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1. PREVIOUS DATA AND THOUGHTS ABOUT ELASTIC SCATTERING

A. Notation, Metric and Some General Definitions

Any two body scattering reaction can be written symbolically as
a+baescetd
where the letters denote particle species. In this thesis we report
certain differential cross sections for the elastic scattering reactions
PP ~ PP
and - PP+ PD .
"p" will denote either a proton or a four momentum; the context will
always be clear. Three momenta will be written as, e.g., p. “p" will
always denote an antiproton. Some further definitions:
pcm,ﬁém £ the center of mass four, three momentum of a particle,
Prab 3 the magnitude of the three momentum of incident -
pifticle fi“ in the laboratory frame,
m = the proton (or antiproton) mass,
Bps8qqp = the laboratory scattering angle bf>outgoing particle "¢*

with respect to the incident direction of “a",

a
w

the center of mass scattering angle,
= four mﬁmentum_pf a, by,cord,
'pc°pa’ B _
(p, +p)?
a b’ ?

-qz'

" F-)
(1] [ 1]]

[ad
1]

Definition of metric: p2 = mz .

We will generally set 1 = ¢ a l{




B. Previous Data and a Bit of Phenomenology

P o IR Ry

1. The pp Situation Before the 1.5.R. and Fermilab

a, Data

Long ago, low {by today's standards) energy elastic cross sections

were plotted as a function of 0SBy ,p+ The first observations for pp

elastic scattering were: a) the general existence of a spectacular

forward peak, and b) a generally increasing concentration of cross

section in the forward direction. _ In particular, %‘—‘;(0.) went approxi-_

mately like pfab'

Probably around 1965 someone noticed that things would be much neater

if differential cross sections were plotted against the Lorentz scalar

t.
)2

. . g2
t = (p,- P, -2p (1 - cose )

"psabefab at high engrg,y and sma}l 61‘,‘"' _ ;
In Figufe 1-1 we show the elastic p-p situation as it was around 1970. ﬂ _

The following observations were made: -

(1) The value of gi’- at t =0 is approx'lmately- independent of the

incident momentum (since -t ~ p?ab at fixed 0 ~ 0).

(i1) For fixed t the cross section decreases until it appeared to

"stabilize” at high energy where, at least crudely, g—g - -

depended on -t alone. -

(1i1) However, the approach to stabilization was not uniform. Ffor -

low" |t], g—% depending on only -t was achieved by

phbuo GeV/c., At higher -t, apparently higher incident

energy was needed for this.
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(iv) For "low* [t], f.e., 0 S t < 0.5 (Gev/c)?,

- Ae-bltl

de
dt
was a pretty good fit covering about four decades of drop!
It was noticed that for pp scattering b was increasing slowly with
s. To set the scale we note that it was later found that at
= 200 GeV/c b ~ 10 (Gev/c)™2 for pp, 11 for Pp,

8 for »%p, K'p and about 7 but increasing rapidly for K'p.

P1ab

At the highest momenta available around 1970 there were signs of a
developing “shoulder” at -t ~ 1 (GeV/c)2 but otherwise the cross sections
seemed very smooth. However, from another point of view, J, Orear noticed
in 1964] that the p-p elastic scattering data were fit well by the

empirical formula - -
-p/p
e 1™

do.A

dq
where p; = pmsinem, and p, and A were fitted constants. At that time

no theoretical reason was known for the appearance of ) in the fit.

In Figure I-2 we show some low energy pp data.

b. Early Thoughts on This Data

(1) Simple Qptical Models

(a) Motivation and Black Disc Model
Tl;e early p-p data, especially the low -t elastic data, re;rlnds
one very much of optical diffraction. Some of the reasons for this are
the existence of the elastic forhrd peaks, the general approximate
energy 1ndepe9dence (especfally in the forward peaks) of elastic scatter-
ing, the fact that-the t + 0 differential elastic cross sections are
almost completely imaginary (absorptive), and the (historical) early




re

‘ter-

GO PR

observation that the p-p total cross section seemed to be asymptotically
independent of energy. Indeed, one "expects” that elastic scattering
should be diffractive--A ~ 0.2 fenni/p‘!ab for the incident particle so
Prab > 1 GeV/c implies A < R (R = proton radius). Simple diffraction
models have also had much success in nuclear physics.2 So one imagines,
then, a-simple model in which the De Broglie waves of the incident
projectile strike a stationary target particle (in the lab frame) and
are partially diffracted and partially absorbed. The absorption then
represents scattering into inelastic channels. The diffraction répresents
elastic scattering (i.e., elastic scattering is the "shadow" of

absorption). These very simple ideas form the basis of the optical model.

-~ 4f the target is cons_idered_ as a completely “opaque" obstacle of radius -

R the s_‘lmple model “is called the “black disc” model. In the black disc

model one would have

J, J-tR
do . o4 1
af ﬂR tR ’
do(t=0) g
_ o{t= 2 [}
a < -
f do -
- el 2
dr = |ag 9 ~MW
- %1 .} -
%ot

Note that these formulae imply the eJ‘(istence of zeros in :_: (familiar,

of course, from optics). Using R =1 fm, it is found that the first zero
should be near -t ~ 0.6 (GeV/c)2. Thus, an obvious problem with the
model is that there is no zero (or even dip) in p-p elastic scattering

near this value of -t (at least as of 1982).




However, the reader can see from Figure 1-2 that there is a dip in
5 GeV/c pp elastic scattering somewhat near there. As the energy is
raised from 5 to 30 GeV/c it seems to go away. Thinking about this, we
note that the pp total cross section is very high at 5 GeV/c compared to
the pp total cross section. A large inelastic cross section means high

_absorption--i.e., great "blackness". As the energy increases from § GeV/c
the total pp cross _section falls. We could suggest, then, that the
5 GeV/c pp dip is a “black-disc dip"™ which .washes out with increasing
energy because of the fall of Teot” Since owt(pp) is so small at low
energy, in this simple model we “expect” no pp dip at low energy. MWe
could suggest this, but we are not sure if we'd be taken seriously!

The black disk model has problems besides the absence of a
-t = 0.8_GeV/c pp. dip anyway--no exponential behavior at low '|t] (in a
wide enough v—-ange), etc. These problems are well known. ’

(8) Grey Disc Modei?

One obvious way to modify the black disc model is to model the
proton as a grey disc. *In the lab frame” one imagines de Broglie waves
incident on a disc (or sphere) whose (integrated along beam direction)
absorption "r* is a f_unction of impact parameter b. That's like
shining Tight through a smudgy microscope slide or something. Then taking

a well-known result straight from optics one has
fle?) = & szb e'9°Br(p)

\ 3 ik <r(b)>

where f(qz) is the scattering amplitude and < > means “Fourier transform™.
It's easy to get rid of the dip and reproduce an Vexpollenthl behavior
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for the cross section--just take
~(b/b,)?
r(b) = r{0)e
then since the transform of a Gaussian in b is a Gaussian in q, and
2

since -t = q°, one has
-b_|t}|/2
9 < P(o)bg e ©
|
Comparing this to the parametrization of the data g% -l\e'Bt one finds :
by = /2b . - -

Then B ~ 10 (GeV/c)'2 gives bo ~ (0.9 fm. For purposes of comparison
we note that the electromagnetic radius of the proton (from e-p scattering)

is about 0.8 fm r.m.s. But at large -t, especially at higher energy,

this method has problems. Also, one does not see where "shrinkage* comes

in. i
) ) N
(y) Simple Regge Pole Model’ - - - : ]

The basic Regge pole model also dates from about twenty years ago. l

Its natural domain of application is large s, low |t|. The basic pre-

diction is
Zu-l (t)-2

g%(elastic) - D](t)(s_so_) e

where D is a function of t only. Use of the optical theorem and the -

assumption of a constant total cross section 1bplies u]EO) =1, The
resulting exchange trajectory,-having the quantum numbers of the vacuum,
is commonly known as the "Pomeron". If the trajectory is linear at
large s, low |t}, 1.e., if \

qp(t) =1 +at,

one has




dglel
a_%(e astic) [g%) exp[2b log(gs—)]t .
t=0 o .
) Thus the exponentfal behavior of the cross sectfon is duplicated and °
and % shrinkage is predicted. But there are problems--especially at high -t.
¥
% One possible problem is the prediction that asymptotically the total
: cross section should be constant and that %1 should approach zero
% logarithmically with s. [Experimentally o l/°tot seems to be holding
e finds i 2 ¢
i constant at about 18X for s 2 100 GeV‘:.]
: It is interesting to nott3 that the linearity of the Pomeron
comparison - -
1 trajectory can be at least qualitatively accounted for in the "string -
scattering) .
model” of Quantum Chromodynamics (QCD)}. Much work has been done lately
nerqgy,
on deriving Regge theory from QCD, but it is not our purpose to discuss
age* comes
3 this in this thesis. We refer the reader to some very interesting papers
by Alan White on this.?5 ;
o {§) s-Channel Versus t-Channel and the Purpose of this Chapter ’
ars . - _ ] . -
- B i At least superficially the Regge model is more in line with modern _
;ic pre-
_ field theory ideas because it involves t-channel exchanges. The simple

optical modelbegun above corresponds to an s channel ("annihilation")

picture. Unfortunately, this seems to have led, in the late 1960s

nd the and 1970s, to two different camps of physicists. s-channel models which

The ) are generally simpler, developed most notably to the Choq-Yang mode, the
he vacuum, B Glauber expansion nodéls. and po;erful general techniques of "impact N
ar at parameter analysis'. Development of the t-channel idea led to Reggeon

h Field Theory (RFT). In general t-channel models give a better prediction
of the s-dependence of elastic scattering and s-channel_hndels give a
better prediction of the t-depéﬁdence.



Nowadays we hope that the good features of both models can be
derived from QCD. If this is so (and perhaps if it is not so) it is

possible that “diffraction” could be an important testing ground for

QCD. (Perhaps more work should be done on this.) We had originally
intended, in this chapter, to survey some of the connections between
the older s and t channel models and QCD. But time considerations stood
in the way of this. However, the author wonders if these models, though
phenomenological, could be at least useful guides in the techniques of

forming the proper approximations fo QCD in the *diffractive” limit,

especially since this is apparently not the regime of perturbation theory.

(indeed it has been noted that the problems of low |t| diffraction and
confinement are probably closely related (since “low |t| scattering
includes contribution from large impact parameter. “Dips" in the mid |t
-range could be due to interference "between different limits of QCD."
We shall remark more about this later.)

Years ago elastic scattering was considered important because 1t‘
was considered “simple” and hence “fundamental®. Now many feel that
elastic scattering is complicated but not fundamental, and hence
unimportant. Elastic scattering does indeed seem to be complicated, if
not completely intractable, in perturbative QCD. Perhaps that is only
because trfe p;roper‘th’e‘oreticai techniques have not yet been realized.

Whether this 1s true or not remains to be seen. At any rate, in
this chapter we will at least outline some of the successes and failures

of some of the s-channel "optical® models. The t-channel models

{especially RFT) are more complicated {at least in appearance}, hence we

shall not say very much about them,
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(¢) Some Elementary Connections
A formal connection between the opticalrmodels and the t channel
models has been made by series expansion. The reader is referred to the
excellent articles by Amaldi et a1.5 and Zachariasen7 for this. However,
in a slightly different vein, an early conjecture, bridging the two points
of view at least vaguely, was made by Wu and Yang (called the "Wu-Yang
conjecture").8 This was the conjecture that p-p elastic scattering might
go like F‘(qz)1 where F(qz) is the proton (e.g., electric) form factor.
For now we note that some well known elementary justification may be
given f&r it by noting that in field theory (e.g., QCD), loosely, F(qz)
is the amplitude for a proton to absord (or give up) transverse momentum
qz. Then [F(qz)]2 is the amplitude for one proton to send off q2 and
another to absorb it. Forgetting, for the time being, propagétors for
exchanged particles, convergence problems, etc., etc., (i.e., short
) ] 4.7 It's
actually not a bad fit to the data at low |t|. It will also form part

“circuiting the't-channel)<ih; scattering cross section is then F

of the basis for things_to come in later pages.

