRA -29,85 29,85 cm
YFA -8.13 8.13 cm
XRA -109. 22 - cm
XFA 11,00 - cm
ZT -50, 29‘ 50. 29 cm

1The quantities in the first column are defined in
Table A10. 4,



Table A10.8

Event selection history

Beam momentum (GeV/c) -200 -100 +100 +200
Type 1 triggers 3,031, 550 1,189, 268 109, 013 970, 289
With forward track 490, 454 958,101 89,952 107,002
With recoil track 340, 898 871,021 82,712 70, 358
Initial Forward momentum 234,852 793,605 72,551 33,768
criteria Recoil momentum 157,809 743,119 66,969 20,195
Closest approach 154, 890 739, 956 66,711 19,725
Target 148, 967 738,581 66,574 19, 559
Coplanarity 143,765 721,105 64,635 17,379
t difference 131,019 702,641 62,612 14,414
One or less criteria not met 122,997 690, 437 61,338 12,740
Final All criteria met 113,803 651,788 57,989 11, 506
selection Fiducial cuts 102,788 456,742 39,924 9, 866
Particle separation and t range 75,043 410,963 36, 249 7,446
quoted in Tables 5,1-5. 4
P 18 3,834 11,412 3,431
m 74,913 399,757 23,616 3,876
K 112 7,372 1, 221 139
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(@) (b) (c)

Figure A10,1. Cluster size distribution. The number of clusters
is shown as a function of the number of wires in the cluster
for:

a) chamber f13x at beam momentum -200 GeV/c
b) chamber rlx at beam momentum -200 GeV/c
c) chamber rlx at beam momentum +100 GeV/c .
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Figure A10.2, Number of clusters per chamber, The number
of clusters in one chamber given that a track was recon-
structed through its spectrometer is shown. The sample is
a subset of the -200 GeV/c data.



124

Figure Al10. 3. Track segment algorithm, The following are

IMAX
JMAX

KMAX
LMAX
NCH

NCM

NHT

NHR

TARGET

SUBSET

defined:

Anchor pair sequence number., The anchor pair is specified
in Table A10.1 by x's placed under the column headed by
the sequence number,

Track segment candidate sequence number,
Sequence number of cluster in anchor chamber 1,
Sequence number of cluster in anchor chamber 2,
Number of anchor pairs,

Maximum allowed number of track segment candidates,
JMAX = 60 for all pattern recognition groups.

Number of clusters in anchor cﬁamber 1.
Number of clusters in anchor chamber 2,

Number of chambers in the pattern recogmtmn group with
at least one cluster,

Minimurn number of cluslers required to define a track
segment candidate

Nurnber of clusters currently reqmred to define a track
segment candidate,

Number of clusters in the current road defined by the anchor
chambers, The road for each chamber had a width given in
Table A10.}.and was centered on the line segment joining
the two clusiers of the anchor chambers, If two clusters in
one chamber were within the road width then the cluster
closest to the road was included in the track segment. The
road width value was determined from the distribution of
residuals between the cluster coordinate and a fitted track
segment defined by other chambers in the pattern recogni-
tion group. The value chosen was approximately four stand-
ard deviations of the signal. The road width values (divided
by 4) were used as weights in a least squares fit of the track
segment,

Does the road intersect the tax get fiducia] region? The
road had to come within 38 mm of the target center at some
point along the z axis within 56 mm from the target ceunter,

Is the current track segment candidate a subset of a previ-
ously found track segment candidate?
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1000 {f %20
1
: 60

|
Number of Track Segmenis

Figure A10.4., Number of track segment candidates. The number
of track segment candidates stored for the Y recoil view is
shown for a subset of the -200 GeV/c data.
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Gour

Zip Zint g Loy

Figure A10,5, The effect of large angles on the magnetic center,
" The symbols are defined in the text,
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Figures A10.6 - A10.12. Geometrical and kinematic distribu-
tions used in the event selection. The varijables are
defined in Table A10,4. In these distributions the data
sample is restricted to -t> ,585 (GeV/c)z at
+100 GeV/c and to -t> ,861 (Ge'V/C)Z at £ 200 GeV/c.

The data samples are for a beam momentum of:

a) +100 GeV/c, b) -100 GeV/c, c) +200 GeV/c and

d) -200 GeV/c.

A10.6 DXF (mm)

A10.7 DXR (mm)

A10.8 (PF-PFM)/PF

A10.9 (PR-PRM)/PR (GeV/c)™!

