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ABSTRACT

HADRON - NUCLEUS SCATTERING AT 70, 125, AND 175 GEV/C

AND

A HIGH STATISTICS STUDY OF HADRON - PROTON

ELASTIC SCATTERING AT 200 GEV/C

Alan Michael Schiz

Yale University

1979

Results of two studies of small angle elastic

scattering are presented. The first experiment measured

hadron-nucleus elastic scattering at 70, "125, 175 GeV/c

incident momentum. The second experiment is a high

statistics study of hadron-proton elastic scatterin3 at

200 GeV/c incident momentum.

Hadron-nucleus elastic scattering was measured for

n±, K±, p, and p scatterinq from Be, C, AI, Cu, Sn, and

Pb targets at .incident beam momenta of 70 and 175 GeV/c

and for n+, K+, and p scattering from Be, AI, and Po
targets at an incident beam momentum of 125 GeV/c. In

all cases the minimum -t is 0.001 (GeV/c)2; the maximum

-t is 0.07, 0.16. 0.30 (Gev/c)2 for incident beam

momenta of 70, 125, 175 GeV/c respectively.

Parameterizations of the differential cross section,



do/dt, in the forward direction are presented.

Elastic scattering for TI-p, TI+p, and pp reactions

was measured at an incident momentum of 200 GeV/c in the

region of 0.02l<-t<0.665 (GeV/c)2. The data are

sufficiently precise to allow an investigation of the l

dependence of the logarithmic forward slope, b =
d/dt(ln(da/dt)]. Significant t dependence of b is

observed. The data are also used to test bounds on the

elastic scattering amplitude and fit to functional forms

for da/dt suggested by the Additive Quark Model.

The apparatus was a high resolution single arm

forward spectrometer located in the Meson Laboratory at

Fermilab. It measured scattering angles up to 4 mrad

and four momentum tranferred squared, t, down to -0.001

(Gev/c)2 for incident momentum up to 200 Gev/c. The x

(=P measured/P beam) acceptance was from 0.85 to 1.0.

The trajectories of the incident projectile and the fast

forward secondary were measured using proportional wire

chambers. This information was used to reconstruct the

event and to check if an elastic scatter occurred: no

information was used concerning the recoil target

particle. The incident beam momentum was determined to

0.03% (~p/P1a): the outgoing momentum of the scattered

particle was determined to 0.1% (~p/p:a). Four Cerenkov

counters simultaneously identified pions, kaons,



protons, and antiprotons in the beam.
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CHAPTBH 1

INT~ODUCTIO~

Measurements of hadron-nucleus and nadron-proton

elastic scattering are fundamental. The distribution in t,

four momentum transferred squared, for elastic scatterinj

provides information about the character of the stron]

interactions. This study presents data taken at Ferrnilaj

for both hadron-nucleus and hadron-proton elastic

scattering.

The hadron-nucleus elastic scatterin~ data, in addltion

to testing theoretical approaches 1 . 1 ,1.2 to tne scatterin~

process, also provide valuable engineering information tnat

will aid in the design of ni3n energy experiments. while

data exist for nadron-nucleus elastic scatterin3 at 20 - 30

Gev1 . 3 ,1.4 and at 40 Gev1 . S , there are no compara~le

published measurements at higher energies for nuclear

targets heavier than helium1 • 6 • These data taken at

Fermilab fill that void.

Specifically the reactions studied are n i , K± , p, and

p scattering from Be, C, AI, Cu, Sn, and Po targets at

incident beam momenta of 70 and 175 GeV/c and TIT K+, and p

1



scattering from Be, AI, and Po targets at an incident bea~

momentum of 125 GeV/c. Tne t range covered varied with toe

incident momentum. In all cases the minimum -t is 0.001

(Gev/c)2 i the maximum -t is 0.05, 0.15, and 0.30 (Gev/c)2

for incident beam momenta of 7~, 125, and 175 GeV/c

respectively.

2

Parameterizations of da/dt in the very forward t region

(0.001<-t<0.030 (Gev/c)2) will be presented. Hadron-nucleus

scattering is concentrated in the forward direction;

therefor,~, this forward t region represents the bulk of tne

elastic scatterin~ cross section. This is especially true

as the atomic number of the nuclear target increases. It is

important to note that the experimental elastic scalterin~

data include both interactions which leave tne target

nucleus in its ground state (coherent elastic scattering)

and interactions which excite or break up the target nucleus

(quasie]astic scattering).

As mentioned above, the dcr/dt distribution for

hadron-proton elastic scattering provides information about

the nature of the strong interactions. In an optical model

this distribution is dependent on the interacting paricles'

sizes and opacities. In a Regge model this distribution is

dependent on the structure of the Pomeron and of any other

exchanges which contribute to elastic scattering.



Data trom early experiments 1 .? at -t<0.~ (GeV/c) 2 ana

at moderate energies (5 to 3~ GeV) were fit with a simple

ex?onentiaJ function of t:

3

do/dt = Aexp(bl) (1.1)

wher~ b is a constant. However later results at

Fermilab1 . 8 ,1.9, SLAC 1 . 10 , and the ISR1 • l1 show a more

complicated t depenjence of dcr/dt. An exponential with a

quadratic term (where band c are constants)

jcr/dt = AeXp(Dl+ct 2) (1.2)

gives a good representation of the dala taken with bea~

energies between 50 and 175 Gev1 . 8 in the intermediate 1

region (0.05<-t<1.U (GeV/c) 2). Very precise data at 10 and

14 GeV from SLAC 1 •10 show an even more complicated t

dependence, while the ISR1 •11 results suggest a break in the

t distribution for proton proton scattering. Finally data

from the CERN SPS 1.12 on the lO'3arithmic forward slope' in

the small t region (-t<0.05 (Gev/c)2) are inconsistent with

-----------------------



extrapolated values of the slope as derived from data in

the intermediate t region.

The present study concerns n-p, n+p, and pp elastic

scattering at 200 Gev/c incident momentum. The t range is

from -0.021 to -0.665 (Gev/c)2 (scattering an31es from

~.7 to 4.0 mrad). Thus in a single experiment, dcr/dt is

measured over the small to intermediate t range. The

apparatus was configured such that at the maximum t that

was accepted, the data had good statistics. Therefore

these data are refer red to as the "high - t data".

The large number of events involved in this study

allow a detailed analysis of the elastic scattering t

distributions. The t dependence of logarithmic slope,

b(t), will be presented where

4

bet) = d/dt[ln(da/dt») (1 .3)

The "b(t)·1 in Eq. 1.3 is not to be confused with the "b"

used in Eqns. 1.1 and 1.2.

The data are also used to test bounds on the elastic

scattering amplitude1 •13 ,1.14 and fit to functional forms

suggested by the Additive Quark Model.



CHAPTER 2

EXPERIMENTAL APPARATUS

A. Introduction

The apparatus used in this experiment was a single

arm forward spect~ometer. The momentum and trajectory

of the incident particle and of a single fast forward

secondary were measured. A diagram of tne apparatus is

shown in Figure 2.1. Table 2.1 gives the distances of

some of tne major elements along the oeam line.

The momentum of the incoming particle was

determined to ~.03% (6p/p:o) by a proportional wire

chamber (PWC) located at a momentum dispersed focus of

the beam. Four Cerenkov counters simultaneously

identified pions, kaons, and protons.

The angle of the scattered outgoing particle was

measured to 30 rad (0) by four stations of high

resolution p~o~ortional wire chambers placed on either

side of the target. For stability these cnambers were

mounted on a 20 ton reinforced concrete block.

A magnetic spectrometer, consisting of two dipole

magnets and a station of PwCs, was located just

downstream of the concrete block. The spectrometer

5
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7

'fABLE 2.1

Layout of Apparatus

tt\r~d

The trajectory of an on-axis on-momentum unscattercd
bea~m ~article is as follows (not to scale):

'rhe following elements are measured wi th respect to upstreatu
end of concrete block (pt.O)

Element' Z (em)

High Resolution PWCl

High RE:solution PNC2

Hi1~ Res~lutio~ PWC3

high ne~olution PWC4
a

~~qnet 1 Entrance
a

~gr.£t 2 Entrance

Bend Point, P
aMagnet 2 Entrance

1Lf.~ t 2 ExJ.·~a~.agne _

23.18

373.38

625.12

1075.04

1122.67

1729.68

1751.90

1774~12

2380.91

'fhe tollowing elements are measured along PR wi t~h respect.
to the bend point P:

Element

PWCSb

Veto Plane

PWC6

Z (em)

674.92
705.47

3640.14

-Refers to Z of center of aperture as projected onto
unbent beam line

bThese chambers (an x and y) were tilted 8.477° with respect
to line PR



measured the momentum of the outgoing particle to ~.l%

(~p/p:cr). The cu~rent in the ma1nets was scaled with

momentum such that the bend angle of the spectrometer

for unscattered particles was 34 ~rad. Muons and

electrons were identified Of an iro~-scintillato~

calorimeter and 3 lead-scintillator shower calorimeter,

respectively.

The various elements are now described in ~o~e

detai1 2 . 1 .

a. Bea;n

The expe~iment was performed in tne M6 West beam

line 2 • 2 in the Meson Lab at Fermila~. The beam

oroperties are summarized in Tao]e 2.2.

The beam had three stages, each with point to

pa~alle] to ooint optics as shown in Figure 2.2. Th~

momentum spread (maximum ±l%) was selected via a

8

horizontal collimator at the first focus. A PV;C with

1 mm wire spacing located at the second focus measured

tne momentum of tne incomin.j particle.

Two scintillation counters, SA and Sci, intercepted

the entire beam at the second focus. Together with four

other remotely controlled counters, E, w, U, 0, which



TABLE 2.2

M6\\' Beam Line Characteristi.cs

9

Production Target Size
for this expe riment

Production Angle

Lab Angle

Momentum Range

Solid Angle

Angular Acceptance

Momentum Bite

Dispersion 1st focus

2nd focus

width 1 nun
height 1 mrn
length 20.. 3 em

6p 2, 'I mr

8 1,0 mrv
6h 2,5 mr

10-200 GeVIe

An 1.. 34 lJ-sr

AOh ::I:O,561nr

AS :1:0 .. 76 mr·v

Ap/p :t: 0 .. 0140;0 to 1. 00/0

AX. 6. 30 cm/%
Ap/p

·AX 3" 48 cml%
Ap/p

Properties at 3rd focus

horizontal magnification

vertical magnification"

horizontal divergence

vertical divergence

1.5

1.3

:1:0.36 mr

:1:0. 67 mr



~
M6-W BEAtvt

HORIZONTAL TRACg

Yo =5mm

o

VERTICAL TRACE

or' 7s771
-2
-4

y

2
(em) lzc........::=::-.... jL + Io <:: oc::::::: '" l

-2

-4

X
4

(em)
2

t'I'j
roo

I.Q
~
11
CD

t..J.
tv

,..,
o



formed a variable sized hole velo, lhese counters

defined an upstream aperture. Further downstream, two

other scintillation counters, HI and H2, both with 7.6

diameter holes, rejected particles with improper

trajectories.

Four Cerenkov counters simultaneously identified

pions, kaons, and protons. The properties of these

counters are given in Table 2.3. The upstream

counters, M6Kl and M6K2 2 . 3 , were used as threshold

counters to identify pions. M6K3 2 • 4 and M6K4 2 • 5 were

differenlial counters used to identity kaons and protons

respectively. Figures 2.3 and 2.4 show typical pressure

curves for these counters; Figure 2.5 shows the beam

composition at the target as a function of beam

momentum.

At the third focus the bea~ was reco~bined in ~oth

space and momentum. Here the beam was focused on a very

small scintillation counter, VI. For the high-t data an

additional jaw shaped counter, V2, was inserted. 'fhese

counters are described in more detail below.

c. Detectors and Targets

1. Scintillation Counters

11



TABLE 2.3

Cerenkov Counters

Number & Type Annulus Gas and Pressure,
Name Type Length of Phototubes Angle 200 GeV

l\'161{1 Threshold 29.3 m 2 RCA 31000 M - He O. 54 psia

MGK2 Threshold 18.3 m 1 RCA 31000 M - lIe 1. 6 psia

M6I<:3 DifCerential 13.7 m 3 RCA 31000 M 10 mr He 28.2 psia

~I6K3 Differential 5.8 m 8 Phillips 56 DVP 24.5 mr He 156 psia

f-I
I\J
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Bl, B2, VHl, Vrl2, VB3, and S in Figure 2.1 are

scintillation counters. Tneir dimensions are given in

Table 2.4. B1 and 82 defined the beam, while VB1 was a

hole veto that removed oeam halo. VH2 and VH3 will be

described later. S subtended the full apertu:e at tne

downstrea~ enj of the apoaratus.

VI and V2 were, as mentioned above, placed at the

third focus. They were used in the trigger for

scattered particles. Several different sizes of VI were

used depending on the incident beam momentum: Ta~le 2.5

gives the various sizes. VI was viewed via an air light

guide and was located in an aluminum foil coated

oox. ~ne assemoly is shown in Figure 2.6 Vi was a

jaw shaped counter and is shown in Figure 2.7. Fiyure

2.8 shows the relative placement of the two vetoes (and

also the last magnet aperture projected to the veto

plane). A more complete description of the use of VI

and V2 appears in the next chapte:.

2. Targets

For the high-t running a liquid nyjrogen (Ld 2)

target, 52.7 cm long, 4.4 em. in diameter, was used. Tne

vacuum windows were extended to just downstream of

PwC Station 2 and just upstream of

PWC Station 3. Figure 2.9 shows the hydrogen target.

16



TABLE 2.4

SCINTILLATION CO~JTER CHARACTERISTICS

Counter

B1

B2

S

VH1

Horizontal
(em)

1.91

2.54

30.48

10.16

DIMENSIONS

Vertical
(em)

2.22

2.38

15.24

10.16

Thickness
(em)

.16

.16

.64

.16

Hole
Dimensions

(if applicable)

3 x 30m square
(4.13cm from lower edge
3.81crn from vertical
edge)

Phototube

Amperex 2­
S6 DVP

..
II

II

VH2& 12.7 outer diameter .95 2.54cm diameter (centered
on scintillator center) ..

VH3 35.56 41.91 .64 3 .. 8lcm diameter:
(19 .. 0Scm from lower edge:
17.78cm from vertical edge) ~

&vu2 was a circular counter

f-'
~



TABLE 2.5

VI SIZESa

Momenturn Horizontal Vertical Thickness
(GeV/c) (rom) (rom) (rom)

±70 20.25 4.90 10.32

±125 20eOO 4.00 10.32

±175 20.~5 2.52 10.18

±200 20.15 2.52 10.18

a V1 was coupled to an Amperex 2 n 56DVP Phototube.

(14 Stage/K-Cs-Sn Photocathode)

18
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The hydrogen pressure was ke~t at 15.5±0.5

psia; since gas and liquid were in equlibrium, the

density of tne liquid nydrogen can be computed from its

known thermodynamic properties. For the data analysls a

value of ~.07~5±~.0a gm/cffi 3 ~as used. Two sets ot

carbon resistors in the liquid nydro3en monitored the

liquid level. The target was emptied oy usin~ a small

heat leak into the target to drive the hydrogen into the

reservoir. The hydrogen gas density is estimated to

vary from 4.4x10- 4 to 0.9x10- 4 ~m/cm3.

The nuclear targets were sized to give

ap9roximately the same multiple scattering as the LH 2

target. Tnis choice had the consequence that tne

quantity "Length / Interaction Len-3th" decreased with

increasing atomic number, giving more oackground to tne

scattering. However the angular resolution of the

apparatus re~ainej the same for all ele~ents. The

target dimenslons are given in Table 2.6.

The nuclear targets were placed in a three piece

aluminum vacuum can which in turn was mounted to the

recoil detector (described in the next section). The

pieces were joined by quick disconnect flanges for easy

substitution of the targets. Each nuclear target was

placed in its own holder and precision positioned by a

31.2 em long mylar tube to a precision of 1 mm. The



TABLE 2 ..6

Nuclear Target Parameters

Radiation
A Diameter Length Densitl Length_

2
L R L/LRTarget Z (amu) (em) (cm) (g/cm ) (g/cm )

Be 4 9.01 5.40 1.600 1.85 65. 19 0.045

C 6 12.01 5.73 1.259 1.64 42.70 0.048

/ ...1 18 26.99 6.02 0.401 2. 73 24.01 0.04&

eu 29 63.55 6.32 0.080 8. 96 12.86 0.056

Sn 50 118.69 6.32 0.084 7.. 31 8.. 82 0.070

Pb 82 207.19 6.63 0.026 11.35 6.37 0.046

'"~



vacuum can and nolder are shown in Figures 2.1~ and

2.11.

3. Recoil Detector 2 • 6

An assemoly called the recoil detector, consisting

of four U-shaped scintillation counters, was centered

around the target. Its function was to help separate

elastic from inelastic events. Figure 2.12 snows tne

assembly. Tne outer two counters, RV1 and RV2, are 1 cm

thick and 40.64 cm along the beam. A 1 cm thick lead

plate was sandwiched between them, and this combination

was used to detect gamma rays from neutral pions

produced in inelastic collisions. A proton needed a

kinetic energy of at least 15~ Mev (correspondin~ for

elastic scattering to a -t, four momentum transferred

squared, of .281 (Gev/c)~) to reach RV2. Tne remainin~

parts of the detector were not used in tnis experiment.

4. Electron Scattering Rejection

To reject scatters off of electrons in the target,

two hole veto scintillation counters, VH2 and VH3, were

25

used. These counters are located immediately upstream

of PWC station 3: Table 2.4 gives their

dimensions. The upstream counter had a 3.d cm diameter

hole cut 19.05 cm from the lower edge and 17.78 em from
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the vertical edges. Its upstream face was covered oy a

1 cm lead sheet to detect gamma rays from neutral pion

decay.

Tne downstream counler of the pair was circular

witn an outer diameter of 12.7 cm and an inne'r hole

diameter of 2.5 cm.

5. Proportional Wire Cnambers (PwCs)

All track measurements were done by PwCs. In

addition to the momentum tagging chamber at the second

29

focus, there were six sets or stations of PWCs.

2.7 summarizes these chambers' characteristics.

Taole

Stations 1 through 4 consisted of nigh

pressure, high resolution chambers2.7(7~ ~~ (0) spatial

resolution) whicn measured the scattering angle. Tnese

stations measured tracks in lhe x (horizontal) and

y (vertical) directions. Station 3 also measured along

the u and v directions (rolaled from the horizontal 45

and 135 degrees respectively).

Stations 1 to 4 consisted of PWC doublets with an

effective wire spacing of 200 ~m anj an active area 3 cm

in diameter. Each PWC singlet had a wire spacing of 40~

~m amd were assembled into pairs offset by half a wire

spacing. This assembled staggered pair is called a



TABLE 2.7

PROPORTlotll\L WIRE CtlJ\MBER CttJ\MCTERIS'T.'!CS

Chamber

YDmentum Taqqlnq

High Voltago
Plane

25\lm Al Foil

S!gn~l

Wire

25~m W

!'!urnber
of Wirc_~

64

Wire
Sp~=inq

(mr.1)

1

Gap·
1!!!!!!l.

8

Window
~

8.2cm diameter

High nesolutionb
PWC's
(Station 1-4)

Station 5
(x, y)

Station 6c

25\.1m Al Foil

25um Al Poil

7Sum eu Wire

5\.1 Tungsten 76
@ 4.6gm
Tenoion

25\Jm W 32

25\Jm W 160

0.4

1.5

2 .. 0

1 3cm diameter
active area

8 lO.2em diameter

1.G5 17.8 x-35.6cm
rectangle

·01stanee between ground plane and 919na1 plane.

bData 91ven for sinqle plane. Chambers composed of doublet comprised ~f
two singlets offget by 200\.1 and aeparatcd by J.8cm.

Coata 91vcn {or Dingle plane. Chambor had two plnn~s of!sot by 1~~.
w
o



TABLE 2.7 (CONT.)

PROPORTIONAL WIRE CHAMBER CHARACTERISTICS (CONT .. )

!!!!.

ArCOI, Flowed
at .l-.21/min.

75' Ar., 24.6'
Isobutane,
.4\ Freon at
SOps! (Not Flowed)

ArCOa
Flowed at
.l-.21/min.

ArCO!, Flowed
at .21/m!n.

Chamber

Momentum
Tagging

High Resolu­
tion PWC's
(Stations 1-4)

Sta.tion 5
(x, y).

Station 6

Operating
Voltage

(kV)

3.9

3.0

2.9

2.9

Output
Signal Size

Imv into lkn

Time
Resolution
_<....n_s....' __

7

W
l-'



dOUblet. The slgnals from the two singlet planes were

interleaved oy a special conneclor before being read

into the online computer. The gas (75% argon, 25%

isobutane, 0.4% freon at 50 psia) was not

circulated: indeed the same volume of gas was used for

months at a time. Each singlet had a~ efficiency of

99±1%.

32

Station 5, consisting of 1.5 mm wire spacing x and

y chambers, was located just do~nstream of the

spectrometer magnets. These were used primarily for

online monitoring of beam position and size at the third

focus. Station 6, located at the end of the experiment,

consisted of a pair of 2 mm wire spaclng chamoers

stag3ered oy 1 mm to Obtain an effective 1 mm wire

spacing. Stations 3, 4, and 6 measured It.e momentum ot

the scaltered track.

The chamber data was encoded oefore being read into

the online computer. A block diagram of the readout is

shown in Figure 2.13. A signal from the fast logic

called the COINCIDENCE GATE was needed in order to read

the PWC information into the online computer. More

details on the fast logic are presented in the next

chapter. The details of the readout system are

described in references 2.1 and 2.8.
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6. Muon and Electron Calorimeters

Electrons were identified oy a lead-scintillator

sandwich counter: muons by a iron-scintillator sandwich

counter. Table 2.H gives these counters'

characteristics: Figure 2.14 shows the relative

orientation of the counters.

The horizontal spatial dependence of the electron

counter response was tested by moving the bea~ 13 cm

left and right from the center of the counter. The

response in either pnototube changed oy over 5~% over

tnis range, out toe sum of their signals was constant to

2.5%. Plots of tne summed pulse hei9hts from the two

electron calorimeter pholotubes and from tne two muon

calorimeter phototubes are snown in Figure 2.15 and

2.16, respectively. ~nese plots are for unscatlered

pions and protons at se GeV/c. Clearly a single cut on

the summed muon pulse height (pulse height must be

greater than that corresponding to the arrow in Fig.

2.16) removes both electrons and muons. This is the

case because electrons lost all their energy in the

electron calorimeter. Thus for events ~here the

incident projectile was an electron, the pulse heignt

from the muon calorimeter was approximately zero. The

electron signal is approximately 2.5% of the incident

pions. At 7~ GeV/c tne percentage of incident electrons

34



TABLE 2.8

Electron and 1\1:uon Detectors

Radiation Absorption
Detector ConstMlction Size Phototubes Lengths aLengths

Electron 15 - 0.25" Pb 8.0" V 2 - RCA 4522 17.2 0.61
sheets intar- 15.75" H 4" Tubes
leaved with
14 - 0.25"
scintillation
sheets

Muon 13 - 1.5" Fe 22.0" V 2 - PhUips 2~.3 3.03
sheets inter- 39.0" H 56 DVP
leaved with 2" Tubes
14 - 0.25"
scintillation
sheets

a 1n the absorption length the elastic
s~attering is subtracted.

w
U1



ELEC'l'RON AND HUON CALORIHETERS

Figure 2.14
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to incident pions is less than 2.0%; for 10~ GeV/c and

above tnis percentage is less tnan 0.1%.

D. Spectrometer Magnets

The two spectrometer magnets were identical in

design to Fermila~ main ring 82 dipoles 2 . 9 . They had a

5 cm vertical by 10 cm horizontal aperture and a

magnetic len3th, !Bedl/8center' of 6.07 meters. In

order to maximize the acceptance the upstream magnet was

tilted 12.282 mrad with respect to the unbent

beamline: the downstream magnet 29.9~0 mrad. Their net

effect was to bend an unscattered oeam particle by an

angle of 34.12 mrad. A 67~.5 cm by 1 cm wide single

turn flip coil and a precision charge digitizer were

used to map the field as a function of x (horizontal)

and y (vertical) to an accuracy of ±0.01%. The upstream

ma3net had a maximum x and y variation over the physical

volume of 0.02% and ~.04% respectively. The downstream

maqnet had no measurable y variation and a x variation

of 0.01%.

During the experiment the currents in both the

upstream bending magnets and in the spectrometer magnets

were monitored by NMR probes located in ~.91 m monitor

magnets placed in series with each magnet string. The

39



NMRs had a 0.1% full scaJe reading: the magnetic fields

were maintained to 0.03% (l\B/B; a).
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CHAPTER 3

DATA ACQUISITION

A. Introduction

The data collection logic involved a two-level

trigger. Toe first level used the scintillation

counters in the experiment to provide a fast trigger.

Tne second level acted on those events that passed tne

first level and used an analog device called the

HAHDWARE SCATT£H FOCU3 DETECTOR (HSFD)3.1.

The three basic trigger types defined by the data

acquisition logic were SCATTE~, BEAM, and PSACVT. The

SCATTER trigger (60% of the data) defined a single

incident oarticle that scattered in the target region at

a -t greater than 0.0~1 (GeV/c) 2 and produced a fast

forward secondary that traversed the rest of the

apparatus. The BEAM trigger (35% of tne data) was a

sample of incident beam particles that fulfilled certain

criteria upstream of the target. This trigger had no

requirements downstream of tne target. Toe third

trigger type, PSACV~, was used to study the systematics

of the HSFD.

41



B. Scintillation 'l'rig3ers

The first part of the various scintillation

trigqers involved the scintillation and Cerenkov

counters u~stream of the concrete block. Figure 3.1

shows these elements.

All triggers required a signal from JV and from C~G

where

H = D+U+~'J+E

CTG = Kaon+Pion+Proton

The counters D, U, ~, L were described in the last

chaoter. A signal from JV imnlied the bea~ particle nad

a co~recl trajectory. A signal from CTG implied

oositive ?artic]e identification. Tne signals from the

various Cerenkov counters were scaled (oy anywhere fro~

a factor of 1 t.o 2-16 ).

Figure 3.2 eXhibits t.he remaining part of tne

scint.illation t.rigger system. A TAGdM trigger is

defined as

TAGBM = BI-B2·VH1·Beam Rationer·JV·CTG

The beam rationer was formed from signals from 91 and

42
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:e;ected incident particles within 4~J ns~c of another

particle. Figure 3.3 shows the rationer lo~ic in

detail. A certain number of TA~dM triggers were

reco~d~J ~y the o~line computer (reqardJess of the

partIcle's su~sequent history) for

normalization, alignment, and studies ot possiole

systematic errors. These recorded XAGB~ triggers are

known as BEAM.

~ne following is the scintillation trig3er for a

scatter:

FACEV£ = TAGBM~.PWCFOR.~

S was the large scintillato: lnat covered the most

downstream aperture. A siqnal fro~ S implies the fast

forward particle nad traversed the entire spectrometer.

V meant tnat tne particle missed the vetoes at the

third focus. For the nuclear target running only VI was

used: for the ni9n-t running VI was in conjunction witn

tne jaw shaped veto V2.

PWCFOR used the information from the PWCs on the

blOCk. It required the x and y chamoers of Stations 1

and 2 to have one and only one coordinate: in addition

the x and y cha~bers of Station 4 had to give a signal.

,------- -_._--~-----=====----------------
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It took app~oximately 40J nsec for this fi~Sl level

of the trigger to make its decision.

c. Second Level ~rig~er: Hard~dre Scatter/Focus Detector

For tnis experiment a purely scintillation trig32r

for scattered particles was inadequate. Because of

multiple scattering upstrea~ of the target at nest only

93% of the unscattered bea~ could oe focused onto VI

(the small veto scintillation counter at the third

focus). Since the signal was less than 0.5% of the bea~

rate, this 10% beam halo would ~ave saturated the online

comouter data handling capability unless additional

ste?s were taken. The solution was a second level slow

trig~er called the HARD~AR£ SCATTER FOCUS DETEC~O~

(HSFD) whicn made use of information from the PhCS o~

the concrete block. A FACBVr triYjer nad to oass tne

HSFD test before oeing written on ~agnetic tape.

This second level trigger was an analo~ system

which used the information from the hign resolution PwCs

to perform two calculations in parallel. Figures 3.4 to

3.6 schematically present these calculations wnich were

made in both the x (horizontal) and y (vertical) planes.
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"HSFD CONTROL LOGIC
(ALSO SEE FIGURE 3.5)
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In the first calculation tne incident trajectory

was projected to the veto plane. It toe horizontal

(vertical) projection was inside a preset window, HFDX

(11 F1)Y) was set t rue. 'fn i s proc e ;;sse1e c led tho s e

particles in the incident beam phase space tnat WOUld

nave struck the veto if they were not scattered. In

this mode the analog system is called the

Hardware Focus Detector (HFD).

In the second calculation the incident trajectory

was projected to pwc Station 4 (most downstream P~C on

the concrete block). If the orojected coordinate and

the actuai coordinate differed ~y more than a fixed

amount in the x (y) planes, then H5DX (HSDY) was set

true. Toe presel amount corres~onded to a t ot

approximately -~.0Jl (Gev/c)2. In tnis mode toe analo~

system is called the Hard",are Scatter Detecto: (11.:30).

The scatter triqge: is then

SCATTBR = FACEVT·{HFDX-HFDY) • (HSDX+HSDY)

The results of the HFD and HSD calculations were

recorded in analog to digital converters (ADCs). In

order to study the effect of the HSFD, a prescaled
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number of FAC£VT triggers were accepted without the

processor reguire~ent. These events are called

PHESCALED ACCEPTED EViN1S (PSACV~).

Figures 3.7 and 3.B ShOW the results ot tne HaFD

operation. Fi~ure 3.9 presents a sample of PSACVT: tne

shaded area are those PSACVT rejected ny the HSFO.

The HSF0 took approximately 5 ~sec to make its

decision.

D. Online Computer

A PDPIS/40 3 . 2 recordej the data and monitored the

a?paratus performance. The online pro~ran was designed

prImarily tor speed in data acquisition and c0~ld read

up to ~0~ events per one second spill. £wo factors were

instrumental in achievinj tnis ni~~ rate.

First an economical event format was implemented.

An event generated about 30 18-bit words: about 2~ words

for the partially encoded PWC hit locations (2003 wires

in 16 chambers), 2 words of latch information, and 6

words with 2 ADCs per word. Secondly a double bufferin~

scheme was used. During the spill as one Duffer filled

with events, the other was written onto the disk within

the PDP15. Between spills these records were
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transferred from the disk to majnetic tape via tne same

Duffers. 'l'ne online monitorln'3 was performed wnile tne

events were in lnese bufters.
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All information was transferred to and from the

computer via CAMAC moduJes. Toe p~C encoded

information (giving the chamber and wire activated) was

stored in special word buffers before oein3 accepteJ ~y

the co~puter. Tnese word Duffers had a s?ecial outout

in order to input the necessary information to the HFSD.

Stanjard CAMAC modules were used for scale:, 512 chan~el

ADC, and latch information. In addition the computer

read in periodically from a scanning digital

v~ltmeter (DVM) values of varlOUS phototu~e voltages and

of tne Lrl 2 resistors. FInally tnere eXlsled a system of

"sta~J-alone" scalers wnicn were independent of the

PuP15. Tnese scalers served as dia~nostics to insure

the ap~aratus was functionin9 correctly.

Besides recording the data, the PDP15 monitored the

status of the a?paratus. Histograms and scattergrams of

a variety of quantities could oe produced. Some of the

more relevant ones were

1. PWC wire map distributions to give information

concerning chamber efficiency and the beam

tune.



2. ADC pulse height distrioutions.

3. Scintillation counter Jalcn intormation to

detect failures in the fast logic.

These histogra~s were made on an event by event basis.

Tables 3.1 and 3.2 give a list of latch and ADC

i~formation written for each event onto magnetic la~e.

Tne online computer could write a lriqger onto

magnetic tape in approximately 1 msec.

Durin] the time a decision was oeing ~ade to reaj

in a trig3er (e.g. by the HSFD), the loqic would not

accept new events. The logic to accomplish this anj to

reactivate tne apparatus is shown in Figure 3.10. PT~IG

initiated the process that deactivated the

equipment: note that a FACeVT, PSACVT, or BEAM activated

PTRIG. BEAM and PSACVT also activated FTRIG which

started the process such that an event could oe read in

regardless of the result of the HFSD test. After a

trigger was rejected, an event read into the PDP1S, or a

new spill occurred, the pwc word buffers, ADCs, latches,
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TABLE 3.1

Computer Latch Information

Latch

Bl .
STROBE (from beam rationer)

B2
JV
Vl

VH2
VB3

OISCa

RVl
RV2

S
LIGHT:
HEAVY
BDIFa

BGAS
a

V2

Latch

HFOX (HFD in x plane)
M6K2 (most upstream Cerenkov

counter)
HSOX (HSD in x plane)
lIS0Y (USn in y plane)
BEAM
PSi\CVT
Fl\CEVT
HFDY (HFD in y plane)
VHlbFOlb (for x of PWC station 1)
F02b (for y of PWC station 1)
F03b (for x of PWC station 2)
F04~ (for y of PWC station 2)
F09~b(for x of PWC station 4)
FOl~ (for y of PWC station 4)
FOP'"'

aSee Figure 3 .. 1

bFOn on if PWC plane had a wire activated

cFOP on if any plane in PWC stations 1 and 2 had > 1 coordinate

U1
00



TABLE 3.2

ADC Information (512 channe1s/ADC)

ADC

Muon Counter (sum of both phototubes)
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Recoil Detector Sci.ntillators
(see Fig. 2 .. 12)

Electron Counter A

Electron Counter B

HSDX
HSDY
HFDX
HFDY
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and all scalers were cleared: the I09ic could now accept

a new event.

Tables 3.3 through 3.6 give examples of actual

rates. The tirst two tables apPly to the nuclear target

running; the latter two to tne hign-t running. Tne

differences between the scaler totals for the two types

of running reflect the effect of the jaw soaped veto V2.

Under tYPical run~ing conditions 5Sv,0JJ ~articJe3

per one second spill were incident upon tne apparatus.

Approximately 250 trig~ers were reaj into tne computer.

l'ne 5 e t rig :J e r s wereo f t net y pe FACev'i, tJ ..3 ACv1', anoj

8EA~1. The numoer of tne latter two reaj In depenjej ot

course on tne factor oy woicn they were scaled. For

9 r escale factors ot ~-10 for both, a~out l~ PSACVT and

40 3EAM were accepted OJ the computer in a one second

spill.

In order to record as many of the rarer particles
+ +

as possible (p, K-) the predominant particles' (n-, p)

trigger rate was scaled. Typically the predominant

particles were scaled to resuJt in a 60% live time for

the apparatus and an effective rationed oeam of 10,~~0

per one second spill.
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TABLE 3.3

An Example of Tri.gger Rat.es:

Carbon at ~70 GeV/c

For this example the prescalers were set to the

following: CD TAGBM = 2-10 <V ACEVT = 2-10 G)' Pion =

@ Kaon = 20 ® Proton = 2°

The rates are for a one second spill.

SCALA.Ra Nuzpber of 3
Counts (lK = 10 )

Rl\tiB 4l9.5k
RATB 328.8k
GEOM3 307.0k
TAGBM 35.5k
VSCJ>..1· 127.4k

EVENT 14.6k
ACEVT 12.Sk

FACEVT 8.4k

PTRIG 8.4k

TRIGb 322

BEAM 36

pSACv'rb 12

Apparatus Live Time 65%

aScalers count only during live time

b TR1G is number of events read in by PDPIS.

It includes BE~I, PSACVT, and SCATTERS which passed

HSFD requirements.

-42



TABLE 3.4

Scaler Ratios: Carbon at -70 GeV/c

These ratios are derived from Table 3.3
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RATIO COMMENT

RATB/RA~vB .78 Effect of Beam Rationer

GEOMB/RATB .93 Effect of VHl and JV·

TAGBM/GEOMB .12 Effect of Cerenkov Tagging

VSCAT/GEO!r1B .41 Effect of a3rd Focus Veto

E\i"ENT/SCAT .. 11 Effect of Cerenkov Tagging

ACEVT/EVENT .86 Effect of 5 counter

FACEVT/ACEVT .67 Effect of High Resolution

Pi"1C requ irements

(PWCFOR)

TRIG-(BEAM ~ PSACVT)
.03

PTRIG-(BEAM + PSACVT)

aon1y VI was at the 3rd focus

Effect of HSFD
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TABLE 3.5

An Example of Trigger Rates:
High-t Data at +200 GeV/c

The prescal~3s wer~ setoto the folbowing: 1. TAQCM:2-12
2~ ACEVT=2 3. Plon=2 4. Kaon=2 5. Proton=2 t. The
rates are for a one second spill.

SCALERa Number of Counts (lK=103)

RAWB 392K

RA'fa 293K

GEOMB 280K

TAGBM 156K

VSCAT 24.7R

EVENT 13.2K

ACEVT l.aK

FACEVT l.OK

PTRIG 1.lK

TRIG
b 384

BEAM 37

PSACVT
b 7

Apparatus Live-Time - 60%

aScalers count only during live-time

bTR1G is number of events read in by PDPIS. It
includes BEAM, PSACVTi end SCATTERS which passed
HSFD requirements.



TABLE 3.6

Scaler Ratios: High-t at +200 GeV/c. These ratios
are derived from Table 3.5.
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Ratio Comment

RATB/RAWB .75 Effect of Beam Ratios

GEOMB/RATB .96 Effect of VBI and JV

TAGBM/GEOMB .56 Effect of Cerenkov Tagging

VSCAT/GEOMB .09 Effect of
rd3 Focus Veto

EVENT/SCAT .53 Effect of Cerenkov Tagging

ACEv""T/EVENT .14 Effect of S counter

FACEVT/ACEVT .56 Effect of High Resolution
PWC Requirement (P~~CFOR)

·TRIG-(BE&~+PSACVT)
Effect of HSFD.33

PTRIG-(BEk~+PSACVT)

a Both VI and V2 were at the 3rd focus.