One could even continue this very vague bridging of the s channel and
t-channel models by assuming that the exchange "propagator* is, in fact,
the pomeron, and then uriting9 “for first order” (i.e., low |t|).

%% (a+b+a+b) ~ FE(t)Fg(t) exp[Za",t m,(.pgo-)]

In this sort of picture it has been argued® that, just as the Fffﬁ factor
characterizes the dimensions of the colliding hadrons a and b, so does
the "exp” term characterize the intrinsic dimensions of the (presumably

valence) quarks inside the hadrons. [Indeed, in ref. 9, it is argued



2
that rquark

This, of course, is kind of artificial. In “purer® optical models

~ 3} ~0.9 Gev™2 from this!]

one might replace the "exp® term with quark-quark scattering amplitudes
that depend, e.g., ON q2 only, etc. (denoted by 'tqq(qz)"). One could
then fit quark-quark amplitudes with the low -t data and then use these

set t ‘s to predict the high -t data. (This is the general scheme in a

classq:f “Glauber expansion®” yndels). In the process one m;« be able to
make meaningful statements about “the sizes of quarks®, etc. We shall ) B
discuss these things later. For now we want to discuss more data that
is relevant to understand where our experiment fits into the scheme of
things. This will also put the development of the basic models in

perspective. . -

- ) - - - '
2. Higher Energy pp Data from CERN and Fermilab

~ Throughout the 1970s elastic scatter;ng was done at both the CERN
1.5.R. (Intersecting Storage Rings) and at F-ennﬂab. The low |t] data
we will discuss tater only insofar as it affects theories pertaining to
the data reported in this thesis. The mid and high -t data we discuss

now. -

a. Mid [1 s -t 5 5 (Gev/c)2] ¢ Data

The major discovery here was first made at CERN‘O with the I.S.R. -
around 1972 or so--the discovery of an apparent dip in the elastic %%
for p-p near -t = 1.4 (GeVIc)z\ for the four energies that were studied--

n we show some of

/5 = 23.5, 30.7, 44.9 and 53 GeV. In Figure [-3
this newer CERN data together with some of the older lower energy p-p
d—ata we've aiready referred Vt.n. Also in the figure, for comparison, 1s a -

plot of G¥(t), where G(t) is the dipole formula for the proton form factor.
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This discovery excited some interest at Fermilab where a study was

12 to see if the dip would

soon undertaken by Akerlof and collaborators
persist down in energy to Pyab ” 200 and 100 GeV/c. Their results are
shown in Figure I-4a --apparently there is a dip at 200 GeV/c and
apparently there isn't one at 100 GeV/c. Thus it appeared that the onset
of the dip occurred at any energy between these two values.

Later on an attempt was made at Fermilab to pim this down using an
internal gas-jet target (by a Rochester-Imperial College-Fermilab -
collaboration]3). The results of this are shown in Figure 1-4b, From this
“high resolution" (in -t) experiment we see evidence that there is no dip
at 100 GeV/c and just a hint of one at 150 GeV/c.

]4, more precise

Meanwhile (1974-78) the people at CERN made another

" {nvestigation of %% for pp at center-of-mass energies of about ;3:32 30:5.
44.6, 52.8 and 62.1—Gev using the "split field magnet™ technique. The

data from this is shown in Figure 1-5. The following important features
can be noted immediately: 7 7

(1) The pos1t19n of the dip apparently moves "backward" toward

decreasing-t as the energy is increased from /s = 23.5 GeV to

/5 = 62.1 Gev.

(i1) The deep seems to become shalliower with ;ncreasing energy in

this range.
(i11) There is a pronounced second maximwm which also seems to move

backward with energy. R _
We describe some of the results found by Nagy et al.]4 in a bit more detail

as they will concern us:
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{a) Following an earlier parameterization by Phillips and Barger
cross section was parametrized by two (destructively) interfering ampli-
tudes near the dip:

b(t-t_)/2 d(t-t )/2+i¢|2
%% bl A|e o e °

where the values of the five parameters depend on energy. The fit was
found to be good in the region 1.05 < -t <2.5 Gevz. thus demonstrating
that five parameters seem to be enough to cover the t-dependence in this
region. ¢ = mgives both amplitudes completely imaginary and a zero

instead of a dip. For ¢ = nt ¢, %% at the minimum is = Aez.

(Real part
fills in dip.)
The s dependence of %% at the minimum is shown in Figure I-62 and

22 .
Stot’ where p is the

seems to behave similarly to the s-dependence of p
ratio of the real to imaginary part of the t = 0 scattering amplitude.

This similarity will be seen to be of theoretical interest. It is of

- the type predicted by simple "geometrical scaling" (“G.S."). ([From the

figure note that the similarity improves when /s 2 30 GeV. This provides
early evidence for an apparent energy threshold for geometrical scaling.
We shall discuss G.S. later.] It is seen in Figure I-6b that the

position of the dip behaves about like a;] with energy. This is also

ot
interesting and important. Position and height of the second max are

s-dependent also. For details on that, see Nagy et al.ld )

{g) - Beyond the Second Max. At each energy in the range from

2.3<-t <5.1 GeV/c the parametrization

d9 . ¢ expl-0(]t] - 3 Gev?)]
gave good results with C and D ene}gy independent. "D" was about
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Figure 1-6b. Energy dependence o'—f the position of the minimum in
the ISR energy range. ~ (From ref. 14.)




1.8 (eeV/c)'z.

(y) --t25 {Gevgclz. Here the only CERN data was the /& = 53 Gev data.
It appeared that there was a definite decrease in the exponential slope
beyond -t ~ 5 (Gev/c)2.

b. Higher -t Data
An experimental study was undertaken at Fermilab in the late 1970s
to measure pp elastic scattering in the higher -t range by a Cornell-

16,17 4+ 200 and 400 GeV/c. When the -

Lebedev-McGi11-Northeastern group
cross sections were plotted against -t smooth variations of exponential

slope were found. (At 200 GeV/c for 5.0 < -t < 6.2 exp. slope was about

At 400 GeV similar results were found. However, in the t ranges of this
experiment (5 < -t s 12) Orear and Hojvat found that they could get
very good fits at both energies with the simple exponentials _

' - ~bp - o -
- %%'Ae l.pl spsing = /~t

with b values 6-7-(GeV/c)™' ("Orear fall-off*). (Thus perhaps p, is the

natural variable.)

3. 50 GeV/c CERN Pp Data

In the mid-summer of 1980 a CERN group first re.por'ted]8

observation
- of a dip near -t = 1.4_GeV/c for elastic pp scattering at 50 GeV/c. This
50 GeV/c pp data seemed v-ery similar in the details to the /5 ~ 45 GeV
pp data of Nagy et al. (It should be noted that o, (pp) at /& = 45 GeV

is not too different from otot(i'p) at 50 GevV/c.)
- \

1.5 (average), by the range 9 < -t £ 12 it dropped to about 0.9 (GeV/c)'z.
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C. Development of the Phenomenclogy and Theory
1. Comment About t-Channel Models (following Magy et al.“)

Since the p-p dip position is energy dependent the simple model with

the exchange of a single Regge pole (e.g., Pomeron) is ruled out (since

position of two Regge poles for the elastic amplitude by Nagy et al,
failed with 1inear trajectories (again due to poor fit of s-dependence of

dip position). A superposition of three poles worked well but needed 8

parameté;sf
19

Collins and Gault ~ have proposed a model with a single ﬁomeron

pole and a two pomeron cut which agrees excellently with the /5 = 53

GeV data; however, there are theoretical problems as the froissart bound is

is violated. Attempts to fix this seem to lead either to disagreement

with the data or to RFT. But, as we have already remarked, RFT is very
complicated and we do not wish to discuss it. - - -

2. The Model of Chou and Yan’zo -

a. Formulation of the Basic Model and Comparison to Data
(i) Formulation l

One of the problems with the simple grey disc optical model lies in

the ambigu{ty in the choice of the absorption function r'(b). The Chou-

Yang model removes much of this amgibuity while at the same time keeping

the spirit of and improving on the already mentioned Wu-Yang conjecture.
First, some notation: S{b) = 1-r(b) = “transmission” (recall b

is impact parameter). S(b) = e'a(b); a(b) is called the "opacity". The

exponential form is reminiscent\df the depletion of a beam in passing



through a slab 1f q is proportional to the thickness of the slab. Tre
reasoning of the model is roughly as follows:

Pretend that the two hadrons approaching each other in the ¢.m. are
“like" two three-dimensional “droplets” that will pass through each other.
Even the solution to the resulting classical scattering problem is diffi-
cult to attain. So idealize the problem:

(i) For de Broglie waves "shining” on a stationary "target” hadron

the opacity should be -

D(X..Y) = Ep(xt.Y-z)dz [

where z is the beam direction and where p(x,y,z) is a measure
of the hadronic matter density at a poinﬁ.

(1§) Now in any frame make the elementary observation that the
instantaneous amount of scattering at a point should be propor-
tional to the product of the densitf;s there. This implies that
the individual hadron opacities should be multiplied somehow
{note: opacities are multiplied, not absorpfions).

(1ii) Then pretend that the total depletion of-probability amplitude
for two hadrons passing through each other is the same as that
for a "structureless* wave ;assing.thraugh a single disc of i

the "product® opacity. (s(b) = e'Q(b)).

By referring to Figure 1-7 the reader will see that 3 "reason-

able product” opacity is found by convolution:
alb) = uy, ”dzb"o1(b-b')oz(b')

where subscripts 1,2 refer to the identities of the hadrons and
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Figure I-7. Illustrsting the integrand of Q(b)
(see text).



where M2 is a constant.

(iv) At this point Chou and Yang guessed that the hadronic matter
distribution (in the proton) is proportional to the electric

charge distribution as measured by elastic e-p scattering.

Thus, 1f <p(x,y,Z)> denotes the Fourier transform (the result : 1

pf which is in momentum transfer space), } .
<olx.y.2)> = Fela?) |
where FE(qz) is the hadron form factor. Converting to two- - l
dimensional impact parameter space one has, then |
<(b)> = “12‘019 02> = Hy2 <D]> <Dz> .

where 3 refers to convolution and where the convolution theorem

of Fourier transforms has been used. Then

Cab)> = Ry (09Fy(Q)

where the subscript “€" is assumed. - K

(v) The parameter b2 is not arbitrary--it may be set by using the 1 ) 1
optical theorem -

Opor = 477 (0} ,  where f(t)]? = 92, v

where it is assumed that a{t) is purely imaginary at all t. - !
Then using the basic optical mode! result that

£(a?) = 1k <r(b)> with I(b) = 1 - s(b), i ‘
one has B ! |
) 20 a2y, 2 2 {
- F{q®)F,(
gg. |& . T2 @Iy ; -

where & 5 also denotes Fourier transform. This is the basic

Chou-Yang result. Note that there are no free parameters.
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(14) Comparison with pp Data

The original Chou-Yang model was proposed around 1968. At that time
-t »1.4 ((;eV/c)2 dip in p-p scattering was unknown. Chou and Yang used
the dipole formula for Fp(qz). Their results disagreed strongly with the

data known at that time. They also predicted a dip near -t ~ 1.5 (GeV/c)z.

So many people scoffed. Then the dip was found.

kacZ! has obtained a good fit of the Chou-Yang model to the /5 = 53
GeV data (see Figure [-8a). We see that the behavior of the cross
section out to the dip is extremaly well predicted (we do not look into

the xz

of the fit to the extreme low -t data here--see later)--remarkably
the cross sections hugs the model curve for over six decades of drop!
The position in -t of the dip sesms to be also accurately predicted.
These features certainly suggest that the mode] should be taker seriously.