A10,10 YD (mm)

A10.11 (TF-TR)/a +b|TF|) (a,b defined in Table

A10.5)

A10.12 CPL
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Figure A10.7
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Appendix 11

Monte Carlo

The experiment was simulated by Monte Carlo methods.
Simulated data were analyzed by the same programs as the real
data to determine the detection efficiency of the apparatus as a func-
tion of t (see figure All,11 and Tables A13,2-A13,13),

The simulation of an event began with the generation of the
beam vector momentum, the location and slope of the beam at the
first proportional chambers (blx and b2y) a value of t and ¢ and
a target interaction point. The initial parameters for these distribu-
tions were obtained from the real data. The momentum distribution
was modeled after the x distribution at the P hodoscope. Because
this hodoscope was located at a momentum dispersed focus in the
beamline there was a"linear relation between the particle position
and momentum, The initial distributions of the beam in x and y
v»;ere taken from the distributions in blx and b2y. The beam angles
were determined by extrapolating the spectrometer tracks to their
meeting in the hydrogen target, This point wés used with the posi-
tions in blx and b2y to calculate the beam slopes. The vertical focus-
ing of the beam was determined from a scatter plot of the vertical
slope versus position in b2y, Adjustments were made to the widths
of the beam momentum, y angular divergence and x angular diver-

gence by comparing the kinetmatic peaks forward moment

143
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difference, coplanarity and t difference of both real and Monte

Carlo data., The t distribution was an exponential whose parameter
was adjusted to match the real and Monte Carlo t distribution. A
small amount, about 5%, of the events were generated with a flat
distribution in t to define the acceptance in the high -t regions. The
z of the elastic interaction was generated randomly between the tar-
get flask ends. The ¢ distribution was randomly distributed between
limits determined by preliminary runs of the Monte Carlo.

The beam particle was tracked through the apparatus to the z
position of the elastic interaction point. The scattered particles
were tracked through the spectrometers with aperture cuts made at
the magnet walls and hodoscopes. If all these were satisfied then the
position of the particle at the wire chambers was quantized to the
closest wire and written to magnetic tape for subsequent analysis.

The decay of the pion and kaon was modeled in the forward
arm. Decays before reaching the hydrogen target were not modeled
(see Appendix 12).

The chamber efficiencies given in Table A5, 2 were used in
the simulation. The number of Monte Carlo events generated for
each period was proportional to the number of master triggers during
the period. The averages were taken over periods in which there
was no gross change in the chamber performance (e.g. no broken

signal wires), The state of the beam Cerenkov counter was the same



145

throughout each period, In addition the efficiency of the outside logic
(pretrigger for the Cornell chambers) was used to deaden the
Cornell chambers. In one period the efficiency of this pretrigger
depended on which matrix element would cause the trigger. This
was also simulated.

Multiple scattering was simulated using Moliere theory.

The scattering angle distributions for four thicknesses (measured in
radiation lengths) were calculated. The radiation length of each
scattering center was calculated using the values in the Particle
Data Book. 2 This scattering angle distribution foi‘ the center was
ta.ken as the closest of the four distributions and scaled by the factor
in reference 2.

The foirward analysis magnets were modeled with uniform
square fields, The recoil analysis magnet was simulated by several
adjacent square fields. The strength of each field was specified by
a one dimensional magnet map (vertical field vs. z) which was made
just before the experiment. A correction for vertical focusing was
made upon entering and leaving the field. This focusing effect arose
from the rise of the vertical field over some length, £, along the z
axis. Because thé magnet was much longer in the x direction than
the y direction, the model assumed that there was no horizontal
variation of the field. These assumptions and Maxwell's equations

give B_. =0 , and
X
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BBZ i)BY
oy © Bz (1)

-3
where B is the magnetic field, This can be integrated by assuming

a linear dependence of BY on z to give
B = — (2)

where Bmax is the maximum value of the vertical field. The

impulse (for a unit charge) due to the z component of the magnetic

field is
t
GpY =£ Vsz dt
(3)
t
5p =f V. _B dt
X 0 Yy Z

-
where V is the velocity of the particle. The first integral can be

expressed as

-
where p is the momentum of the particle. The vertical position

can be approximated as

- dy
giving
P
- x dy £
6py - Bmax P, (YO * dz 2 ) (5)

Here yo and dy/dz are the y position and slope at the beginning of

the magnetic field,
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Similarly