CHAPTEx 4

DATA REDUCTIO~: NUCLEAR TAHG8T DATA

A. Introduction

Data reduction proceeded in severa] sleps as shown

in Figure 4.1. There existed 70 data tapes wnicn were

Nritten by the PDPIS. '£hese ta?es containej in encodeJ

form PWC, ADC, latch, DVM, and co~puter scaler

information (see Chapler 3 ,Section 0 ).

The first step was to produce a set ot liorary

ta?es which were in a format toe Fermila~ CDC66~J could

conveniently read. A]ign~enl parameters of the

apparatus were then calculated. Next data summary tapes

were produced which contained relevant kinematical

quantities (such as q[=( _t)1/2) and tne recoil mass of

the scatter). Then cuts were appliea to tne data, and g

distributions were ~roduced for the target full and

emoty data.

In ?arallel Monte Carlo summary tapes were

produced. These tapes contained the same kinematical

quantities as the data summary tapes. The same cuts as

applied to the data were applied to the Monte Carlo

events, and from the passed events the fo1lowin3 two
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NUCLEAR TARGET OFF-LINE ANALYSIS DIAGRAM
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effects could ~e calculated:

1. the apparatus acceptance as a function of q

68

2. the migration of a generated g to a measured q

due to the finite measurement resolution of toe

anparatus

Finally the data was normalized, a~j a target empty

subtractlon was performed. 'fne tneoretical form of toe

cross section was modified via toe Monte Carlo results

and compared to the normallzeJ data. From tois

comparison the values of tne parametes of

interest (total cross section, the forward slope, etc.)

were ext:acted.

B. Data Library Tapes

The data library tapes were produced from the PDPIS

data tapes by the program LPAK. The information from

the data tapes was decoded and then written onto tne

library tape in a form the COC66uJ computer could easily

handle (note that toe PDP15 uses 18 oit words wnile tne

COC660~ uses 6~ oit words).



69

For the purpose of the offline analysis toe PWC

stations were classified as given in Table 4.1. Thus

the momentum tag~in~ PWC was plane 15: the x of

PwC station 1 was plane 1, etc. For the case of the

high oressure, high resolution P~Cs, a plane referred to

a doublet (160 wires with an effective wire spacinj ~f

20J ~m; see Chapter 2, Section C). Reference to the

wires for these P~Cs refer to tnose of the stag~ered

pair, not of each singlet (thus adjacent wires come from

different singlets).

In order for an event to nave oeen written onto toe

library tape, the following criteria nad to be

satisfied:

1. One and only one valid coordinate in PWC

planes 1,2,3,4,9,10,15

2. At least two of PWC planes 5,6,7,~ had one and

only one valid coordin3te

3. At least one of P~C planes 11,13,14 nad one and

only one valid coordinate

What constituted a valid coordinate depended on SUCu

factors as wnether a chamoer contained multiple

coordinates, or whether a chamber plane consisted of a

staggered pair doublet. Toe wire paltern of each



TABLE 4.1a

PWC Plane Definitions in Off-Line Analysis

PvlC Element Plane Number

x = Station lb 1

Y :- Station Ib 2

x = Station 2
b

3

Y = Station 2b
4

x :: Station 3b 5

Y = Station 3b
6

u :: Station 3b 7

v = Station 3b
8

x = Station 4b
9

y = Station 4b
10

x = Station 5 11

Y = Station 5 12

x = Station 6 13

x = Station 6 14

Momentum Ta9g~ng 15

~See Chapter 2, Sec. S for PWC station descriptions.

bA plane refers to a staggered pair doublet.
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coordinate was classified via cluster type. Some of the

more relevant cluster types are given in Table 4.2.

Table 4.3 gives the definition of valid coordinates for

the PwCs.

If a chamoer was not a d~ub]el and there existej

multiple coordinates in that chamoer, then tne

information from that chamoer was considered invalid.

This could or could not prevent an event fro~ navin~

oeen written onto the liarary tape. If the situation

occurred in plane 15 (momenlum ta93in9 Chamber) then by

criterion 1 above, the event would ~ave been rejected.

But if tne situation occurred in plane 13, then the

event still had a chance to have been written onto the

library tape because of criterion 3 above.

The situation was different for multiple

coordinates in a dou~let PWC. Here oy use of the

fol]owin~ algorithm multiple coordinate events could ~e

salvaged;

1. If there was one and only one coordinate with

cluster type 5,6, or 7 and all other

coordinates had cluster types 1,2,3, or 4, tnen

the first coordinate was considered valid and

kept for the future analysis, while the latter

coordinates were deleted
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TABLE 4.2

PWC Cluster Typesa

Cluster Type Number

1

2

3

4

5

6

7

bWire Map

1010101
t

10101
t

101
t
1
t

11
t
III

t
1101 or 1011
t t

aListed are the most relevant cluster types. In
actuality there existed 32 types.

b~his map gives the pattern of PWC wires hit. For the
siamesed PWCs the wire spacing is that of a doublet
(i.e. 200 ~m)l = wire activated; 0 = wire not acti~

vated. The arrow indicates centroid.

TABLE 4.3

Valid PWC Cluster Types

PWC Plane

1 - 9: Single coordinate

1 - 9 = Multiple coordinate

11, 12, 13, 14, 15

Cluster Type

3, 4, 5, 6, 7

5, 6, 7

3, 4, 5, 6



Again refer to Table 4.2 for tne definition of the

cluster types.
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~his alqoritn~ was develooed in liqjt of results

fro'11 t rae k mat c nin') studiesus i nq the f 0 i.J r s i n3 1e t 5 oJ f

St.ation 3. 'l'nese revealed that event.s witn coordinates

in only one sin31et ot a dOUblet could De ignored ~nen

tnere was a cluster elsewnere in tne dou~lel witn n1ls

in ooln singlets. Toe coordinates WD1Ch nave wires

activatej 1n only one singlet are attriouteJ to delta

rays emitted at sucn large angles tnat they appear in

o~ly one sinqlet. The angular resolution of the events

witn salvaged coordinates was the same as lnat of norma]

events.

It was found that for a giv~n doublet 97i of tne

events has a sinqle unambiguous coordinate such th3t tn2

track position was kno~n lo within a wire spacin~. Toe

cluster tynes for these events ~ere as tollo~s:

1. 7~% - Cluster type 5

2. 2~i - Cluster type 6

3. 5% - Cluster type 4

4. 2% - Cluster type 3

The remaining 3% consisted of inefficiencies and



mu]lio]e coordinates.

If an event passed the above tests, toe followin3

assoclateJ information was ~ritlen ~nlo tne Jiorary

tape:

1. latch info:mallon

2. ADC intor~alion

3 . 1he c e nt r 0 i jot e a C :1 P" C coo: din ate a:1 j 1 t s

cluster type (one per PWC)

4. a PwC status word

Tne centroid was in units of half wire soacin3s (e.g.

in 10~ ~m units for the hi~~ resolution P~Cs: in

10JJ ~m units for planes 13 and 14). Tne p~c status

word contained the followin3 tor eaen p~C ?lane:

1. whetner a multiple coordinate occurreJ In lnal

olane

2. whetner that plane containeJ a valid coordinate

In addition tne liorary tapes contained oookkeeping

information (run number, dale of run, etc.), DVM

information, and computer scaler totals for each spill.
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c. Alignment

The next. step was to calculate the alignment

parameters of the apparatus so tnat tne p~c centroid

values (in units of one naIf wire spacinj) could oe

converted Lo spatial coordinates. 'fne details of the

procedure are given in Appendix I.

Tne procedure used a sunset of the 8£A~ evenLs

written ont.o tne library tape. These events had to nave

one and only one coordinate in eaCh p~C plane. The

final result was a set of values in real space for tne

physical tenter of each PWC plane. These alignment

parameters were then written onto the data library ta~e.

D. Data Summary Tapes

Next data summary tapes were made from tne liorary

tapes. Tnese sUillmary tapes contained toe various

quantities given in Table 4.4. Toe pro]ram QVIN0

performed this step at tne analysis.

Tnere was one requirement that involved the latch

information Which was needed in order for an event to

have been written onto the summary tape. The following

latches had to be set: Bl, STROBE, 82, JV, FOl, F02,

F03, F04, F09, FOl0 (where FOn refers to the FAST OR
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TABLE 4.4

Event quantities written onto Data

Summary Tapes for Nuclear Target Data

Quantity

1). Muon ADC

2). q (=k)

3). Distance along beam line where scatter
occurred (= Z)
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4) •

5) •

6) •

7) •

Radius in PWC station 4 of event (=R4 )

x of event in veto planea

of event in veto planea
y

x of event at Station 6

8). Recoil mass squared associated with the event.

9). Phi (~) of scatter.

Ie). PWC status word

11). Latch Information: Particle Type, BEAM, PSACVT,

FACEVT, VH2, VH3, RV1, RV2, HSDX, HSDY, FOpb

asee Table 2.1

bSee Table 3.1



from PwC plane n).

£. Monte Carlo: Pnilosopny

The goals of the Monte Carlo p:ogra~s were twofold:

1. to calculate the apparatus geometric acceptance

as a function of q (~)

2. t.o simulate the effect, due to finile a??a:at us

resolution and mult.iple scatterin:j, of tne

migration of a generated a to a measured q.

This effect was realized ~y a q-generated oy

g-measured matrix.

~nere were severa] steps in tne Monte Carlo

procedure. In the first part events were generateJ in

q (wlth an aroitrary distrioution dlstrioution to

opt.imize computer efficiency), in pni (witn a flat

distribution from minus pi to plus pi), and in z (with a

uniform distribution corresponding to tne physical

1 i mit. S 0 f the target). l'her ange 0 f q de pen ,j edon the

incident momentum; the entire range of q of interest

was generated. As explained in the next chapter, the

method of normalizing the data automatically took

absorption effects into account: these effects did not
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need to be explicitly calculated. This fact allowed the

flat z distribution used in the Honle Carlo. The

generated evenls were traced through the apparatus to

check if they would have traversed the entire apparatus.

At each point where it occurred, multiple scattering of

the particle was simulated. If an event failed to pass

through the entire apparatus, its q-generated was noted.

No further action was taken; a new event was generated.

If the event passed through the entire apparatus,

the second step simulated the finite measurement ability

of the apparatus. Using experimentally derived PWC

measurement resolutions, the coordinates of the

generated event at each PWC were jittered. Appendix II

gives the PWC resolutions and the procedure used to

calculate them. By means of the same program that

calculated kinematic quantities for the data, using the

jittered PWC coordinates, the same kinematic quantities

were calculated for the Monte Carlo. These were called

reconstructed quantities.

For the first step of the procedure (where

generated events passed through the apparatus) the

experimental apertures did not correspond to their exact

physical. dimensions. Most apertures were



oversized (such as spectrometer magnet apertures), and

the small veto at the third focus (VI) was ignored.

Thus the first step acted as a coarse filter of events;

this was done for computer efficiency. If a generated

event passed through the entire apparatus, the relevant

quantities of its trajectory were saved. In a later

step cuts were placed on these quantities to correspond

to the actual apparatus.

The next step involved all events that passed the

loose apparatus cuts. Cuts were placed on the

quantities associated with the trajectory of the

generated event to correspond to the actual apparatus.

Next the same cuts as imposed on the data were imposed

on the respective Monte Carlo kinematic (reconstructed)

quantities. For events that failed these cuts, the

q-generated was noted, and the next event processed.

For those events passing the cuts, the q-generated and

q-reconstructed were kept.

The final'step involved constructing the

q-generated q-reconstructed matrix. This matrix

normalized by the number of events in each q-generated

bin was then used to correct for the effects of

acceptance and resolution.
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f. Monte Carlo Summary Tapes

Tne first step in the Monte Carlo procedure, the

making of the Monte Carlo summary tapes, was performed

oy the projra~ LMCWR. These tapes contained the

q-generated information, anj for those events which

passed the loose a?erture cuts, a variety of quantities

as given in Table 4.5.

Toe incident bea~ phase was derived fro~ BSA~

events on the library tapes. Eacn data run contributed

to the incident pnase space used to derive the final

Monte Carlo results. Tne SEA~ events used naa tne

followin3 latches set: dl, ST~OBE, 82, JV, 51, HfDX,

and ~rDY.

Tnese tapes were then processed ~y tne pro~ram

LMCkD wnich applied the various cuts. LMC~D produced

the q-~enerated q-reconstructeJ matrix and kept account

of the number of events in each q-generated oin.

G. Fin3] Analysis Steps

The remaining analysis procedures are given in more

detail in Cnapter 6. Briefly, the data were normalized,

and a target empty sUbtraction was performed. Toe

theoretical cross section, do/dq, was modified via the
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TABLE 4.5

Event quantities written onto Monte Carlo

Summary Tapes for Nuclear Target Data

1). Reconstructed Quantitiesa

1. q of scatter

2. ~ of scatter

3. Distance along beam line where scatter occurred.

4. Radius at PWC Station 4.

5~ x at veto plane

6. Y at veto plane

7. x at PWC Station 6

8. Delta p (Pin-Pout) of scatter.

2). Generated Quantitiesb

1. Radius at PWC Station 4

2.-9. x and y at spectrometer magnet's entrance

and exit apertures.

10. x at veto plane.

11. y at veto plane.

12. x at PWC Station 6 .

13. y at Pl'lC Station 6.

14. q generated

aFinite apparatus measurement error is taken into
account.

bFinite apparatus measurement error is not taken into
account (refers to trajectory of the generated Monte
Carlo event) •



Monte Carlo results and then compared to tne data.



CHAPTLct 5

DATA kr.;OUCTION: HIG~-t DATA

A. Introductio:1

The ohilosophy of the dat.a reduction for tne high-t

dat a was very simil ar to that for t.he nucJ ear tar12t

data. The only ~ajor differen=e concerneJ tn9

aooJication of the Monte Carlo results.

'1' nere d uc t. ion proc e s sis s nown s c hem a tic ell 1yin

Figure 5.1. Dlfferent computer progra~s tnan in tne

nuclear target case were usej as a matter of

convenience. ~ne analysis was performed on IJJ PDP15

tapes having the same type of information as the nuclear

target data tapes (see Chap. 4,Sect. D).

8. Data Library Tapes

Data library tapes were produced by LPAK and were

exactly the sa~e in structure as those fa: the nuclear

target: data. See Chap. 4, Sect. B for details.

c. Alignment
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HI-T ANALYSIS DIAGRAM

Data
Summary

Tope

Data:
Targef Empty

Cufs (H ITRO)

Data
Summary'
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PDP-15
Data Tape

Data Li brary
Tape .

Data:
Target Full

Monte Carlo
Summary Tope

Cuts (HITRO)

~'onte
Corio

TARGET EMPTY
SUBTRACTION

RESULTS (CF tot. b. etc.)

Figure 5.1



T~e alignment procedure WdS exactly tne same as for

the nuclear targel data. See Cnap. 4, Sect. C for

details.

D. Data Summary Ta?es

The program HI~eSD maje data summary t apes from tne

library ta~es. Tne various quantities saved are given

in 'l'a~lc 5.1 (a sliqhtly ditferent set fro:n tnat tor tne

nuclear target data).

Befoie an event could ~e written onto tne sum~ary

tape lne tollowin3 latch conJllions ndd to oe salisfleJ;

FOI, F02, P03, fU4, FOg, F01~

2. LATCriES NOT SEr: Vrll, FOP

E. Monte Carlo Philosoony

For the high-t analysis there was only one goal for

the Monte Carlo programs: to calculate the apparatus

geometric acceptance as a function of q. It was snown

that tne effects due to finite apparatus resolution are

ne~lible for this analysis. The main reason is that the
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TABLE 5.1

Event quantities written onto Data

Summary Tape for High -t Data

Quantity

1). Muon ADC.

2}. q (=I=t) of scatter.

3). ex, e y of scatter.

4). Distance along beam line where scatter occurred
(=Z) •

5). Phi (~) of scatt~r.

6) •

7) •

B) •

9) •

10) •

X, 'Y at PWC Station 4

at Veto Planea
X, y

X, Y at PWC Station 6

Recoil mass squared associated with the event.

P~";C s tatus word

II}. Latch Information: Particle Type, PSTGBM, PS~VT,

FACEVT, VH2, VH3, RVl, RV2, HSDX, HSDY, VI, V2

a See Table 2.1

bSee Table 3.1



differential cross section is relatively gentle in tne

region of q of interest.: tnerefore as many events are

as likely to migrate into a given g bin as out.

The Monte Carlo procedure, that of using a two step

process, was the same as that. for the nuclear target

data. The only difference was that the jaw veto counter

at the third focus was included. For details see

Cha;J. 4, Sect. i.

f. Monte Carlo 3ummary Tapes

Tne first step in the ~onte Carlo procedure, the

ma kin 'J 0 f i'1o nteea r 1 a SlJ Inmar y tape 3, was 0 e r tor me .j i) {

tne pro~ra~ HITS~. These tapes contained q-~enerate~

information, anj for those event.s 'N:lich ?3Sse rj the loose

a?erture cuts, the quantities given in Table 5.2.

The incident heal1 phase space was derived from SeA:"l

events on the library tapes. Each data run contriouted

to the incident phase space. The BEA~ events had to

pass the followin~ Jatcn requirements:

1. LATCHES SET: 81, STHUd~, 82, HFDX, HFDi, FOI,

fU2, F03, F04
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TABLE 5.2

Event quantities written onto Monte

Carlo Summary Tapes for High -t Data

1)_ Reconstructed Quantitiesa

1. q of scatter.

2. ex, ey of scatter.

3. Distance along beam line where scatter
occurred.

4. x, y at PWC Station 4.

5. x, y at veto plane.

6. ,x, y at P\'1C Station 6.

2). Generated Quantitiesb

1. q

2. Z

3. X, Y at veto plane

aFinite apparatus measurement error is taken into
account.

b.. t t' ttkF~n~te appara us measuremen error 1S no a en
into account.
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2. LATCHES NvT SET: VHl, f0?

Next the pro~ra~ HITkJ aryplied the various cuts an~

stored the results necessary to calculate the geo:net.ric

acceptance. The final sta)2S ot tne analysis are given

in Chapter 8.
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CHAPTER 6

RESULTS: NUCLEAR TARGET DATA

A. Final Analysis Steps

The final analysis steps involving the data were as

follows.

The program QRNUC (see Figure 4.1) applied various

cuts to the events on the data library tapes. A

histogram in q for those events passing the cuts for

full and empty data was produced. Also the number of

BEAM events passing a subset of the above

cuts (basically certain requirements on the beam phase

space) for full and empty was kept. It is important to

note that these BEAM events were required to traverse

the entire apparatus.

Next a target empty subtraction was performed; the

following quantity was calculated:

D (q) = [(N~ (q) /Nf)

-(N~t(q)/Nrt)]/(r~

where
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11 = q bin size

r = Npx/A

N = Avogadro ..
Numbers

A = atomic weight of target

p = target density

x = target length

N~(mt) (q) = number of counts in each q bin for

scattered events passing all cuts

for full (empty) data

Nf(mt) • number of BEAM events passing cuts

multiplied by Tagbeam Scale Factor

for full (empty) data

Note that N~(mt) gives the incident beam flux for the

full (empty) data respectively; N~(mt) gives the

number of events scattering into each q bin for the full

(empty) data respectively. The units of D(q) were

"mb/(Gev/c)".

It is important to realize that the BEAM events

used to deter~ine N{(mt) traverse the same apparatus as

the scattered events. Thus there was no need to correct

the number of scattered events for apparatus absorption

effects. Both scattered and BEAM events suffered the

same amount of absorption.
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A theoretical form for the differential cross

section, dO/dq, contained the parameters of

interest (i.e. total cross section, forward slope,

etc.). This theoretical form was then modified by the

Monte Carlo results to take into account the following:

1. apparatus geometric acceptance

2. apparatus resolution effects

Mathematically this is expressed as follows:

T(qm) = f dcr/dqth(qg) ·A(qg,qm) 'd(qg) (6.2)

where

dcr/dqth = theoretical cross section at q = qm

A(qg,qm) s matrix containing Monte Carlo results

qg = q-generated

qm = q-measured

The exact form of da/dq will be given in a later

section.
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The fitting program used was MINUIT6 •1 (as a

subroutine in NFITR); the parameters were derived by a

bhi-SqUared minimization method, comparing D(q) to T(q).

B. Data Cuts

To extract the elastic scattering signal, a set of

cuts was applied to both the target full and target

empty data. Tables 6.1 and 6.2 present the cuts used

for data at an incident momentum of 175 GeV/c for the Pb

and Be ta~gets respectively. Also shown are the effects

of the cuts.

The track reconstruction requirements refer to

requirements on the PWC coordinates such that the event

was written or ~he data summary tapes. Next the

Hardware Focus Detector (HFD) latches had to indicate

the HFD test was passed in both the x and y projections.

A cut was placed on the pulse height from the muon

detector ADC in order to veto any muons in the beam

(either muons produced upstream of the apparatus or

resulting from pion or kaon decay in flight). This cut

varied with the incident beam momentum. Figures 6.1 and

6.2 show the pulse height spectrum from the muon ADe and

the cut used.



TABLE 6.1

CUTS TO EXTRACT ELASTIC SIGNAL

Be 175 GeV/e

Fraction of Events
Remaininq After Cut

1) •

2) •

3).

4) •

5) •

6) •

7) •

8) •

9) •

10).

11).

Track reconstruction requirements on PWC c~ordinates

HFD test passed.

Muon Detector does not signal presence of a muon.

No count from VH2 and VH3

Outgoing particle trajectory traversed the area
inside spectrometer magnet apertures.

[7.9] 2 ~ recoil mass squared ~ [8.8 (Gev/c 2)] 2.

HSO test passed.

Scatter vertex in target region.

Outgoing particle trajectory >O.5mm from edges of VI
tV

Track < 1.5 em from centert"f PWC
station 4.

Events whose trajectories were in region of > 90t
efficiency in rwc station 4.

+
Tf

.741

.734

.658

.626

.623

.596

.575

.292

.282

.281

.280

K+

.741

.736

.614

.585

.583

.554

.532

.258

.249

.248

.247

P

.741

.736

.695

.657

.654

.624

.607

.363

.354

.353

.351
\0
.to.



TABLE 6.2

CUTS TO EXTRACT ELASTIC SIGNAL

Pb 175 GQV/c

pK+

Fraction of Events
Remaining After Cut

+n

Cut

1) •

2).

3) •

4) •

S) •

6) •

7} •

81.

91.

10).

Track reconstruction requirements on PWC coordinates

HFD test passed.

Muon Detector does not signal presence of a muon.

No count from VH2 and VH3

Outgoing particle trajectory traversed the area inside
of spectrometer magnet apertures.

[192.6]2 ~ recoil mass squared ~ [193.4 (Gev/e 2)] 2.

HSD test passed~

Scatter vertex in ta~get region.

Outgoing particle trajectory ~O.5mm from edqes of VI

Track < 1.5 em from eente~ of PWC
station 4.

.721

.708

.636

.631

.630

.601

.571

~181

.170

.170

.721

.718

.592

.587

~B7

.556

,527

.172

.162

.162

.721

.715

.680

.673

.673

.638

.608

.182

.171

.171

11].. Events whose trajectories were in region of > 90%
efficie~cy in PWC staticn 4. .170 .. 162 .171

\D
01
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The requirement that VH2 and VH3 did not count was

to suppress unwanted scatters from target electrons.

The requirement that the outgoing track passed

within the spectrometer magnet apertures was fulfilled

by the EGG cut where

98

where

EGG = (xveto/a)m + (yveto/b)m (6.3)

xveto(yveto) = predicted x(y) coordinate at the

veto plane

xveto(yveto) were calculated based on the scattered

projectile~s outgoing angle and its momentum. The curve

given by EGG = 1 represents the actual exit aperture of

the most downstream spectrometer ,magnet as projected to

the veto plane. Thus the curve given by EGG < 1 means

that the outgoing track had to pass within an area away

from the actual magnet edges. For all cases the cut was

EGG < 0.85.

The recoil mass cut required that this quantity was

consistent with the target mass squared. Figures 6.3

and 6.4 show examples of a recoil mass squared
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distribution along with arrows indicating the cut.

There was a cut made to check that the scatter

occurred in the region of the target. A z distribution

(where along the bea~line the scatter occurred) is shown

in Figures 6.5 to 6.8 along with arrows indicating the

cuts.

The other cuts, involving PWC Station 4 and the

HSD, are self explanatory.

c. Data Normalization and Target Empty Subtraction

To perform the target empty subtraction, the target

full and target empty distributions first had to be

normalized. The BEAM events provided the normalization

information.

Unfortunately due to an error in the hardware

trigger logic, the number of incident particles was not

merely the number of BEAM events multiplied by a scale

factor. The logic error caused a different amount of

deadtime for SCATTER and BEAM triggers. The following

formula for the number of incident particles corrected

for this effect:
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Nf(mt)*F/(F*T)beam (6.4)

where

Nf(mt)
t = number of incident particles for full

(empty) target data

N~(mt) =
oeam number of BEAM events (passing cuts)

for full (empty) target data

F = number of SCATTER triggers passing HFD

requirement and (VH2~VH3)

(F*T) = number of above SCATTER trig~ers that had

the BEAM latch set

The BEAM events used had to pass the following cuts:

1. HFD latch set

2. VH2, VH3 did not count

The quantity D(q) was then calculated.

D. Monte Carlo Acceptance

As described in Chap.4, Sect.E there were two types

of quantities involved in the Monte Carlo programs,

generated and reconstructed.



107

The cuts applied to the generated quantities

simulated the actual experimental apertures. The cuts

applied to the reconstructed quantities were exactly the

same as applied to the data. By this method, the Monte

Carlo simulated the effect of apparatus resolution.

Figures 6.9 and 6.10 present examples of the

acceptance.

E. Results

Appendix III presents tables and graphs of the

do/dl distributions for the reactions measured. To

calculate dcr/dt for the data, the following formula is

used:

where

da/dtdata • D(q)/[2·q·e(q)] (6.5)

e(q) = acceptance as a function of q

Table 6.3 presents the event totals for the various

reactions.
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TABLE 6~

HADRON-NUCLEUS ELASTIC SCATTERING EVENT TOTALS

2 (in thousands)for -t > -tmin (GeV/c)

Target + k+ + - -Momentum 1r p 11' k P(GeV/c)

175 Be 16.4 7.6 3'3.0 11.8 4.5 1.5(t. = e 18.5 9.0 41.2 9.2 3.4 1.1m1n 2 Al 12.0 6.0 23.8 5.1 1.9 0.5-.0018 (GeV/c) ) eu 8.9 4.5 14.9 6.8 2.7 0.6Sn 12.6 6.9 18.9 8.8 3.6 0.7Pb 12.3 7.0 17.1 8.8 3.9 0.7

125 Be 9.4 3,7 23,3
(t. = Al 11.5 6.6 23.3m1n 2 Pb 9.6 6.9 14.0-.0.016 (GeV/c)

70 Be 8.2 4.1 13.7 10.0 4.4 8.1
(tmin • 2 C 7.3 3.8 11.i 8.8 4.3 6.7
-.0013 (GeV/c) ) A1 11.5 6.1 15.0 13,,8 13.7 19.1Cu 11.0 6.4 11.0 8.2 8.4 9.2

Sn 15.8 9.5 16.2 15.5 16.6 15.5 I--'
Pb 9.8 6.1 8.9 7.1 7.6 I--'

6.4 0



The theoretical cross section was parameterized as

follows:

III

.[1- 4w
2

(1+~ In [~J )J-1
q2. B Sw

2-1--/ ­qo :K---'
A " 2+ ----2 exp(-bAq)

87T1i

(6.6)

where Coulomb-nuclear interference was nes1ected and

NO = Normalization factor

r = as defined in Eq. 6.1

x = target length

w,B = multiple coulomb scattering parameters

z = atomic number

G = electromagnetic form factor ofp

projectile 6 • 2

Gt = electromagnetic form factor of nuclear

target 6 • 2

0A = total cross section for projectile ­

nucleus scattering

bA • forward slope for coherent projectile -

nucleus elastic scattering



NA = number of individual nucleons involved in

incoherent projectile - nucleus

scattering

°hp = projectile - proton total cross section

bp = forward slope of proton - projectile

elastic scattering
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The terms in Eq. 6.6 represent the following

processes. The first two terms represent single,

plural, and multiple Coulomb scattering 6 • 3 • The values

of w, in units of (Gev/c)-2, for the targets are 0.0031

(Be), 0.0034 (C), 0.0035 (AI), 0.0040 (Cu), 0.0047 (Sn),

and 0.0038 (Pb). The values of B (unitless) for the

targets are 12.03 (Be), 11.91 (C), 11.43 (AI), 11.08

(Cu), 10. 77 (Sn), and 9.60 (Pb).

The third term represents coherent elastic

scatering(from the nucleus as a whole); the fourth

represents incoherent scattering (from individual

nucleons). The incoherent scattering term represents

interactions which excite or break up the nucleus (true

elastic scattering leaves the nucleus in its ground

state) but which are included in the elastic signal due

to the experiment's finite momentum resolution. The

parmeterization of the incoherent scattering follows the
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approach of Ref. 1.3. The parameters for the

incoherent scattering term were taken from Ref. 1.3 and

are given in Table 6.4. The filting program fits for

No' bA, and crA only.

Figures 6.11 to 6.16 6 •4 present do/dt distributions

for some of the reactions measured. Figures 6.11 and

6.12 show dcr/dt distributions for proton scattering from

the various targets (Be, C, AI, Cu, Sn, and Pb) at an

incident momentum of 175 GeV/c. Figures 6.13 and 6.14

present the scattering from Be and Pb targets

respectively for the various incident projectiles <n±,

K±, p, and p) at an incident momentum of 175 GeV/c.

Finally Figures 6.15 and 6.16 present the momentum

dependen€e (incident momenta of 70, 125, and 175 GeV/c)

of do/dt for proton scattering from Be and Pb targets

respectively.

Figures 6.11 to 6.16 show the following. As the

atomic number of the target increases, the dcr/dt

distributions become more sharply peaked. For the Cu,

Sn, and Pb target data, a secondary maximum is observed.

The t of the second maximum decreases for increasing

atomic number of the target. The shape of the t

distributions do not depend in a significant manner on

the incident beam momentum.



TADLE 6.4

INCOHERNT SCATTERING TERM PA~ETERS AND NUCLEAR CHARGE RADIUS, R

Reaet10n Momentum NA
a a

(Ge~'c)-2 R
(GeV/c) ~~.b) (fm)

1f
t , Jet -Be :t:175, +125, :t70 3.5 25., 20. 10. 2.20

P , P -Be " 3.5 40. 12. 2.20

+ + :t:175, :t:70. 3.4 25., 20. 10. 2.42".-, k- -C
p , p ~C " 3.4 40. 12. 2.42

t t t175, +125, :t70 4.5 25., 20. 10. 3.021r , k -AI.
P , P -A1 " 4.5 40. 12. 3.02

:t: :t 1:175, :t70 6.7 25., 20. 10. 3.66" , k -Cu
P , P -Cu " 6.7 40. 12. 3.66

+ k:t: -Sn t175, :t70 8.2 25., 20. 10. 4.55,,-
P , P -Sn II 8.2 40. 12, 4.55

"t, Itt -Pb il15, +125, t70 9.5 25., 20. 10~ 5.42
P , P -Pb It 9.5 40. 12. 5.42

ASecond entry refers to Kaon" case

f-I
f-I
A
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Ic1 175 GeV/c

Figure 6.14
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Table 6.5 presents values of No' bA, and 0A as

derived from the fits. The solid lines in Figures 6.11

to 6.16 present the results of these fits (using the

parameterization of Eq. 6.6). Figures 6.17 and 6.18

present the contribution of each term of Eq. 6.6 for

some cases.

The systematic errors in Table 6.5 were calculated

in the following manner. A series of fits were
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performed where a cut on a particular kinematic variable

(for example recoil mass squared) was varied while

keeping all other cuts constant. The range the

parameters of interest (i.e. No' bA, and 0A) varied for

the fits was taken to be the systematic error. In

addition the dependence of the results on the values of

NA and 0p in the incoherent scattering term (see Table

6.4) was investigated. A variation of 30% in NA leads

to negligible change in No and 0A: however there is

some effect on bA• This effect on bA is 4% for Be, 3%

for C, 2% for AI, 1% for Cu, 8.5% for Sn, and 8.25%

for Pb. A variation of one unit in bp has negligible

effect on No and 0A and, as compared to the effect due

to the variation of NA, a negligible effect on bA•

It is to be noted that for most reactions No, the

overall normalization, is not close to 1.8 as would be

expected. Since 0A' the total cross section for hadron



TABLE 6.5

Results of fits to ~ata+usinq Eq. 6.6
175 GeV/c: W , k,P

ItlRanqe No "A bA X2/DOF
(GeV/c) 2 (mb) (Gev/c)-Z

,,+-ge .0018-.0330 .86:t.05(.04) 182.2:1: 7.2( 10.0) 64.9t 1.5(3.0) 18.0/18
k+-Be .0018-.0330 .86t .05 (.06) 149.3t 7.4 ( 8.0) 58.0t 2.2(2.0) 20.1/18
P -Be .0018-.0330 1.OS± .06 (.OS) 249.2± 8.J( 10.0) 74.7t 1.0(1.S) 20.3/18.,,"'-C .0018- .. 0330 •82±.04(.04) 244.9t 7.S( 12.0) 67.6± 1.3(3.0) . 21.0/18
k+-C .0018- .0330 .87±.04(.03) 19S.4t 7.5( 5.0) 60 .. 4± 2.0(2.0) 18.3/18
P -c .0018-.0330 .91± .04 (.03) 345.2± 9.9 ( 15.0) 74.0± 1.0(3.0) 21.6/18
w"'-J\l .0018-.0330 .76±.04(.OS) 507.B± 16.9( 15.0) 106.9± 2.0(2.0) 22.1/19
)c"'-Al .0018-.0330 .80±.04(.O2) 442.1± 19.4( 10.0) 108.6± 3.0(2.0) 22~5/18

P -AI .0018-.0330 .72±.04(.O3) 764.J± 2J.5( 15.0) 120.J± 1.5(2.0) 21.9/18
n+-Cu .0018-.0195 .73±.03(.O4) 1117.4± 47.9( 40.0) 190.3± 4.8(3.0) 13.4/12
)(+-Cu .0018-.0195 .73~.04(.O6) 926.1± S4.0( 45.0) 185.3± 7.4(3.0) 9.5/12
P -CU .0018-.0195 .S4±.03(.05) 1835.0± 79.9( 60.0) 217.8~ 3.2(2.0) 14.2/12
-r.+-Sn .0018-.0160 .62±.O3(.04) 2320.3±102.0( 80.0) 312.9:1: 5.2(3.0) 11.7/10
k+-Sn .0018-.0160 .• 69±.O3(.03) 1933.9±106.4( 50.0) 309.8~ 8.7(3.0) 12.8/10
p -Sn .0018- .0160 .47:.03(.05) 346S.6±157.G(130.0) 33B.3~ 4.6(3.0) 13.1/10
ll'+-Pb .0018-.0096 .61±.O4(.O3) 3818.4:279.3(150.0) 436.7±lS.5(8.0) 7.8/ 6 I-'
)(+-Pb .0019-.0096 • 67:t .04 (.OS) 3210.1:286.7(130.0) 410 .5 t 20 .9 (7 •0). 6.1/ 6 r-J

p -Pb .0018-.0096 .55~.03(.OS) 4803.3±219.6( BO.O) 455.3tl0.1(S.0) 6.5/ 6 to



TABLE ~:5(cont.)

125 GeV/cs w+, k+, p

ItlRanCJe No C1A bA
Xl/DO!'(GeV/c)z (mb) (Gev/c)-z

,,+-Be .0016-.0306 .BOt.OG(.OS) 190.3± 9.7( 6.0) 65.6± 2.1(1.0) 24.2/25
k+-Be .0016-.0306 .8S± .06 (.03) 145.9:t S.l( 3 .. 0) 60.l:!: 2.4(1.0) 23.1/25
P -Be .0016-.0306 .93±.O7(.04) 269.0± 12.4( 8.0) 70.7± 1 .. 3(0.7) 27.4/25
1f+-Al •0016- •0306: .77± .. 04(.02) 521.4± l7.4( 11.0) lOB.l± 2.2(1.7) 27.2/25
Jc+-A1 .0016-.0306 .76±.04(.03) 442.0± 19.2( 15.0) 102.5± 3.2(2.9) 26.0/25
P -A1 .0016-.0306 .70±.04(.02) 780.8t 25.9( 14.0) l19.1± 1.5(1.8) 26.5/25
'II'+·Pb .0016-.0100 .50±.04(.03) 4599.0 349.3(150.0) 448.1:13.6(4.0 4.8/10
k+·Pb .0016-.0100 .59! .04 (.03) 3B64.7±319.5(17S.0) 436.2t16.6(6.0) 9.7/10
P -Pb .0016-.0100 •41± .04 ( .04) 6219.2±461.0C180.0) 47S.3±10.5C4.0) 11.0/10

+ +70 GeV/c: w , k , P

~+-Be .0013-.0324 1.OC±.OS(.04) 170.9t 6.7( 4.0) 55.1:!: 2.8(2.0) 32.2/45
.It+-Be .0013 .0324 1.02± .06 (.03) IJ5.8± 6.9 ( 5.0) 61.B: 4.4(6.0) 52.1/45
P -Be .0013-.0324 1.06:.07C02) 251.6t 10.B( 7.0) 70.7: 4.8(3.0) 47.2/45
1f+-C .0013-.0324 .S6±.04(.02 237.8t 9.0( 6.0) 63.5± 2.8(2.0) 44.1/45
)c+-C .0013-.0324 1.06± .OS (.02) 167.6: 7.7{ 7.0) 58.7± 4.3(5.0) 46.6/45
P -c .0013-.0324 1.00: .04 (.03) 325.3~ 7.S( 7.0) 70.5: 2.4 (2.0) . 46.~/45 f-I

tv
W



TABLE 6.5 (cont.)