2

In obta'ln'lng this fit he has used Shaw's“® empirical "two pole" fit to

Ped), -
, S VR R L A A L AL

with mp=.656 and m' = m+1, rather than the simple dipole formula. This
two-pole formula seems a better fit to Gz(qz) than the dipole formula
does, out to t =2 (Ge\l/c)2 (just past the second max.). (Nith the
dipole formula one gets a much lower quality fit (including a slightly
di]’ferent dip position)--see ref. 21). It is seen from the figure that
beyond t ~2 ((ieVlt:)*2 the Kac fit increasingly underestimates the data.
This has been the cause of much speculation, some of which we feel is
nonsense. \

—In any case, there is a bit more to be safd about the Kac fit. The
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Fits of Chou-Yang model
to /5 = 53 GeV CERN
data.

(a) The fit of Maxwell
Kac with extrapolated
o1 = 45.1 mb (see text)
(from ref. 21).

(b) A fit with extrapolated
or = 43.2 mb, closer to the
“true” value of or. Note
the difference at the
second maximum as compared
to Kac's fit (from ref.
24).
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reader may be wondering why we keep referring to it as a "fit" when the
Chou-Yang model is supposed to have no free parameters. That is because
Kac fit the value of the parameter Wyo to the height of the second maximum.
The fit value of upp for this (/s = 53 GeV) data translates into an
equivalent value of 45 mb for %ot

The measured value of Teot? however, is about 42.3 mb at this energy.
The reader might think that his ~5% difference in the amt's would have
only a small effect. However, it has been pointed out by Nina Byersz3
that the height of the second maximum in the model is very sensitive to
small changes in parameters. She states, for example, that a 5% change
in Oyo¢ CaUSEs a 250% change in g—% at t ~1.8 (GeV/c)z! [The dip position
however is relatively insensitive to small changes.] An example of a
¢:a'l<:u‘.at1'on24 with Teot * 43.2 mb is shown in Figure I-8b. tMote the
difference at the second maximum!

Another problem common .to the us_e_ of both the Shaw formula-and the
dipole formula in the Chod-Yang mog:le‘l is the_pred;ction of a second dip
somewhere near -t =5 (GeV/c)z. No such dip 1s-observed at P = 200
GeV/c, p, = 400 Gev/c or at /5 = 53 GeV. This has caused someZ> to
practically rule out the Chou-Yang model. However, as noted by Kac
himselfm. since the Shaw two pole fit to the form factor is inaccurate

for -t 2 2 (GeV/c)z, one does not expect the Chou-Yang model to work

well with it beyond this value of -t.

Byer523

has pointed out that the three pole formula T
G,’,(qz) = [(1-/0.382)(1 - t/2.1)(1 - £/14.0)]""

is a better fit to the datal® on Gg than is Shaw's formula, out to




-t A6 (GeV/c)z. Indeed, she has indicated that with this the predicted
second dip moves out to -t =§ (GeV/c)z. [The change in the prediction of
:—: for 0 st < 2 is essentially negligible between the two- and three-pole
formulas.] Thus, it is entirely plausible that thé prediction of a second

2>

minimum would go away altogether with the use of the “correct" q
(Ge\l/c)2 form factor, and hence perhaps some of the despair about the high

qz behavior of the model is premature.

{i11) Energy Dependence and Comparison of Predictions for pp and pp
Scattering in the Basic Chou-Yang Model

(a) Energy Thresholds for and Depth of Dips I~-Simple Analysis

To the extent of the author's knowledge the form factor of the anti-
proton has not been measured directly. However,.{t is certainly not
unr;easoriabie to assume that it isr the same-as that of the proton. :In'deed.
if one believes the Chou-Yang model, the existence of the pp dip could
be interpreted evidence for this! On the other hand, one could iake the

attitude that any differences between the pp and pp elastic cross sections,

at least asymptotically in energy, would be due to form factor differences.'

One certainly does not expect this. But perhaps the most valuable
‘experiments are those that check the “obvious” and lead to surprises.

In any case, there certainly are differences in pp and pp elastic
scattering at nonasymptotic energies--e.g., the pp dip near -t = 1.4 -
(Ge!I/c)2 seems to come in at about 150 GeV/c whereas the corresponding

_ \ - .
pp dip comes in at much lower energy. However, the only energy depenience

'I.e.,_'ln the framework of the model [as s+= it appears that
otot(pp)%t(pp) -+ 1.] In the framework of QCD, ultimately, of course,

this would mean differences in the quark-gluon structures of the p and p.
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in the model comes from the parameter u, which in turn depends only on

g The dip depth in the model is insensitive to o, __--that's because

tot” tot
the dip is a zero in the model. This follows from the assumption that
the amplitude is completely imaginary.

We've already remarked how the addition of a small real part to the
amplitude can affect g% at the minimum. So to understand the dip depth
we should look, perhaps, at data on the ratio of the real to imaginary
part of the amplitud;L—AChou and Yang seem, on the other haﬁa, to be of
the opinion that the energy dependence for the appearance and disappear-

ance of dips is due instead to some sort of unspecified "low energy effects"

which are cancelled somehow {although not explicitly in the basic model)

by a large % They state: “Why does pp exhibit the first dip at

ot*
lower energies than pp? The answer is probably: [the] pp [total] cross
section is much larger than*[ihe] pp-[total cross section) at low ®nergies,
and pure geometrical scattering is therefore not so easily overwhelmed

w2? There may be-truth in this; however, it seems

by low energy effects.
less vague to the author to simply note that [Re f/Imf at t=0] for pp
is very close to zero at S0 GeV/c, whereas for pp at this energy

p < «0.1¢

28 results

With this train of thought, looking at the Fajardo et al.
for p (see Figure 1-9) we can entertain some interesting conjectures:
F;r example, we see that at low energy (5 or 10 GeV/c) Ippp| is relativelyA
ﬁarge (0.3 or O.Qi whereas %o is close to zero. This could be why the
Tow energy pp cross section is sm&oth while the low energy pp cross :
section shows a dip at t = 0.7,

grows increasingly positive above Plap ™ 200

We al hat
SO see t‘ ppp
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Figure I-9. p for various elastic scattering reactions. Data points
are from various sources; dotted and solid lines are
varf-‘lwz; gheoretical predictions. (Figure adapted from

ref. 28.




GeV/c. This could be why the -t = 1.4 (GeV/c)z dip is gradually disappear-

ing with energy in the ISR range. At 200 GeV/c, °pp is very close to zero,

s0 we expect a relatively deep dip at that energy.

;:_.-::1 We have measured pp elastic scattering at 100 GeV/c. Would one
e expect the dip to be apparent at that energy? At 100 GeV/c, |ppp| ~ 0.1
! pp elastic scattering has been measured before at this value of |p|--at
/s = 62 GeV. There a shallow dip is observed. Therefore, on the basis
m———y————v)
,1om Copeemmess of these simple considerations (ignoring, e.g., spin effects) we should
fandel see one, too (even though Rusack et al. do not) (and we claim we do
,/ possibly see some evidence for one--see Chapter VII1).
At this point the reader may recall that for pp elastic scattering
L va the value of g»tg at the "bottom” of the dip appears to be proportional
- Lighin -
B o n to pzaiot (not.just |el) in the ISR range, and therefore object. However,
qo~ we can answer this objection simply by noting that otot(ip) for 100
) GeV/c oy, (pp) for /&5 = 62 GeV. (Actually o, (PP) at 100 Gev/c is
T'"_"—T(TT just slightly lower than °tot(pp) at /s = 62 GeV--which makes our
argument that there "should be" a shallow dip at 100 GeV/c for pp-
M | scattering stronger.)

Also, we note that °F7P’ which goes through zero at Prab ™ 70 GeV/c

is still very close to zero at both 100 and 200 GeV/c; hence we expect’

to see a prominent dip at these energies (and, of course, at 50 GeV/c, -

=t

.“—so'?n“"-tﬁJ where such a dip was seen at CERN). Keeping in mind the prediction for

“ - a rise in 95 we expect that the dip would begi;\ to fi1l in at higher
energies. -

1ints However, the situation is not anctly the same as for pp. Results

’-o- _ of recent measurements of p at CERN for /5 = 52.8 GeV show that Pop is




about 0.065:0.005 while %o seems to be about 0.11. Also,
040t (PP) ~0yo(PP) at this energy. Thus at /& = 53 GeV, we might

expect the pp dip to be shallower than the {already shallow) pp dip. This

should be checked experimentally. It has been proposed to measure both

elastic scattering and the total cross section for pp at /8 = 2000 GeV
with"the Fermilab collider. Would a dip be seen at this energy? Ffrom
our point of view this will depend on the value of p at that energy.

Here we wish merely to mention the remarkable result that, if the total
cross section rises asymptotically as some power of log s, crossing and

2 1, it

analyticity require that p must approach zero from above.
was expected that the “rising total cross section” would cause p, which
“is negative at AGS energies, to pass through zero and become positive
[and this is indeed observed], and then return to zero. i

So we see something interesting: as the energy continues to
increase, after wishing out the dip should start to deeﬁen again. This
should also be checked experimentally. The question is: At what energy
does all asymptopia begin to come into view? That is a good question.
But the fact that p is ﬁtil] rising means we haven't gotten there yet.

=P _

The-application of the Chou-Yang model to m-p elastic scattering is
notoriously difficult, as the pfon form factor is not known beyond
-t 1.2 (GeV/c)z. However, let ps "speculate”: for 7 p p is seen to
be close to zero at 50, 100, and 200 GeV/c, and so we could be led to
expect a dip at all these energies. In this experiment we hive observed

one at 200 GeV/c30 but at a higher -t value than for pp scattering. We
can even guess that the dip “"should” be at a higher -t value for zp than

..v_..___.
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for pp within the framework of the Chou-Yang mode]--ctot(np) < °tot(pp)
at 200 GeV/c. The reader may draw his/her own conclusions about kaons.

(8) More on Predicting Energy Thresholds and Depth of Dips

In analogy with the Kramers-Kronig relations3] of classical optics,
one can relate the real part of the scattering amplitude to the integral
of the absorptive part (i.e., total cross section of t = 0) through a
dispersion relation. (Dispersion relations of this type are based on
the assumptions of analyticity, unitarity and crossing symmetry, since
the exact connection between causality and analyticity has been difficult
to establish rigorously.) Thus, if o, .(pp) and otot(ib) were known at
all energies it would be possible to predict p = Re f(t=0)/Im f(t=0).
Then, assuming that the dip depth depends only on %ot and p, a knowledge -
of ot at all energies would allow the prediction of g% at the dip.
Conversely, the high energy bgpavior of %ot could be predicted by inte-
graiing the real part of the scattering amplitude. An example of this
is shown in Figure 1-10. However, the cumbersome non-local integral
connection cf;ates potential problems for the prediction of p because

*
Otot has not been measured at all energies yet.

*As far as the high energy end is concerned, current data32 cannot

distinguish between . -
(1) oye(s) = og(0) + olog(s/s ) ~ 28.2+1.92 log s

(1) 0y0q(s) = 0g  + oylog?(s/s,)~ 38.4+ .49 logi(s/122)
(111) 0yo¢(s) = ol=) - o' (=)/V0g(s/s,)

It should be mentioned that a growth of the logz(s) type is the quickest
allow by unitarity ("Froissart bound“).
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Figure I-10. Data and predictions for o
(Adapted from ref. 114.)

tot (See Eext).




In any case, though, the readers may be wondering why we have been

relating the dip depth at all to p (which from now on will also be called
'°t=0")' when, if anything, it should be related to [Re f/Im f] at tdip
) (= "pt" from now on). For the approximate analysis of part (a) of this
subsection we have been tacitly assuming for simplicity that Py is not
too different from Pe=0° (The ISR data on the dip depth seems to bear
Is this out.)

- There is, however, reason to believe that for PL 2 100 GeV/c our _
“ “approximation* is, in fa.ct. almost exact. Within the context of

"geometrical scaling" (which seems to work at these energies--see Section

C.4). Dias de Dues and Krol'ISI have derived

2
da(s,tqip) /dal(s,0) _ ,2 s,t=0
o/ w K ‘u’{'—l—,

+p (S |t’0)

O e A Rt

R

2

in obvious notation, where K~ is independent of energy. Indeed, they also

- find a differential equation (see. (1.13)) relating D(S.E;O'), g%(s,t)

and g_%r(s,qs)_ With this equation, using the ISR data they can predict

o(s,0) in good agreement with experiment (see page 62 ). Conversely,

G - ke g

inputting p and g%(s.o) the equation can be solved for g—%(s’tdip) (see

o A B R RN

3 later). This gives us a quantitative handle on the relationship between

Pt=0 and the dip depth! It is seenSI

that at ISR energies p = 0.13 is
large enough to make thf dip disappear (see Figure [-11).- With
reference to our argument about a dip ir‘n pp sca;tering at 100 Ge¥/c,
note that p,_, there is 20.10.