P
- y dy £\ _
épx = “Brax P, (YO 3 2 )‘_ 0 ©)

since pY << P, for this experiment., The combined effect of enter-

ing and leaving the field is a.pproximately3

A
pY

+ (&
(6 py)in ( py)out

_ dy 4 ) -
= Brax (YO Mr-eiy (px, “Py )
in out

dy 1
Y0+(—i- —Z) RBDIL, (7)

max ( Z

The residua.l4 in the last y chambers is given by

Ap
dy = —Y Az : (8)
pZ

where Az is the distance from the magnet to the y chambers,
This estimate of the residual is graphed in Figure All.1 for an
extreme value of y_. . In practice the value of B was set by
0 max
matching the yol pz2 dependence of the residual between Monte
2
Carlo and real data but the value used, .0034 (GeV/c) /cm, was

2
close to RBDL/W = ,0035 (GeV/c) /cm.
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Figures A11.1 - A11,10. Comparison between Monte Carlo and
real data. The real data is represented by the black
squares and the Monte Carlo data by the histograms.

The total number of Monte Carlo events has been normal-
ized to the total nu:fnber of real events in each figure.

The variables are defined in Table Al0, 4.

Beam
Momentum
Figure Distribution (GeV/c)
All.1 DXF (mm) -200
All.2 DXR (mm) -200
All.3 [(PF-PRM)/PF] x 103 -200
All.4 (PR-PRM)/PRZ (c;eV/c)’1 -200
Al1,5 YD (mm) -200
Al1.6 TF-TR (a +b|TF|) -200
Al11.7 CPL x10° -200
Al1.8 CPLX10° | +100
Al11.9 CPL x10° -100
3

All1.10 CPL x10 : +200
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Figure Al11.11. Geometrical acceptance. The geometrical
acceptance is shown as a function of t. The effects of
cuts and chamber efficiencies are not included in the
calculation of the geometrical acceptance. The

acceptance is shown for 100 and 200 GeV/c beams.
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Figure Al11.12, The effect of vertical focusing on the residual
in the downstream Y proportional chambers. The
residual is the difference between the expected position
(the extrapolated position of the upstream Y track seg-
ment) and the Y downstream cluster coordinate. The
magnitude of the effect depends on the Y position of the
recoil proton at the analysis magnet. The residual is
calculated for this position equal to 8 cm which is an

extreme value for this experiment.
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Appendix 12

Particle Separation

The events were separated by incident beani particle using the
Cerenkov counter data, A latch from CB signaled the presence of a
pion, kaon or proton in the accelerator bunch which caused the elastic
event.> More than one particle could be present in the same bunch,
however, so that it could not be assumed that all the CB tagged events
resulted from the'ta.gged beam particle, The forward threshold
counter (CF) was sensitive to the scattered hadron. Because the
probability of scattering into the acceptance was small, the proba-
bility of two particles going through CF within its 55 ns time resolu-
tion was negligible, The signal from CF was analyzed with an analog
to digital converter (ADC),

The CF counter was calibrated with elastic events which were
tagged by CB, The sample required both the P and X hodoscope to
show at most one beam particle.-' This requirement removed approxi-
mately 90% of the double bunch events and the remaining conta;mina-
tion was estimated by comparing the sample to a similar sample in
which no hodoscope requirement was made. From this information
appropriate limits were chosen on the pulse height and the fraction of
each type of particle within each region was calculated (Table Al2,1),

The sepa".ra.tiori by CF (from the pulse height recorded at each trigger)
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was not complete. At 200 GeV/c there was no useful separation
between pions and kaons, In addition, the antiprotons made up such
a small portion of the beam that their CF signal was buried beneath
the tail of the signal of the other particles, Hence a signal from CB
was required to identify 200 GeV K" and K and antiprotons at 100
and 200 GeV/c.

The probability of CB misidentifying an elasi;ic event due to
multiparticle bunches was estimated from the relative cross sections
(on a first pass the data) and the beam fractions of the particles. The
fraction of double bunches was estimated from the response of the P
and X hodoscopes during type 2 triggers which required only a coinci-
dence of the beam scintillation counters, The small number of
bunches with three or more particles were treated as double particle
bunches. The appropriate combination of requirements of the CB
latch and CF pulse height was made and the resulting efficiencies and
contaminations tabulated (Table Al2, 3),

Evénts in which CB latched a different particle than expected
from the CF region were not included in any sample. At 100 GeV/c
CF was calibrated only for the 1980 data and during 1981 the counter
was run with higher pressure, The 'ADC boundary was rescaled but
the resulting relative error in the kaon sample was unacceptable éo

only 1980 data was used in this sample,



Table Al2.1

CF calibration >

Mo?;eea:'glum Fraction Fraction Fraction
(GeV/c) Region Definition ™ K P

-200 1 ADC <40 .0 .008+,005 ., 968+,003
II ADC > 40 1,0 .992+,005 ,032+,003
+200 1T . ADC <40 .0 .003+,003 984+, 003
ADC> 40 1.0 .997+.,003  ,016+,003
-100 I ADC < 40 .0 .012+,006 ,937+,001
I1 40< ADC <238 . 009+, 004 .785+,016 . 063+, 004