+ +70 GeV/c: 1r , k , p

1r+-Al
](+-A1
P -A1
w+-Cu
k+-Cu
p ;Cu
n+-Sn
k+-Sn
p -Sn
n+-Pb
k+-Pb
p -Pb

ItIRanqe
(GeV/c)I

.• 0013-.0324
.0013-.032~

.0013-.0324

.0013-.0144

.0013-.0144

.0013- .0144

.0013-.0110

.0013- .0110
·.0013-.0110
.0013-.0110
.0013-.0110
.0013-.0110

NO

.SS±.03(.04)

.87±.03(.02)

.82t.04(.03)

.77±.03(.02)

.79±.03(.02)

.70±.03(.02)

.73±.02(.02)

.79±.03(.02)

.6S± .03 (.02)

.6S± .OJ (.01)
•7St .04 (.02)
.62± .04 (.01)

aA
(~)

487.6t 13.8(10.0)
408.9± lS.5( 8.0)
720.3t 22.6( 7.0)

1090.6t 42.9(15.0)
90l.l± 47.6(15.0)

1477.5± 59.1(12.0)
1905.2± 76.3(55.0)
1512.2t 83.2(36.0)
2S44.3tl07.1(30.0)
379S.5±220.1(20.0)
3028.9t231.9(SO.0)
4348.2t27J.0(45.0)

bA
(GeV/c) -2

l07.0± 3.0(2.0)
10S.7± 4.4(2.0)
lI8.a± 2.4(3.0)
187.4:t 6.9(2.0)
173.6t10.!(2.0)
184.0± 5.6(2.0)
259.4t 9.5 (3.0)
229.Bt13.9(4.0)
283.5± 8.3(2.0)
421.3±13.0(S.0)
401.3±19.7(B.0)
431.8:tlJ.2(S.0)

Xl/DOP'

33.8/45
45.6/45
50.7/45
26.8/27
25.9/27
2B.2/27
14.1/22
14.3/22
26.8/22
21.6/22
24.4/22
23.9/22

70 GeV/c: n-, k-, p
..--Be
k--Be
p -Be

.0013-.0324

.0013-.0324

.0013-.0324

.9S:!:.04(.02)

.92±.05(.OS)

.90±.09(.06)

16S.9± S.S( 2.0)
l50.7:!: 7.6(10.0)
289.S:!: 17.6(10.0)

61.0t 2.5(1.5)
69.7± 4.0(7.0)
68.St 3.6(4.0)

45.9/46
47.2/46
46.4/46

f-I
tv
.~



'l'ADLE 6.SCcont.'

70 Gev/c: w-, k- , P

It!Ranqe No °A bA
Xl/COF(GeV/c) 2 (mb) (Gev/e)-2

1f--C .0013-.0324 .eSt .03 (.02) 222.3t 7.4( 4.0) 5S.6t 2.6( 3.0) 45.8/45](--c .0013-.0324 .93± .05 (.03) 207.6:t 9.5( 5.0) 68.2± 4.1( 3.0) 51.7/45
P -c .0013-.0324 .B2±.08(.04) 391.7:!: 23.1( 8.0) 72 • 3± 2. 6 ( 4- •0) 50.6/45
",--Ai .0013-.0324 .79±.O2(.02) 483.9t 12.4( 5.0) 103.8± 2.7( 1.5) 37.8/45
k--Al .0013-.0324 .84±.02(.03) 42B.8± 11.4( 6.0) 103.3± 3.1( 3.0) 49.2/45
15 -A1 .0013-.0324 .63±.03(.O4) 868.8:!: 28.7( 11.0) 121.7± 2.0( 2.0) 53.8/45
,,--CU .0013-.0144 .59:!: .03 (.03) 1077.S± 48.8( 55.0) 172.4± 7~7( 3.0) 29.2/27
k--Cu .0013-.0144 .77±.03(.O3) 900.4± 40.6( 5S~O) 162.1~ S.5e 4.0) 16.4/27
P -CU .0013-.0144 .56± .04 (.03) 1755.S:!: 90.9( 75.0) 199.3:!: 6.4 ( 3.0) 26.3/27
·,,--5n .0013-.0110 .67±.02(.02) 182S.6± 73.5( 40.0) 253.9± 9.4( 3.0) 21.7/22
)(--Sn .0013-.0110 •7S± .02 (.02) 1524.8:!: 62.2( 25.0) 237.8± 9.9( 3.0) 24.3/22
P -Sn" .0013-.0110 .61± .03 (.02) 2649.1t113.1( 90.0) 282.0± S.OC 3.0) 24.1/22
w-·Pb .0013-.0110 .55± .03 (.03) 31S6.6:!:213.8( 40.0) 386.6t16.4( 4.0) 17.1/22
)(-·Pb .0013-.0110 .67±.03(.OS) 3088.6±194.3( 60.0) 386.4±lS.SC S.O) 23.7/22P -Pb .0013-.0110 .44±.04 (.03) 5616.4±408.7(lSO.0) 461.6tl~.7 (10.0) 25.2/22 .....

tv
01



TABLE 6.S(cont.)

175 GeV/ct w-, k-, p

Itl Ranqe No rIA bA Xt/DOF
(GeV/c) 2 (mb) (GeV/c)-t

.--Be .0018-.0333 .96±.06(.06) 169.4± 7.4 ( 7.0) 65.8:!: l.S( 4.0) 20.9/18
It--Be .001S-.0333 1. 21t .09 (.05) 12S.0± 7.S( 5.0) 61.6:!: 3.1( 2.0) 11.1/1S
P -Be .0018-.033"3 1.64±.31(.20) 191.0± 25.1( 16.0) 79.0:!: 6.4( 4.0) 7.6/18
If--C .0018-.0333 .• B6± .05 (.06) 237.1± 10.3( 7.0) 67.S± 1.9( 2.0) 20.3/18
k--C .0018-.0333 1.05±.08(.06) 184.8± 11.3( 7.0) 68.0± 3.6( 2.5) 20.1/19
Ii -C .001S-.0333 1.12±.26(.OB) 317.6± 4B.2( 15.0) 79.6:!: S.G( 2.0) 21.2/18
n--J\l .0018-.0333 .S3±.05(.06) 477.7± 23.4 ( 18.0) 106.2± 3.2( 4.0) 19.5/18
It--Al .0018-.0333 .96±.06(.OS) 37S.7:!: 26.8( 10.0) 94.3± S.2( 3.0) 9.4/18
P -AI .001e-.0333 .15~.O4(.10) 1820.9± 39.6( 60.0) 137.S± 4.J( 4.0) 24.S/18
w--Cu .0018-.0200 .63±.04(.OS) l20B.9± 6l.8( 45:0) 193.4± 5.3( 2.0) .10.6/12
k--Cu .001S-.0200 .75±.05(.06) 978.7t 72.J( 40.0) 193.S~ 9.9( 3.0) 12.0/12
P -Cu .0018-.0200 .47:.19(.06) 2035.S± 507.4(100.0) 225.9±15.3( 5.0) 13.0/12
.,,-·Sn .001S-.0160 .S5±.03(.02) 2310.81'. 123.6( 70.0) 299.1~ 7.6( 3.0) 10.6/10
k--Sn .OC18-.0160 .60±.O5(.04) 20Si.4± '163.9(120.0) 294.4±12.5( 3.0) 9.7/10
P -Sn .0018-.0160 .31~.11(.OB) 4469.9± 939.9(100.0) 34S.9±20.8( 8.0) 12.3/10
n--Pb .0018-.0100 .. 59±.04 (.06) 3594.9± 284.8(175.0) 40G.5±17.1( 9.0) 5.6/ 6
k--Pb .001e-.Ol00 .70:.06(.06) 3246.5~ 365.6(280.0) 418.6:25.9(18.0) 11.2/ 6 I-'

is -Pb .0018-.0100 .46:.17(.13) 5271.5~1772.6(400.0) 434.9±54.1(20.0) 6.8/ 6 ""0"\



127

Contributions to do/dt: p-Pb 175 GeV/c
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Contributions to do/dt: p-Be 175 GeV/c
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- nucleus scattering, was found to be strongly

correlated with the overall normalization, the values

for 0A are not reliable in themselves. Over the t

region fit the parameterization that is presented is

reasonably good: however the values of 0A derived must

be used in conjunction with the values No found.

Chapter 7 addresses the problem of the overall

nomalization of the data.

Table 6.6 presents values of bA derived from fits

over approximately the same t region for all reactions.

Figures 6.19 to 6.24 present the values of the forward

slope for coherent hadron - nucleus scattering (bA) that

were found. In general for a given beam momentum and

nuclear target, the forward slope is steepest when the

incident projectile is a proton or antiproton and the

shallowest when the incident projectile is a kaon.

The data for the Cu, Sn, and Pb targets were fit

sUbstituting a Bessel function form for the exponential

in the coherent term of Eq. 6.6. This was done in

order to attempt to fit beyond the first minimum

exhibited by these data. The fits resulted in a poor

chi-squared per degree of freedom which implies a more

sophisticated theoretical treatment is needed (such as

can be found in references 1.1 (Glauber theory) and 1.2).



TABLE 6.6: Value of forward slope, bA , in the

region 0.0018 ~-t ~O.0125 (GeV/c)2
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Momentum bA
X2 /DOF(GeV/c) (Gev/c)-2

1r+-Be 175 64.4:!: 2.7 2.3/ 8k+-Be 175 57.2:!: 4.1 11.7/ 8
P -Be 175 77.S± 2.5 9.1/ 81r--Be 175 63.3± 3.5 6.8/ 8"k--Be 175 60.9± 5.6 3.7/ 8P -Be 175 75.4± 9.7 3.9/ 8
1T.~-C . 175 62.3± 3.3 10.6/ 8'
k+-C 175 57.S± 5.2 5.1/ 8
P -c 175 74.1f 2.7 10.2/ 8
11"--C 175 65.4f 4.2 6.4/ 8
k--C 175 59.S± 6.0 6.5/ 8
P -c 175 85.51 9.5 10.2/ 8
n+-Al 175 106.3:!: 4.S 12.2/ 8
k+-AI . 175 11l.1± 5.2 10.3/ 8
p -A1 175 121.9± 2.6 11.4/ 8
1t--AI 175 109.2± 7.3 9.6/ 8
k--Al 175 87.8± 9.4 6.5/ 8
p -AI 175 131.4±10.7 ~ 10.9/ 8
11'+-Cu 175 186.9± 5.4 8.5/ 8
k+-Cu 175 183.6± 7.8 3.6/ 8
P -Cu 175 217.4± 4.3 11.5/ 8
n--Cu 175 192.8± 8.2 3.8/ 8
k--Cu 175 192.7±13.l 8.3/ 8
P -Cu 175 218.2±21.8 7.2/ 8
n+-Sn 175 308.1± 7.3 10.1/ 8
k+-Sn 175 299.8±11.2 10.5/ 8
P -Sn 175 33S.1± 5.3 12.1/ 8
n--Sn 175 297.6± 7.9 4.1/ 8
k--Sn 175 293.8±13.2 9.3/ 8
P -Sn 175 34S.5±21.6 10.6/ 8
n+-Pb 175 43S.2±15.2 8.2/ 8
k+-Pb 175 411.6±20.1 6.7/ 8
P -Pb 175 455.7± 9.8 7.2/ 8
n--Pb 175 407.2±16.B 6.2/ 8
k--Pb 175 419.3±25.4 10.7/ 8
P -Pb 175 433.9±53.2 7.4/ 8
lI+-Be 125 64.1± 3.9 15.7/12
k+-Be 125 57.8± 5.2 10.6/12
p -Be 125 7l.5± 3.3 14.3/12
,..+-Al 125 110.l± 4.4 9.3/12
k+-Al 125 9B.2± 5.1 11.9/12
p -AI 125 117.7± 2.7 13.7/12
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TABLE 6.6 (cont.)

Momentum bA
.X'/OOF(GeV/c) (GeV/c)-2

1r+-Fb 125 4-49. 4±13. 3 5.5/12
k+-Pb 125 435.3±16.4 10.3/12
p -Pb 125 475.9±10.1 12.7/12·
n+-Be 70 65.0± 3.5 8.7/21
k+-Be 70 60.9± 5.3 22.1/21
p -Be 70 71.9± 6.3 23.9/21
tr--Be 70 60.3± 5.3 20.2/21
~~-Be 70 64.8± 7.3 24.9/21
p -Be 70 68.9± 6.5 19.6/21
l1+-C 70 61.1± 4.3 13.7/21
k+-C 70 58.6± 6.7 16.1/21
p -e 70 70.9± 3.8 24.2/21
1T--C 70 57.4± 5.6 26.3/21
k--C 70 69.3± 6.6 24.0/21
P -c 70 69.5± 3.5 25.6/21
TJ+-A1 70 107.6± 7.1 21.1/21
k+-A1 70 107.4± 8.2 15.6/21
P -AI 70 117.0± 5.5 25.6/21
1f--A1 70 105.0± 4.4 14.8/21
k--A1 70 102.4± 4.5 19.5/21
P -AI 70 120.4± 3.8 21.0/21
TJ+-eu 70 185.9± 7.9 23.8/21
k+-Cu 70 171.8±11.1 23.3/21
p -eu 70 182.9± 6.3 25.7/21
IT--CU 70 167.1± 8.2 18.8/21
k--Cu 70 159.9± 9.9 13.4/21
P -eu 70 191.3± 9.5 15.8/21
1f+-Sn 70 259.4± 7.8 12.4/21
k+-Sn 70 229.2±12.1 13.8/21
p_-Sn 70 284.0± 7.4 25.1/21
11' -Sn 70 252.6± 9.7 19.1/21
k--Sn 70 237.1±10.3 24.8/21
p -Sn 70 281.7± 8.5 26.4/21
1r+-Pb 70 420.8±12.7 21.3/21
k+-Pb 70 403.4±18.8 25.2/21
p -Pb 70 430.2±12.9 23.5/21
1I'--Pb 70 384.4±15.7 15.9/21
k--Pb 70 -385.1±15.3 22.3/21
p -Pb 70 464.2±13.2 24.8/21
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CHAPTER 7

TOTAL CROSS SECTIONS: A CONSISTENCY CHECK

Introduction

By using the high resolution proportional wire

chambers placed on the concrete block, a direct

measurement of hadron - nucleus total cross sections was

performed by means of the standard good geometry

transmission method. Unfortunately since the nuclear

target lengths were not optimized for this type of

experiment, it was found that a measurement of

reasonable accuracy (10 - 15%1 a ) could be performed

only with the Be and C targets. Thus these results were

used as a consistency check between this method of

extracting total cross sections and the calculation of

total cross sections from the fits to the elastic

scattering differential cross sections.

B. General Considerations

In this section the principles behind the

measurement of the total cross section via the

transmission technique are described.
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The total cross section is defined by

139

( 7.1)

where

It • number of transmitted particles

1
0

= number of incident particles

o = total cross section

n • target nuclei/unit volume = NPx/A

x = target length

p = target density

N Avogadro
, s Number=

A = atomic weight

In a target empty run, the following is measured

where unmt, eft, xmt .. reflect scattering from all

objects other than the target itself.

In a target full run, the following is measured
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where "n", "0", and "x" are as 1n Eq. 7.1.

Define

Then

Rf(mt) = If(mt) / If(mt)
t 0

(7.2)

Experimentally one measures Rf and Rmt •

However Eq. 7.2 gives the total cross section,a ,

if all that one measures is transmitted beam. But all

counters have a finite spatial extent and in addition to

transmitted beam measure very small angle scatters. In

effect each counter overestimates the number of

transmitted particles.

To correct for this effect one can use an apparatus

shown in Figure 7.1. Counter M measures the number of

incident beams while Counters 1 - 6 measure transmitted

particles. Each counter measures a cross section using

Eq. 7.2. However these cross sections are eartial

cross sections defined as follows:

ni
(11 = a - ! 0 (do /dO) dQ

0i & (l/nX)ln(R~t/Rf)

where

(7.3)
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i = 1,2, ••••• ,n

ni = the solid angle subtended by the ith counter

The partial cross sections represent the cross section

for scattering beyond an angle 6i (corresponding to ni).

Alternatively we can rewrite Eq. 7.3 as

tI?in
ai = a - fo~(da/dt)dt -

t~in

f ~ (d a/dt) dt
-00

(7.3a)

where da/dt includes all elastic and inelastic processes

that can occur.

Therefore to measure the total cross section, a ,

one merely extrapolates the partial cross sections,a. ,
~

to zero solid angle.

The situation is more subtle than the above

suggests. We wish to measure the total cross section

for strong not electromagnetic processes. However the

partial cross sections contain contributions due to

electromagnetic processes, i.e.



where

fn = strong elastic scattering amplitude

fc = Coulomb scattering amplitude

al nel = contribution to ai by strong inelastic

scattering processes

Then

t rnin

ai CIt f _~[ lfc 1
2 + Ifn 1

2 + 2(fc)Re(fn) ]dt + afnel

where fc has been assumed to be completely real.

Hence the quantities (~a i)c and (~cr i)cn must be

subtracted from a. before the extrapolation to zero
~

solid angle is performed. Here

t~in ..
( ~cr i)c = f_;lfcI 2dt

t~in

( ~a i)cn = J_~(2(fc)Re(fn)]dt
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Since electromagnetic processes are concentrated in

the very forward direction, these corrections will not

be too severe because the counters will detect most of

the Coulomb scatters. Most electromagnetic scatters,

being at small angles, will be considered as transmitted

beam, thus not adding to the value of a particular

partial cross section.

C. Experimental Procedure and Analysis

For the total cross section measurement,

information was needed from only the high resolution

PWCs located on the concrete block. Before

extrapolating the partial cross sections to zero solid

angle, a correction was made for geometric acceptance

losses. Tnese were mainly due to the fact that the mosl

downstream high resolution PWC was offset with respect

to the beam center.

The PDP15 data tapes used for this measurement were

the same as used in the elastic scattering analysis.

However after that point the two analyses diverged. The

steps of the total cross section are shown in Figure

7.2.
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First a set of library tapes was written. LPAKX

performed this task; basically these new library tapes

contained all triggers with the BEAM latch set, in

effect a sample of the incident beam particles with no

requirements downstream of the target. Specifically the

requirements for events written on these library tapes

were as follows:

1. BEAM latch set

2. PWC planes 1,2,3,4, and 15 had one and only one

good coordinate

3. no requirements on the coordinates in PWC

planes 5 - 10

A good coordinate for the PWC planes is the same as

defined in Chap. 4, Sect. B. Table 4.1 gives the PWC

classification in terms of plane number.

In planes 5 - 10 up to four separate coordinates

were kept. Also if these chambers contained errors,

this condition was noted.

PWC errors included

1. illegal card address.
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2. empty wire map on a valid card.

3. too many PWC coordinates () 4).

The next step was to accumulate histograms in

angular bins of 50 rad for the "transmitted" particles.

VNUXS accomplished this job. For an event to be

recorded in these histograms, it had to fulfill the

followin~ criteria:

1. PWC planes 9 and 10 (X4, Y4) had to contain one

and only one good coordinate

2. At least two out the four planes 5, 6, 7, and 8

had to contain one and only one good coordinate

Again good coordinates for the PWC planes are defined in

Chap. 4, Sect. B. Also an attempt to salvage events

with more than two coordinates in planes 5 - 10 was

made, as described in Chap. 4, Sect. B.

For events fulfilling the above criteria the

scattering angle was calculated, and a histogram of this

quantity was made. This histogram was accumulated for

both the target full and target empty runs. In addition

the total number of incident beam tracks was recorded in

each case.
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The program SMCXS was used to calculate the

acceptance correction. SMCXS was similar in philosophy

to the Monte Carlo programs used in the elastic

scattering analysis, especially for the high-t case. As

in that case, the migration of data from bin to bin was

ignored. Also there was no need to simulate the

apparatus downstream of the concrete block. Finally the

acceptance was binned in angle, the same bins as for the

data scattering angle histogram. A typical acceptance

curve is shown in Figure 7.3.

Toe ~rogra~ VPAXS used the results from VNUXS and

SMCXS to calculate the partial cross sections. There

were 100 bins in the scattering angle histograms, and

hence VPAXS calculated 100 partial cross sections.

However only a subset were used in the extrapolation to

obtain the total cross section.

The ith partial cross section is given by the

following formula:

(7.4)

where
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T",t == t Nmt
1 k=l k

i i
Tf = L (If / I~t ) (l-~)N~t + L N~/~

1 k=l 0 k=1
k = angle bin number
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n = target nuclei/unit volume (see Eq. 7.1)

x = target length

I~(rnt) = number of incident particles measured

in a full (empty) run

Nf(mt) =
k number of transmitted particles

measured in the kth angle bin

for a full (empty) run

a k = acceptance correction value for the kth

angle bin

A derivation of Eq. 7.4 is given in Appendix IV.

Typical exa~ples of the partial cross sections

calculated are given in Figures 7.4 and 7.5.

The final step to obtain the total cross sections

was the'extrapolation to zero solid angle. VSXFT

accomplished this step using the minimization program

MINUIT 6 • 1 •

The partial .~ross sections were fit to the

following function:

cr == cr - A(l. - exp(-ss2)n n (7.5)



PARTIAL CROSS SECTIONS: DE: 175GEV/C

151

.D + +.0 .0 a.. 'I:: ~- C!) E E E0a- D.~ 0 ¢ en .q-
0 • 4 to0. t: C\J C\J C\J 0 • 4

~2 2 l 0 • 4

+ 0 • ..
t:: + 0 • 4

~, a...
0 • 4 ..---

• 4 0 0 • 4 -0
'0 • 4 C
0 • 4 '-

0 • '4 0 :t
---0----'" • .. C\J 00 • ..

0 • .. 10
:0 • ... X
0, • C ~

0 • 4 ....
0

0
., 4 0

0 .' '4 Q:)t)
0 • .,

to 0' • ..
0t'- 0 • 4- -

+ 0 • ,4

CD 0' • 4

CO 0 • ..
.0 • ..

--0-- • 4
0, • .4

0 • 4

0 • ..
0°0 0 0

l{) to LO tn
r<> C\J -

(qW) ID!PD~
Figure 7.4



PARTIAL CROSS SECTIONS: C: 70GEV!C

152

.0.0.0
-Cf)EEE

0850¢O
-- ~ ~ If) 10 0 • 4 r<>a. L. 2 0 • 4~W l 2

1:~n.
0 • ..

0 • 4
0 • 4... 0

0 .. 4 ,......
0 •• 4 -c
0 • 4 C

0 • 4 '-
O. • .. 0 ~0 •• 4 C\J 00 • 4

O' .• .- LO
0

p • 0·.4 X0 • 0

4 -......-f-. 0 • .4 4-+ 0·0 • .. 0
U 0 • 4 CD(f)

·0 • 4
O· • ..

00 ~'+
0 • 41

1---.L---J----'---~------o~O
000o O· 0 0
~ f'l) (\J

(qW) ID!PD~
Figure 7.5



153

where

an = nth partial cross section representing

scattering beyond an angle en

a = total cross section

This functional form occurs if one assumes that elastic

scattering is the dominate process for small angle

scattering. Appendix IV gives a derivation of Eq. 7.5.

The quantities a, A, B were fit for by VXSFT. The

fitting program explicitly took into account the

correlations between the different partial cross

sections.' The quantity

Q = ~ ~

j k
(7.6)

is minimi~ed, where

crT = ith measured partial cross section

ay = ith theoretical partial cross section

Gjk = inverse of covariance matrix between partial

cross sections = (c)-;

If the off diagonal terms of "G " are zero, then "O~

reduces to the familiar formula for chi-squared. Here



2
C j k • ~ (am)' m &: min(j,k) (7.7)
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where ~2(am) is the error on the nth partial cross

section. A derivation of Eq. 7.7 and the method to

calculate the errors on the partial cross sections are

given in Appendix IV.

D. Results

To verify that the method used was correct, the

total cross sections for n+, K+, and p scattering from a

proton target were measured. The data were taken with

the same apparatus but with the liquid hydrogen target

substituted for the nuclear targets. These data were

part of an experiment to measure the real part of the

scattering amplitude in hadron - proton scattering 6 •3 •

The results were compared with those of Carroll, et.

al. 7 •1 • The incident momenta were 50, 100, and 200

GeV/c (no measurement was made of the total cross

section for K+p reaction at 50 GeV/c).

Figure 7.6 shows the comparison between the two

experiments. The errors shown are statistical only.

The agreement between the two experiments is

satisfactory. For the level of accuracy involved (10 ­

15%), the method is adequate.
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The results for the nuclear targets are given in

Table 7.1 and in Figures 7.7 and 7.8. Total cross

sections for pions, kaons, protons, and antiprotons were

obtained at momenta of 175, 70 GeV/c for the Be and C

targets and at a momentum of 125 GeV/c for the Be

target.

The range of partial cross sections used in the

extrapolation was varied; within statistics no

variation of the value of the total cross section

resulted.

The dimensions and density of the nuclear targets

used are given in Table 2.6.

E. Discussion

The above results can be used in a comparison with

the values of the total cross sections for hadron ­

nucleus scattering as derived in the fits to the elastic

scattering dcr/dt distributions (see Chap. 6, Sect. E).

In fact this was the motivation for the above analysis.



Table 7.1

Total Cross section Results

Momentum atota1a Momentum atotala

(GeV/c) (rob) (GeV/c) (rob)
+ 175 202.9 ± 23.1 IT+C 175 270.6 ± 36.9'If Be

K+13e 175 125.2 ± 28.5 K+C 175 169.9 :!: 47.2

P Be 175 2BB.B ± 23.4 p C 175 316.5 ± 36.5

'Tr Be 175 196.3 ± 13.0 1T C 175 251.1 ± 23.9

K Be 175 187.2 ± 20.0 K C 175 256.7 ± 37.2

P Be 175 289.1 ± 55.5 p C 175 335.3 ± 99.6
+ 125 162.1 ± 29.5 -rr+c 70 244.7 t 39.9IT Be

K+Be 125 193.9 ± 37.1 K+C 70 211.8 ± 53.8

p Be 125 272.6 ± 31.9 p C 70 323.3 ± 51.5
+ 70 227.3 ± 22.3 'IT C 70 217.9 ± 44.9'J1' Be

K+Be 70 117.5 ± 27.4 K C 70 231.3 ± 54.8

p Be 70 261 .. 1 ± 27.4 p C 70 329.8 ± 68.6

11' Be 70 141 .. 3 ± 24.1
- 70 156.2 ± 29.7K Be

p Be 70 349 .. 1 :4; 40.5

8Errors statistical only. I .....
Ln
........



TOTAL CROSS SECTIONS VERSUS MOMENTUM: BE

158

400 Be

t
o P

300
o p

t t ~
:1)200

o·k+E

t
...............

-I ? o k-
~

.~150(.; tt-

b
50

o 7ft

. ? o7T-

200 k
t?

1°°50
I I I .J.- I I I , I \-L.

100 150 200
Beam Momentum (GeV/c)

Figure 7.7



159

TOTAL CROSS SECTIONS VERSUS MOMENTUM: C

0, p
o p

c
4S0

3S0

~ 2'SO
o k+-0

E b o k-~

_J r
~ 2000
1-

b
100

o 1T+

o 7(- -

2S0

ISO 50 100" 150 200

Beam Momentum (GeV/c)
Figure 7.8



160

Table 1.2 and Figure 1.9 present this comparison.

There are three cases involving the measurements using

the elastic scattering distributions:

1. Normalization free; fit extends into Couloron

region

2. Normalization fixed to 1; fit extends inlo

Coulomb region

3. Normalization fixed to 1; fit does not extend

into Coulomb region

The Coulomb region was loosely defined as that region of

t where Coulomb scattering made a significant

contribution (typically .001 < -t < .~02 (Gev/c)2).

Figure 7.9 presents a histogram of the quantity

where

r = (o(direct)- a(el scat)]/E

where

a(direct) z a as measured directly (via

transmission method)

a(el scat) • a as derived from fits to elastic



Table 7.2

Comparison Between Total Cross Sections as perived by Direct
. Measurement and from Fits to Elastic da/dt Distributions

f.1omentum Direct (mb) Elastic do/dt Distribution (rob)
(GeV/c) Case i Case 2 Case 3

+ 175 202.9 ± 23.1 182.2 ± 7.2 164.3 ± 4 .. 9 167.4 ± 5.211' Be
K+Be 175 125.2 ± 28.5 149.3 ± 7.4 133.6 ± 6.2 137.3 ± 6.4

p Be 175 288.8 ± 23.4 249.2 ± 8.3 260.4 ± 7.1 259.3 ± 7.3

11' Be 175 196.3 ± 13.0 168.4 ± 7.4 214.3 ± 6.5 217.4 ± 6.8

K Be 175 187.2 ± 20.0 128.0 ± 7.5 191.9 ± 6.4 194.5 ± 6.7

.p Be 175 289.1 ± 55.5 191.0 ± 25.1 339.2 ± 20.8 336.5 ± 21.3
'+ 125 162.1 ± 29.5 190.3 ± 9.7 163.3 f' 8.1 167.6 ± 8.411' Be
K+Be 125 193.9 ± 37.1 145.9 ± 8.1 132.9 ± 7.1 139.9 ± 7.6

p Be 125 272.6 ± 31.9 269.0 ± 12.4 257.1 ± 9.7 255.8 ± 10.3
+ 70 227.3 ± 22.3 170.9 ± 6.7 170.5 ± 4.8 169.7 ± 5.2'Ti Be

K+Be 70 117.5 ± 27.4 135.8 ± 6.9 137.9 ± 4.9 133.7 ± 5.4

p Be 70 261.1 ± 27.4 251.6 ± 10 .. 8 261.9 ± 8.9 257.4 ± 9.3- 70 141.3 ± 24.3 165.9 ± 5.8 159.9 ± 4.4 163.8 ± 4.6'rr Be- 70 156.2 ± 29.7 150.7 ± 7.6 140.4 ± 5.9 147.0 ± 6.4K Be
p Be 70 349.1 ± 40.5 289.5 ± 1i.6 271.8 ± 13.8 270.0 ± 14.3

1 ......
~,...,



Table 7.2 (cont. )

Momentum Direct (mb) Elastic dcr/dt Distribution (rob)
(GcV/c) Case r-- ---Ca~e 2 Case 3

n+C 175 270.6 ± 36.9 244.9 ± 7.5 214.6 ± 6.9 218.7 ± 7.2
K+C 175 169.9 ± 47.2 195.4 ± 7.5 176.6 ± 7.3 179.4 ± 7.6

p C 175 316.5 ± 36.5 345.2 ± 9.9 326.8 ± 8.7 327.3 ± 9.1- 175 251.1 ± 23.9 237.1 ± 10.3 214.3 ± 8.3 217.4 ±". C 8.7- 175 256.7 ± 37.2 184.8 ± 11.3 191.9 ± 9.4 194.5 ± 10.1K C

P C 175 335.3 ± 99.6 317.6 ± 48.2 339.2 ± 41.2 336.5 ± 42.3
1J'+C 70 244.7 ± 39.9 170.9 ± 6.7 210.6 ± 5.7 223 .. 8 ± 6.2
K+C 70 211.8 ± 53.8 135.8 ± 6.9 176.1 ± 6.2 177.0 ± 6.4

p C 70 323.3 ± 51.5 251.6 ± 10.B 326.0 ± 8.9 323.5 ± 9.3- 70 217.9 ± 44.9 222.3 ± 7.4 200.7 ± 6.9 210.5 ± 7.11T C
K-C 70 231.3 ± 54.8 207 .. 6 ± 9.5 195.1 ± 5.8 196.1 ± 6.2
p C 70 329.8 ± 68.6 391.7 ± 23.1 345.8 ± 18.1 360.7 ± 19.4

~

0'\
N
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scattering data

E = statistical error on numerator

It was hoped that inspection of Figure 7.9 would give

insight concerning the proper manner of treating the

normalization of the elastic scattering data. However

none of the results from the elastic scatering data seem

to give total cross sections that are significantly more

consistent with the total cross sections as measured

directly. Part of this fact is due to the relatively

large statistical errors on the total cross sections as

measured directly. When the elastic scattering data was

fit allowing the normalization to vary, a much better

chi-squared per degree of freedom resulted than when the

normalization was fixed to unity. In view of this fact

and the above discussion of Figure 7.9, it is felt that

the best way to fit the nuclear elastic scattering data

is to allow the normalization to be a free parameter.



CHAPTER 8

RESULTS: HIGH-t ANALYSIS

A. Final Analysis Steps

The final analysis steps were similar to those for

the nuclear target data.

The program HITRO performed the function of

QRNUC (see Chap. 6, Sect. A).

The main difference in the two analyses was the

application of the Monte Carlo results. For the high-t

analysis only the geometric apparatus acceptance was

needed, and it was used to correct the data not the

theory. The following quantity was formed:

d 0/dqd a t a :: 0 (q) / e ( q)

where

e(q)= geometric apparatus acceptance as a

function of q
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All other symbols are defined in Cnapter 6, Section A.

Next dcr/dqdata was compared to a theoretical form

of the cross section, da/dqth' to extract the desired

parameters (forward slope, etc.). The program

MINUIT 6 •1 (as a subroutine in HITFT) was used in the

fitting process.

However before the fits were performed, three

corrections were applied to the data:

1. Coulomb scattering corrections

2. Radiative corrections

3. Correction for inelastic contamination under

the elastic missing ~ass peak

The program HITFT performed these corrections.

B. Data Cuts

166

In order to extract the elastic scattering signal,

a set of cuts was applied to both the target full and

empty data. Table 8.1 presents the cuts used for the

+200 GeV/c (n+p, pp) and -200 GeV/c (~-p) data. Also

shown is the effect of each cut.



Cut

Table 9.1

Major Cuts to Extract Elastic Signal

Hiqh-t Data

Fractions of Events Remaining After
Cut

+
1T 1f P

1) Track reconstruction requirements on .446 .545 .546
·PWC coordinates • HFD test passed

2) No count from VH2 and VH3 .368 .457 .447

3) HSO Test Passed .366 .455 .447

4) Scattering angle in x and y projections >.25 mrad .355 .444 .443

5) Track ~ 1.5 em from center of PWC .352 .438 .440
station 4.

6) Outgoinq particle trajectory traversed the area .342 .. 427 .430
inside of spectometer magnet apertures

7) Scatter vertex no more than 40cm beyond .293 .361 .375
LH 2 target ends

8) 0.0 ~ Recoil Mass Squared ~ 1.76 (Gev/c2) 2 .215 .272 .287

9) Events whose trajectories were in region of > 90t .. 167 .254 .269
efficiency in PWC station 4.

f-J
10) Outgoing particle trajectory did not traverse .120 .217 .231 0'\

the area of the counter Vat the third focus. -..J
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The first requirement was that VH2 and VH3 gave no

signal in the event; this was to suppress unwanted

scatters from target electrons. Next it was required

that the HSD test be passed (this information was given

by the HSD latch). Next the q of the scatter in the x

and y projections had to be greater than 50 Mev/c.

The quantity R4 represented the distance of the

outgoing particle from the center of the PWC at Station

4. It was defined as

where

x(y)4 = measured x{y) coordinate in PwC

Station 4

x(y)c = x(y) center of pwc Station 4

The z cut was the requirement that the scatter

occur in the region of the target. A z distribution

(where along the beam line the scatter occurred) is

shown in Figure 8.1 with arrows indicating the cut. The

dotted lines give the position of the LH 2 target.
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The recoil mass squared cut required that this

quantity be consistent with the mass of the proton

squared (=.8804(Gev/c 2)2). Figure 8.2 shows a recoil

mass squared distribution with arrows indicating the

cut.

The requirement that the outgoing track passed

within the spectrometer magnet apertures was fulfilled

via the EGG cut where

EGG = (xveto/a)m+(yveto/b)m

where

xveto(yveto) = predicted x(y) coordinate at the

veto plane

xveto(yveto) were calculated based on the measured

outgoing track~s angle and its momentum. The curve

given by EGG • 1 represents the actual exit magnet

aperture of the downstream spectrometer magnet as

projected to the veto plane. Thus a curve given by EGG<

1 means that the outgoing track had to pass within an
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area away from the actual magnet aperture edges. Figure

8.3 shows a scattergram of the events at the veto plane

and the curve represented oy the EGG cut.

The OVERSIZED JAW VETO were requirements using

xveto and yveto. The xveto and yveto of the event had

to be outside of the OVERSIZED JAW VETO (dashed line in

Figure 8.3). This cut reduced the sensitivity of the

results to not knowing the exact location in space of

the jaw shaped veto.

Tne final cuts were to take account of dead wires

in PWC Station 4. Events that had x4 or y4 in these

regions were rejected (again x(y)4 are the measured x{y)

coordinate in PWC Station 4).

From Table 8.1 it is seen that half of the triggers

were eliminated by track reconstruction cuts imposed on

the coordinates in the PWCs. The most important cuts on

kinematic quantities were

1. z cut.

2. recoil mass squared cut.

3. dead wires in PwC Station 4.
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4. jaw veto cut.

c. Target Empty Subtraction And Data Normalizalion

The target empty subtraction was a 1% effect. To

perform the sUbtraction, the number of incident

particles in the target full and empty running had to be

oalculated. This number was given by the BEAM events.

Unforturately due to an error in the hardware

trigger logic, the number of incident particles was not

the number of BEAM multiplied by a scale factor. The

logic error caused a different amount of deadtirne for

SCATTER and BEAM triggers. The following formula for

the number of incident particles correcled for this

effect:

where

N~(mt) = number of incident particles for
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Nf(mt) =
beam

full (empty) target data

number of BEAM (passing cuts)

for full (empty) target data

F = number of SCATTER trigger passing

HFD requirement and (~I2·VH3)

(F*T) = number of above SCATTER trigger that

had BEAM latch on

The BEAM events had to pass the following cuts:

1. VH2, VH3 gave no signal

2. HFD test

D. Monte Carlo Acceptence

As described in Chapter 4, Section E there were two

types of quantities involved in the Monte Carlo program,

generated and reconstructed. The cuts applied to the

generated quantities simulated the actual experimental

apertures. The cuts applied to the reconstructed

quantities were exactly the same as applied to the data.