Strictly speaking, however, this assumption is unnecessary. It has

33

been shown- by Bronzan, Kane 'and\Sulihatme that one can, in fact, obtain

the real part of the scattering amplitude by knowing the imaginary part
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Predictions for do/dt near the dip at high energies

as calculated from Eq. (1.14) with varying values of
o, fit to data-from ref. 51, p = p(s,0) (see text).
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only at nearby energies. The so-called "derivative dispersion relations”
are obtained by means of Taylor expansion. In Ref. 33 it is shown that
at high energy the following simple relation holds:

1 d dg _ Re f(s,t
T " TTogs %9 3t ~“Tafis.t

This, of course, breaks down at the dip in the Chou-Yang model since

Im f(s,t) is zero there. However, Re f(s,t) can be approximated at tdip
by noting that it [Re f(s,t)]_§hould be zero ;i the second maximum for

/s ~ 53 GeV since g% there does not seem to have any energy dependence
there near that energy. One can then assume that Re f can be extrapolated

in a reasonable way from -t = 1.0 GeV/c to the second maximum. In Figure
34

[-12 we show the results of a calculation of Re f(t) by Miettenen

at /s = 53 GeV. From the resulting Re f(tdip) one can get the dip depth.

(iv) Dip Movement in Basic Chou-Yang Model

In the basic Chou-Yang model dips move to lower -t with increasing

Itot
scattering shows a dip near -t = 0.8 GeV/c. According to the Chou-Yang

and to higher -t with decreasing a, .. Recall that 5 GevV/c pp

model the position of this dip at 50 GeV/c (°tot = 44 mb) is near

-t = 1.4 GeV/c--as is observed! This has also been noted by Chou and
27

Yang. [The structure near -t = 2 (GeV/c) in 5 GeV/c pp scattering -

may also turn up again at i different -t value at hiéher energy--Yang's

“double dip~?!]

- Continuing this train of thought we could speculate about »p

elastic scattering. In low energy % p scattering there is a dip which

near -t = 2.8 (Gev/c)? which washes out by 25 GeV/c. At 200 Gev/c
Gpot(77P) 15 less than 1t is at 10 GeV/c. So if the same dip survives



i s et N e

ImF, (mb)*2/(GeV/c)

T _d
2 dins

RefF=

Figure [-12. (a) Extrapolation of Re F (see text). Black "bar®
indicates region of second max where Re F is
apgarently zero (with error).

(b) As compared to Im F,

o

S
o
»

2
o
[ ]

%% o4 08 42
— -1

— -

P R .-
P
[ | 1 1 1 [ 1 | ]
2 4 6 8 10 12 l4 16 18 20

- ~t(GeV/e)2- : o

(4] -I‘O -20 -30 -4.0
Gev)?

(a)




it should be at higher -t at 200 GeV/c than at 10 GeV/c. Perhaps the dip

observed near -t = 3.8 (GeV/c)2 at 200 GeV/c is this "same" low energy

K T

dip moved out!

(v) Connection of the Basic Chou-Yanq Model with the Parton Model and
with the Glauber Expansion

In a later part of this subsection we will discuss the effects of

-4 (a) 4 constituent substructure (i.e., quarks) of hadrons on the optical model
(Glauber expansion). However, it seems well to mention the relationship _
of the basic Chou-Yang model to these constituent optical models and to

23

the parton model here. Following Nina Byers®™ we mention that the Chou-

Yang model is the limit of a Glauber series expansion for which:

a) the number N of constituents (of the e-p proton) approaches

S

infinity. This is reminiscent of a famous theoretical result

of inelastic e-p scattering. In this context, call the

constituents partons, - -

b) the parton-parton interaction is “contact" in impact parameter

and absorptive (partons in colliding hadrons interact like

colliding “black dots" in an optical model). Thus, the

amplitude for constituent-constituent scattering is
2 -
2y . d®b iq-b ) -
tgqld") -‘J‘z?"“”e _

‘where a(b) = ﬁ sz(b), with A a constant. Thus it is seen that
the parton-parton scattering amplitude is flat {; gz.

The Glauber expansion to be discussed later is the same optical

nr® mode] except that \

a) the number of constituents 1s equal to the number of valence




quarks in the hadron, and
b) the constituents are not necessarily pointlike--their size

is determined from the data. Thus t 2) is not necessarily

qq(q
flat. This involves introducing about two parameters.
The Glauber expansion model should use the same form factor as
Chou-Yang. Thus, if the form factor were known well, elastic scattering
data could very plausibly determine

i) the number of hadronic constituents in the proton, and

ii) their size.

b. The “Current-Current” Modification of the Chou-Yang Model

In addition to using an inaccurate formula for a given form factor,
there is also the danger of using the "wrong” form factor. That is,
in the original Chou-Yang model both the spin and isospin of the partici-

pants were neglected. This leads to an ambiguity23

--which form factor
does one use (e.g., GE or G:)?

For |t]| <2 (GeV/c)2 this is not much of a problem as measurements

show that to within experimental accuracy Gg(qz) « G:(qz) « G:(qz) in
26 )

this range. (Thus to the extent that Gz(qz) = ¢ we have

Gés) = va) =« G&s) L G&v) « G(qz) for q2 s2 (GeV/c)z). However, for
-t 22 (GéV/E)Z this is not true--e.q., G:(qz) appears to fall faster
than G:(qz) and Gz » -G=. Hence for -t 2 2 (Ge\l/c)2 the predictions of
the "naive" Chou-Yang mode' for pp elastic scattering would depend on
the form factor used, and those for pp, pp, np. nn, np, nn would differ.

033

L has proposed a-model in which both isospin zero and isospin one

exchanges are 2llowed in p-p elastic scattering (and which hence involves
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both the isoscalar and isovector form factors of the nucleon). In this

model

ws.0) = 7 [0 @- e e

where pﬂ is the nucleon density function corresponding to SU(3) quantum
number j. (Recall there are 8 ") matrices”, but only A and Ag are non-
strangeness changing and hence allowed.) j = ¢ corresponds to "vacuum
exchange" and {s assumed to be given by an energy independent contact
interaction with p° the FourierAtraniform of the nucleon isoscalar form
factor. On the other hand, the interactions where a quahtum number is
exchanged are assumed to be given by energy dependent contact interactions.
The j = 3 interaction is assumed to decrease with energy, with 03
corresponding to the "fourth" (i.e., zeroth in our metric, but we use the

"4" here) component of an isovector current. Thus

os.b) = 2m(s) I‘J{daKd3*'_JZ°(E?0)i§°tx- 0&(B-2+8)

‘2'"'\1.] (5_) Jer3'< datl J(43)("<"0)J(43)(|<| 10)62(8- -Kb, - a

(“sc" means isoscalar). The currents are then quantized and matrix elements

(between proton states) of their appropriate components are then calculated
in a manner ran{hiscent of the derivation of the Rosenbluth formula
leading to spin-flip and spin non-flip amplitudes. %ot is used to fix

“b(s) which is assumed to have the form

wls) = utu' logi(s/s)) o u = 9.76 Gev'Z,

u' = 0.23 Gev~2 , s, = 200 Gev?
\

Originally it was found possible to reproduce the ISR data at



P * 1480 GeV/c very well cut to at least -t = 2.8 (Ge\l/c)2 with

u](s) 2 u(so/s)e“ where ¢ depends linearly on t and where usS,, and
¢(t=0) were set by the lower energy p_ < 30 GeV/c data. This was
interesting in that it implied that the s-dependence of p-p elastic
scattering at high energy is completely specified by the low energy
behavior.

6 that the s-dependence

2/3

Unfortunately, closer examination revealed3
is not quite so steep or simple--u](s) seems to decrease like s~
from 50-175 GeV/c (at least at low |t|) and more gradually at higher

1/2 at ISR energies).

energies and high [t| (still at least ~s~
However, the ‘most interesting feature of the model lies in the t
dependence it predicts once u](s) is set. The main characteristics (dip
and peaks) are due .to “the 1§9scalar exchange amplitude. The effect
of the Al = 1 piece is to Fill in the -t ~1.4 (Gev/c)? dip to about
the right extent and to completely eliminate the notorious second dip.
As the isovector piece becomes more important at low energies the first
dip is completely filled in below PL ~ 200 GeV/c and the model is
capable of providing good fits down to L= 3 GeV/c. Some fits obtained
are shown in Figure 1-13.
Unfortunately at the higher energi;s and larger |t|'s ¢ is no longer
2 linear function of t. The reader may think that this 1ntroduces-
complete freedom in fixing the t-dependence of the model. This is not
so. The "range of freedom™ in the prediction obtained by varying the
phase ¢ is shown in reference 36 for Plap ™ 6000 GeV/c (“error bars"
around the solid line). Presmbiy the ranges of freedom at lower
energies, not shown by i:he auWn. are comparable. In that case it ;ould
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Figure 1-13 (adapted from ref, 36)

(a) (page 44) Theoretical fits to pp elastic scattering
data corresponding to total cross sections of 38.97:0.04 mb
(Pyap ™ 200 Gev/c), 38.46:0.04 mb (Pyap = 100 GeV/c) and
38.2050.05 mb (p,,, 50 Gev/c) for 0<-t<3.4 Gev. (Total
cross sections used are from Carrol et al., Phys. Lett. 618,
303 (1976)). The broken line is the curve for Plab™ 100
GeV/c, and the values of M used are 0.80, 0.22 and 0.11 for

Plab™ 50, 100 and 200 GeV/c, respectively.

(b) (page 45) Theoretical fits to ISR data and large -|t|
for o, .. = 39 mb (plab= 200 GeV/c). Total cross sections
corresponding to ISR data are 42.5:0.27 mb (Rubbia and
Dekerret, p,., = 1480 GeV/c and 1500 GeV/c respectively) and
43.0420.31 mb (Kwak, p]ab=2052 GeV/c). The theoretical curve
used to fit the ISR data has an input total cross section of
42.8 mb and u, = 0.100. The broken line is the curve for

Plab = 200 GeV/c, with uy * O.I'IO..

(c) (page 46) Theoretical curve for o s49.1mb - -

’ tot - _ .
(p]ab = 6000 GeV/c) using T = 0.050. The “error* bars super-

imposed on the curve indicate the range of do/dt values
accessible at given |t| through variation. The spin-flip

" contribution has been suppressed. (Data are from ISR.)
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still probably be ambiguous whether the model predicts a shallow dip or

100

90
0580683-029

not at p_ = 100 GeV/c for pp.

In view of the partial success of the model 1 have questions, some
of which could be answered by direct numerical integration. For example,
since the isovector contribution is diminishing with energy it is diffi-

cult for me to see how the gradual disappearance (with energy) of the ISR

Rl et 2
8.0

dip could come out of the model in a natural way. This might be the

results of including the spin flip terms (which fi11 in dips and which have

largely been suppreséed in the figures); however, Clarke and Lo claim

that the isovector contribution overwhelms the spin flip contributions.

’ "'; Another question is, at a given energy, with the isovector parameters
f; fixed by pp scattering, could one reproduce pp elastic scattering with

4 “tot(pp) fixing the isoscalar contribution)? Or, consider energies

around p ~10 GeV/c. The model seems torwork for pp efastic scattéring
there and gives no dips. With the same (pp) isovector strength with

the much higher ctot(ip) giving a greater ratio of 1§oscalar/isovector

strength, would one get the observed pp dip at [t| = 0.7 Ge¥/c? This

would be a stunning success. Would the dip movement be similar to that

of the original Chou-Yang model over a wide range of energies? Probably
yes. Possibly one could then “track" the 10 GeV/c pp at |t| = 0.7
(Gev/c)? out to the 50 (GeV/e) dip at |t| =~ 1.4 (Gev/c)®.