III ADC >238 .0 .193+,011 .0
+100 I ADC €40 .0 .024+,006 ,997+.002
II 40< ADC <238 .009+,002 ,794+, 016 ,063+ 004

II1 ADC >238 .991+,002 ,191+,011 .0

1During the 1981 data the +-100 GeV/c CF ADC boundaries were scaled
up 88 ADC channels.,
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Table Al2.2

CB calibration

Beam Fraction of particles contained
Momentum in sample
(GeV/c) Sample Fraction ul K P
-200 K- . 243 .012+,002 .976+,002 ,012+,002
-200 ) .243 .0016+,0003  ,0016+,0003  , 9968+, 0004
+200 K+ .233 .0082+,002 . 9835+, 002 . 0082+, 002
-100 P .253 . 0082+, 002 . 0082+,002 . 9835+%+,003

L9t



Table Al2.3

Particle contamination correction matrix (Pij)

Expected fraction of elastically
scattered particles contained

Beam .
1
Momentum moampe Required
(GeV/c) Sample 1T K P Counters
-200 m 1. .992+, 005 .032+,003 CF(I1I)
K™ .0010+,0003 ,992+,005 .00032+,00002 CF(II), CB
P .0 . 00001 .965%, 003 CF(I), CB
+
+200 n 1. .997+.003 ,016+.003 CF(II)
K" .0064+.002 ,997+.003 .00010+.00003 CF(II), CB
) .0 .003+,003 . 984+,003 CF(II)
-100 m . 991, 004 .193+,011 .0 CF(II1)
K" . 009+, 004 .794%.016 .063+,004 CF(ID)
1) .0 .0 . 937+, 004 CF(I), CB
+100 nt 991,004  .191+.013 .0 CF(1II)
k' . 009+, 004 .785+,014 , 003+, 001 CF(1I)
.0 .024+, 006 .997+.002 CF(I)
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Appendix 13

Cross Section Calculation

The differential cross sections are presented in bins corre-
sponding to a range of t. The limits on the bins were chosen to
straddle spikes in the t distribu’cic;n due to the finite wire spacing of
the proportional wire chambers, The average differential cross sec-

tion for a bin centered at value t; is defined as:

do t) = N(ti)
dt “i’ ~ Ati e(ti) PTCch> (1)
where
Ati = the width of the bin
PT = the number of protons contained in the hydrogen
24 -2

target, 4.28 x10 " cm
elt,) = the detection efficiency of the apparatus

as determined by the Monte Carlo program

@ = the measured hadron flux through the hydrogen
target

Cl = a correction factor which is independent of t

N(ti) = the number of events in bin centered on bin 1:i

corrected for background, measurement resolu-

tion and efficiency of particle separation,
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NG, = z N(t_)C, ) C.(t_it) C, ()

m
where

N(tm) = the number of events in bins centered on the meas-

ured t value, t
m
CZ(tm) = the background correction
C3(tn;, ti) = the measurement resolution correction (defined below)
C4(ti) = the correction for particle separation.

The raw flux was calculated from the 1980 and 1981 integrated
beam signals, 2 The result for each period was weighted by the beam
fractions (Table A2.1) to obtain the flux of each particle type.

The t independent corrections are summarized in Table
A13.1. The first correction to the raw flux was the ''double bunch"
correction, Sometimes CB would tag a particle which was the second
particle in the acceleratt;r bunch. These events were not included in
the samples of Table AlZ2, 3 if only CF was required and the particle
tagged by CB was different than the sample indicated by CF. This
correction compensated the loss in flux due to this event.

A correction was made for the decay of the beam hadron be-
tween CB and the hydrogen target. Only a negligible number of de-
cays which occurred upstream of CB resulted in a particle being
counted by the beam counters, Decay of the hadron in the spectro-

meters was modeled in the Monte Carlo, The absorption of the
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hadron in the hydrogen target wés calculated using measured total
Cross sectionsl and the hydrogen target length, Absorption due
to material in the spectrometers and beamline (after B2) was calcu-
lated using these total cross sections, An additional correction was
made for the estimated number of delta rays (knock-on electrons)
which pénetra.ted the aluminum target block and were detected by the
target veto counterg.