By this method, the Monte Carlo simulated the effect of

the apparatus resolution.



Figures 8.4 and 8.5 present the geometric

acceptance for the +200 (n+p, pp scattering) and -200

GeV/c (n-p scattering) data.

E. Additional Corrections

There were two effects not included in the Monte

Carlo results: 1) radiative effects 2) contamination of

the elastic signal by inelastic scatters. Both of these

process lead to t dependent corrections which had to be

explicitly calculated.

The correction for radiative effects was calculated

by sogard 8• I • Table 8.2 gives the formula used to

derive this correction. Using Sogard's formalism and

taking into account the apparatus resolution for recoil

mass squared, the correction for the specific cut on

recoil mass squared was calculated. The measured

differential cross section was corrected as follows:

where Figure 8.6 presents eO - 1. The correction for

the n-p reaction is practically identical to that for



()

Q)~
U Q)
C<..9 •

~o
0.. 0
~C\Ju«

CL
-4-- ....,
~

r

177

1_ I I •
I t l- I --0

to 0 LO d- - 0• • .
3~N'v'l.d3J8\f Figure 8.4



N
•

00
•

~
~
OJ
t9

0 to
'0 •

C\J ,-.....

~
I ::>
l:: Q)

~Q
. c-

o- •

•o
Figure 8.5



179

Table 8.2

Correction for Radiative Effects
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the n+p reaction (to the fourth decimal place).

The second correction was found by fitting the

recoil mass squared distribution associated with

different bins of q to an elastic peak and a term

representing the inelastic scattering contribution.

Figure 8.7 shows a representive plot of recoil mass

squared for a particular q bin, and the results of the

fit. Using the fit results, the amount of inelastic

contamination was derived for the specific recoil mass

squared cut. Figure 8.8 presents this contamination:

it is approximately 2% at the smallest scattering angles

and ranges up to 6% for large angle scattering for the

pion case and up to 9% for the proton case. This

correction is known to 10%. The measured differentia]

cross section was corrected for the inelastic

contamination as follows:

do/dtcorr = dO/dtmeas(l-C)

where C is the inelastic contamination.

It was observed that the final answers were not

very sensitive to the corrections for inelastic

contamination and radiative effects. Each applied
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INEL~STIC CONTAMINATION: HIGH-T DATA
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separatl~ly caused the final answers to vary by less than

one standard deviation. Also the two effects act in

different directions.

F. Results

After applying corrections to the data for the

apparatus acceptance, radiative effects, and inelastic

contamination, da/dq distributions were calculated.

These were transformed to da/dt using the following

form ul a:

d o,/dt = (1./2q) d a/dq

Figures 8.9 to 8.11 show the resulting da/dt

- +d i str ibut ions for n p, n p, and pp el ast ic se at ter ing ,

respectively. Table 8.3 gives the actual values. The

errors shown are statistical only: furthermore, there

is an uncertainty in the overall normalization of 4%.

The main contribution to this uncertainty is the

statistical error involved in the method employed to

calculate the incident flux. The pp distribution

contains 1.16x106 events, n+p 2.22xl0 5 events, and n-p

4.28xl0 5 events.
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TABLE 8.3

Tabulation of differential cross sections. Errors

are statistical only. Coulomb scattering contribu-

tions have been subtraFted, and corrections for

radiative effects, inelastic contamination, and

plural nuclear scattering are included.

-
1T P 200 GeV/c

2 2
-t (GeV/c) do/dt [mb/(GeV/c) 1
.0206 25.38 ± .47
.0221 24. 52 ± .4"7

.0236 24.33 ± .45

.02'52 24.17 ± .44

. 0268 23.90 ± . .43

.0285 22. 70 ± .41

.0302 22. 57 ± .41

.0320 21.74 ± .39

.0338 21.81 ± .38

.0357 21.75 ± .39

.0377 20. 5~ ± .37.

.0396 19.69 ± .35

.0417 20. 58 ± .37

.0438 19.76 ± .36

.0459 19. 10 ± .35

.0481 19. 11 ± .35

.0503 18.78 ± .34

.0526 lB. 48 ± .33

.0549 18.10 .. ± .34

.0573 17.51 ± .33

.0598 16.86 ± .31

.0622 16.45 ± .31

.0648 15.96 ± .30

.0674 15.72 ± .30

.0700 15.58 ± .29

.0727 14.90 ± .29

.0755 14.84 ± .28

.0782 14.42 ± .27

.0811 14.28 ± .27

.0840 13.03 ± .25

.0869 14.04 ± .27

.0899 12.34 ± .24

.0930 12.94 ± .25

.0961 12.05 ± .24



2
[rob/ (GeV/c) 2)-t (GeV/c) do/dt

.0992 11.77 ± .24

.1024 . 11.04 ± .22

.1057 11.07 ± .23
· 1090 10. 51 ± .21
· 1123 10.13 ± .21
.1157 10.08 ± .21
.1192 9.48 ± .20
.1227 9. 11 ± .19
· 1263 9.39 ± .20
· 1299 9.03 ± .19
.1335 8.64 ± .19
.1372 8.44 ± .18
.1410 7.84 ± .17
.1448 7. 53 ± .17
· 1487 7.43 ± .16
.1526 7. 12 ± .16
· 1565- 6.82 ± .15
· 160:; 6.66 ± .14
· 1646 6.22 ± · 14
.1687 6.17 ± .14
· 172~ 6. 19 ± .. 14
· 1771 5.94 ± · 14

,.1814 5.74 ± .13
· 18:57 5.37 ± .12
.1901 ~.08 ± .12
· 1940 4.8:) ± .12
· 1990 4.90 ± .12
.2035 4.63 ± · 11
.2081 4.42 ± · 11
.2127 4.33 ± · 11
.2173 4.22 ± · 11
.2221 4. 14 ± .10
.2268 3.89 ± .10
.2317 3.54 ± .09
.2366 3. 55 ± .10
..2415 3.46 ± .09
. 246~ 3. 17 ± .09
.2::>15 3.02 ± .08
.2566 3.08 ± .08
.2617 2.88 ± .08
.2669 2.82 ± .08
.2721 2.82 ± ~ 08
.2774 '2.61 ± .08
.2827 2. ~9 ± .07
.2881 2. 51 ± .07
.2936 2.24 ± .07
.2990 2. 12 ± .06
. 3046 2. 13 ±. .06
.3102 1.98 ± .06
. 31~8 1.98 ± .06
.3215 1.85 ± .06
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-t (GeV/c)
2

dcr/dt [mb/ (GeV/c) 2]

.3272 1.75 ± .06

.3330 1.55 ± .05

.3389 1. 55 ± .'05

.3448 1.49 ± .05

.3507 1. 59 ± .05

.3567 1.42 ± .05

.3627 1.42 ± .05

.3688 1.30 ± .05

.3750 1.23 ± .04

.3812 1.21 ± .04

.3874 1. 18 ± .04

.3937 1.04 ± .04

.4001 1.07 ± .04

.4065 .98 ± .04

.4129 .91 ± .04

.4194 .87 ± .04

.4260 .88 ± .04

.4326 .73 ± .04

.4393 .75 ± .03

: 4460 .76 ± .03

.. 4527 .75 ± .03

· 4:59:5 .71 ± .03

.4664 .68 ± .03

.4733 .60 ± .04

· 4BO~ .60 ± .03

.4873 .59 ± .03

.4943 .55 ± .03

.5014 .48 ± .03

.5086 .50 ± .03

.5158 .49 ± .03

· 5231 .48 ± .03

.5304 .44 ± .03

.5378 .39 ± .03

.5452 .38 ± .02

.5526 .37 ± .02

.5602 .34 ± .02

.5677 .33 ± .02

.5754 .32 ± .02

.5830 .33 ± .02

.5908 .28 ± .02

• ~98::; .27 ± .02

.6063 .28 ± .02

.6142 .23 :t- .03

.6221 .26 ± .02

.6301 .21 ± .02

.6382 .24 ±. .03

.6462 .23 ± .02

.6544 .22 ± .02

.6625 .20 ± .02

190



+ 200n p GeV/c

-t (GeV/c) 2 do/dt [rob/ (GeV/c) 2)

.0220 24.09 ± .46

.0235 23. 53 ± .43

.0251 23.60 ± .44

.0267 23.22 ± .42

.0284 22. 91 ± .40

.0301 22.32 ± . 41

.0319 21.77 ± .39

.0337 22.01 ± .39

.0356 20.89 ± .38

.0375 20. 65 ± .37

.0395 20. 53 ± .36

.0415 19.97 ± .36

.0436 19.21 ± .35

.0457 18.70 ± .34

.0479 18.76 ± .33

.0501 18.22 ± .34

.0524 17.29 ± .32

.. 0547 17.18 ± .31

.0571 16.86 ± .31.

.0595 16. 53 ± .30

.0620 16.31 ± ~ 30

.0645 16.23 ± .29

.0671 15.61 ± .29

.0697 15. 13 ± .28

.0724 14.79 ± .28

.0752 14.44 ± .27

.0779 13.72 ± .27

.0808 13. 56 ± .26

.0837 13.02 ± .26

.0866 13.35 ± .26

.0896 12.63 ± .25

.0926 12.20 ± .24

.0957 11.95 ± .24

.0988 11.20 ± .24

.1020 11. 3~ ± .23

.1053 10.81 ± .23

.1086 10.69 ± .22

· 1119 10.02 ± .21

.1153 9.99 ± .21

.1187 9.63 ± .21

· 1222
9.22 ± .21

.1258 9.00 ± .20

· 1293
8. 54 ± .19

.1330 8.85 ± .19

.1367 8. 11 ± . 19

· 1404 7.96 ± .18
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-t 2
do/dt [mb/ (GeV/e) 2J(GeV/e)

.1442 7. 71 ± .18
· 1481 7.15 ± .17
.1520 7.24 ± .18
.1559 6. 96 ± .17
.1599 7.00 ± · 16
· 1640 6.38 ± .16
.1681 6. 56 ± · 16.1722 5.81 ± .16
.1764 5.94 ± .15
· 1807 5. 74 ± .15
.1850 5.21 ± .14
· 1893 5.35 ± .15
· 1937 4.90 ± · 14
.1982 4.91 ± · 14
.2027 4.40 i · 12
.2072 4.37 ± · 13
.2118 4. 36 ± .13
.2165 4. 11 ± .12
.2212 4.00 ± · 11
.2259 3.67 ± · 11
.2308 3.87 ± · 11
.2356 3.44 ± · 11
.2405 3.45 ± · 11
.2455 3.21 ± .10
.2505 3.02 ± .10
.2556 2.97 ± .10
.2607 3.01 ± .10
.2658 2. 81 ± .09
.2710 2.66 ± .09
.2763 2. 54 ± .09
.2816 2. 52 ± .09
.2870 2.43 ± .09
.2924 2. 18 ± .08
.2979 2. 14 ± .08
.3034 2. 01 ± .08
.3089 2.08 ± .07
.3146 2.03 ± .07
.3202 1.77 ± .07
.3259 1.88 ± .07
.3317 1.68 ± .07
.3375 1. 59 ± .06
.3434 1. 57 ± .07
.3493 1. 50 ± .07
.3553 1.38 ± .06
.3613 1.54 ± .06
.3674 1.36 ± .06
.3735 1.26 ± .06
.3797 1. 17 ± .05
.3859 1. 16 ± .05
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2 da/dt [rob/ (GeV/c) 2]-t (GeV/c)

.3922 1.05 ± .06

.3985 1.09 ± .06

.4049 .96 ± .06

.4113 .99 ± .06

.4178 .95 ± .06

.4243 .86 ± .06

.4309 .79 ± .05

.4375 .78 ± .05

.4442 .77 ± .05

.4509 .75 ± .05

.4577 .74 ± .05

. 464~ .73 ± .05

.4714 .59 ± .05

.4784 .60 ± .04

.4853 .57 ± .04

.4924 .60 ± .04

.4995 .47 ± .04

.5066 .48 ± .05

.5138 .51 ± .04

.5210 .41 ± .04

.5283 .41 ± .05

.5356 .46 ± .04

.5430 .39 ± .04

.5505 .29 ± .06

.5579 .41 :t 04

.5655 .41 ± .04

.5731 .30 ± .04

.0807 .35 ± .04

.5884 .33 ± .04

.5962 .32 ± .04

.6039 .26 ± .04
'" 6118 . 28 ± .04
.6197 .29 ± .05
.6276 .13 ± .08
.6356 .23 ± .05
.6437 . 19 ± .04
.6518 .18 ± .05
.6599 .16 t .05
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pp 200 GeV/c

-t (GeV/c) 2 do/dt [rob/ (GeV/e) 2]

.0206 62.33 ± .60

.0220 61.36 ± .58

.0235 59. 51 ± .57

.0251 58.BO ± .57

.0267 58. 17 ± .56

.0284 57.01 ± .55

.0301 55.79 ± .54

.0319 54.82 ± .53

.0337 53.27 ± .52

.0356 52.49 ± .51

.0375 51. 55 ± .50

.0395 49.61 ± .49

.0415 48. 54 ± .48

.0436 47.11 ± .47

.0457 46.61 ± .46

.0479 45.46 ± .46

.0501 43.71 ± .44

.'0524 42.26 ± .42
:0547 41.40 ± .42
.0571 40.46 ± · 41
.0595 39.40 ± .41
.0620 38. 57 ± .40
.0645 36.84 ± .38
.0671 35.87 ± .37
.0697 35.11 ± .37
.0724 33. 59 ± .36
.0752 32.62 ± .35
.0779 31.70 ± .34
.0808 30. 59 ± .33
.0837 29. 56 ± .32
.0866 29.60 ± .32
.0896 27.93 ± · 31
.0926 26.78 ± .30
.0957 26. 10 ± .29
.0988 24.71 ± .28
.1020 24. 54 ± .28
. 1053 23.74 ± .27
.1086 22. 57 ± .26
.1119 22. 19 ± .26
.1153 20.69 ± .25
.1187 20.11 ± .24
. 1222 19.57 ± .24
.1258 18. 53 ± .23
.12~3 17.88 ± .22
.1330 17.09 ± · 21
.1367 16.64 ± .21
. 1404 16. 14 ± .20
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-t (GeV/c)
2

do/dt [rob/ (GeV/c) 2]

· 1442 15.53 :!: .20
· 1481 14. 92 ± · 19
.1520 14. 50 :!: .19
.1559 13.49 ± .18
.1599 13.03 ± .17
· 1640 12. 19 :t .17
.1681 11.94 ± .17
.1722 11.34 ± · 16
.1764 10.92 ± .16
· 1807 10.49 ± · 15
· 1850 10.03 ± .14
· 1893 9.71 ± .14
· 1937 9.02 ± .14
· 1982 8.80 ± .13
.2027 8.49 ± .13
.2072 8. 13 :!: · 12
.2118 7. 54 ± .12
.2165 7. 18 ± · 11
.2212 6.65 ± · 11
'.2259 6. 58 ± · 10
.2308 6.24 :!: .10
.2356 5.98 ± .10
.2405 5.85 ± · 10
.2455 5.39 ± .09
.2505 5. 18 ± .09
.2556 4.76 ± .09
.2607 4.48 ± .08
.2658 4.35 ± .08
.2710 4.28 ± .08
.2763 3.79 ± .07
.2816 3. 70 ± .07
.2870 3.66 ± .07
.2924 3.41 ± .07
.2979 3. 19 ± .06
.3034 3. 19 ± .06
.3089 2.84 ± .06
.3146 2.79 ± .06
.3202 2.62 ± .06
.3259 2.56 ± .06
.3317 2. 32 ± .05
.3375 2.23 ± .05
.3434 2. 13 ± .05
.3493 2.00 ± .05
.3553 1.87 ± .05
.3613 1.86 ± .05
.3674 1.71 ± .05
.3735 1.62 ± .04
.3797 1.39 ± .04
.3859 1.41 ± .04
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-t (GeV/c)
2 do/dt [rob/ (GeV/c) 2]

.3922 1.35 ± .04

.3985 1.32 ± • 04

.4049 1.25 ± .04

.4113 1. 12 ± .03

.4178 1.09 ± .04

.4243 .99 ± .03

. 430Cf .93 ± .03

.4375 .93 ± .03

.4442 .86 ± .03

.4:509 .83 ± .03

.4577 .71 ± .03

. 464::J .70 ± .03

.4714 .68 ± .03

.4784 .60 ± .03

.4853 . S7 ± .03

.4924 .55 ± .03

.4995 .49 ± .03

.5066 .47 ± .02

.5138 .43 ± .03

.5210 .45 ± .02

.5283 .37 ± .02

.5356 .37 ± .02

.5430 .39 ± .02

· 5:505 .32 ± .03
· ·S~'-<I • 3~ ± .03

.5655 .27 ± .02

.5731 .25 ± .02

· ~807 .22 ± .02

.5884 . 19 ~ .02

.5962 .22 ± .02

.6039 .24 ~ .03

.6118 .21 :t .02

.6197 . 16 f .02

.6276 .18 f .04

.6356 .14 ± .04

.6437 .13 ± .02

.6518 . 14 ± .03

.6599 .12 t .03
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The displayed and tabulated distributions are

corrected for inelastic contamination and radiative

effects. Also the contribution due to Coulomb

scattering (including the Coulomb - nuclear interference

contribution) has been removed. Table 8.4 presents the

parameters used for this subtraction. The Coulomb

correction only affects da/dt for -t< 0.035 (Gev/c)2 and

then only slightly. Making reasonable variations of the

parameters listed in Table 8.4 changed the final answers

by less than one standard deviation.

6.3
A correction for plural nuclear scattering in the

hydrogen target is also included in Table 8.3 and

Figures 8.9 to 8.11. To make the correction, the data

was multiplied by the following quantity:

[1+Kexp(-bt/2)/b]

where

- +b = b(t=0) (10.9,10.8, and 12.1 for TI p, TI p, pp; see
Table 8.5)

K = rat/64mn2

at = hadron-proton total cross section

r = NAPX/A

NA = Avogadro's number

p = target density

x = target length
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'table B.lot

Parameters for Coulo~ Scatte~in~

Contribution to do/dt

~~I~OUIOrob =
2 bt/2

4rra - 0hpe ap/BtP'P" +

where a = fine structure constant

p = ratio of real to imaginary part of the
scattering amplitude

0hp = total cross section for hadron-proton scattering

b = forward logarithmic nuclear slope

-2 a b
b (GeV/c) °hp(mb) p

P -p 12.0 38.97 -.01

+ 10.5 23.84 .0411' -p

"If -p 10.5 24.33 .08

~rom A. S. Carroll et al., Phys. Rev. Lett. ~, 928 and 932
(1974)

bFrom R. D. Hendrick and B. L~utrup, Phys. Rev. Dll, 529
(1975)
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A = atomic weight

At the largest t, this correction is 11% for pp
+

scattering and 3% for n-p scattering. The correction is

accurate to 5%. The effect of plural nuclear scattering

on the data is important only when fits are performed

using the entire t range measured.

The next step of the analysis was to study in

detail the shape of the da/dt distributions. To

accomplish this study, fits were performed over small

regions of t using an exponential form. Thus in the

limit of infinitely small t regions, what is obtained is

the forward logarithmic slope b as a function of t where

b(t) = d/dt[ln(da/dt)]

The entire t range was split into nine to ten

SUbregions: the errors on the measured local slopes

were still reasonably small.

The fits were performed using a least squares

minimization procedure: the program MINUIT6.1 was

employed. The fitting method was such that the endpoint

of the ith bin was constrained to coincide with the



beginning point of the i+lth bin. This procedure of

course introduced correlations between the measured

local slopes. When fits were performed without the

above constraint, the values of the local slopes

obtained were within one standard deviation of the

results from the constrained fits. The constrained fits

merely reduced the statistical error of the results.

To estimate the systematic error, the local slopes

were derived using a variety of cut variations. For

example, the recoil mass squared cut was changed while

keeping all other cuts the same. The maximum range of

the values of the local slopes with respect to the

different sets of cuts is the measure of the systematic

error.

Another source of systematic error was the

uncertainty in the absolute value of the incident beam

momentum. The beam momentum was known to ±l%. This

contribution to the systematic error was added in

quadrature to the other contributions to arrive at the

total systematic erroras given in Table 8.5.

To orient the reader, Figure 8.12 presents ~b vs.

t~ plots for some simple cases. Figure 8.13 presents

the results of the above type of analysis for the data.

Tne errors shown are the statistical and systematic

errors added in quadrature. Table 8.5 gives the values

200
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LOCAL SLOPE VERSUS -~

FOR

EXAMPLES OF do/dt
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LOCAL SLOPE VERSUS -t: HIGH-t DATA: 200 GeV/c
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Figure 8.13
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TABLE 8.5

Local Slope Values and Correlations

v-p 200 Gev/c

LcJcal Slope It I Range
(GeV/c)2

Value -2
(GeV/c)

b i .022-.036 10.91 ± .55 ( • 25)

b 2 .036-.062 9.30 ± .29 (.18 )

b) .062-.102 9.63 ± .23 ( .17)

b
4 .102-.161 9.18 :t .17 (.10 )

DS .161-.252 8.26 ± .11 (.08 )

b 6 .252-.327 7.62 ± .16 ( .18)

b 7 .327-.400 7.41 ± .24 (.22)

bS .400-.494 6.92 ± .27 (.23)
b9 .494-.583 6.60 ± .-19 '.43)

X2/DOF = 130.4/113

-.565

-.565

.116

-.507

.016

.018

-.388

-.135

.110
-.045

-.770

.472 -.591

-.355 .039

.200 .058

-.088 -.037

.032 .015

-.511

.391

-.676

.674

-.413

.187
-.068

bl

b 2 -.499

b) .020

b4 -.102

bS .231

b6 -.238

b7 .147

be -.067
b 9 .024

a
Covariance Matrix Correlation Coefficients, pb.b.

1 J
b 2 b) b 4 b S b 6 b 7 b S

a p - 0
2

0 0 0 is the covariance between
b.b. = b.b. b. b.· b.b.
1.J 1.J J. J J.J

th qua t1.·t1· s band b . 0 1.'S the standard dev~atione n e. " b. ...
1. J J.

of b ..
1.



-.180

-.644 .110

.221 -.316 -.559

.044 -.162 .252 -.675

-.151 .410 -.287 .232 -.61l

.131 -.348 .221 -.103 .126 -.558

-.075 .198 -.123 .048 -.027 .122 -.530

.030 -.080 -.049 -.018 .005 -.021 .109 -.497

204

TABLE 8.5 (cant. )

pp 200 GeV/c

Local Slope It I p~an~e Value
(GeV/c) (GeV/c) -2

bI .025-.055 12.07 :t .10 ( .16)

b2 .055-.084 11.53 :t .12 (.08)
b

3 .084-.109 11.12 ± .12 ( .10)
h4 .109-.1S2 10.71 ± .11 (.08)
bs .152-.194 10.64 ± .18 (.08)
b6 .194-.246 10.38 ± .18 (.20)
b 7 .246-.315 9.72 ± .15 (.13 )

b S .3~.S- .424 9.34 :t- .13 (.19 )

b g .424-.528 9.48 ± .24 ( .19)

hlO .528-.644 9.35 :± .6) (.42)

X
2

/DOF = 115-.1/116

Covariance Matrix Correlation Coefficients, P a
b.b.

1. J
b1 b 2 b3 b4 bS b6 b7

b l • 211

b 3 -.454

b 4 -.355

bS .204

b 6 .036

b7 -.160

be .141

b9 -.080

b10 .032

a
Ph. h. ­

1. J

2
0b.b.ob.ob .. 0b.h. is the covariance between

1.) 1. J 1.J

the quantities b. and b.i
1. J

of b .•
1.

is the standard deviation
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TA~LE 8.5 (cont.)

+
1r P 200 GeV/c

Local Slope

hI
b 2
b 3
b 4
b 5
h,
b

7
be
b g
blO

It I Ran~e
(CeV/c)

.024-.044

.044-.072

.072-.105

.105-.144

.144-.181

.181-.241

.241-.309

.309-.374

.374-.478

.478-.604

Value
(CeV/c) -2

10.83 f .63 (.32)

9.33 f .33 (.19)

9.41 ± .31 (.17)

S.83 ± .33 (.18)

8.56 ± .33 (.21)

8.64 ± .20 (.30)

7.48 ± .24 (.25)

7.26 ± .34 (.34)

7.22 ± .30 (.33)
5.96 ± .50 (.42)

aCovariance Matrix Correlation Coefficients, p
b.b.

). )
b l b2 b3 b4 bS b 6 b 7 be b 9

b 2 -.673

b J .183 -.503

b4 -.029 .182 -.713

b s -.025 -.379 .533 -.703

b, .046 .476 -.514 .119 -.382

b 7 -.030 -.296 .305 -.003 -.187 -.404

be .015 .142 -.145 -.008 .146 -.065 -.558

bg -.006 -.054 .055 .004 -.063 .060 .083 -.582

blo .002 .016 -.017 -.001 .020 -.022 -.013 -.124 ~.523

a is the covariance between
b.b.

J. J

the quantities b. and h.i
). J

of b .•
).

is the standard deviation
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of the local slopes along with correlation coefficients.

Also presented are the systematic errors in the various
+regions of t for n-p and pp scattering. It is important

to note that in some cases the systematic errors are

significant when compared to the statistical errors on

the local slopes. Since small regions of t were used to

obtain the local slopes, plural nuclear scattering has

negligible effect on these results. In fact the data

fit was that of Table 8.3 without (hence divided by) the

plural scattering correction.

Also shown on Figure 8.13 are results of a fit to

the data over the full t range using a quadratic

exponential form (exp( bt+ct 2)). Table 8.6 exhibits the

values of band c derived from these fits. For these

fits the correction for plural nuclear scattering is

included in the theory. Appendix VI gives the

functional form used to fit the data.

The local slopes do depend to a degree on the bins,

in t chosen. "Figure 8.14 presents the local slope as a

function of t for several different binnings. Table 8.7

tabulates the local slopes measured for these different

cases. Again it should be emphasized that the data fit

was the same: what was different were the chosen

subregions of t.



Table 8.6

bt + ct2
Results from Fits of do/dt to e

207

Itf Range b c X'/DOF

P -p ~ 025 - .620 11.73 ± .04 -2.98 :!; .10 186.0/125

of
• 025 - .620 9.9 .. ± .07 -3.6 e ± .16 106.0/125'r. -p

- .025 - .620 9. B8 .06 -3. 43 ± .13 142.4/125n -p ±
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TABLE 8.7

Local Slopes using t Bins Different from those of Table 8.5

'YT - P 200 GeV/c

Local Slope It I Ran~e valuea Local Slope It I Ran~e valuea
(GeV/c) (GeV/c) -2 (GeV/c) (GeV/c) -2

b
l

.029-.044 9.52±.9l hI .025-.040 11.61±.54

b 2 .044-.073 9.28±.33 b 2 .040-.067 8.74±.13

b 3 .073-.116 9 •6.4± .13 b 3 .067-.109 9.77±.12

b4 .116-.177 8.96±.O9 b 4 .109-.169 9.08±.13

bS .177-.272 8.02±.11 b 5 .159-.262 8.11±.08

b6 .272-.351 7.55±.20 b 6 .262-.339 7.72±.13

b7 .351-.426 7.53±.2S b 7 .339-.413 7.40± .. 23

be .426-.509 6.56±.35 b S .413-.509 6.68±.28

b9
.509-.583 6.75±.64 b g .509- .. 599 6.83±.48

x2/ DOF e 132.sil1l x2/DOF = 129.0/113

aErrors statistical only
tv
o
1..0



TABLE 8.7 (cont.)

+
1r P 200 GeV/c

Local Slope

b i

b 2

b3

b4
b S

b6

b,

ba
b9

bla

It I Ran~e
(GeV/c)

.02S-.050

.050-.109

.109-.160

.160-.212

.212-.261

.261-.309

.309-.380

.380-.444

.444-.S14

.514-.604

Va1uea

(GeV/c) -2

10.65±.4S

9.30±.17

8.60±.22

8.96±.29

'.84±.37

7.55±.40

7.34±.35

7.10±.49

6.78±.65

5.58±.90

Local Slope

b 1

b 2

b 3

b 4

b 5

b 6

b 7

b 8

b 9

b 10

It I Ran~e
,GeV/c)

.022-.036

.036-.062

.062-.090

.090-.115

.115-.160

.160-.207

.207-.261

.261-.349

.349-.465

.465-.604

Valuea
(Gev/c)-2

10.41±.61

9.93±.29

9.10±.16

9.57±.37

8.32±.28

9.24::.30

7.79±.30

7.S0±.IS

7.08±.22

6.32±.41

x2/DOF = 100.1/113

aErrors statistical only

X2/DOF = l03.8/11S

~....,
o



TABLE 8.7 (cont.)

pp 200 GeV/c

Local Slope It' Range Valuea Local Slope Jtl Range Valuea

(GeV/c) 2 (Gev/c)-2 (GeV/c) 2 -2(GeV/c)

b l .024-.039 ll.76±.39 hl .025-.044 l2.11±.26

b 2 .039-.070 ll.86±.18 b 2 .044-.075 11.80±.13

b3 .070-.100 11.29±.16 b 3 .. 075-.112 11.02±.12

b4 .100-.126 11.03±.17 b 4 .112-.144 10.BS±.18

b 5 .126-.172 10.63±.15 b.5 .144-.194 lO.57±.15

b 6 .172-.236 10.43±.11 b 6 .194-.256 10.43±.15

b7 .236-.303 9.83±.10 b7 .256-.315 9.52±.18

be .303-.392 9.37±.13 be .315-.411 9.38±.15

b g .392-.478 9.40±.22 b9 .411-.507 9.46±'024

blO .478-.604 9.42±.36 blO .507-.623 9.25±.47

X2/OOF • 120.5/111 x2/DOF = 115.1/113
r-.J
I-'

aErrors statistical only
f-'



212

By integrating dO/dt over t, the total elastic

cross section is derived. To calculate the

contributions of regions in t not directly measured, the

results of the fits from which the local slopes were

obtained were use~ (using the functional form of exp(bl)

for the extrapolation over unmeasured t regions). It

was found that when the do/dt distributions were

extrapolated to t equal to zero, they were consistent

within the experimental errors with the optical point.

Thus do/dt was normalized to the optical point for the

calculation of the total elastic cross sections. Table

8.8 presents the total elastic cross sections and the

ratio of the total elastic cross section to the total

cross section. The errors in Table 8.8 include, in

addition to the statistical uncertainties, the

systematic uncertainties due to extrapolatin3 the

measured da/dt distributions over unmeasured t regions.
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Table B.8

Total Elastic Cross Sections

at 200 GeV/c

aElastic(mb) aElastic/aTota18

u p 3.21 ± .150 .132 . ± .006

+ 3.08 ± .06.1 .129'If P :!: .003

P P 6.82 ± .136 .175 ± .004

aFrom A. S. Carroll eta a1., Phys. Rev. Lett. 12, 928 and 932
(1974)



CHAPTER 9

HIGH-t ANALYSIS: DISCUSSION

A. Local Slopes

The results presented in Figure 8.13 clearly

demonstrate the elastic scattering cross section for
+

TT - P and pp reactions at 21e GeV/c are not consistent

with a simple exponential (exp(bt» (also see Table

8.6). For pp scattering the behavior is poorly

parameterized by an exponential with a quadratic term

(exp(bt+ct 2». However for TT±P scattering, the

quadratic form describes the t distributions for -t>9.84

(GeV/c)2.

The local slope in the pp case decreases with

increasing t in the region of 0.925<-t<0.258 (GeV/c)2.

From 0.25<-t<0.65 (Gev/c)2 the local slope has a

constant value of approximately 9.5 (Gev/c)-2.

For the pions, in the region 0.l0<-t(0.60 (Gev/c)2

the local slope decreases with increasing t. From

9.93<-t(0.l0 (GeV/c) 2 the local slope is relatively

flat, finally there is a sharp increase in the value of

the slope in the region 0.02<-t(8.93 (GeV/c)2.

214
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Figure 8.13 would indicate that in the region of

approximately S.25<-t<0.65 (Gev/c)2 the behavior of the

local slopes as a function of t is different for pions

and protons. However the data do not have sufficient

statistical accuracy to conclusively prove this

i . +content on. The ratlo R- was formed where

+ +
R- • (dcr/dt(pp)]/(dcr/dt(n-p)]

and fit to the form of Cexp(dt). +Figure 9.1 shows R-

along with the fitJ Table 9.1 presents the fit results.

An exponential describes the general behavior of R± (for

the TI- case there is no particular region of t that

dominates the contribution to the chi-squared) which

would indicate similar dcr/dt shapes for the pions and

protons. Also the value of d is in good agreement with

that found at 175 GeV/c in Ref. 9.1. To definitively

settle the question approximately four times the present

statistics in the region of 8.30<-t<0.60 (Gev/c)2 would

be required.

Figure 9.1 shows small oscillations about the

results of the fit to the R- ratio, but none in the R+

ratio. At the sensitivity of the measurement, it cannot

be concluded whether the oscillations are real or are
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TABLE q.,

Results of fits of Rt (as defined in text) to ced
:

217

ItI Range C d X
2

/ DOF

R+ + .022-.630 2.67 .01 2.08 126.1/128(p/,rr ) t ± .06

R (p/n-) .022-.630 2.61 t .01 1.98 ± .06 165.1/128
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due to instrumental effects. However it is more likely

the effect is due to the latter since the R+ ratio does

not exhibit oscillations. In any case the point to

point variations in the R- ratio are too small to affect

the conclusions of the analysis.

Figures 8.9 to 9.11 show a comparison of the

differential cross sections for the

experiments l • 8 ,l.9,1.12,9.2 that have measured elastic

scattering in the same kinematic region. Figure 9.2

compares measured local slopes from this experiment with

those measured by others 1.8,1.9,1.11,1.12,9.3,9.4. It

should be noted that these other measurements of the

forward slopes are calculated from fits over much larger

ranges of t than used in this experiment. This is

especially true for references 1.8 and 1.9 where fits

were performed over their full t range (-0.03 to -0.40

for Ref. 1.8; -8.97 to -0.8& for Ref. 1.9), to a

quadratic form. From the fit results, the forward slope

at t equal to -8.28 (Gev/c)2 was calculated. It is seen

that there is good agreement between all the

experiments. The results from references 1.12 and 9.5

support the observation of a sharp increase in the local

slope in the very small t region for n-p scattering.
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An analysis similar to the one presented here has

been performed for hadron-proton elastic scattering at

energies of 10.4 and 14 QeV1 • 1B • It was found that the

TI~ and pp scattering exhibit a behavior more

complicated than' a simple exponential in t. Thus the

phenomena observed at 280 GeV are also seen in an energy

regime an order of magnitude less than that of this

experiment.

B. tf Form Factor" Par ameter ization of d o/dt

Theoretical models such as that of Cnou and Yang 9 • 6

and versions of the Additive Quark Model (AQM)9.7,9.8

attribute the major part of the small t elastic cross

section variation to the hadronic form factors of the

target and the projectile. These form factors are

assumed to be the same as the electromagnetic ones. In

the AQM the form factors describe the spatial

distribution of the quarks: in the very small t region,

the scattering is dominated by single quark-quark

scattering_ In these models, dO/dt is given to first

order as

where
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A • Na0
2/161111 2

Na • normalization factor

o • total cross section

F(t)target • hadronic form factor of the target

F(t)projectile = hadronic form factor of the

projectile

Aqq(t) • quark-quark scattering matrix element

The following forms for the proton and pion

hadronic form factors were used in this analysis:

F(t)proton = (1-(r~t/(lZb2»]-2

F(t)pion • [l-(r~t/(6fi2»}-1

where

,dipole form

,monopole form

r p a proton electromagnetic charge radius

r n • pion electromagnetic charge radius

The do/dt distributions were fit to Eq. 9.1 using

the following three forms for Aqq :

IAqq 12 (t) • l+ut ,linear form (9.2a)

IAqq 1
2 (t) • exp(ut) ,exponential form (9.2b)

IAqq 12 (t) • (1+ut/2) 2 ,quadratic form (9. 2c)
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The linear and quadratic forms are phenomenolo9ical~

· 1 t al. 9 • 7
the exponential form is suggested by Bla as e •

and Levin et. al. 9 •8 • In the case of the exponential

form (Eq. 9.2c), one can identify u with the quark

radius, r q , where

(9.3)

Note that in the Chou - Yang model, Aqq(S,t) is unity.

The effect of plural nuclear scattering was taken

into account in the fits, again by modifying the theory.

Appendix VI presents the functional forms used. The

results of the fits are given in Tables 9.2, 9.3, and

9.4.

The data are well represented over the full t range

(0.02S<-t<0.620 (GeV/c)2) by Eq. 9.1 with the linear

form for the quark-quark scattering matrix element. The

fitted values of r p and r n are in remarkably good

agreement with measured proton9 • 9 and pion9 •10

electromagnetic charge radii. It is emphasized that the

linear form for the matrix element becomes unphysical

for t>-l/u. Hence it is surprising that this

parameterization of da/dt fits the data so well.