Also, non-negligible polarization has been observed near<ihe pp

dip; in this model this is described well. Would that be true of PP

also? As another point, withih the framework of this model there is the



possibility of isolating the isovector contribution (e.g., p-Az)' to
n-p elastic scattering and thus predicting the difference between n-p
and p-p elastic scattering. If the model were successful in predicting.
the phenomena mentioned above its credibility would be greatly
strengthened, If it were a failure in all of them it could possibly be

eliminated from consideration.

3. Impact Parameter Analysis in the Obtical Model

The basic Chou-Yang model ignores the inelastic channels of which
elastic scattering is the shadow. A number of modifications of the Chou-
Yang model that "correct” for this have been proposed; we do not wish to
discuss them here. However, a general sort of optical model analysis,
called ;impac; paraﬁeter“ analysis, demonstrates that the indirect
-inclusion of “virtual® inelastic channels via the unitarity condition
allows elastic scattering to provide much additional information about the
structure of hadrons. The approach we will describe is originally due

34

to Van Hove”' and has been developed by Hiettenen38 and others in the

mid-1970s.

2

'Recall that, e.g9., in Regge language, if A is the amplitude for elastic
scattering, o )
A AP+ f,.+ -w=-p

PP -0 Az } charge conjugation

“Bb n P+ fo + A2 +wtp

1}
Anp f_P +fo- Ay-wtop

since P, fo, w are isoscalars, AZ' p are isovectors,

rotation in isospin space from pp case

where P is the Pomeron trajectory. -
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i) The Technique

Conservation of probability implies that the s matrix is unitary

ss” sts =1
As usual, we separate out the scattering wave:

. 4 () Tit
Spe ™ Sif * 1206y 40y =Py py)
non
kel

where the normalization factor n is given by

(2n)3/2 /2€  (for bosons)

(211)3/2 % (for fermions)

To avoid clutter, we will write this symbolically as

s =1+iT

Then, the unitarity condition gives - B -

i(r-ta1h

Let |i> be [i> initial state, and let |f> be a final state. Then, using

completeness (] [n> <n| = 1) and time reversal invariance (Tif = Tey) we

n
get (with suitable normalization)

. *
4/7 Im Tif(t) = % kaTki

“This can be "decomposed* as

AT () = <E[THEm < T
i"s(elastic -
states)

\
+ ) <f|T*|n> <n|T]i> (1.1)
n={inelastic)




This equation is called the "s channel unitarity relation". It is a set
of non-linear coupled (integral) equations. When s becomes very large, !

the number of intermediate states |n> approaches =.

39

Now we consider the case of forward elastic scattering. Here

we take |i> s |f>. Then Im T“(t) becomes a sum of a very large number
of positive definite terms. Moving slightly away from the forward

direction, |i>=|f>, tl{e phases of each of the terms T"T:i change
slightly, but the complete sum must remain real. The more we increase 9
the more random cancellations must occur. Hence, the coherent sum at
t=0 gets rapidly suppressed. Thus, already the imaginary part of the

scattering amplitude must be very peaked at low t. The real part of the

scattering amplitude, however, has no such constraining equations. -’

Hence we are not surprised if it is small for all t. So we expect a

"forward diffractive peak” in dg/dt that falls off quickly angle. The

pieces of (1) have been named, a long time ago, by Van Hove,

Ttot(t) = 4/x Im Te](t) = "total overlap function”

Te](t) s L (elastic states) = "elastic overlap function®
h v

11‘nel£t) = 7 (inelastic states) = "inelastic overlap function”

We see that (with our normalization)

T

Teot(®) * Ieor . :
Te1(0) = 9 ;
Tine1(0) * Finer

The second term.on the RHS of the “decomposition* equation (I.1) {s the _

shadow of the inelastic channels, the first, the "direct” elastic

scattering.




Following common practice, now make a Fourier transformation to impact
set
parameter space:

@y E - 1 2 -ipl'b —_—
i(db) = 2 Id pe e ), Pyl = /At (1.2)
. _ 1 ig-b
, hep{s.t) = 2= Jdb e (s.0) ,
ber ! one then gets
1 1 2 ,
i i Im hy(s,b) = 7 [hgy{s.b)|” + 15 (s,D) , hey = Tgy (1.3)
. ;4 - -
ise 9 F . From this we immediately see that the elastic amplitude at impact
it E ) parameter b is made from absorption into inelastic channels at the same
e b only (“unitarity is diagonal in b-space").
f the ; We note that hp](s.b) is nothing but 2ik I'(s,b), where I'(s,b) is the
:f absorption “profile® function mentioned earlier. Thus
a 3 B 5, (s} =+ |a®Imh  (s.b) = 2 |d°bRe I(b) (1.4)
~— tot k el - i ] :
The . _ 2 _ - ;
uin(s) * Oor " ae](s) = Id bGin(s.b)
- szb[2Re F(b) - [5(b) %] (1.5)
oy (8) = Idzb_ll'(b)lz (1.6)
nl
(The third part of (1.5) is seen from equation (I1.3). The fourth part of
tion (1.5) follows from this also, or from “noting” that the ratio of outgoing
to incoming flux is [1 -|s|zj = 2Rel -|F|2. The integral of this must -
be g, .) )
- Since 0 < r(s,b) 51, B
0ZIm he](s.b) 22 (dropping a k factor)
is the Unitarity then requires \ -

<
Gin(stb) s



By ignoring spin and using the derivative analyticity condition, one can

obtain Im hel(s.b) and Gin(s'b):

1/2
N do dg
Im hel(s.b) J:o(b /~t - Tt real dt

i) Resul ts10-46

This sort of program has been carried out for the ISR data in approxi-

mation by Pirila and Miettenen‘o

1

» somewhat more carefully by Gre€in;

, and definitively by Amaldi and Schubert.42 Some very

Guiéas and Kroll4
interesting results obtain.
First of all, one expects Im he](Zr) to be almost a Gaussian because

the cross sections are almost exponential in t. This guess is correct.

One also observes a long non-Gaussian tail that extends out past b = 2
fermi. This is due to fhe continuous “curvature of the cross section in.
what used to be called the "Carrigan bre;k“ region. The inelastic overlap
function is observed to flatten out (as compared to a Gaussian) at low
impact parameters which indicates that Gin(s,t) apparently has a zero

near -t = 0.6 (GeV/c)z. Also, throughout the ISR region, the value of
Gin(s'b=°) stays at (0.94:~0.01). That is, the black disc limit-is only

94% saturated (see Figure I-14a).

This last point is intriguing. Why 94%? No one knows. Also, for

Kp and np scattering Gin(s.b) is much more below the unitarity limit.
Thus, apparently the reason why atot's for Kp and wp are so much smaller

than °tot(pp) is that mesdns are more transparent than baryons, not that

40

their radii are smaller! Assuming that most of the scattering comes

_ from quarks -rather than glue-glue interactions, maybe the decreased

opacity is due to the absence of the third quark. (On the other hand,
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figure 1-14. (a) and (b). impact parameter analysis of pp-elastic -
scattering from references 40 and 41, respectively.
- {c) Same for pp scattering, from reference 4. -




Van Hove has proposed a model with a flattened Gaussian distribution of
glue.')

Over a broader range, the energy dependence of Gin(s'b) is shown in
Figure 1-14b. From this and from Figure I-14a (showing that Im hep is
almost completely saturated by Gin for b 2 0.7f), we see that most of the
increase in %ot for pp over a broad energy range comes from the peripheral
region.4° It has already_also been seen that most of the increase
in Og) Comes from low t. Also, from Figure [-143, we see that the "two-
body" part of e is essentially central. At large b, elastic scattering
is all shadow scattering.

This last point may be an indication of the existence of a proton
core. from Figure [-143, one sees that the radius in b of the elastic
overlap region i} A0.5 f. §jnce b corresponds to the distance between

the centers of the (two) interacting particles the RMS radius of the core

region for each would be about 0.25 fm. This estimate agrees with the

0.22 fm radius of the core found by Orear several years ago. We shall
return to this point later.

A similar analysis has been done for pp scattering (see Figure
[44c). For ISR energies the results are practically the same as those
for pp; however, at 100 and 200 GeV/c they are not--we remind the reader
that b(pp) is significantly larger than b{pp) at these energies. The

overlap functions are shown in the figure.

L ]

At this state of our knowlehge. [ do not see any functional difference
between having-the gluons do the scattering or the quarks, except that
the meson baryon difference is more naturally “explained” with quarks.
Also, the distribution of glue in Van Hove's model is completely ad hac
and simply corresponds to knowing the result above after seeing the data!
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"bigger" than the proton'; however, the central opacities are very similar

One sees that at energies below ISR range the antiproton is somewhat

except for Plab < 50 GeV/c, for which the antiproton core is somewhat

blacker. The main energy dependence is again centered near 1 fermi, but

decreases before rising.

One might also ask how the dip near -t = 1.4 (Ge\l/c)2 shows up in

Im he](s.b). The effect is to produce a flatt.erri‘ng40

near b = 0; however,

this flattening is too small to be noticed in the figures shown because

the dip occurs so far out in t (where do/dt is so far down. This effect

dominates the adage that "most of high t is low b").

(Similarly, in b-

space our experimental data would look essentially similar to that

obtained by Ayres et 1.9 {whose work cuts off at t » 0.75) at the same

energy. )

However, with the application of another Fourier transformation the

effect of our data would probably be important to Gin(s,t) for t > 0.6.

For example, if h_, were purely imaginary, from (1.3)

el

Gin(s:t) = hgy(s,t) - 7 [at" hgy(s.t'-thhgy(s,e")

Thus one can obtain information about the t-dependence of the decomposition

of the elastic scattering amplitude into its two and many body intermediate

state contributions without having to perform explicitly the sum over

states. One should also be able to learn'something interesting about

inelastic scattering in the process.

\

Py .
For example, below ISR energy, the inelastic overlap function is slightly

larger for pp than for pp.
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Knowledge of the form of the high t overlap function would also be
useful in making predictions about elastic scattering at other energies.
For example, the decomposition over states, equation (I.1), can be

wri tten“

1 $ind,sind, h (s.e,)h' (s4+9,)
Imhg(s.t) = 3202 ”de] de, 71cose-cosze]+ezi Hcosle]-ezf-cose)

+ 6, (s,t) _ {1.8)

where |8, -62| <9, 6K 8, + 0, < 2n-9 , 6 = c.m. scattering angle.

Most of the integral comes from the region around 9 = 8 +82 (since hel

falls so quickly). Thus, for example, inserting a low t from

bp2al as
. one sees ~ that at low t the main contribution to he]

comes from Gin(s,t).
7 Now, at high energies, the Tow~t g—% can be parametfized45 reasonably

well by
. bt
e . :t<to
2
It =0 bzt b] >b2. t, ™ 0.15 GeV
L e, -t>t°

Plugging this into equation (I.8), one can obtain the high t differential
cross section in terms of the low t cross section wi_th— a simple
assumption about Gin(s.t) at high t. For example, neglecting Gin(s.t)
beyond the diffraction peak, Nazerov and Chernov obtain a solution of
the form -
In (.00 = ho(s)e2PO/Z | g 50

with high energy energy values of a about § Gev']‘. We recall that experi-

mentally a ~ 6 for R > 50 GeV/c. Agreement with the data can be




es.

rential

(s.t)

n of

it experi-

improved by taking
- -igp8
Gin(s't) Gye

It is then found that Go/ho ~(0.15, for p6 > 2.2 GeV. This already shows
us that it is probably not necessary @lthough it may be nice) to invoke
quarks or cores to “explain" the available high Py data--unitarity shows
that the high Py data "follows" from the form of the diffraction peak.
However, we believe that yet higher -t data will probably tell us something
about quarks.