A rate correction was necessary because the yield of elastic
events per gated beam was a decreasing function of intensity, The
correction was made by assigning each spill a bin on the basis of the
spill's intensity as measured By the N counter, The total number of
gated beam counfs and elastic events were accumulated for each bin
and the ratio of these plotted. The rates were extrapolated to zero
intensity. The correétion was the average (over all intensities) rate
divided by the rate at zero intensity. These extrapolations were done
for the 1980 and 1981 pion samples and the final correction was the
weighted (by gated beam signals) average of the two periods. Fig-
ure Al3,1 shows an example of this extrapolation. The extrapolations
were made by fittir;g a straight line through the data., The systematic
error of the correction was taken as the statistical error of the least
squares fit,

Corrections which depended on t were made to the raw num-

ber of events and are summarized in Table Al 3.2, The first of these
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was a background correction _and was made by looking at the coplan-
arity signal of eac;h particle. Essentially no Monte Carlo event had
coplanarity with absolute value greater than , 0006 so that the
background was estimated from the numbér of events with absolute
value of coplanarity be’cweeﬁ . 0006 and ,00012, The number of back-
ground events uﬁder the signal peak was calculated by assuming that
the background distribution was flat,

Next the events were redistributed to reflect the finite meas-
urement resolution of the experiment. The resolution can be calcu-
lated by differentiating equation (A9, 16) with respect to the recoil
scattering angle, The measurement error of this angle can be esti-
mated from the wire spacing and distance between the two upstream

recoil x chambers (66, = 1.4 mr), The result as a function of

4
t is shown in figure A1'3. 2. The analysis of the Monte Carlo data
yielded the number of simulated events which were reconstructed
with measured value tm as a function of the number of trial events
generated with value tg . The relation of the simulated events as
binned by the simulated and measured t values can be’expressed in
terms of a matrix M,

Nrs(tm) = % M(tm, tg) Ns(tg) 2)

Here Nrs(tm) is the number of reconstructed events with measured
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value of t within the mth bin. Ns(tg) is the number of trial simu-
t

lated events that were generated with a t wvalue in the g h bin. The

real data can be binned in terms of the measured t wvalue, N(tm)

and the corrected distribution of events expressed
-1
= t ,t,
N(t,) ;;IA (t,_ot) N(t_) (3

Not all simulated events were reconstructable and some did
not pass the event selection criteria. The efficiency of the detection
as determined by the analysis of the simulated data is

N (&)

elt) = Je (4)
¢ T NE

where Nrs(tg) is the number of simulated events that were found
with any measured value of t but were generated with t value in
bin g. To use the correction equation (3) with equation (1) the
effects of the efficiency and measurement error can be factored.

Equation (2) can be written

Mt .t )

—m g
Ns(tm) % e(tg) Nrs(tg)

(5)

il

; mit Lt )N )

so that
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-1 B -1
M (e ty) = et ) mit )
(6)
m_l(t )
g
e(tg)
and equation (3) becomes
I |
N(ti) _e(ti) m (tm’ti) N(tm) | (7)
giving
-1
C,lt _»t) =m (t .t) (8)

Finally corrections were made for the efficiency of particle
separation (i.e. how many events are lost by the particle separation
criteria, the factor C4b in Tables Al13,2-A13,13) and the contamina-
tion by other particles ih the sample (C4a in Tables Al3, 2-A13,13),
The worst case of contamination were the +200 and -200 pion samples
which contained kaons. Because the statistical quality of the kaon
data was much worse than that of the pion data, an exponential fit
was done to the kaon cross section before subtracting it from the pion
cross section,

These corrections were done by an iterative process, If
Nj (ti) is the true number of events of particle type i then, by defini-
tion of the cor?ection matrix Pij (Table Al2, 3), the number of

events in each sample is



175

! = P+ N P,
N/ (6) = No(t) Py kgj W& Py (9)

This can be solved for Nj(ti)

N.(t,) = N . (10)
ji ij 2 Nk(ti) ij
Lt N.C)DB..
k73 V31

The procedure involved making successive approximations for Nj (ti)
and Nk(’ci) in the right hand side of equation (10), These were cal-

culated using the cross sections from the previous step.
N ) « STt) e (t) At, & (11)
ki dt 'i" "k'i ik

Note that constant factors such as Ati cancel out in the correction.

In particular the value of ® was taken as the beam fraction so that

k

corrections between samples normalized to gated beam and normal-

jized to CB could be made.
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Figure Al13.1. Rate correction extrapolation. The rate extrapo-
lation is shown for the 1981 100 GeV/c data. Here I is
the extrapolated value of elastic events for gated beam.,

., A is the total number of elastic events divided by the

total gated beam. The correction is I/A.
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