Table 9.1

Results of tits of da/dt to form factor parame·~erization

with a linear matrix element, Eqns. 9.1 and 9. 2a

correlation Coefficients

ItI Ran1e A u r r
(A,u) (A,r

1f
) (A,r

p
) (u, r

1r
) (u,r ) (r

1r
,rp) X2/OOF

(GeV/c)-2 'IT
(¥",)(GeV/c) (fm) p

pp 0.025-0.620 79.89t.24 1.18t.02 - .81t.Ol .582 - .814 - .910 - 119.8/122

+ 104.0/122'If P 0.025-0.620 JO.J5:!:.18 .79±.05 .62t.04 .87±.03 .656 .112 .112 .131 .129 -.963

w-p 0.025-0.620 JO.98!.]7 .B4t.04 .62t.04 .87:!:.03 .639 .099 .101 .116 .112 -.971 137.0/122

Table 9.3

Resu1ts of fits of dcJ/dt to form factor parameterization

with an exponential matrix element, Eqne. 9.1 and 9. 2b

Correlation COefficients

'tl nanye A u rw r
(A,U) (A,r,,) (A,rp) (u,r",) (u,rp) Cr

1T
,rp) X1/DCF

(GeV/c) (Gev/c)-2 (fm) (¥"',
pp 0.025-0.620 78.40t.27 3.32!.11 - .72±!Ol .727 - .792 - .992 - 154.0/122

pp 0.025-0.320 79.27:t.36 2.67±.23 - .7St.Ol .807 - .945 - .997 - 78.4/78

+ 30.18:i:.2l 103.0/122'" P 0.025-0.620 1.49±.19 .65:!:.04 .79±.04 .703 .233 .259 -.156 .678 -.829

+ 30.11t.26 67.5/78r. p 0.025-0.320 1.68t.38 .63±.04 .70±.04 .797 .412 .499 .290 .733 -.433

- 136.0/122'If P 0.025-0.620 30.7St.l9 1.79t.16 .'O±.OJ .72±.O3 .523 .304 .:\.67 -.410 .839 -.837

lI'-p 0.025-0.320 30.9lt.37 l.26:t.51 .61±.06 .84±.O6 ·.913 .606 .590 .631 .649 -.177 97.2/78 N
N
W



TABLE 9.4

Results of Fits of da/dt to the Form Factor Parameterization with a

Ouadratic Matrix Element, Eqns. 9.1 and 9.2c

It' Ran2e A u r,.. r p X2
/ DOF

(Gev/c)-2(GeV/c) (fm) (frn).

pp 0.025-0.620 79.32±.26 -1.6S±.03 - .79±.Ol 124.9/122
+ 0.025-0.620 30.27±.19 -1.Olt.OS .61±.05 .B6±.04 103.0/122'fT P- 0.025-0.620 136.1/122'fT P 30.aa±.lS -1.09±.O7 .65±.O4 .82±.O3

tv
tv
~
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In contrast to the linear matrix element, the

quadratic form for the quark-quark scattering matrix

element CEq. 9.2c) does not become unphysical. It too

gives an adequate description of the data, and the

values of r p and r n derived are in good agreement with

the measured pion and proton electromagnetic radii. It

is interesting to note that Eq. 9.2c predicts a dip in

the pp elastic scattering t distribution at -t • 1.2

(GeV/c)2. Akerlof et.al. 1 •9 observe such a dip in pp

scattering at 208 GeV/c incident momentum at -t = 1.5

(Gev/c)2.

The fits using the exponential form for the matrix

element were made using the full t range and a

restricted t range (0.82S<-t<0.320 (Gev/c)2). Over the

restricted t range, reasonable fits to the data were

obtained. Over the full t range the pion data are well

represented. However the proton data are not well

represented, and value of r p is about 10% lower than

measurements of the proton electromagnetic charge

radius.

Within the context of the above picture, one

expects that the pion and proton electromagnetic charge

radii to be the same whether extracted from the pion

data or from the proton data (obviously the pp data do

not measure the pion charge radius). Therefore the ~-p,
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n+p, and pp data were fit simultaneously using a single

in some fits the u's were constrained to be

equal, in some the u's were allowed to vary

independently. - +Also fitting to the TI p, TI p, and pp

data simultaneously reduced the correlation between the

fitted parameters. Tables 9.5 and 9.6 present the

results of these fits. Figure 9.3 shows the results

using the exponential matrix element and fitting the

data over the region 0.025<-t<9.320 (GeV/c)2.

It is observed that for fits over the full t range

requiring the u's to be equal, the data are not well

represented; this fact is independent of the choice of

the form for the quark-quark scattering matrix element.

The data are well represented over the full t range when

the linear matrix element is used, and the u's are

independent. Reasonable values of the electromagnetic

charge radii are obtained; u for pp scattering is

h f + •greater t an u or n-p scatterlng. The fit to the data

over the full t range using the exponential matrix

element and allowing the u's to vary independently is

not as good as for the linear matrix element but still

reasonable. Again u (or equivalently the quark radius)

for pp scattering is greater than u for nip scattering_

The value of I p is approximately SI low when compared to

measurements of the proton electromagnetic charge

radius.



TABLE 9. S'

Results of Fits of ~o/dt to Form Factor Parameterization
Using .-p, w+p, pp Data Simultaneouslya

Matrix It I Ranqe A1f- A1f+ "p u,,_ u,,+ up r" r p X2/DOF

Element (GeV/c) 2 (CeV/c) -2 (Cev/c}-2 (Gev/c)-2 ( fm) (fm)

Linear 0.025-0.620 J1.02t.15 30.40t.U 79.89t.24 0.86t.02 O.82t.03 1.19t.02 .70t.Ol .8U.Ol 360.9/370

Lin.arb 0.025-0.620 30.25t.12 29.83t.ll 81.13t.23 1.0lt.01 1.03t •.01 l.OH.Ol .63t.Ol .8H.Ol 506.0/372

Exponential 0.025-0.620 30.63t.17 29.97t.16 80.19*.21 1.76t.08 1. 'H.09 2.39t.09 .65t.02 .17:1:.05 446.9/370

Exponentlalb 0.025-0.620 29.89t.12 29.48t.12 80. 3lt. 25 2.33t.07 2.33t.07 2.33t.01 .55t.01 .77t.Ol 510.3/372

Exponential 0.025-0.320 30.8h.25 30.25±.24 19.2St.]7 1.6lt,.26 1.591:.26 2.67t.24 .6h.03 .75t.Ol 243.8/238

Exponentialb 0.025-0.320 31).34.t.15 29.87t.15 79. 97i. 31 2.141.17 2.141.17 2.14t.17 .SSt.01 .791.01 251.6/240

a rtf' r p e~Ch Bet,to a sinale value for plon and proton ea~a

b uw- , u,,+ , up constrained to be equal for pion and proton data.

,....,
N
-....J
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TABLE 9.6

Correlation Coefficients for Fits Using ~-p, +
pp D.t. Stmultaneously11' p,

Matrix It I Ranie Correlation CoefficientsElement (GeV/c)

AlI'- A
Tr

+ A U •• U + Up r np 7f "Linear 0.025-0.620 A,,+ .479

Ap .131 .826

\: - .012 '.053 -.318n
u7f+ .521 .602 .648 -.015

up .657 .764 .798 .047 .316
r n -.009 .043 -.259 .813 -.012 .038
r p -.011 .048 -.289 .910 -.013 .043 .581

Exponential 0.025-0.620 A1r+ .622
Ap .711 .853

lJ1r - -.026 .107 -.386

UlI'+ .520 .659 .640 -.027

up .727 .942 .848 .101 .507

rtf -.021 .085 -.305 .791 ..... 021 .079

-.026 .106 -.382 .990 ~.021 .100 .715r p

Exponential 0.025-0.320 AlI'+ .778

Ap .814 .882

ulI'- .193 .400 -.063

ull'+ .706 .811 .796 .188

up .828 .985 .882 .398 .752

.341 -.054 ".852 .160 .339r
1r

.164

.192 .399 -.063 .997 .187 .397 .816r p
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TABLE 9.6 (Cont. )

Matrix It' Range Correlation, Coefficients
Element (GeV!c) 2

AlI'- 1\11'+ Ap u rll'

Linear 0.025-0.620 An+ .407
(u _ =

'IT Ap .774 .615un'" =
u' = u) u .352 .876 .390P

rll' .643 .430 .741 .313

r~ .193 .489 .075 .781 .204

Exponential 0.025-0.620 A,..+ .528

(u - c U + Ap .729 .91111' 11'
'= U c u) u .519 .983 .867P

.676 .549 .723 .539r,..
r p .327 .623 ... 62 .731 .341

Exponential 0.025-0.320 AT+ .617

(un - ,,~u1i'''' Ap .756 .960

I: u • u) u .613 .994 .943p

.625r
1r .760 .629 .757

r p .447 .726 .636 .786 .455
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Over the region 8.82S<-t<I.328 (Gev/c)2 the data

are well represented by the fits using the exponential

matrix element. This conclusion is true whether the u's

were constrained to be equal or were allowed to vary

independently (though with independent u's the fit is

slightly improved). Again I p is approximately 5' low

when compared to measurements of the proton

electromagnetic charge radius.

There is general agreement between the n±p and pp

elastic scattering data and the AQM predictions. The

fit resul~s show that the shape of dcr/dt in the region

0.12S<-t<8.628 (Gev/c)2 is described by the product of

the electromagnetic form factors of the projectile and

the target. This is especially true in the region

0.82S<-t<0.320 (GeV/c) 2 where good fits to the data were

found when using the intuitively appealing exponential

form for the quark-quark scattering matrix element. The

fitted values for r p and r n are remarkably close to

their electromagnetic counterparts. The derived values

of the quark radius (using Eq. 9.3) is ~S.3S±.03 fm

from n±p elastic scattering and ~1.45±.02 fm from pp

elastic scattering. Within the the context of the AQM,

there is evidence that the hadronic and electromagnetic

form factors of elementary particles are very 8imiliar.
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It is not claimed that the analysis tests the above

theoretical ideas in a strict sense. First Eq. 9.1

represents only the first order form for da/dt: higher

order terms have been ne91~cted. Also there were

technical difficulties with the fitting procedure, since

the results are very sensitive to the values of the

proton and pion electromagnetic charge radii. Por

example constraining r p to be 8.81 fm caused the fit to

the pp data using an exponential matrix element to be

quite poor. The spread in the published values of both

the proton and pion electromagnetic charge radii is just

too great, to allow the data to definitively test the

above theoretical ideas.

c. Bounds on dq/dt

upper limits on the ratio of the scattering

amplitude at a given t to the scattering amplitude at t

equal zero can be calculated l . 13 ,9.ll. These limits

assume unitarity and analyticity of the scattering

amplitude in the complex s-plane (where s is the center

of mass energy squared). Figure 9.4 shows how the data

compare to one such upper bound, Eq. 1.3 of reference

9.11. It is seen that there is no violation of the

bounds: however the data are close to saturating them.

This behavior has been also observed at energies of
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s. M. Roy in reference 1.14 derives the following

bound on do/dt for pion-nucleon elastic scattering:

Ib(t) I (f(t»1/2 >

(b(0)/2j (f(t)]l/2(3(f(t1)b2(tl»/(f(0)b2(0»_lJ

where

f(t) == dO/dt(t)

t c 3t l (1+ct l )

8 -1c :II: ( mprotonE)

E • incident beam energy

bet) = d/dt[ln(do/dt)]

(9.4)

In Figure 9.5 the right hand side minus the left

hand side of Eq. 9.4 is plotted. For this study the

data were parameterized by Eq. 9.1 with the linear form

for the matrix element. Figure 9.5 demonstrates that

the data satisfy the bound, in contrast to the

conclusions of reference 1.149 • 12 • It is interesting

that the bound is not violated for the pp scattering

data: reference 1.14 does not address nucleon-nucleon

elastic scattering. Strictly speaking the data test the

bound only for -t>0.875 (GeV/c)2. For -t>8.25 (Gev/c)2

the right hand side of Eg. 9.4 is negative, and the
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bound is not useful. At t=tl~9 the two sides of the

bound are by definition equal; thus at small t it is

not surprising that the bound appears saturated.

Finally Appendix V shows on general grounds that if

da/dt is parameterized by Eq. 9.1 with an exponential

matrix element and u, r p ' r n are all greater than zero,

then it is impossible to violate the bound at any t.

D. Conclusions

In the region 0.02S<-t<0.600 (Gev/c)2 at an

incident momentum of 200 GeV/c the shape of the da/dt

distributions for n-p, n+p, and pp elastic scattering

have been studied in detail. The variation of the local

slope as a function of t is similar for n+p and n-p

elastic scattering, while there is indication that the

variation is different in pp elastic scattering.
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Over the entire t range measured, da/dt for all

three particles is inconsistent with the form of exp(bt)

or exp(bt+ct 2). However functional forms involving the

product of the electromagnetic form factors of the

projectile and the target describe the data, especially

for -t<0.30 (GeV/c)2. The Additive Quark Model leads to

such functional forms for the elastic cross sections.



Finally no violations of bounds on the elastic

scattering amplitude were found.
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APPENDIX I

ALIGNMENT PROCEDURE

To calculate the alignment parameters (relative

offsets) of the PWCs in the experiment, a sample of BEAM

events was used. It was required that each PWC had one

and only one coordinate. The BEAM events were used

because the majority of these triggers traversed the

apparatus without scattering.

The first step was to assign the nominal beam

momentum to the center of the beam distribution in the

momentum tagging PWC at the momentum dispersed second

focus. Second a straighl line was fit, in the x and y

projeclions, to the coordinates in the high resolution

chambers Stations 1 through 4 on the concrete block (the

u and v chambers in Station 3 were not used). Using the

parameters of these fitted tracks and tracing through

the magnetic field as required, coordinates were

predicted at the u and v chambers at Station 3 and at

the chambers at Station 5 and 6. Residuals, the

difference between the actual and predicted coordinates,

were then calculated. Finally a chi-squared for each

chamber was formed using all the events in an iteration
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(typically 500 to 3000 BEAMS). Toe average residual was

used to correct the PWC offsets.

It was found that the above procedure had to be

performed in a particular manner to avoid systematic

effects. First a prealignment using the above method

was performed on the first 500 BEAM events in each run.

Survey results were used to supply the starting offsets:

each successive iteration used the corrected offsets.

Events that failed a residual cut test at any PwC were

eliminated: the test required that the residual be less

than three times the chi-squared associated with a

chamber. New chi-squares were calculated for each

iteration. This prealignment terminated when the

chi-squard change was less than twice the error matrix

component for each chamber. Usually convergence was

reached in three or four iterations. Note that the x

and y chambers at Station 1 were kept fixed as the

coordinate system origin.

Next, starting at the beginning of the run, the run

was divided into typically ten seg~ents containing 1000

to 3000 BEAM events each. One iteration then determined

the alignment parameters for that segment (since the

prealignment offsets were used as starting values, only

one iteration was needed to have convergence). Again,

the x and y chambers at Station 1 remained fixed as the
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origin. Also the offset of Station 6 remained constant:

instead the magnetic field of the spectrometer magnets

was varied. The final alignment parameters (chamber

offsets and spectrometer magnetic field) were calculated

by averaging the results of each segment. Care was

taken to check the consistency of the parameters

associated with each segment before the averaging was

performed. Again, the alignment parameters were derived

on a run by run basis.



APPENDIX II

PWC CHAMBER RESOLUTION AND ROTATIONS

A. Chamber Rotations

This appendix deals with PWC Stations 3 and 4 (the

high resolution chambers downstream of the target). We

want ei (yL for each station where

ei(y) = rotation angle of PWC as

measured from the BEAM axis

To calculate this rotation, one studies events of

cluster type 5 (see Chap. 4, Sect. B). Label

alternate wirespaces even and odd: an event is

classified as even or odd depending on the wirespace

that the particle passed through.

Next define

eX(Y) • the angle in the x (y) plane as measured

from the axis perpendicular to Station 3
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eX(y) is measured within a constant using the

information from the x (y) planes of Stations 3 and 4.

To der ive the constant, B is calculated where

B = In[(even labeled events) / (odd labeled

events)]

a s a func t ion 0 f ex (y). At 6x (y) 0 f 0 mr, f?x (y) t· i 11 oe

zero.

Figures A2.1 to A2.2 show plots of Bx(y) versus

ex(y). The angle of the beam is determined by where the

BEAM events lie in the distribution. ei(y) is the

difference between the point where the BEAM events lie

in the Sx(y) vs. ex(y) plot and the point where aX(y)

is zero. The rotation angles, ei(y)' are the

following:
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1. PWC 3X

2. PWC 3Y

3. PWC 4X

4. PWC 4Y

Rotation = 0.8 mrad

Rotation = 0.0 mrad

Rotation = 1.7 mrad

Rotation = 0.0 mrad

where PWC i refers to the PWC at Station i.
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B. Chamber Resolution

Consider the four planes of PWCs at Station 3 and

vuyx

v

__---~X (Xo, yo)---=_---4-.c:---6---..-----------

y

the x and y coordinates of the track at each plane.

Schematically the situation is as follows:

l ~l
~

where p is the track trajectory. Then it is easily seen

that

Xx = x" Y = Yex

xy = x" + 1 ex yy = Ya + ley

Xu = x" + 21 ex yu = Y0 + 216
Y

Xv = x0 + 31 ex yv = Ya + 318 y

where

X. (y.) = X (y) coordinate at the ith plane,
1 1.

i = ,X, y, u, v

8
x

(y) = angle of trajectory in the x (y)

projection

There are two unknowns, x e and Ye, but four measured

quantities:



1. x II: Xx

2. Y = Yy

3. u = Uu

4. v & Vv

where uu and Vv are defined in a manner similar to xi.

Thus u and v can be used to predict x and y, and by

comparing the predictions with the measured values of x

and y, the chamber resolutions can be derived.

Thus'

u = (X u- y u)/12 = (X-Y+2l8 X-ley )/12

v = (Xv+Yy )/12 = (x+y+3le x+2ley )/12

and solving for x and y

x * = [( U+y ) / 12 ] - [1 ( 5 ex + ey) /2]

*y = [(v-u)/v'7]-[l (8x+3ey )/2]

where starred quantities are predicted values.
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Define

*s = x - x

*t = Y - Y

and thus

We now consider the two major cases of cluster types.

CASE 1: Cluster Type 5:

Look at events where the coordinates in each of the

planes in Station 3 are cluster type 5. Assume each

plane has identical resolution which can be

parameterized as

The u, v, y planes have a similar form with the same "a"

and lib" • 2 2 functions of eu and ev as wellThen as' at" are

as of e and 8y " Butx



6u -= (6 x-6y )/12

6v = (6 x +6 y )/12

leading to
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2a+ (b/2) (36~+6~) = 2a+ (b/2) 8 s

2a+(b/2) (3e~+e~) = 2a+(b/2)8 t

Plots of a~(t) versus 6s(t) are given in Figures A2.4.

A linear regression fit to the data gives

a = (51.90 ~rn± .25~rn)2

b = (23.66 ~~ 1.01~rn)2 x 10 6

Pab = -.768

x2/DOF = 15.86/15

Therefore for cluster type 5 events we have

and similarly for a;. The units of a and e are microns

and milliradians respectively.

CASE 2: Cluster Type 6:



(120)2 CLUSTER TYPE 5

x =s distri bution
o = t distribution
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Due to a lack of statistics, a mixture of cluster

types must be made for this case. Assume the following

parameterizations:
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o~ = a + bef,

2 + b'e?,O'i = a 1

where i = x,y,u,v.

cluster type 5

cluster type 6

There are two cases for mixing the cluster types.

CASE A: x, y hits are cluster type 6

u, v hits are cluster type 5

Here

= (a+a')+(b'-b)e:+(b/2) (3e~+e~)

= (a+a")+(b'-b)e~+(b/2) (3e~+e~)

CASE B: x, Y hits are cluster type 5

Here

-u, v hits are cluster type 6



a~,B "' (a+a')+(b-b') e~+(b'/2) (36~+e~)

at ,B = ( a +a #) + (b-b .) e;+ ( b .. / 2) (·3e;+ e~)

CASE A is related to CASE B by a +----+ a and b~ b #.

Then
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2(a+a")+(.S) (b+b#) as

2 ( a+a # ) + ( • 5) (b+b .. ) at

These two functions are plotted in Figure A2.5
I

along witn the best fit to the data. This best fit

gives

(a + a") = (60.47 lJrn± l. 42 lJrn) 2

(b + b") = (37.32 lJrn± 4.S7lJrn) 2 x 10 6

p = -.784

X2/DOF = 4.04/12

Using the results from CASE I, one derives that for

cluster type 6 events

where i = x,y and the units are as for CASE I.
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APPENDIX III

NUCLEAR ~ARGET DATA

This appendix presents tables and plots of the

differential cross sections, dcr/dt, for the measured

hadron-nucleus reactions. The solid line in the plots

is the result of the fit to the data using Eq. 6.6, as

presented in Table 6.5.

The data have been corrected only for effects

described in Chapter 6. Hence no corrections have been

performed for plural nuclear scattering effects,

radiative effects, or for inelastic contamination (where

the inelastic process involves particle production) .
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UNITS. I. (G£V/C).'2; DS1'"A/ll. "ILLIJARNS/C(OlY/C)••2) UNITa, 11 CG£V/C)••2; 1611IA/.'. IILLIIAIMS/CIGEV/C)••2)

·r .1I&ItA/DT ERROR -T .SU;CAlDT EIROR -T DBIOU/DT UROI -T ISIGIA/Dl ERROl

•001' 750J. 444. .0094 44. 20. •OOIS t982 • 1391. •0894 1f7• 114•
•0021 3111. 216. .on' 39. u. .0021 9520. 111O. .OU6 141. 104 •
•002' '2629. 202. •0980 '8. 28 • •0028 5741 • 804. .0980 147• 104.
•0016 2096. IU. .1025 30. 17. .0036 523f•. '02. .1025 ". 76.•oou 1806. 140. .1070 10. 10. .oon 4102. ~82. .1070 IU• 108.
.0055 16U. 127. .11 17 29. 17. •0055 4916 • 60S. •1111 12• 72.
•006$ 1484. 115. .1164 28. 16. •0065 3962 • 512. .1164 O. 0••o~n 1409. 101. .1213 U. 18. .0017 4565. 521. • l2ll 61 • 67•
•0090 1240. 98. • 1242 49. 22 • . .0090 2318. 362. .1262 1... 14.
•0104 9U. n. .IJU 30. 11 • .0104 2948. 394. .1311 7'. ".•0119 951. 80. .1344 10. 10• .011 9 :!12'. 394. .1364 7'. ".•0135 891. 75. .1417 31. n . •0135 2435 • 338. •1411 O. O•
•01:52 755. 67. •1410 10. 1O• .0152 1941 • 291. .1470 19. ".•0169 523. 55. •1524 10. 10• .0169 1461• 252. •1524 O• O.
•01" 561. 56. .1 S80 n. 16. •0188 15U• 251. .1580 81. 81'..0208 '09. 53. • 1636 11 • 11. .0208 n.n. 238 • •1636 84 • 84.
•0229 404. 41. • 1694 24. 17. .0229 no• 171. .1694 II. 8••
.02" 4"'. 49. .1152 10. 10. .O2~' 1281. 221. .1152 O. o.
.0213 321 •. 42. • 1812 38. .,. .0213 11~2 • 214. .1812 12. 12.
•0291 3~ •• 43. •1812 12. U • .0291 918 • 187. .1872 O. 0.
•OJ22 2'6. 39. • 1933 O. '0 • .OJ22 6U • 161. .1933 o. 0.
• 0348 234. 38. • 199& O. 0• .0348 635 • 164. ."" ... 14.
•0314 208. 41. .20n u. 23. .031. HI. 140. .20$' ". 11.
•0402 195. 34. .2123 12. 12• .0402 451. IU. •2121 O• I •
•041' US. 32. .2189 O. o. .OUI 138. 80. •218' '2• 92.
• 0460 124. 21. •2255 20 • 14• .0.60 219. 114. •2255 O• t •
•0.,1 89. 24. .2322 12. U • •0491 471 • UI. •2322 O• O.
•0521 80S. 26. .2391 0. O• •0521 418• 139•. .2J9I nSf 138.
•05'5 "8. 32. .2460 24;. 11• •O55~ no. 95. •2460 O• O••0589 82. 23. •2SJO 13•. 13• .0589 '''0 • n. .2530 o. o.
• 0624 102. 26. .2601 O. 0... .0624 51. 51. .2601 O. •••0659 107. 21. •2614 O. O• •06'9 50• ~O • .2614 O. t.
•0'" SO. 18. .2147 O. o• .0696: 41. 41. .2741 O. I.•01J4 'a. n. •2a21 o. o• .0734 110. tI. .2821 O. 0••0112 ta. 28. •28" 40. 2~ • .0772 O. O. .2894 O• o.•0.12 SJ. 22. .2973 O. • O• .oa12 200. liS. .291J •• o.•••S2 7'. 21. •JOSO U. tJ. •0852 t4J. 101. .JOS• I • o.
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N PUIHUS - All 17$ 'EV/C UlMUS - ALI 115 OEV/C

U.K'S, fl CGEV/C) ••,; DSllKlIDT. IILLIBARHS/CCIEV/C)'.2) UNITS, f. COEV/C»••2; DSIIMA/I'. MILLIIARNI/CCG£V/C».'2)
-r ISJGKA/DT ERROR -r ISll"A/DT ERROR -T DSIG"A/DT ERROR. ·t ISIG"'IIT EIROR

•0015 27309. 1251. •0894 58. 34. .0015 28623. 1910 • .0894 fl • 64.•0021 UOO,. 790. •0936 55. U • •0021 15l40• 1201. .0f36 no• 1~.•0021 12391. 617. .0980 18. 18. .0028 9247", 123. .0980 84• s,.•0036 1826. 0475. .1025 114. 51. •00l6 8135• U7. .1025 107• 15..0045 ln8. 414. •1070 83. 42. •0045 6291 • U8 • • IC70 49 • 4f..0055 un. 347. .1117 IJ. 41. .0055 ~380. ..". •1117 o• O..006S 5472. 312. •1164 41. ' 2'. .0065 41.70 • 440. •1164 U • 48.•0011 4252. 264. .1213 102. 46. •0077 3724 • 376. .1211 U• '8.•0090 4265. 255. .1262 82. "I. .0090 4014. 382. .1262 96 • 68.•0104 3885. 235. .1313 U. 29. .0104 2848. 309 • •uu 49• 4f-.011 , 2958. 200. • 1364 68. 39• .0119 2265. 269. •1364 o• O.•0135 2348. 175. •1417 45. 32. .0135 2103 • 254. .1417 . O. O•.01:52 2322. 110. .1470 80. 40. .01:52 1785. 229. •1410 U• ,..
• 0'" 1654. 142. .1524 84. "2. .0169 1399. 200. .1524 49• "9..0188 1288. US. • UBO , lB. '3. .oln 13." • 19~. .• 1500 SSe 55.•0208 1106. 118. • UJ6 42.' 30• .020B 1151. 178. .1636 49• "9.• 022' 860. 99. .1694 ". 38. .0229 . 126. 14'. .1694 52• ~2.•0251 ·836. 98. .17:12 22. 22. •02:11 7~9 • 141. .1752 O• O.•0213 678. 17. • 1812 O. O. •0273 574 • 122• • 1812 '6 • ~..•0291 433. U. .1872 O. O. •0291 SH • 119. •1872 58 • "..0322 SUe 76. • 193J O. 0.· •0322 44a • 109• .193:1 o. O..0348 370. 45. • 19" 24. 24. • OH8 298 • to • .I9U , 14. 11.•OJ14 261. :56. .2059 24. 24. •0374 167• 68. .20St o. O••0402 234. 54. .2123 O. O. .0402 145~ 6'. • 2123 O• O••0431 138. 42. .2189 25. 2'. •0431 176• 72. .2189 O. O•.0440 261. 58. .22:55 O. O. •0460 184• 7~. .22~5 6O. '0,.0491 122. 41. •2322 26. 2'. •0491 no• 67• .2322 124. 88.•0'23 178. U. •2391 24. 2... .0523 O• O. .239' O. O••OS5~ 51. 2'. •2460 51. 3' • •OS55 30• 30. .2460 O. O.•0589 18. 32. •2530 55. 39. •0'09 151• 'I• •2~30 O• O•• 0624 125. 42. •2601 25. 2.S• o .0624 IU. 13. •2601 O• O•.065' 41. 24. •2674 10. 10. •06'9 '4. 4.5 • •2.\14 O• O.•0696 sa. 29. .2747 O. o. .0.96 '0.' 48 •. •2747 O• ••.0134 80. u. .2821 O. O. .0134 :set II. 0.2821 O. t..0712 ". U. .2096 •• O. •0712 155• 71• •2896 O• ••.0'12 "~I :15. •2'13 O. O. •0812 . 41 • 41. .297:1 O• I.•01S2 31. 21. .305' O. •• ••152 •• •• .J.SO 'J. D.
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'"N p,nKUS - All 11SGEIJ/C PI"IHUS - CU. 175 GEV/C •
UNitS. T. CCEV/CJ"2; DSlIIA/.'. NILLlaARMS/IIOEV/C).'2) UNITS. TI C6EV/C)'.2; .911KA/II. "ILLJIAIHI/CtIEV/C)'.Z)

-I ISIG"A/DT UROR -T IUGIIA/DJ ERROR -t .SIGMA/IT ERROR ·T ISUIA/IT ilRDR

.00.5 21608. 4939. •0894 303. 303 • .0015 102"'• 3461. .0894 123. 71.
•0021 19711. 3661. •093' O• o• .0021 61994. 2306. •0'16 III • II.
•002' 13346. 2~S5. •0980 140. 405. .0028 "'113• 1651. •0980 ". U.
.0016 Inu•.. 2150. •1025 o. O. .OOU 30241; 1213• •100S US• 7Z.
•0045 117'1. 2412. •• 010 O. o• .0045 246U. 1082. •1070 ... 51•
•0055 139U. 2OS9. •• It1 324. 324. •00~5 187"• 888. • •111 16. ,..
•0065 11810. 1001. .1164 O. o• .oon 1~3:S4. 760. ..... O. O•
•0011 8819. 1501. .nu 0.' o. •0017 11072• '42. • 1213 .15'. 71•
•00'0 f014. 1462. .1262 O. O. •0090 9228. 538• .1262 1•• 55.
•0104 5182. 113•• •.1313 325. 325. •0104 121•• 462. •un 40• 40•
•0'" 5920. II 19 .. .1364 O. O. .0119 5397. 387. •1364 U• 42•
•0135 46U. ,,,. .... 7 O• O. .0135 4287. 335. .1417 91 • '8.•0152 2824. 764. •••,0 O. (). .0152 2629 • 263. •1410 n6 • ,..
•01U 1t04. ,o~. .ISH O. O. .0169 1820. 2tl7. •'~24 150. 87•
• 0188 1125. .'9. .1580 O. o. •OlB8 1245• 110. .1580 O. O•
•0201 219'. 634. .1616 o. o. .O~08 859. 140. .1636 SO• 50.
•022' 711. 357. .1694 o. O. •0229 ~28 • 118. .16'4 134• 17.
•02~1 . 1221. 462. ."'2 o. o. •O2~1 679 • 12•• .1152 47• 47.
•0211 1392. 492. .1812 O. O. •0273 275 • 11. •1812 IU• 10•
•0291 521. 301. .1812 O. O. .0297 214. 13. .1812 O. •••0322 3:U. 249. .19lJ O. O~· .0322 2U. 79. .un ... ...
0348 342. 254. .1994 o. o• .0348 321. 87. ..,,, 44 • ....

•0314 116. 116. •2059 O. O• .031• 321. 88. .20~' o. O.
•0402 191. 191. .2123 O. O• •0402 221 • 10. .2123 O. o.
•OUI ~89. 340. .2189 O. o• •0411 230• 11. •2189 O• O.
•0460 204. 204~ .2255 o. o• •0460 242 • ". .22" . 51. 51.
•0491 . 201. 201. .2322 O. O. •0491 4~9 • 113. .2322 o. I.
• 0521 o. O. .2391 o• O. •0523 2U • 84. .23" '0• •••05SS O. o. .2460 o. o• •0'5$ 2,. • .,. .2UO 51. ~I.
• 0589 O. O. •2530 '0• O. .0589 241. 83• •2:530 50• SO.
•0624 218. 218. •2401 O• O. . .0424 lSI • '4. •2401 49• 49.
• 06U O. o. •2614 O. O• .0659 52• :11. .261. SO. 50.
• 0696 221. 228. •2147 o• •• .0696 141. 66• .2147 116. 79.•0734 o. o. .2821 o. O• •0734 \52. ,.. .2121 o. I.•0112 2S9.' 2$9•. • 2896 o. O• .0712 140. 70• .289' t. o.•0812 271. 271. .291J o. o• •0812 ".. 13• •U7J o• I.•t85J o. o. .JO~O O. o. .0852 114. .,. .30St •• I •
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uUtUI - cu. tlS OEV/C '"INUS - cu. 115 SEV/C
UNITS' ,. C5EY/C).'2; D5181A/II, NILLIIARNS/«OEY/C)••2) UNITS. TI CGEV/C)••2; ISIOIA/.I. "ILLIIARNS/CCO£V/C)••ZJ

-r ISlGftAlIl UROR -J DSIGIIA/DT ERROR -T 181GU/Dl ERROR -I IIU&lAlIJ IRROI

•0015 105016. 5014. •0894 460. 206. .0015 132141 • I:iUS. .0894 O. •••0021 6$126. 3494. •0936 163. 115. .0021 81712. usn• .0936
'"~ ,"..0028 3:51OS. 2302. .0980 O. o. .0028 5410'. nne .0980 O. O.

•0036 29161. 1861. •1025 . 0. O. .0036 4:5731. 6460 • .1025 707• 707..oon 21974. I",. .1010 In. 1'9. •0045 50348• 6221. .1010 O. O.
.00:5S 16412. I2J4. .1117 171. . 121; .0055 :11 on. 4862. •1117 O• O..oon 11293. 968. •1164 91. 97• .0065 20&98. 3550• .1164 O. O.
•0071 10&72. 892. .1213 " O. O. .0077 nou. 32". .1211 O. ••.0090 U90. 118. • 1262 88. 8B. .0090 16090.' 28f0 • •12&2 o• I.
.0104 49U. '14. .un o. o• •0104 13~89 • 2568 • •1313 O. I •
•0119 4420. 526. .1364 no. 134 • .011 , 10121, 2151. •13'4 O• O.
•0135 3304. 449. •1411 o• O. .Oll' 4816 • 1548. •1411 O. O•
•01S2 1981. 330. ' .1470 O. O• ' .0152 34S2. 1508. .1470 O. o.
•0Ut 1870. 318. .1524 O• O. •0169 1:S55• 111. .1524 O. O.
•0188 1118. 238. • ISS0 O. o• .01S8 1145• 1161. • ISOO O• O.
•0208 t39. 21~. .1636 112. 112• .0208 2221. 'Of. .IU' o. O.
•0229 J,.. 138. •1694 O• O. .0229 734 • ~.,. •16,. o• o.
•0251 245•. 110. ."52 O. o• •02:51 '3'~ 520• .1152 O. O.
•0213 no. 12:5. .1812 O. o. .027:1 1416. 70B. •1812 O• O..0291 231. 101. .1812 O. O. •0291 716• '06. •1812 O• O..0322 191. "~I •un o. o. •OJ22 o• O. .193J O. o•.0348 O. 0" •..,96 O. O. •0348 1S79• 19O. .1996 7.7 • 141..0374 264. 118. • 2059 O. O. •0374 1586• 1U. .2OS' O. O•.0402 218. lOt. • 2123 o. o. •0402 U3f• 820. •2121 O• ••.OUI 230. 115. •2189 O. o. •0431 164. ,". .2189 o. ••.0460 217. 109. •22'5 liS. 115•. •0440 816 • 511. .2255 o. o..0491 114. 81. .2322 o~ O. •049' '1286• 143. .2322 o. O..0523 419. u,. .2391 o. o. •1'23 too• U6. .2391 o. o..05:U 420. nt. .2460 o. o. .0555 '02. '18." .2400 O. ••.0589 ". 59. •2530 O. O. •O~89 442. 442• •2530 lSI • "1 •.0624 1111." 14. .2601 o. o. -, •0'14 444. 444 • .2601 o. ••.065' s,. 59. • 261" o. o. • 0659 441 • .4.. •261. O• f •.0696 131. 148. •Z141 o. O. •0696 4'7• .'7• .2147 o. O••0134 137. 97. .282' I" • UI. .0734 o• o. .2821 •• O.•0112 78. 78. •2896 O• o. .0712 O. 0.· •2&" O• o•.