Assun]ing a completely imaginary amplitude, the Gin(s,t) has in fact

0

been calculated®® and looks as shown in Figure 1-15 for ISR data. The

zero at -t = 0.6 is also present at low energy (20 GeV) and was

apparently first noticed by Zachariasen.46

One would, of course, like to be able to extract Gin(s,t) from

do
inelastic data and then predict 3?9k using the unitarity equation. Because

of the zerd of G 1ife is not so simple, however. Information on the

in’®
moduli of multiparticle production matrix elements is not enough--around

the zero Gin is sensitive to the phases, and hence a model which supplies

0

them is needed. It can be seen4 that the phase of a multiparticle pro-

duction matrix element is directly related to the impact parameter at

which the particles produced. Since one already knows that the opacity
of the proton depends strongly on impact parameter, and since the elasiic
shadow depends on opacity, this is certainty not unreasonable.

0 the existence of both a

Data on multiparticle production suggest4
nondiffractive ("pionization™) and a diffractive component in production.
In a geometrical picture it would bd logical that high multiplicity

collisions are head on (high opacity) and low multiplicity collisions are
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peripheral (in contrast to the multiperipheral model). Analysis of data

seems to indicate that the diffractive component involves how myltiplicities
--hence it might be peripheral.’ In a simple two component play-model

40

Miettinen and DeGroot =~ have used a zeroth order Bessel function (scattering

from a ring) for the diffractice part and a black disc assumption for

nondiffractive:
Ginl=t) = opfpl-tldo(R/E) + o f (t) 23,(/=E)/R/-T

% and o, come from data. The results of this parametrization are shown

e T N < -
o AT . % )

in Figure [-15. Beyond this however, the results of trying to predict
doe]/dt solely from production models are cloudy and we refrain from

‘ ;a further discussion.

4. Geometrical Scaling

As we have menifoned._the basic optical model does a better job of
predicting the t dependence of elastic scattering than the s-dependence.
- Geometrical scaling is very useful in trying to understand the s-dependence.

Geometrical scaling (G.S.) was first pr'or:osed47 to explain multiplicity

In this original formulation, G.S. states

scaling in inelastic collisions.

that
. . 2 2 2,02
Dalr®:Ra) . Oalr/R3)

where DA is the density function*' and RA is the (s-dependent) “radius”
of hadron A. If two colliding hadrons A and B have an interaction radius

Ryn(s) and (inelastic) collision densit " (b2 R2 ), then
AB S Yy AB sRag/ >

0.) A

*
This would account for the forward pedk in production.

"In,the original paper, DA(rZ/RE) was assumed to be universal for all B %
hadrons. ; -

ik
This could be determined by convolution, for example.
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i.e., the inelastic overlap function Gin(s.b) depends only on bZ/R2

(“scales"). The application of this idea to elastic scattering was
historically touchier because of stronger s dependence at lower energy.
However, the connection is conceptually simple and was first made by

Buras.48

At energies where the real part-of he](s.b) is very small,
(1.9) implies that he](s,b) is also only a function of bZ/RZ. Then a
simple change of variables in the Fourier transformation gives

fop(s,t) = R2F[tR%(s)]. From this follows immediately:

o
Esl ~ const.

in

. 1
t,.. .
~dip R

Yot

{Again neglecting the real part of f) we get _the result that curves

of

1 do® )
°§ot(s') dt (s*.8) , = R°(s)-t
at different energies should fall on top of each other. This program
has been tried for the /5 = 23 GeV, /5 = 62 GeV and /& = 45 GeV,
/s = 62 GeV pairs of ISR cross sections. Except for t ™ taip (where the
real part cannot be neglected), G.S. worked well for the second pair even
out to -t ~ 6, but fajled for| the first beyond the dip (probably indi-
cating a still significant non-diffractive component at /s = 23 Gev).
In ﬁ-p scattering, a scaled comparison of 206 and 360 GeV/c data shows

'Or perhaps was oniy moderately successful.
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at 280 GeV/c with pp at ZOSQ GeV/c seems to work very well to well beyond
the dip (the unscaled data sets differ substant'lany].49 Thus we do not

expect this naive form of G.S. to work very well for pp elastic scattering
at 100 or 200 GeV/c.
different (especially in view of the larger amount of absorption) at these

energies. A careful comparison of elastic pp data at 100 and 200 GeV/c

significant differences even before the dip, but such a comparison of n-p

For pp, however, the situation could be entirely

with CERN data would -indicate how low in energy G.S. holds in this_

interaction.

By combining G.S. of Im f(s,t),
Im f(s,t) = Im f(s,0)0(1)

with the requirement of crossing symmetry,

so-called "t-derivative relation”

T

Re f(s,t) = Re f(s,O)a% [te(1)] :

Re(s)t,

#(t) = "scaling function”

(1.11)

.. %80
de Deus has derived 7, the

(£.12)

£ 2
the results of which agree with those of the derivative dispersion

relations of Bronzan et al.33 but which have the advantage that Re f can

be obtained from Im f with no knowledge of the s-dependence. Combining
(1.11) and (1.12) one gets4

9 (s.t) = §2 (.00 (6%(0) + p%(5, S (v0())12)

9

x

the differential equation

1

1+ DE(S.O)

L
This derivation assumes Pomeron exchange.

" A\ .
Infact, assuming G.S., this can be transfomedso into Bronzan et al.'s
_expression at fixed s.

(1.13)

3 _ %




*
At the dip ¢(T=TD) = 0 and hence

2
do do 2 _0%(s,0 d¢
(s.t)) a—(S-O) =K —s—‘—L s Kat 2 energy
@ o’ dt 1+90%(s,0) ar ™7, independent
(1.14)

This is part of the theoretical justification for our earlier remarks

about the correlation between the dip-depth and o(s,0); see page 35.

Equation (I1.14) is found to agree very wel) with the ISR elastic

scattering pp data5], as mentioned on page 35. Using the data around

et i e, 1t . A ) Vet

the dip to compute x, the full equation (1.13) can then be used for a

agreement with experiment. Indeed, we can see why--using the optical

theorem (1.14) simply says that
‘ :—:(S'E°) « oio;oz_(s,t)) . _

a relationship that we have already remarked (see page 17) holds
empirically for the data! )

Conversely, inputting do/dt and p, (1.13) can be solved numerically.
It is then seen, e.g., that for ISR energies, p = 0.13 is enough to make
the dip disappear (see Figu_re I-11). As we've already remarked, these
conclusions should‘ be at least qualitativel; valid at 100 GeV/c for pp
elastic scattering; hence observation of a shallow dip there at
lo} = 0.10 would lend some support to this.

Working with (I.13) and, the w p elastic scattering data obtained
in this experiment at 200 GeY/c, Krol'lsz claim; that generalized G.S.

works in this interaction at this energy. (Again, do/dt at only this "s®

*0(;0)-0 is, in fact, shown by a comparison of experiment with G.S. in
ref, 50,

S i —— -
oS e e e ' ot P A oyl s ron

prediction of p(s,0). For the ISR data, the value of o so obtained is in

- ey
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needed.) Transforming to b-space he has extracted the wp eikonal at 200

GeV/c and compared it with the pp eikonal at Prap * 1480 GeY/c. The results

of this indicate universality in that
Im X,N(b/R"N) s )\ Im xpp(b/Rpp), x = eikonal (1.15)
with 3 = 0.643 and R“N/Rpp(1480 GeV) » 0.89. MNote how close ) is to
2/3 {naive quark model).
After subtracting the nondiffractive component* (since the energy is
s0 low) Kroll has attempted to predict the cross sfption for pp elsstic

scattering at 50 GeV/c from the pp cross section at T480 GeV/c by this

method. He finds2 ) = 0.95, R /Ry (1480) = 1.08, o = -0.02. The value
of p found is in very agreement with experiment and the predicted
18

do/dt(pp) agrees very well with the CERN data ~ out to -t = 5 (limit of
measurement); see Figure I-16). The uncertainty in the non-diffractive

component would make such a test more telling, however, in the comparison

" of a prediction for elastic pp at 100 or 200 GeV/c with solid data.

As predicted by naive G.S., ¢ is independent of energy (for's

e1/%tot
large enough); however, it is different for pp, "p, and Kp. Barger,
Luthe and Phillip553 have investigated generalized G.S. prescriptions
that unify all of these processes. For example, one could try
he](s,b) = n he](b/R) where n might depend on s. Jheniequatigns (1.10)
would have to be modified (e.g., in this case °ei/°tot ~ n). However, as”
reference 53 points out, there is no reason why this kind of scaling is
more sacred for he](s.b) than fo;_x(s.b), Gin(s’b)’ or the unabsorbed
overlap function function. [Hiih the presence of n these are not all

\

equivalent as they are for “naive G.S."--beyond -t » 1 there are very

'By assuming it is Regge-like with a straight line trajectory.

s A5 A -
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significant differences.] In fact, scaling x on the unabsorbed overiap

function (UOF) has theoretical advantages in preserving unitary and

including absorption corrections?3

Indeed, scaling the UOF predicts a
dip in both np and Kp elastic scattering at -t = 3.8 (GeV/c)2 for 200
GeV/c, in agreement with our 200 GeV/c v p data. A comparison with this
data has not previously made yet, though.

_ In the future-people will be able to make searching tests of the

geometrical scaling hypothesis over a very broad energy range. For

————Ees

example, naive G.S. predicts that Gin(b) will broaden without growing

at small b for very high energies, in marked contrast to some other

54 54

models. Also, G.S. predicts™ that at values of o approaching 60 mb,

tot
the famous -t = 1.4 GeV/c dip in pp elastic scattering will have

st A T P W

- practica]]y disappeared. This is the situation envisioned for CERN -
collider energies /s = 540 and is due to the fact that dispersion relations

ﬁ}edictss that p__ must reach a maximum at /s ~ 800 GeV. However, for

PP
Fermilab collider energies (/5 ~ 2000 GeV) the situation may be very

different since as we've already remarked by that energy p might approach

_ zero. The differential equation (1.13) must be solved for that energy.

5. Optical Model with Constituents ) B

a. Introduction

We shall initially discuss the scattering problem with an optical
model expansion that “explains® elastic hadron-hadron collision in terms

of absorptive collisions of constitugnts. It is seen that one can get

good resulits with this over a broad range of -t with a minimum of free

‘parameters. The basic idea is to fix these parameters by comparison with




the low -t data (t < 0.9 GeV/c) and then predict the mid- and high -t
(t 2 0.9 GeV/c) data solely from these already fixed parameters. The
question of exactly how many parameters are needed for what quality of €
fit is discussed. It will be seen that the results are probably not
“trivial®, f
Perhaps somewhat surprisingly the best (assuming the proton form
fact;rs used are “correct™) ;esults for pp elastic scattering obtain when

one assumes that the proton is made of three constituents. (This naturally ] ,

raises the question of what happened to the gluons, etc.). One can also, ¥
as will be seen, use the expansion to make estimates of the sizes of :

constituents.

The next step would probably be a comprehensive field theory approach.

- QCD-seems to be successful in"explaining some general features of ppv

2 27 (GeV/c)z. However, attempts to extend “pure"

elastic scattering for q
Q(_:D back to the dip region have not yet met with much success (due to the

preturbative nature of the approach). Attempts have been made (e.g., by

Alan White and collaborators) to combine QCD with RFT and predict the mid
-t beha_vior from that. These attempts seem to look promising.

In any case, however, it seems to the author that to date the best
non-trivial fits in the mid -t region (the regionof our experiment) have
been ‘obtained with optical models of the sort discussed here. As we
mentioned, perhaps tt_ney will serve as a guide in the application of QCD to

mid and low -t elastic scattering.

-b. Motivation for and Derivation of Glauber Expansion

A method for handling the scattering of-composite hadrons from each
other is based on the so-called "Glauber expansion®, the essence of which
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was first proposed ageneration ago56 to explain the fact that (the then high
energy) total cross sections of protons on deuterons are noticeably smaller
than the sum of °tot(pp) and °tot(p")' (The explanation was that this is
due to the guantum mechanical analogue of “eclipses” of one constituent

of d by the other.) These expansions are usually derived with a fair
amount of fonnalism57; however, by bearing in mind the physical meaning of
the form factor of a hadron, we wOng like to present here a much simpler
heuristic derivation. (In addition to the simplicity, this derivation
allows one to largely bypass ;rguments depending on wavefunctions, and

thus perhaps has some relativistic validity.)