•0112 O. o. •291J O• o. .0812 o. o. •2971 O• o••O'~2 171. 121. .J050 o. O. •O8~2 •• t. .IO~O •• t,



0,.....
f'I PUJHUS - Slh 17:S GEVIC ICHIHUS - SM, 175 OE'l/CUNt'l. T. (6£V/C)"2: DS1'"'/Dl. "ILLIBAaNSJ«(&EV/C).t2) UNITS. I. CGEV/C)"2: DSIIIA/IT. MILLIIARMS/(C&EY/C).'2t

·1 IIIO"AlDT £RP.OR -T IUOMA/DT ERROR -T ISIGKA/DT UROR -t I'U."" EIROI
•OOIS 2"824. 6809. .0894 109. 77. •001:5 260684 • 10080. .0894 123. 123••0021 148449. 4343. .0fU 54. ~4. •0021 132849• 608:S. .On6 O. O••0021 "'00. 3060. .0900 140. 92. •0028 90089• 4429. ..0980 23f • ,.,.
• OOU '4658. 2251. •10n 122. 86_ •0036 42246 • UU• .1025 213. IfJ ••OOU 48959. 18JS. • 1070 3:iJ. I·H. •0045 . 4U71• 2682 • .1070 o. •••ons 3~80'. 1488. • 1111 O. O. .005S 31660. 2059 • •1111 O• t ••oon 24464. 1162. • 1164 '8. ~8. •oon 201162 • un. .1164 no• IJO.•0011 17612. 954. .1213 108. n. .0071 16:'5J. 1343. .1213 122• 122..0090 11 O:S,. 121. •1262 U. 66. .0090 9&1•• 1067. •1262 O• O..0104 ,V60. ~4B. .1313 IIJ. 106. .0104 ,n9. 824. •un o• •••Ollt 5624. 482. .1364 128. 91. .Ot 19 433:S. 6~'. .1364 O• O..0135 . JU2. 3U. •1417 220. 127. .0tJS 2907 • '48. •1411 O• O.•0152 1S~9. 254. • 1470 6O. 6O. .0152 1637• 376. .U70 40S • 234.•0169 8~O. 191. • 1524 O. 0. .016' 590• 223. .U2t 264• IN.• 0188 U9. IU. .1580 123. 81. .0188 ~88. 199. .lSao o• o.•0208 714. 169. • 1636 O. o. .0208 100. 213 • .1636 O• O.•0229 493. 142. .1494 184. 106. •0229 221• 131. .1694 O• o.•O2~1 10i. 175.' .1}52 60. 60. •0251 822 • 248. .1752 O. o•.0273 110J. 192• .1812 124. 80. •0273 525 • I". •1812 O• t..0291 745. 159. . • 1872 213 • 123. •0297 , 684 • 221. .1872 O. t..0322 1054. '89. .1933 124. 88. •0322 1069• 286. .1931 In. 13f..OJ48 161. IU. .1996 65. 65. •U4B 244 • H'. .1996 O. o..0374 '83. U1. .2059 n. ~,. •037• . 889• 2&8 • .20st O. o.•0402 551. 141. .2123 O. o. •0402 ",. 234. .2123 o. 0,.OUI 463. IH. .2189 "~I ". •0UI 113 • 122. .2189 O. O..0460 . ~JI. 142. .22~5 O. o. •0460 42'. 191 • .2255 o• ••.0491 219. '16. .2322 O. O. •0491 '15 • 123. .2322 O. I..0521 "4. n. .2391 o. O. • 0523 113• 122. .2391 O. t.•055$ 402. 121. •2460 O. O. .0~5S 180. 12S• .246' 111. 171 •.0:589 JU. • 15. .2530 U. 6•• • 0589 16• .,. •2U. O. O••0624 360. '20. .2601 O. O•• .0624 O. O. •2401 O• ,0••on, 2.9. 102. •2474 O. O. .0659' 279. 1'1 • •2414 0• O•.0496 268. 11O. .2741 .,. '9. •0696 201 • 142• •2141 O• I..0134 87. '2. .2821 o. O. .0734 • 1". 131•. .2121 241. 241..0112 261. 111. .2a96 o. •• •0772 2U• 1". •28" o• ••.0112 11O. 9J. .291J . O. •• •0812 480•. 240•. .2911 •• t..01S2 It. 14. .305·0 o. .1. •0852 121 • 121• .JOSO I. o.
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'"UlU; - SH. "' GEV/C 175 GEV/CPI"INUS - PI.
U~JrSI fa (GEV/C)'.2; DSI8KA/DT. KILLJIARMS/(CGEY/C)••2) UNIT;, II (GEV/Cht 2; DSU"AlDh "JLLUARHS/( (&ty/tUtU., IIUU/Il UROR -T I51GIAIDT ERROR -T DIJGU/DT UROR ·T IIlI",/IT ERROR

•00tS 303116. 2892'. •0894 o. o• •0015 640216 • 16824. .0894 t05. 10'•.002' 158t53. 18621. •0936 o. o• .0021 3292U. 10102. •093' 225• IS'.0. 00 21 UlltO. 150:50. •0900 lSI. eSt • .0020 190570. U25. •0980 ttO• 11O.• 0036 '7SJ~. ,10953. •102S o. ' o. .0036 135334 • un. • 102$ 211• I~•••00tS UH8. 8511. •1070 o. 0• •OO4S' 84196• 36412. .1070 131 • 131.•oo:s~ 'ISH. 77]1. • 1117 8n. G9S. • 0035 $47:50 • 2813 • • 1117 O• o••0065 37848. :5642. • 1164 o. o. .0065 3IS7'• 2014. .1114 US• 12S.•0071 29422. 4773. • 12U o. o• .0071 21131. 1659. •1213 241• 172 ••0090 11 531. 2884. • •262 o. o. .0090 11517• 1157. .un 40S• 23-4 ••0104 10912. 2128. • 1313 o. O. .0104 5825. 790 • • 1311 lU• '36•• 011 , '942. 1981. • 1364 o. o. .0119 391'. "o• •nu 121 • 121 ••013S 18~9. 1073. • 1411 o. o. •013:5 1:5&5• ~14 • • 1411 us• 135•.01S2 o. o. .1470 o. 0. .0152 191t. 442. •1470 123• 12J,•OU9 1199. 848. '.1 S24 o. o. •0169 2016 • 502. .1524 o. •••0188 115]. 818. •Isao o. o. •0188 2199 • 491 • • Iseo UI • 131 ••0208 1659. 958. •1636 o. o. .0208 33~7 • -4tO. • 1636 129• 129••0229 10]~. 1'0. • 1694 o. o. .0229 1684. 431• .169. us• n,.•02~1 IOU. '~2. • 11~2 o. o. .0251 1783• 450. • 17~2 o• o•• 0273 531. :'i13. .1812 o. o. .0273 un. 302. • 1812 O• o••0291 108t. 765. • 1812 '133. U 33. .0291 1033• 261. .1812 216• I!'.•0322 543. 543. • 1933 o. o. .OJ22 710• 232. • IU3 o• t ••0148 519. 579. .1996 o. o. .0348 6J1~ 210. ."" IU. I"'•.0314 3446. 1401. .2059 o• o. .031. 22•• 130. .2059 .~ •••0402 J144. 1.06. •212J o. o. .0402 13• 73. .2123 I. o..0411 6". ,,,. .2189 o. o. .. 04:11 238 • 138. • 2189 o• o..ouo 600. '06. •2255 o. o. .04&0 '14. 211 • •2255 o• o..0491 o. o. •2322 U12.' '1112•. •0491 2n• 265• .2322 o. o.•0523 11.4. 10£5. •2391 o. o. .0523 700 • 213. .2391 IU. "3.•os~, o. o. •2UO o. o. .0555 318 • 159. •2460 o o• •••0~89 . o. o. • 2530 o.
••• .OSat 3S8. 160• .2UO 0,. t ••0624 '39. 639. •2601 o. I.· ' .OU4 157. 111 • .2601 o. o•·.0659 0.· o. • 2614 O. O. •0659 ~oo • 204 • .2614 o. o..0696 o. o. .2741 o. t. .on6 337. 169. .2141 o. o..OlU o. o. .2821 o. o. .0134 410. 210. .2821 o. I..0712 o. o. .28" O. o. •0112 au• 112. .2896 •• t..0812 o. o. .2973 o. o. .0812 110. "0. .2911 o. ••.0812 o. •• .JOSO •• •• .0813 • 11 • 201• .US' I. t. '
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UlMUS - PDI 17~ (iEV/C '"INUS - '1. 1'5 GEV/C
VNJYS. T. (GEV/C).t2i »910.'/IT. HILLJiARHS/CCG£Y/C)••2) UNltSI 11 (GEV/C)"2; DSIOI./IT. "JLLll.RMS/CCGlV/C).'2)

-f ISIG"A/DT ERROR -r ISIGItA/IT ERROR -T DSIGHA/DT ERROR -T IIUI.,.. ulOI
•0015 7205,.. 2:5170. •0894 O. o. •0015 66I8I1S • '6354• .0894 O• t..0021 ,318280. "047. .0936 2n. 253. •0021 411429 • 46913. .0916 O. t.•0028 2040". 9776. •0980 O. O• •0028 2311.U • 28128. .0980 O. t ••0036 13184$. 1044. .1025 245. 24'. •0034 2192&1 • 23914. .1025 O. O••004S 84S64. ~119. • 1010 294. 2?4 • •oo,n 100638• 1517'. .1070 O• O.•0055 ~U01. 392'. .1117 O. o. •ons "S01• 12408. •1111 O• o••oon 37225. l140. • 1164 280. 280• •0065 313;1 • 7968. .1164 O. O••0011 11t49. 1"4. • 1213 o. O. •0011 19021 • AS41 • •1213 O• t ••0090 6491. 1838. .1262 o. o. .0010 18885. 5238. .1262 2147• 2.41.•0104 4S38. IOU. .uu 918. 530. .0104 . 8110. JUS. .U13 O. t •
• 011' 21.13. ,U. • 1364 271 • 271. .Ot 19 '416. 28&9. .1364 O• O.
•013' 2403. tu. •1411 302. J02• .0135 3712. 2143. •14" O• O••01S2 2118. 604. .IUO O. O. .0152 . un. 3867. •1410 O• O•• 0169 1805. SH. .1514 ~. O. .0169 5813. 2599. .1'24 O• O.• 0188 3"8. 7U. .IUO O. O. •0188 uuo• Inl. .ISst 2'070. 2OfO•.0208 2022. 730. .1636 O. o. •0208 7n4 • 3006. .1£36 20~1. 20"..022' lUI. ~OI. .1694 o. O. •0229 3201 • 1852. .1&94 o. ••.02St t22. 376. .17~2 o. o. •0251 76"• 2880. .1152 o. I..0273 U60. 502. .1812 O. o. . •0273 o• O. .1812 O. O..OZ" 928. 379. • 1872 310. JI'. •0297 o• O. .1872 o• O..0322 186. 352. .1933 O. o. •0322 2227• 1S7S. •19n o• o..0348 o. O. •19" o. o• •0341 f • o. .1996 O. O..OJ1.. 318.- 2Jf. •2059 J32. 332. •0374 1191• "". •2059 O• f •.0402 1'1. IU. •2123 o. o. -.0402 11~1. 1151. .212J o• t..0411 O. O. .2'09 o. o. •0431 O• O. .2189 o. I..ouo 344. 244. •22SS O. o. •0460 O. O• .2255 O• O..0491 O. o. ~2J22 O. O. •0491 1214 • 1214. .2322 o. O.•0523 O. O. .2391 O. O. •0523 247J • .74;• •2391 o• O..055' o. o. .2460 O. o. •0555 O• O. .2460 O. O..0589 161. 16t. •2'JO O. o•. •0589 un• 1139• •2no o• ••.C.24 ~2'. 305. .2601 O. -o•. ' •0624 O• O. .2601 o. ••.C." O. O. • 2674 O. O. .065' 26$3 • ..". .2674 O. t..O", IU. 18'. .2741 O. o. .0696 o• o. •27'" o• t.•0134 211. 211. .2821 O. O. .0734 O. O. •2821 t • O..0712 O. O. •28U O. I. .0112 •• o• .2IU o. O.•0112 t. 0; .2973 o. 0•. • 0812 1741• 174f. .2911 ·e. ••·•••52 ' 231. 231'. .30'$0 o. o. .oa~2, o. o. .30St o. ••



(W')
,......
N

PIPLUS • 'E. 12S GEV/C KPlU8 - lEa 125 OEV/C
UMl". I. COEV/C)••2; DSIQIAlIT. "ILLIJARHI/CCGEY/C) ••2) UNITSI TI CGEV/CUt2i ,DaIOI"DTI IULLIIARNS/lCIEV/C)••2)

·T ISU"A/If UROR ·1 D810""'Dt EIROR ·T DIISKA/DT IRIOI ·1 1111I"IT EIROR

.0014 3403. 163. ..0415 144. 2S• •0014 3049 • 181. .049$ IOJ. 25.
• 0011 2398. 125. .0'" 106 • 22. •00te 2008 • .u. •0:118 l1Z• U.
•0023 19U. 10J. .0541 UI. 2' • •0023 1820. IU• •0:541 92 • 24.
•0028 1]81. U. .o~u 132. 26 • •0028 1338• n. •0~&4 121 • 2'.•oon lS30. 82. .0588 103. 24 • •oon 1002• 11. •onl ... 2' ••oon 1460. u.. .0613 16. 20 • •0039 1001. 13 • .0.11 109. 21.
• OOU IUO. 12. .01.31 125. 28 • .oou 943.' ". •0638 16• ~.
•0051 l1U. n. .OU3 141 • JO •. •0053 90J• n. .0663 99. 29.•ouo 1111. ~9. .0689 U. 2S• .0060 8:57. 60. .0689 ". 2S.
• 0061 10~3. SSe •0]1' 95. 24 • .oon 6U • 52. •07" 56• 21.•oon 1076. ~... .0741 98. 27 • .oon 134. n. •07U 61 • 25.
• 0086 895. U. .ono n. 20• .0086 .,4. 49 • •0710 10 • 27.•oon 100:5. 50. .0"0 113. 28 • .oon . '43~ 41. •0798 38• n.
•0105 780. 44. .092] 54. 19• .01OS ~". 41. •0821 U • 24.
•0fU n9. 43. .08" 6O. n . .0116 554. 42. .08~6 S,. 21.
•0127 711. to. .0885 u. u • .0127 SSI. 42. .0095 •• 8.•0138 1~O. 41. •0915 "to 2~ • .0138 478• J8. •09lS U . 18.
•0150 100. U. .0'" 55 • 17. .0150 4U. 37. .09U 40. 16.
•0163 :51 5. 34. .0977 ~2. 16• •0163 401. J5 • .0911 28. 14.
• Ot16 ''0. 35. • 1008 30• 12• •0116 402. U • • tOOl 41. 11.
•01Bt 516. 34. .1040 :5S. 11• •0189 3]0• n. •1040 59 • 21.
•02OJ 506. 14. .1073 83. 21 • •0203 427• u. •1013 52• 20.
• 0211 412. :II. .1106 39. 15• •0211 ' 321. n . .111' 52. 20.
•0233 401. 31. • 113' S5. 17• .02n 265• 30. .1139 54. 19.
•024' 390. 32. .1113 "to 18• •0248 2~1 • 30. •1I7J u. 11•
• 0264 J25. U. • 1208 71. 20• .0264 205 • 28. ~1208 44. 11.•0281 Jll. JI. • 1243 30. 12. .0281 257. U • .1243 14. U.
.0298 235. 28. •127' 49 • u. • 0291 "4• 29 • .12" 17. U.
•UtS 274. 31. • 1314 II. t. .0315 214. n. .1314 6. '.'.033J 286. U. .13:51 41. 15. .0333 180. 30. .13S1 1~. 10.
.0352 241. JO. • 1388 32. 12. " .OJ~2 . 131• 2'. •1381 44 • 16.
•031' 216. 29. .. 1425 32. 13. .0371 169. 2t. .142' 29. 14.
.0390 221. 30. .1461 :12. 12. •0390 186• 32. • ...61 JI. u.
.0416 110. 26. •1502 40. 14. .0410 . 142• 21. .1502 20. 12.
• OUI ,,,. 26. .1:541 IS. 9. .0411 IU. JI. .1541 "I. 7..'.'2 212. J2. .1'80 14. I. .OU2 145. JO. .1510 45. 11.•••71 112. 25. ."20 It. 11~ .047J 'I. :aS~ .1620 I. I.



~
......
N

"LUS - IE, 12' S£V/C 'IPLUS • all '2~ GEYlC
UNItS. T, C6EV/C)'.2; Dale••/.T. ftlLLI~ARN9/((OEY/C).'2) UNITS' la CS£V/C)"2; D510.".TI ftILLlaAlNS/CCIEV/C)"2)

-, DSIOItA/DT (RROR -I DSIGMA/DT ERROR -T '.IOU/OJ ERROA -I 1111."" EIRDR
•0014 5153. 184. •0495 308. 34. .0014 28114 • no. .04" 2Of• 6O.
.001' 4931. 162. •0'" 263. J2. .0018 19198• 697. •nl. . fl. U •
•0023 3983. '.36. .0'.1 234. JO. .OO2J 14725. ~60. .0541 115• .,.
• 0028 3635. 121. •O~U 311. 37. .0028 11733• "67. .0544 '01. 44•
• 0033 3361. 112. •05e8 2:\9. 35• .0033 IOJ41. 421. .0:588 333 • 16.
•00Jf 3145. 103. .0613 207. 30. .0039 8131. 3". .061J 152• '2.•00u 2U5. '4. •0638 209. 33 • .OOU 128f. JII. .0638 60 • 34.
•00'3 2794. IV. • OU3 167. 30• .0051 1081. 102. •0663 u • ~O••0060 2384. 10. .un 220. 35. .0060 6371. 276. .068t 57. 40•
•0068 2'U. 80. .0116 203. 32. .0068 "31. 248. •0'16 ,.. U•
•0011 2J2J. 74. •0741 167. 33. .0017 4991• 229. .0'41 225• 15.
.0016 2142. n. .0770 141. 28. .0OU 4451. 212. •0770 84 • 48.•oon 1910. U. •0798 13'• 29. .0095 4264. 2O:J. .0798 In• ,..
.0105 IBU. 62. .0821 162• 31. •0105 4041• 192. .0821 176. "~a• 0116 1711. 60. .0856 'H. 27. .01 " 3Ul. 174. .0856 146. ,..
•0121 uas. 58. .oen 140. 27. .0121 3141. 164. •0885 t1 • U •
• OU8 un. ". • 09lS 112. 2~. .0138 21" • 152. .0'" tI• ' 44.
•0150 13&1. 51. •09U 101. 21. .ono 2311 • 140. .0946 103• 44.
• 0161 1111. 47. • 0971 u. 20. .OUJ 2021 • 129. .0917 tI • ts.•01" 126&. 49. .1008 116. 22. .0176 182'. 122. .1008 11 • 36.
•0189 1140. 46. .1040 121. 24. '.0189 1423. 108. • 1040 80 • 40 •
•0203 10~8. 45. .1073 , II. 24. .0203 lUI. us. •t013 61 • 3S.
• 0211 U8. U. .1106 9O. 21. .0211 IOn. ". .1106 I7S• ~S.
• 0231 824. 41. .1139 47. 14. .0231 951. U. •1139 ". 30•
•0248 182. 44. .111:1 105. 22. .0248 832. 92. •1171 u • 19••02U 121. 42. • 1208 "5. ''1. .0264 5". "~a .1201 111• u.
•0281 '56. 41. .1243 78. lB. •0281 5U• 11. •1243 so• 2' ••029' 621. 42. .1278 107. 22. .on8 U4. -'I. •127' 41 • 2'•.0315 5U. 41. .1314 5:S. 1~. •O:IIS 406• 1J. .U14 tJ. jUt
•03U SU. 41. .USI 62 • I'. .U3J 351. 10. .u:n 4f. 21••0352 511. 40. • 1388 15• 17 e'· .U~2 313• 11. .1311 ". 38.•0171 137. 31. • 1425 29• 12. .n71 204• 55. .IUS ". J8.• 0390 31.4. 36. .14'1 $8. 15. .0390 244. ". .1461 o. O..0410 31O. U. .1502 41. '4. •0410 191 • 55. • 1502 20• 20.• OUI Ut. J6. •UU· 26. 11. •0431 14'• .'. .IS4. 4•• ~.•••sa 411. 41. .1580 41. 13. •0452 191• 10. .1510 22. 22..'.'J • 01. JI. ••620 41. 14. •••,1 22•• ,.. .1,a• •• ••



lJ)

C'
N IIPlUS • All 125 'EV/C 'PLUS· ALI 125 G[VlC

UMITSI TI C6EV/C) ••2: DSll.A/IT. "ILLIIARUS/((SEV/C)••2) UMIT'. 1. COEY/C)••2; ISII""I'I IILLl.ARMS/CCGlV/C).'2)

-T IIIGU/IT nROR ·T lilG.AlDr ERROR ·t aSIGHA/1T ERRDR ., .81&••/11 11101

.0014 24025. 1041. •0495 Uf. 64. .0014 34332 • 936. •ous 244 • S9.

.0011 16426. 764. .0511 82. 47. .0018 211104. 1~'. •OStl UI• 54.

.0021 UIII. '19. •0541 106• ~J. .0023 23039•. 63$. •O~41 2'1• "..0021 92:50. 488. •0564 no. 41. .0028 19001• 531. •0:564 Ill • 51.

.OOJJ 80SJ. 434. •0588 92. SJ • .0033 16829. 415. •O~B8 256 • ....oon 6931. 386. •0613 '40. 70 • .0039 I'OU. 434. •0613 22f• "..oou un. Uf. .•un 55•. 3? .0046 14229. 406. •OUI 147• 49.

.0053 5379. J08. .06U 80. ~,. .oon 12301. J6S. .uu 260 • 78.

.0060 501'. 291.' .0699 40. 40. .fl060 11541. U8. •068' 258• 78.
•0061 .. 034. 2~O. •0716 O. O• .0068 11042. 31f. .0716 290 • 81.•0071 un. 230. .0743 35. 35. •0071 8925• 280. •074:1 II'. '2••0086 4151. 239. .0770 116. 61. •0086 8361 • 2'2. .ono 115• 51.
•009:1 30n. 203. .01U n. ·u. •oon 1811 • 241. .0798 206. U••0105 2822. 18'. •0827 139. 7O. •01OS '502• 221 • .0821 221. n •
•01 " 2208. 16:5. .0056 'I. 48. •01 " 5789• 201. .0856 201. n ••0.21 2082. 151. •ooo:s 101. '4 • •0121 5391 • 196. .oan 10. J ••.0131 1991. 1'4. •0915 54. 38 • •0138 4'00 • 17•• .0915 129. "6..0"0 ,~". 138. •09U 86. 50• •01~0 3948• 164. .0946 187. S6.
•0fU 1630. '36. •0977 U. 44 • •o.n 3502• 1~4. .0971 "I. ~,.
.0.76 1237. 11 O. .1008 99. SO. •017' 2491• US. .10oa 88. U.·.on9 10/,1. 111. • 1040 ,.. 3f. • 0189 2115• 139• .1040 132. 41.
• 02OJ 1051. 110. .Ion 113. S6. .0201 21$1. 121. .1073 151 • '0,•0211 1048. 112. •1106 '45. 59. .0218 1841 • In. .110' 101 • J•••0211 "1. 106. • t 139 21. 21. .0231 nUl 107. .1119 122• JI.
•02.' 673. 96. .1.7J 10J. 51. .0248 13:53. 10'. •1173 U • 2' ••02U 597. n. • '208 2;'. 27 • .0264 1031. n. .1208 '12 • -41.
•0211 S80. ". .1243 ". 40. .0281 UU. 'OJ. .. uu ". 36.
• 0298 418. ". .1218 141. 61. .0291 144. II. .1211 167• SJ.
•031S 34'. ". • 1314 11. 4:1. .0315 517• 1S. .1:114 101. 40•
•03U 229. U. • U51 4:1 • 32. .033:1 461. 12• .13" 107. Je•
•03'2 194. ... -.1388 21. 27." .0352 411. 74 • .un IS. 3',.OJ71 221. '7. • 1425 O. O. .031' J36. U • •1-US to • 37..on. 231. 70. • 1461 S7. "0. •0390 251 • 56• •14U U • 31..0.'" 221. 10. .1502 28. :Zl. •0·410 24f• 51, ."02 49. 28..onl 321. 8~. .1541 I'. ..,. •0411 J09• 'I. .1541 S.. 29.
.~"2 212. 17. .1580 I. •• •0452 27'• '5. .uao J1. 26.
.14~1 at. 24. ."20 I. O. •OUI 121 • .,. ."2' 37. ».



\0
I'"
('.J

PIPlUS - '8, 125 GCV/C kPlU8 - PD. 12$ G£Y/C
UIIIS. I. CGEV/C)"2; DSIGIAJDI. "ILLIIARNS/ICBEV/C)'.2) UNITS. ,. (GEV/C) ••2; D9111.,.T. nJLLJ••••S/ICOEV/C)"2.

-T lUnA/IT UROR ·T IIIG"AlDT ERROR ..1 l&Jfi""'DT ERROR -T •III.A/.T [IRO•

.001. 672511 • 16978. .0495 868. 4H. •0014 692016 • 2055f. •0495 111$• ~t2..OCII 430IU. 12213. •0'18 455. 321. •0019 451760• 14414. .0518 JIO• 310.

.0021 310240. 93&0. .OHl 499. JSJ. •0023 289600• 10389• .0541 UU. 682.
•U2. 224398. 7329. .0564 263. 263. •0028 2228~S • 1311. .n64 o. ••.0033 nun. 6050. .0588 27S. 27'. •0033 141~27 • "23. •OSBI 751 • 531.•oon 1"IU. 4991. •0613 532. 3'6. .~oJt 112382• 5602. .un 363. 363•
•0046 "47S. 3929. •0638 584. 413. .0046 . 187~'. 4Ul • •0638 O• O•
•OOS3 U589. 3263. .066:1 332. 332• .0053 :9051. 1548. .un 453. 451•
•0060 .n050. 2642. •0689 601. ·U5• .0040 441'6• 32". .0689 O• o.•oon 21108. 2071. •0716 31:5. 31:S. •oon 28961• 2408• •0716 430 • 430.
.0011 211 52. 1652. •0741 o. O• .0017 I17J2. 1984• •0741 916 • n7.
•0066 13856. 1382. .0710 280. 200. •008& 129"• 1410. .0110 JU. ~8J..00tS 72'1. 1117. •0798 o. O• .0095 7485. UU• •0191 O• O.
•OIOS 6421. fsa. •0921 O. O• .0105 5513. '29. .0821 O. o.
•0"6 • 208. 614. •0856 631. 4~1. .0116 JO'4. 675 • .0856 u, . 41S.
.0127 2149. 481. .ose' 302. 302. •0121 1467• 464. •on, o• o.
.0138 1679. 420. .uu 264. 264. •0138 1862• .517. .091 , O. o..OISO 2721'. SHe .0946 481. 344. •0150 55O • Sa9• .0946 o. •••0161 2833. 535. •0911 259. 259. •0163 1105• 391. .0911 o• t..0176 2294. "9O. •1008 ·U:S. 329 • .0116 142:1. 451 • .1008 311. U7.
•018' 34U. :190. .1040 o. t. •OU' U~,• 41f. .1040 nt. 31f.
.0201 1138. 341. .1013 232. 232. •0201 1836• 509. .1013 O. O.
.0211 2160. 532. •110' O. O• .0218 2470. 599 • ., 106 212. 212.
•0231 3324. 611. •1139 O• O• •0231 1122. 519• .1139 214. 214.
•0248 2JU. 531. • 1113 O. O. .0248 832• 372. .1111 O. 6.
•0264 2Ul. 626. •1208 214. 214. .0264 1..,1 • 527. .1208 O. I •
•0281 1682. 486. • 1243 O. O. .0281 n31 • 541. •1243 o• t •
•0298 566. 283. • 1218 218 • 211. •0291 186• 271 • • U18 O• •••0llS 1166. 441. • 1314 241. 241 • .0315 nne 551... .1314 n,. 329•.
•UB 1030. 420. .13:51 241. 241. •OUl .U• 311 • •1351 o• O.
•03'2 '14. 418. .1308 O. O. . •03'2 :110 • 361. .1381 ~'l • 3'7.
• OJ1' 316. 27J. .1425 o. O. .0311 O. O. .142S O• I.
•0390 IU. 423. .un O. O. .0390 28f. 289. .1461 1'l • Ut.
•0410 o. O. • n02 o. O. .0410 O• O. .U02 •• I •
•OUI IU. I,.. .1541 410 • 132. •0431 O• O~ .1541 O. ••....52 O. O. .1580 O. t, .0452 O. O. •ISIO I • O.
•0411 J'$. 21•• •1'20 ••• t. .041J SU• JI1. ."at JIf. Jlf•



I'
I'
N

'PLUS - PU. 125 PEV/C
UHIIS, I. CGEY/C)"2; DSIIHA/I'_ "ILLJIARNS/(CGEY/CI••2)

-I IS IGltAlPJ ERROR -1 ISUIiA/Dl (RROa

.0014 740074 • U"va. .0..,' SUI JI, •
•0010 501J~66. 11S0}• •0~18 9~' • 428.
•0023 365031. 9443. .0'.' 1O:i0• 470.
•0020 26346&. 7342. .0544 4U• 313.
.0033 20i'326. uu. •0588 O• o.
•oon 1~3291. ~09'. .0613 441. 316•
.004' 110047. .198. •OUB 491 • 341~

•0053 7~4SS. 3582. .0663 ~58. 394 •
.. 0060 511072 • 2034. .0689 O. t.
•0068 37301. 2231. .0716 O. O•
.0077 21509. 1825. •074:1 304• J04.
•oou 16279. 134'1 • .ono 943 • 472.
•009' 90U. 1014 • •0798 59' • "18.
•010:1 6239. 923. .0827 O. O.
•01" ~264. "I. .0856 O• O•
•0121 4041. 6U • • 0885 254 • 2~4.
•0138 4185. 168. .0?15 44S • 31'.
•01:iO 5724. 710. • 0946 205 • 205.
.0163 4426 • 614. .0971 218. 218.
•0176 4979. ;'3' • • 100B O• O•
•0189 3138. 821. .10.0 209. 209•
• 0203 50U. iaU. .1073 US. 19:5•
•0218 4628. 126. .1106 114. 174•
•0233 4821. 682. .1139 O• O.
•0248 3484. ~S98. .1173 191. 197•
•02&4 3101. ",. .1208 180. ISO.
•0281 2416 • 540. .1243 112. 172•
• 0198 ':i4? 42'. •127' 183• t83.
• 0315 701. 313. .1314 '01 • ~"I ..
•0333 431 • 2~O. .1351 O• O.
•03S2 .,8&. 351. .1388 O• •••OJ71 487. 281. • 1425 O. O•
•0390 124~. 410 • .1461 223• 223.
•0410 818. 311£. •uoz 222• 222.
.043' 115'. 431. .154' 191. 1t7•
•0·U2 1494. 528. .'~80 o. O•
•041J ,,,. 407. • "20 240. 240•



PIPLUS - llEI 70 GEV/C KPLUS • lEa 10 GEV/C
00 UNITS. fl CG£V/C) ••2; DSIGKA/DTJ "ILLIBAP.NS/(CGEV/C)'.2) UNITS. T. CGEV/C),.2; DSIG"A/DT. "ILLJIARNS/CCOEV/C).'2)I'
N

-f DSlG"A/DT ERROR -r DstGHAlDT ERROR -r 1l6lG~A/DT ERROR ·T lUOMA/Dr ERROR

•0012 429~. 191. .0239 3'2. 60. .0012 1061• 231. •0239 354 • 74.
•~~14 3768. In. .0248 400. ". .0014 3116. 191• •0248 241 • 62.
•0016 JOU. 1:i4. .O'S8 498. 12. •oou 2642 • 113• •0258 262. '4•
•O~I' ~S91 • IH. .0261 3S6. 62. •0019 2199 • 154. •0261 289 • 61.
.0022 :261.. 1~4. •0277 371. '4. .0022 1641 • 129. .0271 UO. u.
.0025 20:'0. 116. .0281 310. ~9. •0025 1397 • 116. •0287 379 • 79.
.0028 1899. 108. .0298 305. ~,. •0028 i201 • 108. •029a 269. 67•
•0031 1687 • 100. •0308 291• :i'. •0031 1300. 108 • •0308 212. ".•OOH 1653 • 98. .0JI9 -125. 71. •0034 1382 • 109. •0319 193 • ~8.

.0038 1616. 96. .0329 293. 60. •00lO '228 • 102. •0329 IU • ~4.

•0"42 13H. 87. .OHO 314. 63. .0042 1242. 101 • •0340 101• ~9.

•0~46 1475. '0. .0352 342. 65• .0046 B33 • 82. •0352 121. 48 •
•0050 1103. 81. •Olil3 17-t. 45 • .0050 950 • U. •0~61 69• 35.
•OO~4 1216. BO. •0374 241. ~5 • .00S4 893. B... .OJ7• 170. 57.
•0059 1221. BI. •0396 262. :is • .C059 SJ3. 81 • .0lU 136. 4B.
•oou lOCO. 74. •0390 193. ·u. •0063 85 ... 82 • .OH8 160. ~1.

•00£1 12(18 • 01. •0410 1S9. 40. .01)60 737. 71 • .0410 69. 36.
• O~]J 109el • 78. .0422 147. 41 • .0013 642. 73. •0~22 185• ~6.

•0078 1012. 16. .0435 219 • 49. .0078 6S4 • 75. •0435 82. 36 •
•0084 1125. 83. •0447 190. 46. .0084 100. 80. •OH7 1U • 44 •
.0(199 924. 78. •0460 158. -41. .oon no. 87 • •OHO 34 • 24.
•co" '42. 80. •0473 233. 52. •0095 624 • 80 • •0473 139 • 49 •
•0101 912. 82. •0486 128. 37. •O!OI 689 • 81 • .0"8& 7'. 36•
•0101 8H • 82. •0500 177 • 42. .0101 " 8• 19. .0:)00 102. 3'.
•0111 120. i8. .0513 97. 32. •0113 110• 94. .0513 144 • ....
.0120 193. 80. •0~21 153. 41. •0120 S42 • 8t • •0527 U2 • 51.
•0127 68B. 76. •0541 142. 39. .0127 444 • 74. .0~41 78. 40•
.0133 826. 87. •0555 111. 35. .0133 478 • 81. •0555 9:5 • 39.
•0140 666. 72. •0569 1". 50. .0140 466. 74 • .0S69 74. 37•
•0148 651. 73. .0583 132. 40 • .01-48 2'0' ~7. .0583 12~ • 47.
•0155 689. 78. •0598 71. 29. •OI5~ :184 • 81. .0598 U. lB.
.0163 615. 7J. .0613 136. 41 • •0163 458 • '1ih •0613 129• 4'.
•0170 631. 76. .0628 224. 50 •. .0170 408. '4. .0628 033. 24.
•0178 :sn. 73. .0643 81. 31. .0178 242. 57. .0643 52. 30.
.OIBia 517. U. .0658 62. 28. •0186 412. 75. .0658 :55 • 32.
.0195 419. 61. .0673 3f. 22. .0195 344. 61. .0613 96. 43.
.0203 411. 59. • 0689 125 • 42. •0203 293. 61. .0689 41 • 29.
.0212 460. 61. .0705 133. 44. .0212 364 • 13. .0705 132. 54.
•0221 ~J5. ". .0721 31. 22. .0221 384. '4. •0721 23 • 23.
.0230 o 401. 62. .0737 191. U. •0230 221. 57. .0137 59• 42.



0'\ PPLUS - BE: ]0 GEV/C rlPLUS .. C, '0 GEVIC
£' U~ITSa T. (GEU/C) ••2i DSIG~A/Dlc "ILLIBARNS/CCOEY/C)'*2) UNITS' Ta (GEV/tt ••~~ DSJIKAI.T. MILLl»\INS/CC5£V/C)"2t
N

-T DSIGHA/fIT ERROR ..T DSU!HAlDT ERROR -T ISIOKAIDT lRROR ., ,IIGIIA/DT lRIOI

.0012 HU. 26]. .0239 923. 107. •0012 e606. 378• .0239 416. 90.
•0014 4160. 246. .0248 849. 105. •0014 6302. 310 • .0248 "0. 11O•
•0016 4820. 211. .0259 826. 101. .0016 '447. 271. .02,e 701. 117•
.0019 04448. 194. •0267 835. 10... •0019 "611• 250 • •0261 771• 131.
•0022 4287. 116. .0271 161. 100. •0022 3692 • 212. .0211 "'4 • ".•002S 378f. 1]0. .02a7 "5. 100. .002$ 3413. 201. .028' 431 • 95.
•0028 3477. 160. .0298 621. 93. •0028 3158. 190• .0298 511• lU.
•0031 3983. lU. .9308 690. 98. .0031 2'2'. I"• •030e 543. 10'•
•0014 3:;16. 155. .0319 519. 85. .0034 2599. 16S• •0319 480 • 100.
.0036 3144. 146. .0329 566. 91. .0038 2431. 158. •0329 544 • 116.
•OOH 3242. 145. .0340 538. 90. .0042 2121. 145. .0340 :n,. 19.
•0046 3131. 142. .0352 451. 91. .0046 248'. n,. .0l~2 220• 70.
•0050 2816. 133. .0363 414. 76 • .00'0 :!151. 144. .03n 269. 75•
•0054 2703. 132. .0374 6U. 100 • .0054 20JJ. 139. .0374 253. ,...
• 0059 2578. 127. .0336 434. 77 • •0059 2H8• IH. .0386 23'. 71.
•0063 2541. 127. •0398 524. 82 • •0063 1845 • 134. •0398 JU • e9 •
•oon 2387. 125. .0410 4:lS. 11. .0068 t8tO. 133. •0410 224 • 67.
.oon 207'. 113. •0422 336. 67. •0073 1801 • 135 • •0422 213 • 1/;•
•0078 2312. 126. .OUS 222. :if. •0078 1698• lH • .0435 lB. 39.
• 0084 2168. 126. •0447 3S8. 69. •00a4 1773• 144. .0441 105. 41•
.oost 2213. 131. .0-160 376. 71. •OG09 1635 • 141 • .OUO 150. 57.
•0015 2029. la. .0473 208. :i4. •0015 1691 • 146 • •0473 121. "'.•0101 2013. 133. .0496 343. 66. •0101 1668• 152. •0480 125. 47 •
.0107 1926. 134. .0:500 328. 62. •0107 1428• 141. •0500 171. ~9 •
.0113 2071. 144. •~51J 358. 69• •01 IJ 1215. no• •osu tI • 41 •
•0120 U~7. 126. .0~2] 169. 47• .0120 UU. 140. •0521 9O • 40.
•0127 1608. 126. •0541 338. 66 • ~OI21 1152. 129 • .0541 110. 45.
•0133 172S. 137. •05:;5 329. 65. .0133 1322• 144. .0555 1t4. 51.
•0140 1371. 113. •OS69 282. 65. .0140 1075. 131 • .0569 76. 31•
•0148 1470. 120. .0583 171. "9. •0148 , 113 • 133. .o~n '31. 6O•
.0155 1432. 122. .0598 269. 62. •015' '48. In• 0. 0591 U. ..J.
.0163 1444. 121. .0013 323. 69• •0t63 960• 129. •0011 '12. :iO.
•0270 1370. 122. •0628 221. ~:;.o . •0170 901 • 119. .OUI 161• 'I.
•0178 1226. lU. .6643 234. 57. •0178 1051• U8. .0643 44. 31.
.0186 1253. 117. .06:;8 221. :57. •0186 111• tlo. .OU8 132. 54.
.019S 1216. " 3. .0673 184. :5J. •0195 609 • 106. •0673 In. :55•
.020:1 1071. lOS. .0689 232. 62. .0203 658. au. •0619 60. 41•
.0212 , .. J. 105. .0105 141. so. .0212 133. 111. .0705 214. 'i..'221 773. 94. .0721 204. '2. •022' 530. 91. .0121 51 • 3'..0230 ...,. tI. .0731 UB. "~a •0230 .",. 1O'~ ••717 151• 11.



0 KPlUS - C, 70 G£V/C ,nus - e. 10 GEIJ/Cco UMITSa 1a (G£V/C)'.2; DSIGKA/DTa KILLIIARMS/CCGEV/C) ••2) UNIT5a r. CG£v/ca••2. DSla••/DTa "ILLIIARNS/CC&EV/C)'.Z)N

-T .SI6KA/DT ERROR -T .SISKAIDT ERROR -T DSlG"AlDl ERROR -T .51GItA/DT ERROR

•C012 863&. 47'. .02J~ 421 • 105. .. 0012 12201 • 496. •0239 1021• 1H.
.0014 7266. 410. .0248 48i. 122. •0014 10:76• 429. .02411 1281. I7J.
•00" 5217. 335. .0258 241 • 85. •0016 8901 • 317. •0258 Ion• 158.
•0019 4107. 289. • 0267 343 • 108• •0019 7~60 • 341. •0261 998 • 1U.
•0022 J223. 246. .0271 200. 82 • •0022 6678 • 312. •0211 1049• lU.
• 002:5 2876 • 230. .0281 450. 120. •002~ ~9JS • 288. .0287 911. 1'0.
•0028 2636. 2". .0298 266. 101 • •0028 6128 • 201. •0298 939 • lU.
.OOJI 2018. 186. •0308 419. 116• •0031 5314 • 262. •0308 191 • 140.
•0034 2012. lSI. .0319 258. 91 • • 0034 5546 • 263. •0319 618. 124•
•0038 Il86. 169. .0329 J06. 108 • •0038 :U80 • 252. •0329 ,,,. UB.
•0042 16·49. 162. .CHO 111. 71. .0042 4196. 231• •0140 551 • 120.
•0046 1483. 1'0. •0352 238. 90 • .. 0046 420n • 221 • •0352 1~5 • 140.
•0050 U6J • 143. .0363 320. 101. •oo~o 4378 • 22'. •0363 '15. 112.
•00$4 1476. 141. .0374 164. 14. •oo:u 3965 • 211 • •0374 479 • 110.
•0059 1415. 144. .0386 100. 5S. •0059 4328 • 222 • •0386 434 • lOS.
• 0063 1:sn. 152. .0398 101. 62. •0061 3511 • 201. •0398 601 • 121•
•0068 1330. 142. .0410 94. S4. •0068 3504 • 203. .0410 ns. 96;
.0073 1001. 125. • OU2 260• 92. •0073 3868. 21$ • •0422 423 • 103.
•0018 1253. 141. .043:5 273. 86. •0078 U91 • 206. .0435 292 • 18.
•0084 1262. 1'1. .OH7 IU. ao. •0084 3119• 210. .0441 3]~ • ".•0099 1261 • 1:54. .0460 us. '4. •0089 3313 • 221. .OUO JaO. 'I.• 0095 871. 130. .0473 133. 6O. •0095 3380• 224. .0413 122. :i0 ••0101 1129. 155. .0486 248. 8J. •0101 3231 • 230. .0486 232 • 70.
•0101 ,u. 145. •o~oo 122. 61 • •0101 3003 • 222. •0500 420 • 99•
•0113 885. 138• .0'13 28. 28. •0113 25U• 205. •osu 216 • 6B.
•0120 1030• .,4. .0521 84. 4•• •0120 2911 • 226. .0521 251. 14.
•0121 778. 132• .0541 ". ·n. •0121 2512 • 209. .0541 259. 7S.
•0133 129• 133. •O~55 35• J~. •0133 2495 • 216. •05~5 2U • 81.
•0140 6H. 126. .0:569 59. 42. .0140 2.20. 2~3• •0569 n8 • 60.
•0148 744. 131. .0583 165. 82. .0148 2332 • 204. •0583 347. 10'••01:55 710. 133. •0598 U. 47• •OU~ 20S1 • ito • •O~98 204 • 12.
.0163 615. 135. • UIJ 10J. 60. .01U 219O • 213. •uu 211 • 1:5.
.01iO &06. 140. •0629 '129 • 75. .0170 1982. 193. •0628 195• t14.
.0178 554. 124. •o~u 34 • J4. •0178 1993• 20lt. •0643 130. 58•
.0180 :560. 121. •06~a o. o. .0186 1582• 111. •0"8 18• 4:5.
•019:5 198. 151. • 0673 o. O• •0195 1441 • 177. .0673 11. St •
•0203 747. 149. • 0689 41 • 41. •0203 1900• 209. .0619 118. 80 •
.0212 ~". 121. .0105 u. '8. •0212 1223• US. .0105 221. 84..0221 UI. 116. .0121 118. '8. •0221 9.2• 142. .0121 JOI. tS.
•02JO 508. 123. .07J7 122. '6. •0210 1121• 174. ..,17 ..,. n •



r-i PIPLUS • Al. 70 DEY/C kPLUS • Al. 10 OEY/t
(JJ UNJTS. I. (GEV/C)"2; DSJ&KA/DT. HILLI8ARHS/(CGEV/C) ••2) UHITS. Ta (GEV/C).t2; DSIGKA/DT. HILLIIAIMS/C(OEV/C) ••2)
N

-T ISIGftAJDT ERROR -T ISIG"A/DT ERROR -T DSlGKAlDT ERROR ., ISlG"A/Dl ERROR

.0012 36312. 1121. •0239 927. 202. •0012 341&8. 1369• .0239 615• 217 •
•0014 27860. 93.1. •0248 1024. 218 • •0014 2"11. 1113• .0248 122. 228•
•OOU 22727. 807. •0258 ~O7. 163• .0016 19627. 931. .025S 280. 140•
•001t 11078. 679. •0267 9U. 212. .0019 U791 .. 836• .0267 661. 220 •
•0022 148~7 • 612. •0217 460. 141. .0022 1349S. 728. .0277 JU • 162.
•0025 13618. 571. •0281 824. 200. .002' 111U. 440. .0281 526 • 199•
•0028 11724. 515. .0298 '"1. 155. .0028 961t. 5BI. .0298 91~. 244 •
•00JI 11464. 500. .0308 :535. 1:i4. .0031 8179. 528. .030S 553• 196.
.0034 9329. 443. .OJI9 467. 14S. •OOH 1611. 502. .0JI9 14'. 102 •
•0038 8954. 426. .032' 362. 128. •0038 7141 .. 475. .0329 140 • 99 •
•0042 8362. 407. •0340 13' • 78. •0042 '136 • HI • •0340 560. 199•
•0041 7782. 3BB. .0352 309. 129. •0046 4295. 432. .0352 201 • 1" •
•0050 U20. 358. •OJU 298 • 112. •0050 610ft. 422. .0363 U • "..0054 7~84. 365. .OJ74 259. 106. •0054 5114. J81. .OJ7• 201. ,".
•0059 6420. 347. .0J86 484. 1<4& • .0059 4324. 3~J. .0386 68. 'I•
•0061 6405. 351. •0398 163. 82. .0063 5221. 395. .0398 U • 6J.
•oon ~049. 314. .0410 2:51. 102 • •0060 3931. 3U. .0410 no• 92 •
•0073 ~5B4. 341. .0422 Ul. 130 • .0073 4007. 360. .0422 11. 71.
•0018 4519. 313. •0435 211. 91• .0078 342! • 339. •041' 202 • 114.
•0084 5428. 357. .0447 129. 7:5 • .00B4 360!l. 363. .0447 67. 47.
•0089 4396. 330. .0460 130. 7:5. .0009 3544. 370. .OUO O. O•
•0095 3215. 285. .0473 88. 62. •0095 2199. 294. .0473 6f • U.
•0101 4051. JU. •0486 241. 99 • .0101 2Ul. 36~• .04U U7. S09 •
•0107 3480. 322. •0:500 211. 97. .0101 2055. :120. .0500 o• f.
•0113 J051. 313. .0513 88. 63 • •0113 2591. 359. .05U ". 6f •
•0120 3147. 315. •0527 49. <49 • .0120 3075. 387. .0521 O. O•
•0121 2824. 310. .0541 48. 48. .0127 226'. 346. •0:;41 1$. 75 •
•0131 2552. 299. •0555 9B. 10. .0133 2H'. 364 • •0555 76 • '6•
•0140 2354. 288. •0~69 216 • lOB. .0140 1798. 313. .0569 168 • 119.
.0148 24046. 286. •0583 n . 53. •0148 161 i • 289. .0583 us. 117.
.0155 2241. 281. .0598 U. 60. • 0155 1254. 26'. .0591 92. '2•
.0163 205&. 277. .0613 121. 8~. .01U 1508. 2U. •0611 111 • '32.
.0170 1715. 2~J. .0628 ~8. :st. •0170 1273. 271 • •0628 110. 121•
•0178 I,U5. 235. •0643 226 • 131. •0178 1613 • 30'. .0641 O• o.
.0186 un. 261. .0658 115. n. • 010& 1377. 294. .u~a O• O.
•011$ 1224. 227. .0&73 166. 117. •oln 117Y. 278• .0673 o• O.
•0201 11£0. 219. .0689 102. 102. •020~ 821 • 228. .0&89 O. O•
.0212 1294. 240. .0705 O. O. •0212 103f. 268• •0105 O• O•.
•0221 912. 199. .012' 10~. 10~. .022' 'o:'. 202. .0721 o. O•
•OUO t2". 211. .07J7 UI. 11:5. •02:10 ISl• 221. .0717 O. t •



N PPlUS - ALI 70 GEV/C 'IPlU& - CU. 70 SEV/C
ex> UNITS' II (GEV/C) ••2i DSIGHA/DTI HILLJIARNS/CCGEV/C) ••2) UNIlS, T. C8EV/C)••2; DSI'HAIITI KILLJBARHS/(C'EV/C) ••2»
C"J

-I ISlG"AlDT ERROR -I DSIGHAIDT ERROR -T DSIG"A/DT ERROR -, UliMA/IT ERROR

•0012 44456. 1417. • 0239 1686. 308. .0012 156701 • 4118. .0239 465. UI •
•001t 39542. 1258. •0248 1481. 296 • .0014 120801. 3630 • •0248 299 • 212 •
•00" 29689. 1052. •0258 1266. 270 • .0016 '1589. 3013. .O2~8 475. 215.
.001' 2'348. 964. .02" 843. 225• .001f 15521. 2663. •0261 27'. 195•
•0022 25063. 901. .0277 1353. 211. •0022 60050. 2294 • •0211 153. Ul•
•0025 22032. 819. .0201 981. 247. •002' 47768 • nn. •0287 286 • 202•
•0028 19153. 7S6. .0298 U5. 233. .0028 4S2~0. nn. .0298 370• 262.
•0031 19760• 738. .0308 681. 191. •0031 39376. 1735• •0308 330. 231 •
•OOH 15807. 652. •0319 291. 1'33• .0034 33666 • 1510. •0319 301. 213 •
•0038 16102. 645. .0329 460. 163. .0038 29614 • 1465. .0329 161. 161.
.0042 14772. 610. .OHO 172. 100. •0042 20U1. 1419• •0340 161• 167.
.OOH 14816. 601. .0352 "94. 165. .0046 25103. 1329. .0352 312. 220.
•0050 12885. 559. .0363 704. 195. .0050 22853 • 1236. .0361 172. 172.
.00S4 11320. 52 •• .0374 439. ISS• .0054 t98U. l1S5. •0374 .U• liS.
•OO~9 10943. ~11. .0386 "I. 177• .0059 18591. " 13. .0386 502. 29O.
•0061 11924. - 540. .0398 519. 164 • •0063 19171. 1130. .0398 H2. 284 •
•oon 10736. 518. •0410 319. 130 • .0068 I72at • 1087. .0410 130. 130•
•0013 'OJ91. 52~. .0422 111. OJ • •0073 13760. 998. .0422 175• 175.
•00]8 91". 519. •0435 44 •• 1:56 • .0018 11196. 923. .0435 ",. 151.
•0084 8913. 516. •0447 219. 110 • • 0084 11370. 958. .0441 569• 28S•
•0089 8&63. ~23. •0460 22 •• 110. .0089 93(,8 • 900 •. .ouo 301. 213.
•0095 731'. 496. •0473 331• 138. .00'15 8568. BB8 • •0411 389• 22~.
•0101 6936. 506. .040& 205. 102. •0101 6938. 1U. •0486 417• 241 •
.010] 67J7. 507. •0500 166. 96• .0IO} 7258. 861. .0500 335. 237•
•01\3 6664. 522. •0513 225. 113 • .0113 5BU. 180. .0513 18~. 185•
•0120 464]. 411. •0527 186. 107 • .0120 6933. 905. .0~21 412 • 231.
•0127 5630. 494. •0541 184• '06. .0127 4323. 692. .05U O. O•
•0131 569~. 503. •0555 313 • 140. •0133 3411 • '13. .0555 308• 218.
•C140 4874. 46]. •0569 IJ8. 97. .0140 27U. 541. .0569 )48. 246•
•0148 3;9&. 402. .0:;83 204. 118. .0148 3424. '47. .0583 332. 2J4•
•OIS' 3915. 43 •• .0593 O. O. •0155 2tt7. .99• .OS" O. o•
•0161 33JI. 398. .0613 71. 77. •0\63 2990 • 610. .0613 O. o•
•0170 2991. 371. .0629 222. 128. •0170 2084 • S0:5. .0628 224• 224.
•0178 2553. 341. .0443 O. o. •0178 '13'. "',. .0643 200• 200.
•0186 2414. 352. .0658 81. 8J. .0186 "1. 282. .0658 221 • 223.
•0195 3063. 406. .0673 106. 106. .0195 2091. 540. .un 425. JOI •
•0203 2643. 370. .0609 130. no. •0203 l11t. 3U. .0689 214 • 21 ....
•0212 26". 390. .0705 129. 129• .0212 O. o. •010S o. O•
•0221 1170. 3U. .072l O. 0. .0221 2". 190. .0121 O. o.
•0230 1741. au. •0137 IU. '140. .0230 ';3• 301 • .01J7 •• o.



M kPlUS - cu. 70 GEY/C PPLUS - CU. 70 GEV/C
co UNItS. T. (GEV/C).'~: DSIGKA/DT. KILLIIARHS/CCGEV/C)'.2) UNITS. II (GEV/C)tt2; ISI8KA/lra "ILLll.INS/CCOEV/C)'.2)
N

-T D51GHA/DT ERROR· -I D&I'""DI ERROR -T »SIGKAlDT ERROR -T .IIG"A1DT ERROl

.0012 155253. 5291. .0239 1388. '61• •0012 113969• 5042. .0239 '22. 412.
•0014 1044J2. 4114. •0248 671 • 3B1 • •0014 134081. 4198 • .0248 356. 2~2.

•0016 9Z988. 3102. .0251 413. 335. •0016 lUlU• 3107. .02'8 1$'. 111.
.001f 61011. 2924. .0261 I. O. •0019 88252. 313J. •0267 ",. 329•
•0022 5131&. 2598. .0211 229. 229. •0022 86UO. 3021• .0271 131 • 3'S.
.0025 48360. 2443. .0281 0." O. .0025 64650. 2529. •0287 340• 241.
•0028 37014. 208'. .0298 211. 271. .0029 61670 • 2409. •0298 tn. 641 •
•0031 317:i2. nil. •OJ08 246 • 246. .0031 57953. 2281• .0308 393. 218.
•0034 27045. 1134. .0JI9 o. o. .0034 51152• 2111. •0319 537. 310•
•0038 24HI. 1629. .0329 O. o. .00J8 461 04 • 1993. .0329 1131. sn.
.0042 22977. IS79. .0340 O. o. •0042 41336. 18'6 • .0340 398. 282.
.0046 20395. UJ9. .0352 466 • 329. •0046 39793. 1}94 • .0352 :Ill. 263.
•0050 194&4. 1394. .OJU :SU. 3U. .0050 3:5156. 1688. .OJU 614. 354.
.00S4 18344. 1356. .0374 276. 276. .0054 333ft • 1634. •0374 879• ·HO.
.0059 15488. 1232. .0386 O. O• .OO~9 33320. 1621. .0386 S97. 34:5.
•oon 13224. 1147• •0398 o. o• .0063 25917. 1413. •0398 390• 216•
•0068 '2J~I. 1123. .0410 o. O• .oon 26072. 1466. .0410 J09. 219.
•0071 9520. lOIS. .0422 o. O• •0071 209~4 • 1344. •0422 1461. S~2 •
•0078 10467. '091. .OU5 o. O• •0078 21040. 1381 • •0435 1124• .59.
•00at 8914. 1036. .0441 o. o• • 0084 17667~ 1302• .0441 339. 240.
•ooer '407. 981. •OUO 224 • 224 • .0089 15536. 1269. .0460 895. 400.
•oon '743. 963. •0473 194. 194• .009S 14041 • 1241. .0413 463. 261.
•0101 6818. 9H. •0436 208. 20B• .0101 13478. 1210. .0486 828 • 371.
•0107 6014. 1008. •0500 O. o• .0101 11198. 1161. .0500 200. 200•
•0113 4633. 846. •0513 :S52. 391 • .0113 10032. 1155. .0513 220. 220•
•0120 5372. 981. •0527· O. o• .0120 9849. 1186. .0521 118. J6' •
•0127 J9]J. 811. •0541 67J. 30a• •0127 1390• 988. •0541 894 •. 400 •
•0133 2630. 657. .0555 2JO. 230 • •0133 11813• 945~· .0555 134. 367.
•0140 2780. 674. .0S&9 260. 260 • .0140 571S. 865. •0569 207 • 201.
•0148 3411 .. 796. .0583 au. 248 • •0148 4514. 811 • •0583 39S. 279•
•0135 . 1757 .. 5:56. ..0598 o. O• • OUS 2661. 611 • .OS'I 495. 3'0.
.. 0161 1303. 492. .0613 2". 261• •0163 2670. 62' • .0613 638. 369.
•0170 1465. SI8. •0628 O. o• .0"0 2190. "5. .0628 O• O.
•0118 928. 41S. •0643 298. 298 • .011B 2810. 6U. •0643 O• o•
.. 0186 1311. 481. .0658 o. O• •0106 2195. S4f • •0651 205. 265•
•019$ 1249. 510. •U1J 318. 311 • .oln 2656. 664. .0673 253. 2~J •
•0203 627. 362. .0689 ;120. 320• .0203 999. 408. •0689 25'. 2:55•
•0212 112.. 43'. .0705 343. 343• •0212 2412• 65~. .0'05 27J. 273.
•0221 402. 284. •0721 440. ..0. .0221 962. 3U• .0121 351. JSI.
•02JO O. o. .07J1 85'. .\05. •ono 101. ~~.. •0717 0.. o.



qo PIPlUS • SH: 70 GEV/C teflUS - SNa 70 GEV/C
ex> UNITS. Ta (GEV/C).t2; DSIGHA/DTI "llLJDARNS/(CGEV/C)'.2) UNITS. T. COEU/C)"2; DSJ8KA/IT. "ILLJIARNS/(CGEV/C)'.2)N

·T DSIGKA/DT ERROR -T DUGM/DT ERROR -T DSIGHAIDT ERROR -T IllGtlA/DT ERROR

.0012 411919. 8730. •0239 240. 240 • •0012 416151 • 10760. .0239 JU•. 362•
•0014 3I H54. 7234. •0248 1284 • ~74. •0014 2a9511 • 8485. •0248 o• o•
•00" 226988. 5907. .0258 854 • "27 .. •0016 219869 • 10U. •0258 643 • 4~4.

•0019 183813. " :56. .0267 1429. :;03• •0019 171396. 6110. •0267 711 • :;07•
•0022 148477. 4496. .O2,}} 1303 • ~32. •0022 127052. :;091. •0277 321• 327•
•0025 124277• 3992. .0287 462 • 327. .~02S I1UJB. 4748. •0287 148. 348•
•0028 104115. 3577. •0298 ~14 • 361• •0028 91543. 4115. •0298 o• o•
•0011 97376. 3411. .0308 942• 471. .0031 80506. 3855. •0308 1417. 708•
•0014 74649. 2923. •0319 446 • 316 • •0034 70623 • 3·468. .0319 336. 336.
•0038 '81~1. 2735. .0329 118. "'14. •0038 :52011 • 2930. .0329 0. o•
•0042 57401 .. 2496. •0340 708. "09 • •0042 48722 • 2890. •0340 106' • 615•
•OOH 52940. 2399. .0352 497. 352. .0046 44318. 2653. .0352 148. 529•
•0050 47387. 2229. .0363 471. 333• •0050 39747. 2504 • •OJn 354. 3'4•
•0054 36541. 1996. .OJ74 911. 450. .0054 32495. 2248. •0374 3U• 345•
•005V 34609. lV01. .0386 387. 273. .0059 27990. 2000. •0386 o• o•
•0063 29J73. 17~5. .0399 '''31. 587. •0063 25252 • 1996. .0398 121. 510 •
•0069 26J~9. 1684. .0410 902. 451. .0068 21610. 1074. •0410 o• o•
•0073 23263. 1629. .0422 465. 32'. .0071 20931. 109:5 • .0422 3~0. 3:50.
•0078 21439. 1623. .0435 878. "39. •0078 16508. 1712• .041$ 330• 330.
•COat 16tOO. 1440. •OH' 252. 252. .0084 1"921. 1700. •OH7 1:59 • 537•
.0IlS' 13200. 1340. .0460 439. 311 • •oon 14741 • 1731. •0460 o. o•
•oon 12127. 1339. .0473 O. o• .0095 10457. "25. .0473 Jtt. 311.
•0101 1943. 1102. .0"86 201. 201 • .0101 1125. 1280. •0486 302. 302•
•0101 1620. "I'. .0500 244. 2·... .0101 4567. 1248. •0500 o. I •
.0113 5900. 933. .0513 211. 217 • .0113 5326. 1081. .0513 ':54. 461.
•0120 4705. 889. .0527 o. o• •0120 4~50. 1012. .0527 35'. 1:56 •
•0121 2722. 660. .0541 318. 318 • .0121 USO. 199. .0541 o. O.
•0133 3520. 187. .0555 o. o. .0133 US4. 701. •0555 o. o•
.0140 1598. 565. .05~9 255. 25:5. .0140 2103. 7n. •0569 383 • 313.
•0148 1563. 553. .0593 325. 32:5 • .0148 1176. ~88.· .0583 t18 • 6f1.
•0155 745. 372. .OS98 561. 397• •OU5 2521. 840 • .0598 o. o.
•01U t9J. 4U. .0613 O. o• •016;; 1200. 600. •0613 421 • 421 •
•0'" 384. 271. .0628 O. . . O• •0170 511 • 408. .0618 428. 421.
• Ot78 1889. no. .0641 o• o. •0178 o. o. .06U o• ••
•0186 1429. 540. •0658 0. o• .0186 o• O. .0658 O. o.
•0195 O. O. .0673 414 • "'4. •0195 1188. 594. •0613 o• O•
•020:1 '43. :111. •0689 o. O. •0203 .45. 456 • •0609 0• O•
•0212 SUI 344. .0105 519. 519. .0212 299. 299. .o,os 1"0• 1103.
.0221 "3. 383. .0721 "6O. 44\0. •0221 JJ3. JU• .0121 O. o.
.02JO 501. lSI. .OlU loa. aos. •ono· O. t. •01J1 •• t •



an 'PLUS - SNI 70 6EV/C PIPLUS - PBI 70 GEU/C
Q) UNITS, TI (GEV/C).'2; DSIGKA/DTI MILLI8ARNS/(CGEY/C) ••2) UNITSI TI C~EV/C.'.2; DSIIKA/DT, HILLJIARHSJCCIEV/C) ••Z)t'"

-T D&IGI1A/DT ERROR -T D&IGHAIDT ERROR -T DSIGKA/DT ERROR -T DIIUA/DT ERROR

.0012 443606. 10017. .0239 1420. 635 • .0012 tol'490. 2" 57. •0239 2"3• 1476.
•0014 332200. 8178. .0248 910. 525 • •0014 69996S. 19919. •0248 1498• 1059•
•00" 266034. 7000. .C258 1009. :;04 • •0016 ~30502. 16490. .0258 nu• 16.7.
•0019 207402. 5935. .0267 844. ~81 • .0019 416727. 14379. •0261 931 • 937.
•0022 169090. 5261 • .0277 1539. 628 • •0022 344836. 12:'111 • •0277 U45. 1823•
•002:5 146621. 4111. .0201 4092 • 1056. •002:5 206874 .. 11192. •0281 2588. 1494 •
•0028 UJ22~. HU. .0298 1444 • 10:51. •0028 ' 224845. 9596 • •0298 1425. 100••
•003' 122859. 4169. .030B 1668. 601 • •OOJI 178572. 8474 • •0308 .". ..,.
•0014 105057. 3769. .0319 1318. . 590 • .0034' 165175. 1910. .0319 2395. 138J.
•OOll 95389. 35U. .0329 "u. 692 • .OOJ8 126998. 6871. .0329 102. 802.
•0042 lS732. 311S. ·.OHO 1393. 623 • •0042 112670 • 6379. .0340 o. O.
•0046 710444. 2985. •03S2 1468. 65& • •0046 90873. 5151. .0352 tiS • 98:5•
•0050 63702. 2048. •0363 1112. 5~6 • •0050 77035. 5182• •OJn o• o•
•0054 :1257. 2501. .0374 812. 469 • .00:;4 61 929. 4629. •0374 o• o.
•0059 45976. 238:5. •0386 1141. ~10 • .005!t S1509. 4348. .0386 O. G•
• 0063 43:3&. 2314. •0398 1131. :5U• •0063 41461. 3017 • •0398 O• O•
• 0068 33101. 2107. •0410 533 • 371. •0068 39050 • 3758. •0410 o• o•
•0071 26261. 1881. .0422 2746. 868•. •0073 27020. 3104. •0422 2078 • 1200•
•0078 24801. 18~'. .0435 518. 366 • •0078 18004. 2684. •04n 137• 837 •
•0084 21143. 1793. .0447 298. 298 • .OOB4 16186. 2699. •0447 o• o.
•0089 17191». 1662. .0460 "9. J67 • .0089 10402. 2080. •0460 o. o•
•009:5 I44U. 1591. .0473 133. ~2J • .O09~ 8466. 1995. .0471 o. o.
•010' 9922. 1338. •0486 475. 336 • •0101 6108. 1842• .0486 O. o•
•0107 11105. 1-458. .0500 288. 200• •0107 4172. a:S91 • .0500 O. o.
•0113 6968. 1102. .0513 257. 251• •0113 2731 • 1221. .0511 7". 7n.
•0120 6151. 11 05. .0521 o. o• •0120 1611• 934. .0521 O. o.
•0127 3026. 756. .0541 1:l01. 150• •0127 1782 • 1029. .0541 1712. 1210.
•01 J3 2910. 778. .0555 836. 483 • .0131 2385. 1192. •0555 UI. 831 •
•0140 2830. 811. •0569 301. 301 • •0140 3131 • HOO. .0569 o. o•
•0148 3230. 863. •osa] 384. 384• .01-48 1121. 191. .0583 o. o•
•0155 1979. 660. .0598 o. o• •015' 1263. 893. .0598 1761 • '250.
•0163 1648. 623. .0613 331. 331 • •0163 12]1 • 899. .uu o. o.
•0170 906. 453. •0628 33'. 33& • •0170 U38 • 1730• •0628 IOS0 • 1050.
•0178 992. 496. .0643 424. 424 • .0178 2443. 1222. •0643 o. o•
•0186 964. 482. .0658 1123. '48 • •0184 3184. 1:sn. •ous un. 1292•
•0115 233. 233. .0673 488. 488 • • 019:5 4556. 1722. •0673 o• o•
•0203 1171. 66'. •06B9 ~52. 5:52• • 0203 . ~'84. 2082. .0689 o. o•
•021% 1409. 575. .0105 1831. 10&1 • •0212 29~'. 14" • •01O:S "41. .,u.
•0221 2351. 714. .072' 1087. 7" • .0221 :835. 1418. .0721 O. o.
•02JO ~292. "I. .01:17 5". 199. .02JO 2.00. 14S0. .0131 I. o.



ICPLUS - PBr 10 GEV/C PPlUS - PB. '0 G£V/C\0
UNITS. TI (GEV/C) ••2; DSIO~A/DTJ "llLliARHS/CCGEV/C) ••2J UHITG. TI tGEV/C) •• 2i D518IA/IT. MJLLIIARNS/CC&EV/C) ••2)CO

N
-t DSJGHAIDT ERROR -t DSIG"AlDr ERROR -t DSIGHA/DJ ERROR -, IU,"A/DT ERROl

•0012 10242'•• 31911. .0239 1146. 11~6. .0012 1028]:i3.· 28843 • •0239 5421 • 221J.
•0014 125595. 25090. .0248 232.\. 16-4:5. •0014 782617 • 23522 • •02" O• O.
•oou 543116. 20706. •0258 1279• 1279. .0016 572163. '9420• •O2~8 J023 • 17U.
.0019 39U91. 17404. .0261 O. O. .0019 4~O948. 16475. •026' 4581 • 22'3.
.0022 32U31. l:i2J2. .0271 un. 141S. •0022 354458 • 14295. •0217 1115• 11 IS.
.0025 262392. 132:i2. .0287 1339. 1339. .0025 300516. 126]7. •0287 11'7• 1828.
•0028 22COU. 11830. •0298 o. O. .0028 253951 • 11369. .0298 O• O.
•0031 167Ul. 1020:i. •OJ08 2543. . 1198. •OOJI 233745 • 10&25• .0308 O. o•
•00;14 142134. 92U. .0319 1240. 1240. •0034 191946• 9434. .0319 O. o•
.0018 119131. 8100. .0329 O. O. •0010 157102• 8478. .0129 O. O.
•0042 791 9J. 7035. .03~0 O. o. •0042 129934 • "lB. .0340 1040. 1040•
•0046 81097. 6666. .0352 O. o. •0046 95074 • 6435. .0152 1206. 1206•
•0050 64411. 5905. .0363 O. o. •0050 9HU • 6567. .01&1 1235. 1235•
•OOH 64468. S8SS. .0374 0. o. •00S4 64359 • 5220. .0374 O. O•
.005' 35005. 4342. .0386 O. O. .OOH ~4I8t. 4940. •0386 O• O.
•0061 420" • 4788. •0398 O. O• .0041 490eo • un. .01,. J081 • 1719.
• 0068 3312&. 4313. .0410 1313. nUt •0068 37463 • 42~S. .0410 IOH. to34.
•0013 26224. 3909. •0422 O. o. •0073 29394 • 3674 • •0422 O• o•
•0078 20502. 3569. •043:5 O. O• .0078 23503 • 3392. .043:1 102:1. 1.2$•
•0084 1&3~9. 3275. •00447 o. o. .0084 18708• 320B. .0447 o. O.
•0099 11633. 2741. •0460 o. O• .0089 121.31. 2546 • •ouo o• O•
•009:1 109~5. 2829. •0473 o. o• .0095 11512. 2~74 • .0413 O. o.
• 0101 3tH. 1725. .0406 O. 0• •0101 "16. 2039 • .0486 O. o.
•0107 6268. 3262. .0500 1110. 1170. .0107 6409. 20'2. .0'00 o. O.
.0113 9330. 2613. .0513 O. 0• •0113 JJ.4J • 1495. •"13 O• O.
•0120 3348. 1674. .0521 o. O. .0120 3958. 1616. .0521 O. O.
.0127 2767. 1597. •o~ .. O. O. .0121 5089. 1t2J. .0~41 2095• 1481.
.0133 un. U03. •0555 1291. 1291. •0133 5107 • ItJO. .os~s 1t1,. 1011•
.0140 3889. 1945. .0569 o. O. •0140 5364 • 2021. •0'" o. o•
.0148 11~1. 1239. .0:583 O. o. •0148 275~ • 1390•. .o~u O. O.
.01~5 1961. 13B6. .0598 O. o. •0155 :1409• 2044. .0598 o. o.
.01'1 2961. 1]10. .0613 O. o. •0163 461.8 • U06. •0613 O• O.
.0110 3290. 1899. .0628 O. .0'. •0170 SI86 • 2117. .0628 1216• 128'..0178 948. 948. .0643 O. o. •0178 2243 • 12n. . •0643 O• ••.0186 2472. 1748. •0659 2007• 2001. .0186 4911. 2178. .06S1 O. ••.0195 2021. 1429. .un O. o. •oln :5575• 2107. .0611 1440. 1440.
.0203 o. O. .0689 O. O. •0203 5641 • 21 n. .0689 o. O.
.0212 1149. 1149. .0705 O. O. •0212 7242 • 2:S60. •07OS O• O.
.0221 3J02. It06. .072' o. o. •0221 J470 • 1735. .0121 O. O.
.0210 O. O. •q731 2561. 2561. •0210 154f• 1714. .0117 I • O.



...... PIHJNUS - Bf. 70 OEV/C ICHINUS - BE. 70 GEV/C
CO UNITS. la (GEV/C» ••2; DS16HA/tT: KIlLI.ARHS/CCGEV/C) ••2 UUITS' T. CGEV/C) ••2; DSISM"DT, HILLJIARNS/(COtU/C).'2)
N

-T DSlSICAlDI URCR -T DSIGIIA/DT ERROR -T DSICKA/DT ERROR -T DSlGKA/DT tRROI

•0012 4365. 174. .0239 477. 65. • 0012 397&. 222• .0239 394 • "~a
•0014 J6lB. l:i2. .0248 334. 53. .0014 3253. 192. .0248 238 • 6O.
•0016 2751. 120. .02S0 440. H. •0016 24i17. 161. .02~8 111• 44 •
•00lt 2243. 1tI. .0261 411. 59. •001' 1823. 134 • .0261 265 • 63.
•0022 1964. 100. •0277 403 • 61 • •0(122 "99• 128. .0277 284. ".•0025 184:5. 95. .0201 262. 'U • •0025 ISH. 116. .0287 291 • 65.
•ooa 16H. 88. .0298 35&. ~6 • .0028 1134. 98. .0298 223. 6O.
•00ll 1663. 87. •0300 273. 48. • 0031 1:512 • 110• .0308 214. 6S •
• OOH 1558. 82. .0319 232. 47. .0034 '153. 94. •0319 1:5:5 • 52 •
•0038 1460. 18. .0329 273. 46. •0038 1067 • 9O. .032t 195 • 52.
•0042 1201. 70. .0340 328. 56• •0042 1027• 86. •0340 112• 54.
•0046 1J43. 73. .03:52 251. '48• • OGH. 1012. U. .0352 83. 31 •
•00:'0 1271. 71. .0363 232. 46• .0050 USB. 86. .0363 102. 5:i.
•0054 1241. 69. .0l74 190. 42• •0054 871. 71. .0314 129. 46•
•00" 1210. 68. •Ola6 221 • 44 • •0059 830 • 7S. .OJU 111. 42.
•0061 lOSO. 64. .0398 23'. 45 • .0063 SOOt 74. •0398 Ill. :52 •
•0068 1064. 65. •0410 157 • 30• .0068 794. 75. .041 0 82. 37.
•00l] 909. u. .0422 255. 47. .0013 792. 76. •0422 .,7• ~O.

•0078 1061. 68. •0415 190• 41. .0018 73S. 7S • .043S 194. ~.

•0084 892. U. .OH7 175. 40. •0084 717. n. .0447 198 • ~7 •
.0069 959. 69. .0460 lIB. 32. •0089 614. 86. .0460 lSI • 49.
•O09~ 772. 64. .0473 158. 36. • OOPS 795. 81 • .0413 14. 33•
.0101 781. • 7. .04C6 116. 33. .0101 534 • 74. •0486 103. 42•
•0107 794. U. .05(\0 148. 37. .0107 S44. 76. .O~OO 166, ~2 •
•0113 882. 7:5. •0S13 122. 33 • .011 J 473. 7J. .0513 141. 041 •
•0120 au. 74. .0527 104. 33. •0120 53:5 • 79. •O~27 130 • 4'•
•0127 641. u. .0541 109. H . •0127 711 • 91. .0541 168. 56•
•0133 614. 68. •0555 n . 21 • •0133 454 • 7'. •O~55 u. 3••
•0140 6S5. 70. .0569 1:51. 42 • •0140 sao • n. •05&9 62. 36•
•0140 675. 71. •0583 154 • <43 • .0148 415. 75. • 0583 as. 42•
•0155 63S. U. .0598 146. 41 • •01:55 482. 76 • •0598 60. 3:S•
•0143 :569. ,~. •0613 80. 30• .01U nl. 80 • .00n 121. ~o.