Let us first suppose that the scattering of, e.g., hadron A with
hadron B occurs only via the interaction of one constituent (constituent
"i") in A with one constitueng’in 8. (constituent “{'“). Let tgi'qj'(a)
be the amplitude for this scattering to occur with the exchange of trans-
verse momentum 4. Let fA,(B)(a) be the form factor of hadron A,{B).

Then FA,(B)(E) is the amplitude for the composite hadron to absorb §
and remain intact. Thus, the amplitude for the two hadrons to scatter

elastically must be

(1) Na Mg amplitude for
Teif@) = J ] { scattering between p x
=] constituents i and j*

i=1 j

amplitude for
~ hadron A to
hang together
after releasing q

amplitude for
hadron B to

_hang together ’

after absorbing q

where NA(NB) is the number of constituents in hadron A(B), i.e.,

(Digy = )
: Tei(ad = Lt e @)t ta)gib) (1.16) -




factor” 58.) .

order term can

- i Tf‘i (qz)

Wwhere Sy(q,0,0)

implies (since

Consider, now, second order scattering. This involves exchanges 3]

and iz {see Figure [-17) where we must integrate over all '6] .'62 subject
to §,+3, = 3. Let Sy ;,(q;.9,) be the amplitude for hadron A to hang
together after absorbing (separately) 'ﬁ] and 'ﬁz ("generalized form
There are two “types” of second order terms and 18 ways

— - (clear from Figure Id7¢) (for pp-scattering) that each type of second

be achieved. Therefore, applying logic exactly analogous

(modulo a factor of k or so0):

= 2462 i
9tqq(q )$y(q.0,0)

to that used above, it is clear what the form of the second order contri-
butions is. In fact, it is then clear (except for constant factors

like /n's, etc.) that for p-p elastic scattering the entire series is

+ ]BSN(Q’O'O)SN(Q] inro)
2!
+ %’-}— qu,dzqzdzq362(q-q1-q2-33)t(q])t(qz)t(q3)
_ + 3GSN(¢1]4'Q2,Q3.0)SN(Q1 .QZ*Q3:0) -
+ 654(q,0,0)5y(qy:95.9;)

+ 4th and higher orders (1.17)

E fN(E). Nz nuclﬁorj).

r(b) = 1 -S{b))

This is the basic modern form of the Glauber expansion. Part of the
connection between this and the diffraction models can be made by noting

that the multiplicative property of the transmission factor S

R
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{a) Collision of two composite protons, {si.s‘} are
projections of {ri.rj-) into plane perpendicular
to 2-axis.

(b) Two types of sekond order scattering terms. Wavy
lines are not necessarily single qluons. There are 18
terms of the first type and 18 of the second.

(c) Diagrams representing the multiplie-scattering

expansions for the NN, NN, and =N scattering amplitudes.
The integers indicate the number of equivalent terms of
a given type.




rtot(b'rl ,rz.r3,r]‘.ré.ré) =1 - I‘l;]' N -I‘ij.(bi-si-sj)J (I.18)

(refer to Figure 1.17) where I‘ij.(b-i-si -sj.) is the profile function for
(a partially absorptive) "collision” between constituents i and j'. Then

we must have

. A 2, _iqb T
tqi'qj'(Q) H’Jd _be rij(b) (1.19)

By expanding out Equation (I.18), the reader may easily convince him/herself
that there are a total of nine “orders® for baryon-baryon scattering (and

*
six for meson-baryon scattering) . Thus, an alternative form for the

series is

2 i iq-b -
Tﬁ(q )i=' -2'—“- Je'q F(iz,i)rij(b+s_i -sj.)-‘{rr+}2rrr- vee] (1.20) |

c. Some First Order Results and Compar{kon to Data. First Order
tstimates of Sizes of Lonstituents.

tet us now look at just the single scattering term (Equation (1.16).
The hope is that this is all that is necessary to explain the forward peaks.
The connection with the conjecture of Wu and Yang (see Figure [-3) that
elastic p-p cross sections should go>1ike f;(qz) can be easily seen. _

Let us see how good the first order approximation fs. At -t =0.5
(GeV/c)z. for example, the dipole formula fs locally falling like e]'GSt.
which implies_that f;(qz) % e6.6t. At 200 GeV/c, the local exponential
slope b(t=0.5) is observed -to be about 9.5 (GeV/c)'z. At -t = 0.03

2.8t

A _
(GeV/c)Z. the local dipole behavior is Tike e This is easy to see

because at t =0 the dipole ;ust be locally approximable -

'If one assumes three constituents in a baryon and two in a me;on.
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2 .
by f,(t) = /8Tt 2, o (0.8f)2 gives & <r?> = 2.8 Gev'Z. Then
2

f:(z 0.03) ~ e'1-2t, Experimentally, at 200 GeV/c, b(t=~0.03) ~12 Gev 2,

Thus, suppose we take tqq(qz) = Ae P9 Then
1/2(a+2/3 <rds)t

ey ne

or

a = 1.6 (Gev/c™2 << <r®> ~16.5 (Gev/c)™2

Hence, in the framework of “single order scattering only* almost all

of dg/dt is "form factor scattering"--the constituent-constituent amplitude
2

is relatively flat. This corresponds loosely to the adage that at low g

one tends to scatter from the hadron as a whole. That a << <r2> tells us

that the constituent (dressed quark) is probably relatively small in

size compared to a hadron' (since the q-q central maximum is so broad).

oo

Thus already hadron-hadron elastic scattering provides a result not

inconsistent with a famous result of inelastic electron-proton scattering,

s RSB o A AR

This resu]t is also, of course, gualitatively consistent with the Chou-Yang

model, which is just a Glauber expansion with an infinite number of

pointlike constituents (partons) for which 2 = 0 (as we have already ' :
mentioned). (As a - 0, the “grey disk" approach becomes more and more

valid.) . (In particular, f; corresponds to-the first order Chou-Yang

terms.

We would then like to be able to say that the nonzero value of “a“
found above indicates that the Glauber expansion with a non-flat tqq is
3 better fit to the low |t]| data ghan the Chou-Yang model. Calculation

shows (or see Byersza) that the ratio of the full Chou-Yang amplitude to

'A simflar conclusion g3th a similar argument at low energy has been
reached by Wakaizumi,




the first order Chou-Yang amplitude is about 23% at t = 0, about 27%
at -t = 0.1 (GeV/c)z. and over 60% at -t = 0.5 (GeV/c)z. Also, the
multiple scaetering corrections in the Glauber expansion seem to be
~]0-15% at -t » 0. Therefore, without doing a more careful amalysis
we cannot favor one mode] over the other on the basis of low |t| data
alone. However, if we take the value of "a" that we found (probably
over-seriously, we note that it would correspond to a (dressed) quark
radius of about 0.35 fermi.

To some extent a more careful analysis than ours above has been done
in conjunction with a series of two experiments carried out at Fermilab
with the “single arm spectrometer” using a previous version of our “M6"
(see Chapter 1I) beam line. However, this analysis also suffers from

excluding the higher order terms.

28 2

llexpu -
A e8t+Ct and

In the first experiment™ , two fits, g%
ﬂffli
%% ~ chse"t were applied to elastic scattering data at 200 GeV/c in
the range 0.01 < -t < 0.36 (GeV/c)z. (Here Gp is the dipole form factor

of the proton and Ga is the (electromagnetic) form factor of the

projectile.) The "exp" fit was good (led.o.f. = 1.09 for 97 d.o.f. for

pp scattering); however, B and C were found to depend on the subrange of t ~

used (i.e., the curvature in the exponential slope is not constant).
- However, with a comparable led.o.f. (1.02 for 112 d.0.f.), the
"ff* fit fit well all six (x%p, k*p, p3p) hadronic reactions at once with

a single value of u which was igsensitive to the subrange of t. (u was

*I have simply used,the “"grey disc formula® R = /23, which is applicable

) B SN

to a Gaussian_(in q aq
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found to be 1.839:0.049 gev?2 {compared to our estimate of 1.6 Gev'z).
This provides a powerful indication that the first order Glauber term

follows the observed curvature of the low -t exponential slope very well.

2

It §s also a good indication that at low q° the matter and charge form

factors of the proton are identical.

60 dg , (2.2
* dt Gaspitqq

'exp“lz « et and Itqq“quad“lz « (1 +ut/2)2.

In the second experiment |z was used as a fit, but

with two different tqq's: |tqq
The range of this experiment was 0.025 < -t < 0.620 (GeV/c)2 for p-p
elasi;c scattering at 200 GeV/c. It was found thpt over this entire
"curvature range" the quadratic form worked very well., In this fit, <rp>
in the dipole formula was allowed to vary; the resulting fit <rp> was
found to be almost exactly the electromagnetic one (frp>fit = {0.79:0.01)
fm, y2/d.0.f. was 125/122). )
_Over a restricted range 0.025 < -t < 0.320 (GeV/c)2 the "exp”

“version gave good fits (75/78);-however, the full range fits with the
"exp" form were not as good (154/122) and <rp> had to be about 10% lower

than the electromagnetic value. Because of the great sensitivity to <r >,

p
constraining <rp> to be 0.81 fm with the “exp" version gave a “quite poor"
fit., These results seem to favor the quadratic fit; however, again one
must tre;& carefully without a higher order calculation. (The uncgrtainty
in <rp> from electromagnetic scattering is also a potentfal problem in
assessing these results.) To the best of my knowledge a multiple-order
ca1cu1afion with a quadratic tqq ha; never been done; it should be.

Now we come back to another question--does one use the Sachs or Dirac
form factor for the proton? [We remi#d the reader that the Sachs form

factor {s the familiar 64{t)/u), usually parameterized by the dipole




-t/

both some theoretical and some experimental evidencesl supporting the
use of F](t). Also, the Chou-Yang model was originally proposed with
F(t).]

Using a preliminary versfon of the S.A.S. data referred to above,

8 have obtained

together with earlier S.A.S. data, Levin and Shekter
satisfactory fits to the total change of the exponential slope “b*
bétween -t =0 and -t ~0.4 (Gev/c)? for p-p elastic scattering at 100
GeV/c for Eoth cases of proton form factor using an exponential type
"tqq“ with an estimate of double scattering effects included. (They have
also indicated that there may be a preference for using F](t) to describe
the difference between w»-p and p-p elastic scattering; however, this
conc]usjoq_is somewhat shaky.) Unfortunately they have not tried a-
“quadratic-qu' fit. (At Tow [t| there is~not much difference between
the Dirac and Sachs forms, but at high |t| there is (recall up = 2.24).)
It should also be noted that the value of "a® used in [t | ~ e™A0 by
Levin and Shekter has to be quite different depending on which form
factor is used. This would also be guite noticeable at high |t|. then.
It has been pf;posedg that dressed constituents are small (R < 0.3f)
;nd almost completely black. Let us investigate this possibility within
the framework of hadron-hadron elastic scattering. If quarks were black,

tqq would be giveﬁ by A[J](UZ)/UH where £ = 2qR, R = dressed quark
2° -q2R%/8

radius. In that case, at low q°, t__ would behave like e

qq

2
However, we have seen evidence that at low g2, tqq behaves like e3(1-6)a .

using our estimate for “a". Equating these two expressions and solving

for R, we find R » 0.7 fm, Therefore, from e1astic_scat3er1ng we can say

formula. The Dirac form factor s F,(t) = (Gm(t)/u)(JJLﬂsliﬂg). There 1s

f—ﬂm P )‘m*- —
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jty within
were black,

d éuark
78r
Le-‘-5(1.6)qz’

d solving

) we can say
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that if constituents are small { 0.3 fm) they are not very black, and
if they are completely black they are not so small. (Therefore we

disagree with some of the conclusions of reference 9.)
d. An Interesting Comparison of a Higher Order Calculation with Low

tnergy Data Yields Improved Estimates of Sizes and Numbers
of Constituents in a Proton

For -t 21 (GeV/c)2 it is essential to include the higher order terms
in the Glauber expansion (see Equation ([.17)). For orders greater than
_first there are many such terms; fortunately._many of them are egual _
(see Figure [-17). -
We now consider the results of soﬁe calculations through third order
made by Schrauner, Benofy and Ch057 (see Figure 1-18).