•0170 594. 67. .0628 136. : 41. .0170 :67. 71. .0628 88. 44.
•0178 "56. 60. • 0641 87• 36. •0178 UI • n. .un :52. 31•
•0186 520. U. .0658 76. J4. •0186 300• 65. .U:5a 21 • 27.
•0195 :559. 67. .0673 115. ~1. •019S 257• ". .0673 77. 4~ •
•0203 406. st. .OU9 92. 31. .0203 211. 51. .OOB9 27 • 27.
.0212 482. U. .070S at. ~S. • 0212 2U• 62. .070$ 40. "'0.
•022' J93. ~,. .0721' 112. 61. .0221 218. 56• •072' J6. u •
.02JO .61. 64. .01J7 ,a. 19. •G2iO 21J• '7. •0711 ••• 41•



co 'ltIHUS - IEz 70 GE~/C PIHJHUS - C. ?O GEV/C
ex- UNIlS. 1. (GEU/C) ••2; DSIG"A/DT. KILLIIARHS/(CGEV/C)*t2) UNITS, Ta CGEV/C) ••2; »SI5""111 IILLIBARNS/CCSEV/C) ••2)
~

-T DSIGU/DT ERROR -T ISIG"AlDT ERROR -T ISIG"AlDT ERROR -T DIl'IfA/DT ERROR

•0012 7022. 368. .0239 1055. 161 • • 0012 8612. 335 • .02J9 712• 106.
•0014 ~400. 307. .0248 1113• Ul. •0014 6341. 275 • .0248 623. 105.
•0016 4594. 272. •0259 1092• 148• •0016 5282. 241 • •02:;8 481. 14•
•0019 5059. 277. .0267 711. 128 • •0019 4361. 212 • •026' 481. 93•
•0022 470S. 261. •0277 781. 1·42 • .0022 3586. 186• •0277 57:1 • 100.
•002' 3964. 232. •0287 118• 121. .OO2~ 3213. 172 • •0287 656. to...
•002' 3769. 221. •0290 718 • 133• •0028 2]80. ·156 • •0298 396. II •
•OOJI 4293. 232. •Ol09 ~45. 11"• •OOJI 7508 • 146 • •0308 4". 91 •
•0034 3660. 209. •OJIV 484 • 11"• .0034 2484. 142. .031t 450. 92.
•0038 3560. 204. .0329 412. ,,,. •00J9 2556 • 142. .0329 357. 'J.
•0042 3354. 194. .0340 697. 137. .0042 2131. 128. .0340 3U. 77.
.0046 3115. 185. .Ol52 438. 106 • •0046 2108 • 126. .0352 307. '7.
•0050 J111. 185. .0363 516. 115. •0050 2399. 131• .0l63 241. 62.
.0054 2824. 174. .037. 579. 121. •0054 2002. 121 • .0J74 406. 8S.
.0059 2944. 171·. .0386 516. ·113. .0059 1809. 115• •0386 265 • ....
•0063 2885. 116. •0398 381. 9? •oon 1872 • 111. •0398 263 • 68•
.0068 2S0J. 116. •0410 436. 106• • 0068 1630• 110. .0410 449. S, •
•0073 2JI~. 162. .0422 269. 81 • •0073 1639• 114. •0422 202. 61 •
•0078 2503. 114. •0435 JSI. 94 • •0078 1802• 121 • .0.35 186. ~,.

•0094 2361. 17~. .0441 410. 103• •0084 160S • 119. .0441 119. 45.
•0089 2444. 184. •0460 352• 91. .0089 1250. 107. .0460 230. 64.
•oon 2339. 187. .0473 392. n . •0095 1431. 119. .0413 158• 53•
•~101 2099. 183. .0486 349. 97• .0101 1541. 130. .0486 151. 48.
•0101 2239. 193. .0500 361. 96• .0107 1364. 126. .0500 134. 47.
•0113 1874. 181. .0513 364. 94. .0113 1083. 114. •0S13 193. 56 •
•0120 2061. ·1U. .0527 40S. 108• .0120 1073. 114. •0527 91• -'2•
•0121 19]8. 189. .0:;41 115. 71 • •0127 1071 • 117. .0~41 104. -'1.
• 0133 1605. 115. .0555 106. 70 • .oln 1256. 127. •0555 140• ~3.

•0140 1861. 191. •0~&9 193. ". .0140 120S• 12S. •0S69 44. 31 •
•0148 1647. I8S. •0503 230. S7• .0148 1129• 122. .0583 44. 31.
•0155 1257. 1S4. .0599 313. 99• .0155 924. 114. •0S9I In• 62.
•0163 1663. 186. •0611 64. 45• •0163 BJI. 106• •0613 o• o•
•0170 16U. 187. •0628 241. . . 91 • ~Ol70 770. 106 • .0628 146. 5'•
•0178 lS73. 185. .0643 242. ". •0178 1085. 135• .0643 131. ".•0116 1771. 199. .0658 211. 94. .0186 112. 101. .0651 ". 3'.
.0195 1044. 152. .0673 200. 90• .0195 944. 123. .U7J 128. "'.•0203 1198. 168. .0689 2S4. 10". .0203 191. I". .0689 "6. 46.
•0212 1449. 118. .070$ 2..,.' 124. .0212 781. IOf• •010S It• 63.
•0221 1041. IS~. .0121 56. 56. .0221 ",. 95• •0121 IU• 65.
•ono 157. us. .07:17 252. 12•• .0230 ,U. 102. .0111 ..,. "~I



0'\ ""IHUS - c. 70 GEIJ/C 'HIHUS - Cs 70 GEV/C
CD UNITS. TI (GEV/C).~2; DSIGKA/DTI "ILLIBARHS/((GEV/C).~2) UKITS. I. (GEV/C)••2; DSIS"A/DT. "ILLIIAR~I/((GEV/C) ••2)
N

-T D5IGU/DT £R~OR -T D&lGHAIDT ERROR -T DUGNA/DT ERROR ·T ISIG"AlDT [RROI

•0012 8404. 456. .0239 330. 99. .0012 1238•• 61J. •0239 1376. 247 •
•0014 :noo. 365. .0248 236. 89 • •0014 10534. 591 • .0248 "u. 291 •
•0016 5583. 341. .0258 359. 100. •0016 7941. 493 • •02~8 818. 183•
• 0019 3993. 280. .0267 203. 83. .0019 7851. 474. .0267 1399. 264 •
.0022 40H. 271. .0277 '58. "7. .0022 721.5. 443. •0277 913. 218•
•0025 3446. 246. .0281 466. 120. .002' 7100. 429. .0287 991. 216•
•0028 2]91. 216. .0298 501. 125. .0028 6512. 399. .0298 787 • 191.
•0031 2566. 202. .0308 H8 • 124. •0031 6274. 38'. .0308 969 • 222•
•~034 2083. In. .0319 319. 106 • • OOH ~4H. 352. .0JI9 Ul • 187.
•OG38 2236. 183. .0329 169. 69 • .00J8 :5024. 333. •OJ29 459. lJI.
•0042 21 n. lH. .0340 3&0. 109 • •0042 5263 • 337. •0340 582• 168.
•0046 1634. 152. .0352 us. 126• •0046 5951. 354 • •0352 430. 152•
•0050 1928. 165. .0361 213. 80• •OOSO 50('9. 323. •0363 855 • 19'•
•0054 1683. 152. .0374 261. 95• .0054 4134. 2f1. •0374 396. 140•
•OO~9 1913. 162. .0386 201. 78 • .0059 4eOl. 313. .0J86 175. 17.
•0061 1~10. 145. .0398 232. 98 • •0063 4552. 306 • •0398 638. U7•
•ocn 1544. 149. •0410 220. BJ • .0068 5009 • 324. •0410 :126. 123•
•0071 1239 • 136. •0422 313. 104 • .0073 4331. 309 • •0422 Jot • 126.
•0078 1111. 132. •0435 128. 64 • .0078 4316. 3". .0435 426 • 142.
•00e4 16.11. 164. .OH7 323. 102 • .0084 J~16. 294. •0447 479_ 151 •
•0e89 1288. I~O. .0460 168. 75 • •0089 J2H • 291. •0460 547. 165•
•0095 1066. 141. •0473 100. '9 • .0095 41~1. 339. .0473 98 • 70.
•0101 901. 138. .0486 86• u. .0101 33'1. 322. .0486 84. 60.
•0101 1270. 167. ' •0500 121. 64 • .0107 Jt'!I. 35&. .0500 141. 82•
•0113 " 40. 161. .0513 305. 96 • .0113 2634. 309. .0513 406. 135.
•0120 845. 139. .OS2' 213. B7 • •0120 2365. 283. .O~27 315 • 121.
•0121 869. IU. .0541 66. 47 • .0127 2574. 303. .0541 195. 97.
•0133 8~0. 144. .0555 "2. 76 • .0133 2938. 319. .0555 450. l~t.

•01.0 951. 153. .0569 126. 72 • •0140 2870 • 323. .0569 434. 164.
•0148 920. 151. .0583 83. '9. .0148 2245. 281. .0~O3 62. 62.
•0155 6U. 133. •0598 15S. 78• .0155 1688. 251. •0598 58 • 58•
•0163 691. tH. •0613 143. 82 • •0143 2369. 301 • .o,n 211. 122•
•01]0 990. 165. •0628 40. 40 • .0170 1751. 267. •0628 2n• 131 •
• 0178 895. 167. .0643 u. 61 • •01'8 2&66 • 353. .0643 '91. 111.
•0186 756. 14J. .0658 104. 74 • .0186 2031. 285. .onl 71. 71.
•0195 758. 152. .0673 304. 13'• •0195 2198. 314. .0671 270. IS&•
• 0203 8&1. 167. •0689 86. s,. • 0203 21U. '322• .out ' SlI • 256.
• '212 580. 130. .O10~ 84. 84• •0212 Hl'. 247• .070$ 250. 111.
• 0221 ~58. 12'. .0721 142. 101 • .0221 1Ul. 241. •0121 lOS. 105•
•0210 1~1. 1$2. .07J7 7~. 15. .02:10 1211. 2U. •0117 111. 111•



0 PJ"INUS - All 10 GEV/C K"JNUS - Al. 70 GEV/C
q, UNJTS. T. (CEV/C)"~; DSI5HA/ITI "ILLIJARNS/(CGEV/C)'.2) UNITS' TI CG£V/C) ••2; D51&"'/DT. "JLLIIARNS/CCIEV/t)"2.
N

-T DSJGKA/DT ERROR -T DSIDHA/DT ERROR -T DSIGKA/DT ERROR -, »SIGIlA/IT ERROR

.0012 33897. 946. .0239 80B. 16:5 • •0012 JJ3~$ • 911. .0239 651. 143.
•0014 27197. 609. .0248 889. 174. •0014 25975 • 7U. •0248 "4• I~'.
·.00" 20178. UJ. •02:53 737. t65 • .0016 19017 • 6l5. .0258 nSf I~J.

•001f l:S730. 576. •0267 782. 1:56• .0019 15697. 55'. •0261 7'6• 148•
•0022 14210. 525. •0277 594. 136• •0022 13048• 499. .0271 407• 109.
•0025 12181. 47:5. •0287 687. 1~9 • .0025 118tl • 455. •0287 n, . 146.
•0028 10928. HO. .0298 521. t34 • .0028 9862. 405. .0298 404. 125.
•00ll t01l2. 417. .0300 395. 11 O• .0031 9099. 393. •0308 450. IJ6 •
•0034 8398. 369. •0JI9 348• 105. .0034 7669. 340. •OJ19 441. 114 •
.0038 8202. 359. .0329 9S. ~S. •0038 '514. 3J4 • •0329 235 • 8J.
.0042 8027. JS3. •0340 334 • 106. • 0042 6984. 319 • .0340 218. 82.
.0046 1165. 329. .0352 256. 9t. .oou un. 298. .0352 327. "..0050 4637. JU. .03£3 151. 118. •0050 5949• 286 • .0361 It 2. 56.
•0054 6356. 304. .0374 194. 87. •0054 5407. 270. •0374 216 • 18•
.oon 571t • no. .0386 1'4. 73. .0Ost '088. 264. .0386 274. 91.
•01)63 5764 • 292. .0398 271. 96. •0063 4462. 248 • .0398 157. 7O.
.0068 Sl04. 281. .0410 221. 90 • •0068 4729. 261 • •0410 240 • 91.
•oon 491t. 28 •• •0422 160. 71 • .0073 4547. 25'. .0422 119 • ~,.

•0071 4~94. 271. •0415 96. :5~ • .0078 4038 • 2~0. •043S 89. SI •
•0084 4095. 272. •0447 154. 69• .0084 3940• 2". •0447 141. 64•
•0089 HU. 293. •0460 62. 44 • •0089 307~ • 235 • •ouo '8. 4t •
• 00tS 3685. 272. •0473 109. 63• •OO9~ 2885 • 232. •0473 101 • '8•
•0101 3702. 281. .0486 201. 02 • •0101 25&4 • 231. .0486 ",. 10.
•0101 3411. 276. •0500 193. 79 • .0107 2491 • 226. .0500 269. 'o.
• 0113 3654. 301. .0513 146. 65 • .0113 2680. 247. •0513 27 • 21.
•0120 2351. 229. .OS27 91. ~J. •0120 2471 • 227. .0527 ~7. 40.
•0127 281t. :lU • •0541 61. ·u• •0127 200& • 216. .OS41 143 • 64.
•0133 2772. 264. •0555 213. 87. •0133 1681• 199. •0555 132• 66 •
.0140 2382. 248. •0569 191. 85. •0140 2021 • 221. •0569 142• "..0148 2365. 257. .0~8J 15. 53. •0148 1862• 219. .0583 105. 61.
• 01SS 2262. 263. •0~98 \95 • 97. .0155 22H. 253 • •on8 136• 78•.
•0161 1784. 218. .061 J 132. 76. .0161 1312• 180. •061J 82 • 'I.•0170 1333. 23J. .G620 161. 9J. .0170 1237. 184. .0628 100. 'o.
.0178 liU. no. .0643 55. ~5~ •0178 1128• 219 • •0643 152• el.
•01U 1641. 214. .0658 104. 74. .0186 1215• 177. .U5a f7. 61.
• 0195 1370. 198. •0673 338. .~,. .otn 15&5• 204 • .0673 126. 8f•
•0203 1154. 183. .0689 106. 15. .0203 831. 149• •0689 o• O.
•0212 '72. 172. •O70~ 138. ". .0212 1186. lU. .0705 192• III.
•0221 1081. 188. .0121 J76. 15J. .0221 113. "4. •0721 51• 58.
•0210 'OS.' 111. .0111 11. 71. •0230 11.0• la,. .0111 12. 12•



,..... ,tUNUS - All 70 GEV/C PIHIHUS - CUt 70 GEVIC
m UNITS' fa (GEV/C)..2; DSJGllAiITI HllUURHS/((GEV/Ch:.U U"lTS. II CGEU/C)"2i DSI&"'/111 "IlLIIARHS/CCIEV/C)"2)
N

-T DSIGItA/DT ERROR ·T DSlG"AlDT EkROR -T ISIGHAIDT ERROR -, ISIG"A/DT ERROR

.0012 42873. 1228. .0239 1971. 297. •0012 , t9306• 4688. •0239 772. 386 •

.0014 35144. 1049. .0248 1273. 241. .0014 108S56.· 3817. •0248 342• 242.
•00.6 30782. 9H. .0258 637. 177. .0016 191 JO. 3126. .02S8 524 • J03.
.00lt 26~04. 852. .0267 1206. 224. .0019 6t 537. 261'. .0261 O. 0.
.0022 2JnS. 786. .0271 873. 190. •0022 53751. 2411 • •0277 514 • JU.
•0025 2.320. 726. .0287 963. 245. .0025 46506. 2200. .0297 0362. ~,.
•0021 20337. 4\91. .0298 7J9. IB5. .0028 39500. 19U. .0278 O• O.
•0031 18~09 • 6H. •030B 728. 172 • .0031 35021 • 1843. .0308 1'S• I,..
•0034 19553. 650. •031t 926. 197 • .0034 J3189• 1742. •0319 O. •••0038 16791. 595. •0329 538. IS}. .0038 31822. 1673 • .0329 O. O.
.tou 16799. 508. .0340 001. IB9 • •0042 24002 • 1432. •0340 O. 0•
•0046 IS453. 558. .0352 383. 128. .0046 23981. 1423. •03~2 525• 303.
.OOSO 14943. SUe •0361 442. 133. .0050 21826. 1341. .0363 US. 19S•
.0054 13214. 510. •0374 361. 136• •00~4 18900• 1238 • •0374. S09. 294•
•0059 12261. 491. .0386 393. 131. .0059 17167• 1182. •0386 376 • 266.
•oon 11146. 481. • 0398 450 • I·". .0063 177S5. 1202. .0398 186. 186•
•oon 10792. 472. •0410 245. 110. •0068 14323. 1092• .0.10 3'1 • 2~J.

•0071 10732. 476. • 0422 340. 120 • .0073 . 14659. 1124 • .0422 O. O.
•0078 10141. 474. .0435 340. 120. .0078 11872. 1049. •0435 O• O.
.0084 . 9410. 476. .0447 327. 116. .0004 11074 • 1046. •0447 180. 180•
•oon 8701. 472. .OHO 249. 102. . .0089 10950. 1084. .0460 525. 303•
•0095 8578. 478. .0473 241. lOB. •0095 9303 • 1034. .0473 O. o•
•0101 7011. 453. .0486 268. 109. .0101 673&. 884. .0486 357. 252•
•0101 UJ8. 447. .0500 343. 121 • •0107 6548• In. •0500 183• nl •
•0113 7440. 4". .0513 271. 103 • .0113 6155. 888. •0513 O• o.
•0120 65S3. 442. .0521 284. 10J • •0120 5605 • 865. .OS21 712. 446.
•0127 5708. 436. .0541 2..5. 100 • .0127 3215. 47O. .0541 66'. 38S.
•0133 4325. 381. • 0555 284. 116 • •0133 40aO • 800• .0555 185. 1~.

•0140 4958. 413. .0S69 203. 102• •OHO 5394 • t39. .0569 O. O.
•0148 4330. 400. .OSSJ 250. 112. .01 ..8 :1536. 772. • 0581 250. 250•
.0155 5326. 4n. •0598 519. 103. .0155 3671. 761. .0'98 523. 370•
.0163 329S. 342. .061 J 175. 101 • •01'3 2852 • 672. .0613 253. ~J.

•0110 3461. 369. .0628 428. 175 • •0170 1~65 • 495. •0628 O. o•
•0111 4507. 424. •0643 581. 205 • •0'7a 2703. 676. .0643 O• o•
•0186 20J~. 274. .0658 138. 98. .019& 1925. 581 • .0058 O. •••0195 2809. 326. •0673 360. 180. .0195 1101• 418. .0671 816. 577•
•0203 226S. 2~5. •06Cl9 141. 0100. •0203 1184. 447• .0689 428 • ~28•
•0212 1818. 271 • •010$ 183. 129. .0212 16f• 169. .07OS 3'0• J'O.
•0221 1B30. 202. •0721 161. 119. .0221 918• 442. .0121 O. o•
•02JO 2031. 307. • 0137 JO'. 119. .02JO 11a • ~30. •0731 f. I •



N kUHUS "- CU: 70 GEV/C P'UUUS - CUI 10 GEV/C
O't UNITS. I. (GEV/C) ••2; ISIGIA'iT. HILLIIARHS/CCGEV/C) ••2) UNITS' fa (GEU/C)'.2; 0510KA/DI. "ILLIIARMS/(CGEV/C) ••Z)
N

-I DSIG,.A/DT ERROR -f DSUiHA/DT ERROR -f DSIG"AlDT ERROR -T aslUA/DT ERROR

• 0012 149993. 4525. .0239 1t 2. 3~6. •0012 165&18. :5122. .0239 1032• 516•
•0014 105302• 360&. .0248 790. 353. •0014 126149. 4724. .0248 451• 123.
•0016 851.67 • 3130. .0258 161. 161. •0016 1070Sa. 4203 • •0258 o• o.
• 031 9 '2302. 2609. .0261 o. o. •0019 Y3994 • 3815. .0261 242• 242.
.0022 52459. 2295. .0277 171. 177. •0022 OS095. 3515. .0271 256• 256.
•0025 42840. 2042. .0287 334. 236. •0025 i1649. 3164 • .0287 o. o•
•0028 3]485. 1846. .0298 322. 228 • •0028 61451. 2961 • .0298 11U• 521.
•0031 3266&. 16]8. .0308 o• o. •0031 ~642~ • 2654. •0308 211. 211 •
•0034 2]415. 1521. .0319 O. o• •0034 491»03. 2462• •0319 1147. 5U•
•003& 21548. 1501. .0329 o. o• •0038 50245. 2437• .0329 780. 4:51.
•0042 22303. 1326. .0340 851. J81 • •0042 4428]. 224B. .OHO 1232 • 5:51.
•0040 206~0. 12&9. .0352 162. 162• •0046 38143. 2015 • .0352 468. 331.
•0050 11630. 1157. .031»3 359. 254 • .~OSo' 36403. 2010. •0363 1300• :581.
•00:54 11438. 1142. •0J74 151. 157• •0054 36502. ! 997 • .OJ74 1568. 600•
•0059 14487. 1043. .0386 341. 246 • •0059 ::3268. 1902• .0386 252. 252.
•0061 13631. 1011. •0J98 O. o• .0063 273.7. 1723. .0398 1246 • 5~7.

•0068 12984. 999. •0410 O. O• .0060 2~816 • IUS. •0410 479 • J38.
•0073 12650. 1003. •0422 369. 261 • .0073 22124 • l:i97. .0422 1069. ~3 ••
•0078 10696. 951. •043:i 508. 293 • .0078 21565. 161:1. .0435 o• o.
•0084 90Jl.' 908. •0447 O. o• .0084 1849&. lSU. .0441 o• 0.
•0089 8]16. 929. •0460 o• o. .0089 18648. 1636. .0460 936. ·UO •
•oots 7206. 874. .0473 358. 253 • .009S 14214. IUO. .0473 171. ·U8.
•0101 1037. 88B. •048& 329. 233 • .0101 12531. 1419. .0486 O. 0•
•0107 1295. 912. .0500 542. 313 • .0107 13861. "13. .0500 2" • 261.
•0113 4951. 758. .0513 1~5. 175 • .0113 8739. 1224. •0513 508• 3:;9.
•0120 4679. 759. •0527 o. o• .0120 8203. 1209. .0527 US. 48' •
•0127 4127. 730. •0541 410. 290 • .012} ~04J. 971. .0541 o. O•
•0131 4053. 7U. •0555 513. 296• '.0133 1548. 12S8. .05S:I 99O. 495•
•0140 3167. UI. .0569 190. 190• .0140 5897. 1135. •0569 21'. 276•
•0148 38B4. 771. •OSBJ '93. "00• .0148 6975. 1253., .05U O• o.
•0155 2508. 608. •0'98 O. o• .0ISS 2991. 799 • •one 350. 35O•
• 0163 2193. 5U. •0613 O. O• .01&3 2964. 792 • .0613 O. o.
•0170 21&5. 559. •0628 215. 215. .0170 ',H'. 1086 • •0628 O• O.
.0178 9J~. 382. .0&43 o. O• .0178 24B3. 749. •064J "6. .64•
• OIU 1292. 457. .0658 o. o• .0180 1403. 513. •0658 o. o•
• 019' 8]S. 357. .0673 o. O• .0195 211. 211. .0613 O. O.
•020J 936. 302. .OU9 J9S. 39:5. .02U· t130. 505. .068t o. o•
•0212 1249. 0142. .0705 o. o. .0212 1131. 506. .0705 6. O.
.0221 1216. 482. .0721 o. O. •0221 UB4• '46. •0721 o• o•
•02JO 521. J04. •0717 o. o. .ono 163• "4'. .0117 711. 711.



M PUINUS - SNI 10.G£V/C KKIWUS - SN: 70 OEV/C
0'\ UNITS. Ta (GEV/C) ••2; DSIGHAIITI "ILLliAaHS/«(OEY/C).~2~ UHIIS. T. CGEY/C) ••2; »51'""ITI "ILLIIARNS/«;EV/C)'.2)
N

-T ISIGMA/Dr ERROR -T DSIGKAlDT ERROR -T 161,"111\1 DI UROR -T ISI8U/DT ERROR

.0012 3U619. 811S. .0239 414. 293 • .0012 413922. 8080. .0239 381. 274.
•0014 2]0373. 6435. •02U '9~. 344. .0014 294046. 6U9. .0248 ",. 321.
• 0016 2041 38 • SHI. • 0258 883. 441 • •0e16 22J038 • ~411. .02~8 825• 413.
•0019 156820. 4581. .0261 1428. :540• •0019 15B04l • 4415. .0261 ~12. 330.
•0022 125098. 3939. •0211 t 160. :522• .0022 129142 • 3878. .0211 H7. 309.
•0025 "1697. 3636. •0287 819. 410 • .0025 101364. 3383 • .0291 1340. ~O7.

•0028 91332. 3219. .0298 1322. HO • .0028 89064 • 3090. .0298 412. 291.
•0031 19860. 2968. •OJOB 1391. 570 • .0031 16900. 2784 • .03OB 653. 371.
•0034 70S03. 2708. .0319 889. 445. .0034 67091. 25~4. .0319 832. 416 •
•0038 62408. 2~O8. •0329 994. 497. .0038 56894. 2333 • .0329 2325. 73S •
•0042 510ZI. 2231. •0340 1655. 626. .0042 46384. 2075• .0340 221. 22t •
•0046 457J6. 2090. •0352 1062. :S31. .0046 4384 I. "". .0352 491. 3SI •
•0050 4US5. 2038. .un 428. 303• .OOSO :.l8620. 1850. .0361 600. J47.
•0054 3]997. 1888. .03]4 1501. :598. .00S4 ;;I76t. 1'69. .0374 614. JU.
.oo~, 319]4. 1712. .OlB6 206. 206. .0059 31700. 1648. •0386 771 • 30'.
.0061 25643. 1546. •0398 O. o• .0063 26~O9. t~20. •0318 557 • 322 •
•0068 22698. 1407. • 0410 1312• :536 • .0068 21681 4 140:5. .0410 204. 204.
•00]3 19897. 1414. .0422 1175. 526 • .0073 i8325. 1312. •0422 1319• 538.
•0078 15428. 1290. .043S 198. 198 • .0070 177~7 • ~3J8. .0435 370. 262.
•0084 13t73. 1202. .0447 621. 359• .0084 lun. 12U. .0447 581. 335.
•0089 12287. 1193. .0460 O. o• .0009 9431. ton. •0460 531• 310.
•oon 121£1. 1229. •0413 416. 337• •009S "36• 1058. .0473 445 • 31~.

•0101 9112. 1097. .0486 214. 234 • .0101 8940. 11 15. •0486 o. o•
•0101 6987. 908. .0500 233. 233 • .0107 3659. U2. •0500 218. 211•
•0113 3931. 771. •0513 2H. 247. .Ott3 5514. IU • .0513 o. f •
•0120 4729. 799. •0527 504 • 3~6. .0120 3538. "f• .0527 o. t.
•0127 4517. 839. •0541 lOS. 407. .0127 3496. 714 • .OS41 o. f •
•Ot J1 2610. 6]4. .OS5S O. O• •0133 1464. 488 • .0~5S 188 .. 18B.
•0140 18lS. 5S3. .0569 o. o• •ouo 2964. 'So• .0569 411. 340.
•0148 11 06. 452. .0~83 ~64. 399. •0148 1379 • 488. .0583 264. 264•
•0155 1846. 584. .0598 487 • ~4. •0155 1208• 451. .0598 227. 227.'
•01n 980. 400. .0613 o. o. .0163 911. 374. .0&13 o. t.
•OS70 802. 401. .0628 o• '-0 • •0170 150. 375 • •0628 384. J84 •
• 0178 1139. 465. .0643 o. o. .0178 1243. 4'0. .06U 5U. Ul.
.0186 423. 299. .0658 '59. 496. .0S86 1181. .u. • U58 o• t.
.0195 ]84. 392. .0673 o. o. •0195 361• 259•. .067J o. f.
•0203 371.. 261.. .0689 o. o. •0203 JSI • 248. .0689 55:1 • aft •
•0212 1291. '21. ~01n· o. o. •0212 o. O• .070S 402• 402.
.0221 1361. ~14. .0121 o. O. .0221 545. %15. •0121 o. o•
.ono 992. 444. .01;17 o. o. •0230 t2a. .15. •0737 o• I •



~
PUHUS - SN: 70 G£IJ/C PJHINIiS - Ph 10 OEVIC

0\ UNITS. T. (GEV/C) ••2. DSIGKA/DTI KILLliA~HS/((GEV/C)**2) UHITS. TI CGEV/C)"2; DSISMA/JT. KJLLIBARHS/C(G£V/C) ••2)
~

-T IIS1GHA/DT ERROR -r DSJGHAIDT ERROR -T liS1Gt!fIIDT ERROR -I DlIGMA/DT ERROR

."012 4244t2. 9761. .0239 2218. 784 • •0012 923296. 26400. •0239 2457 • 1419•
•0014 324650. B081. .0248 2124. 751 • •0014 651000 • 21236. •0248 1011. 1011•
•0016 267069. 1067. .02~B 23&3. 8J5 • •0016 490502. 17578. •02:;8 o• o•
•0019 20]D81. 6036. .0261 2184. 772• •0019 360660. 14747. .0267 3119. 1860•
•0022 U563~. 5285. .0277 18]6. 766 • .0022 2941~1. 12790. .0271 o. o.
•0025 149578. 48C8. .0281 9n. 948• .0025 22111:1 • 10129. •0287 o• ••
•0028 138520. 4581. .0298 1179. ~90 • •0020 196091 • 100H. •0298 1027. 1021•
•0?Jl 113448. 4067. .0308 1870. 163• .0031 161473. 8983. •0308 2040. 140•
•0034 1067J]. 3854. •03J9 1488. 46S • .0034 n4~01. 7926. .031 , o. ••
• 003D 90341. 3513. .0329 2329. 8BO • •OOJB 11994]• 1354 • .0329 o. •••0042 78854. 3209. .0340 6JJ. 449 • .0042 95106. 6471. .0340 o. •••oou 72068. 30J~. .0352 1777. 195• •oou 81)69~ • ~810. •0352 1893 • 1338.
•0050 ,U 114. 2331. .0363 2005. 759• .0050 6:>6:54. 5290. •U6J 11 09 • 1109.
•00St ~6767 • 2719. .0374 1814. 740• •0054 55809 • 4858. .0374" 961. "8.
•oon 46346. 2304. •0386 11 04. ~52 • .0059 407S6. 41B2. •0386 '10. 910•
•0061 45548. 2384. •0398 791. 460 • •0063 43000 • 4300. .0398 '36. '36•
•0068 37416. 2209. •0410 1463. 654 • •0068 26168 • 3350. .0410 o. ••
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APPENDIX IV

DERIVATION OF SOME RESULTS USED IN THE

DIRECT MEASUREMENT OF TOTAL CROSS SECTIONS

A. Derivation of Equation 7.4:

All quantities are as defined in Chapter 7. The

situation is schematically sketched in the figure below:

x: Position of unscattered beam

- --: "Disc" of a particular

partial cross section

-: PWC4 outline

Particles whose trajectories lie in the shaded area are

not detected. If a correction for this fact is not

made, then the resultant partial cross sections will be

greater in magnitude than they actually are.
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We first show that there is no need to make an

acceptance correction for the target empty data.

Assume the target is such that it has a cross

section of zero. Define

N~(mt) = number of particles whose scattering

angle is between 6k- l and ek in a

full (empty) run

R~ (mt) = N~ (rot) / I~ (mt)

I~(mt) = number of incident particles in a

full (empty) run

Construct the nth partial cross section:

n n
an = (1/ rx) 1n [ (~ R~t / L: R~)]

k=l k=l

where

r = NApX/A

NA • Avogadro-s number

x = target length

p = target densi ty

A = atomic weight

Notice that N,(mt) has no correction for acceptance

losses. Since Ri is equal to R~t in this hypothetical
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case, then

an = (l/f x) In (1) & 0

as expected. Hence there is no need to correct the

target empty measurements when they are used in the

calculation of the partial cross sections.

Next we look at the realistic case where the cross

section due to the target is nonzero.

Let

N~(mt) be as above

N~'c • corrected number of particles whose

scattering angle is between 8k- 1 and 8k

in a target full (empty) run

Rf,c = Nf,c/l f
k k 0

The nth partial cross section is given by

n n
an = (1/ rx )1n [ (~ R~t / ~ R~' c) ]

k=l k=l

Notice the target empty measurements need not be

corrected for acceptance. We write



where

N~'O = number of particles which scattered from

material outside of the target in

a target full run

N~,i = number of particles which scattered from

the target in a targetfull run

Then

But

and thus ..

But

where

ak = acceptance value for the kth bin

and nence

completing the derivation of Equation (7.4).
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B. Derivation of Equation (7.5):

an = a - I~da/dn(dn)
n

where

On = nth partial cross section (for scattering

angles > nn)

a = total cross section

da/d n = differential cross section for all

possible processes

Assume dO/d n is dominated oy small angle elastic

scatters and is of the form

where

p = incident beam momentum

Thus

Let
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y • cose • 1-e2/2

dy a -e(de)

Therefore

an = a - A(1-exP(-Be~)

as desired.

C. A Comment Concerning Errors on Partial Cross

Sections

Let Nmt Nf,c be as defined in the first part ofk' k

the appendix.

Define

n
L Nmt(f,c) = Tmt(f,c)

k n
k=l

Then
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where

But since the situation is described by binomial

statistics (either a scatter occurred or it did not)

The formula for ~2(T~'c) is more complicated due

to the presence of the acceptance factors.

We have

where

Wk • (Ii/IWt ) (l-ak)

v k • (l/ak )

Then
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where

~(z) = error on z

cov(A,B) = covariance between A and B

The quantities N~(mt) follow a multinomial

distribution. Hence

~2 (N~ (mt» = I~ (mt) [N~ (mt) /I~ (mt) )

[l_(N~(mt)/I~(mt»]

cov (N! (mt) ,N~ (mt» = -I~ (rot) [Nf (mt) /I~ (mt) ]

[N~(mt)/I~(mt)]

D. Derivation of Equation (7.7):

First the following lemma is proved.

LEMMA:
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Assume there exists two N-dimensional column

vectors F and x and F = Ax where A is a NxN matrixe

Assume the NxN covariance matrix V for the x's is known.

Then Z, the NxN covariance matrix for the F's, is

PROOF:

Let (FiF j ) be the covariance between F i and Fje

In reference A4.1 it is shown that

N N
a(FiF j ) =!: !: (aFi/axk) (aFj/axm)o(XmXk)

m=l k=l

By definition

N
F i a t Aimxm

m=l

and therefore'

Hence
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N
T-z:; D· (A) .

m=l 1m 'Dl)

Hence

where .O-AV

Q.E.D.

Equation 7.7 is now derived. For each event, the

scat~ered particle's trajectory can lie in one of N

regions of space as shown below:



where region 1 represents where unscattered beam

particles would go: region N goes to infinity.

333

The partial cross sections are written as follows:

00 N

°1 = f F (n) d n = L c n

°1 n=2
N

°2 = fooF (n) d n = r C n

°2 n=3

GO

ON-1 = f F ( n) d n = c N
nN

where

F (G) = do/dn

Thus it is observed

°1 1 1 ..... 1 c2

°2 0 1 ..... 1 c 3

•

=
•

°N-l e " 0 ... 1 cN



or F = A x
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where F and x are N-l column vectors and A is a

(N-l)x(N-l) matrix.

Let Z be the (N-l)x{N-l) covariance matrix for the

F#s. Using the above lemma, it is seen that

where V is the (N-l)x(N-l) covariance matrix for the

c's. The. elements of V are as follows:

Vii=- Li
2 (Ci)

Vij = 0, i~j

where ~2(Ci) is the standard deviation squared of cie

Thus

1 1 e . • 1 I ll2(Cl) 1 B • . • B B

0 1 . • • 1 1 1 1 . " 0

Z=

" " . . • " 1
~2 (CN) 1 1 • • • 1 1

Equation 7.7 follows from the matrix mUltiplication and



by noting that

N
L ~2(Ck) = ~2(ai)

k=i+l

where ~2(ai) is the standard deviation squared of the

ith partial cross section.
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APPENDIX V

Following Lincoln A•. FajardoAS • I , it is shown that

if the differential cross section has the functional

form of equations 9.1 and 9.2b (form factor

parameterization with an exponential matrix element),

then the bound of reference 1.14 (the Roy Bound) cannot

be violated. The bound is written in the following

form:

where

h (t) = [b (t) /b (0)] [do/dt (t) ] 1/2/ [do/dt (0) ] 1/2

bet) = d/dt[ln(do/dt)]

t I: 3t1 (1+ct l )

c I: (8mprotonE)-1

E I: incident beam energy

The first expression factors as
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and is always less than zero. Thus the second

expression will also be less than zero, and the bound

cannot be violated.

If the differential cross section is given by

equations 9.1 and 9.2b with the pion radius (r ), proton
7T

radius (r p)' and u greater than or equal to zero, then

h(t) is monotonically decreasing with increasing -t and

satisfies

Thus the Roy Bound cannot be violated if the

differential cross section can be parameterized by

equations 9.1 and 9.2b.

The above considerations do not apply if the

differential cross section has the functional form

exp(bt+ct 2) since this form is not monotonically

decreasing. However for this case the bound is violated

only for rather extreme values of c. By numerical

inspection it was found that at a laboratory energy of

288 GeV, the bound is violated in the region

8.8332<-t<8.e334 (GeV/c) 2 when b=10 (Gev/c)-2 and c a S0

(Gev/c)-4. For bale (Gev/c)-2 and c-ll8 (Gev/c)-4, the



bound is violated in the region 0.8916<-t<e.0175

(GeV/c)2. For bale (Gev/c)-2 and c-209 (Gev)-4, the

bound is violated in the region of 0.9<-t<9.089

(GeV/c)2. For b=10 (Gev/c)-2 there is no violation if

c<48(Gev/c)-4.
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APPENDIX VI

CORRECTIONS FOR PLURAL NUCLEAR SCATTERING:

HIGH-t DATA

6.3
The following formulae were used to include the

effects of plural nuclear scattering on the high-t data.

The correction factors for various single scattering

terms are presented. The dcr/dt used in the fit to the

data is given by

da/dt"fit = da/dt single scatter[l+Correction Factor]

SINGLE SCATTERING TERM CORRECTION FACTOR

. exp (bt+ct 2) K exp[.S(-bt-ct 2)]/(-b)

9.2a: + K(l-~ut) (l+bt) (l+ct) 2/(-u+2b+4c)Eqns. 9.1, 7T-p

Eqns. 9.1, 9.2a: pp K(l-~ut) (l+ct) 4/(-u+8c)

9.1, 9.2b: + K e- ut/ 2 (1+bt) (1+ct)2/(-u+2b+4c)Eqns. rr-p

Eqns. 9.1, 9.2b: pp K e-ut / 2 (1+ct)4/(-u+8C)

where

K c NO~p/64.,m2

O'hp • hadron-proton total cross section
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N = NApx/A

NA & Avogadro's number

p = target density

x = target length

A = atomic weight

b = r~/6fl2

c = r~/12fi2

The correction factor for Eqns. (9.1, 9. 2c) is the

same as that for Eqns. (9.1, 9.2a).
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