(i) Quality of General Fit. Number of Constituents in Proton.
Support for "Dressed Quark Model" of Hadrons

For the first calculation Schrauner, Benofy and Cho used the dipole

form factor for the proton. For the’qﬁérk-qdark scattering amplitude

. - 2
" they essentially took tqq(t) = pe”¥4 , where A is given by

4ot (PP)
—59%;4—- -é--(i:p) where o = %%—;%%48} . Thus, in this.model the absolute

normalization is fixed and is not a parameter. The number of constituents
in the proton was taken as three. ¢ was allowed to have an imaginary part
as well as a real part. The imaginary part of ¢ has the effect of adding

a t-dependence to the real part-of the amplitude, and thus serves to adjust
the depth of dips without changing their position. This ;as the only
parameter in this calculation. Figure I-18a shows this one-paraﬁeter fit

and is very impressive. It should be noted that at Plap $100 Gé\l/c, m&
must be relatively large to avoid eips at the points where the different

orders interfere with each other. -




Figure 1-18 (from ref. 57)

(a) (page 77) Fit of Schrauner et al, to low energy pp
data (third order calculation). -

(b) (page 77} Dependence on Im ¢, in the Schrauner et al.
fit. The curves labeled -4, -7, and -13.0 (Gev/c) 2
refer to values of Im £ in the quark-quark amplitude.

(c) (page 78) Dependence of the Schrauner et al. fit
on the number of constituents used for the proton in the
calculation.

(d) (page 78) Dependence of the Szﬁraunqr et al. fit on
the parameter "L " in the dipole form factor. u2 = 0.71
implies pointlike constituents, u2 > 0.71 implies larger

constituents (see text).
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In Figure I-18c we see the results of a calculation where everything
was the same but where the number of constituents in the proton was

allowed to vary. We see that the model favors the proton to have three

constituents. This, of course, seems to provide support for the static
quark model. However, from several points of view it is somewhat

L
surprising that these simple results obtain :

Firstly, one wonders how to interpret these results in light of

the inelastic e p results alluded to earlier. Here we do not see an

- infinite number of “partons" even at high qz. This is probably related N

to the old problem of "constituent quarks“ versus "current quarks*. At

one time, the Melosh transformations were proposed to make the connection.

w F2'4'5'8'|0”l'2'
2 2

However, to some extent, modern QCD has “reversed” this problem and we

discuss it no further here.

One also wonders what has happened to the gluons, which can also

_ participate in the strong interaction. In the framework of this model,

Figure 1-18 (continued)

these elastic scattering results would seem to suggest that the gluon

PODulgtion in a hadron is somehow proportional to the number of valence ;

12

quarks. This is by no means obvious in QCD fo; q2 <10 (GeV/c)z. One way

10

out of this is to interpret these results as providing support for a

model of a finite number of dressed valence quarks in a hadron. (The

dressing can be glue or sea quarks.) We have thus far been using this

6 8

point of view; we shall continue to use it for the time being.

L {ii) The Radius of a Dressed Quark -

a). Introduction -

=&

Can we use, then, the elastic sqattering of hadrons to get a

-
:ﬁ ;s_ihe case for many quark model predictions. However, this s at
ghq. _ -




quantitative measure of the radius of a dressed quark? We have already
remarked that our earlier “result® (r = 0.35f) should not be taken too
seriously. This is because of the ambiguity (e.g., quadratic or exponential
tqq) at low |t} and high energy. In fact, later it will be seen that

there {s doubt whether the Glauber series can be applied at all to elastic
scattering at high energy for t $ 0.2 (GeV/c)z. Therefore it would be

2

nice to have a higher q° measure of the dressed quark radius. Actually

Schrauner had done something interesting along these lines long ago.

4 At o b 5 e Y

However, in order to understand this we need to make another remark about
"what form factor” belongs in the Glauber expansion. But this time we mean
something different by the phrase "what form factor® than we did before.

- 8) The “Form Factor of a Bressed Quark® - )
Let F(q) be the form factor of a hadron as measured, e.g., by— electro-

magnetic scattering. Suppose a dressed quark has a finite radius. Let

FQ(q) be the form factor that a hadron would display if it were composed

of point quarks. Then it is not difficult to see that F(q) = FQ(q)fH(q).
Which form factor belongs in the expansion--F(q) or fH(q)?
A moment's reflection {or alternately, the realfization that to first
order T,, must involve a relativistic generalization of
3 3 ) 2 2 -151-Q ‘SJ..q
Jd rid rJ ]wﬂ “’Bl e e

wave function of the quarks in hadron A,B) convinces one that the answer

where "A.B(?l W .?3) is the internal

e A TS SR b T Y T A

is fH(q). This is very interesting, for it means that if FQ(q) does not
equal one, in order for the expansion to work it requires am input that

fs: a) unknown, and b) not given by the dipole formula. Yet the expan-
sion works well with fH(q) given by the dipole formula, This is already
another indication that the radius of a dressed quark must be very small




't

aken too

already

Fi‘ exponential
en that

i to elastic
rould be
pActually

g ago.

emark about
'time we mean

Id before.

3 by ;J\ectro-

jus., _et -

; composed
q()6a).

it to first

internal -
the answer
does not

put that

the expan- -
s already

ery small

compared to the size of a hadron (since it implfes Fo(q) = 1),

Schrauner has parameterized fH(qz) by (1 + qzlmz)'2 with variable
uz and fnput this into the expansfion. The results of this are shown in
Figure 1-18d. u ~ 1 corresponding to a quark radius ~1/2 proton radius is
clearly eliminated. The results are consistent even with point-like quarks.
This also, of course, pravides support for the conjecture that the distri-
butions of electricity and hadronjc matter are similar in the hadron.

The reader may wonder why we are discussing the expansion at energies
somewhat lower than those of our experiment. For one thing, the “variable
uZ.. method of measuring the dressed quark radius has never been tried at
high energy and high |t|. This should be done.

However, from the measurements at low |[t| and high energy, Schiz et al.

state (from the “exponential” t _ fit to pp elastic scattering) a dressed

B q
quark—?adfug of about 0.48f. (:e feel that this is subject to the same
ambiguities we've glrea;iy discussed.) However, they have also (probably
unwittingly) provided-evidence for smaller dressed quarks. This -is

because, és we recall, in their “quadratic fit* they found a great

sensitivity to the value of <rp> in the dipole formula and that the fit
value of < > was very close to the electromagnetic one. This is a low

p
|t| measurement, though. : -

e. A "Problem” in the Application of the Glauber Series at High Energy

There is another reason why we harv'e —shoun relatively low energy

Glauber series results. There is a problem at high energy. Its

resolution is not completely cl&r. but is probably related to "confine-
‘ment' in QCD.

The "problem® is that dips 1ike to appear at the points where-




successive orders become equal in magnitude and interfere. With the expan-
sion of Eq. (I.17) the place where second order becomes equal to first is
near -t = 0.7 (GeV/c)z. (This is easy to see roughly by tt’r{lng to fit

< 2 do b]t 2
do/dt for |t|<0.2 (GeV/c)” crudely with JE*Ae +Ae ) Onecan

adjust the depth of this dip with Im £, even make it disappear, but one
cannot move it out to, say, -t = 1.4, One way of phrasing this is to say
that the multiple scattering terms are too strong to aliow both %ot and
the dip position to come out right.

Now let us backtrack briefly to the low |t| results of Schiz et al.
and note an "uncl‘arity" that probably turns out to be related to this.

We recall that no muitiple scattering corrections were made there. Yet,
61-63

it is certainly plausible that multiple scatter-
2 < 0.5 (Gev/c)2

based on other work
ing effects should be observable (even in the slope) for q

But the single order Schiz et al. *quadratic t__* fit was very good voer

_ qq
- the whole qz < 0.6 (GeV/c)2 range. (‘!’his could be due to the accident

that the quadratic t_. is somehow simulating the multiple scattering

qq

effects to the “real” exponential tq ; however, this is unlikely and later

q

we shall mention more evidence that t__ may really be quadratic)--and

their statistics were very high (sut::t'lcal errors in the local slope
determinations were about 1%.) This could be for one of at least two
possibilities: - : o '
{i) that the multiple scattering terms -are somewhat suppressed at
~ high energy, or \
(11) that at high energy the Glauber_series does not apply for

very low qz. This couid, e.g., be due to a low q2 “threshold”

~ for "confinaﬁent" effects to appear--i.e., that the “dressed”




b e

quark model that we have been using breaks down at (high s

and) low t due tothe presence of many gluons causing glue-glue

first is scattering, etc. (which, recall, has not been included in the
o fit Glauber series so far.
ne can Let us investigate possibility (i) first:
ut one It has been shown that (within certain bounds) the form of the quark-
: to say quark scattering amplitude is not at fault. This means one perhaps should

tot and look to the form factor contributions for the source of trouble. The form -

- factors come into the expansion formally by ,‘
et al. . . "
this. f(qz) = -21; Je'q'b <f|rt°t(b.{si},{sj.})|1>d2b , (1.21)
Yet, where
Scatter- <F|Typelt> = szs‘,‘ ¢%s3 ... a5, (1sImg (s NIy, o
(GeV/c)z. where Teot is expanded as in (I1.20); t__ is pulled out using (1.19) and
— qq - S -

od v - whfie DA;B is the quark density function “in. the impact parameter pléne for

ident » hadron A,B8. For |t| 2 2 (GeV/c)2 it is crucial to include recoil

"‘9_ corrections in D--this ca_n change :_ctx_ by several orders of magnitutyie".62

and later ¢ But this correction does not solve the problem.

-and , It turns out that a variety of distribution functions D will reproduce

lope é the dipole form factor for first order when plugged into (1.21)." So far,

two ) we have only discussed using a D with a weak correlation (a 62(3]+’§2+§3)

g factor, e.q., for recoil correction) between the _quarks. VYet, is is
sed at N g natural that repulsive short-range forces between them would reduce the
- § *This can be a simple factor 62(5 +§z+§ ) in D. Interestingly, no
4 recoil correction is necessary when“th& number of constituents goes to
sshold® 5 - {as in Chou-Yang model). -

However, they affect the higher order terms différently.
rssed” ' .




multiple scattering contributions.63

These could be efther dynamical forces,
or could be "fictitious forces" that occur due to something that we have
left completely out of the problem.

One such something is the third dimension. Quarks in a hadron have

64

longitudinal degrees of freedom. Van Hove and Fialkowski ' have shown

that these afe tmportant in inelastic diffraction. Work has been done63
with a variety of density functions D((si}) that introduce correlation
between the transverse positions of quarks after integration over
longitudinal degress of freedom, but which maintain the single quark
distributions in transverse position {and thus give a dipole form factor).

The results are that the dip can be moved out to about the right place but

“that beyond -the dip the model still overestimates the cross section:

f. Phenamenological "Resolution" of the "Problem”

The preceding was the situation in ea;ly 1978. Now let us investigate
possibility (ii) (page 82).

In 1978 Hakaizumi65 apparently' noticed something interesting. This
was that the dip moves out to about the right place and the multiple
scattering terms are of about the right strengfﬁ to fit the data beyond
the dip if the Glauber expansion as given previou;ly is fit only to the
data beyond the region of the extremely steep first slopes (the "Eﬁrrigan'
region"). (Longitudinal correlations are ignored (this does not mean they
are not important) at least expllcitly.) -

Let us investigate this result. - That it is plausible is easy to see.

*wakaizumi has 1ndicated66 that the inclusion of geometric scaling is
responsible for this success. This is not so. Unfortunately, the true -
reason for the success and its implications seem buried in his paper.
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The problem was that the experimental value of g% at t » 0 is too large
for the expansion to extrapolate back to if the dip region and beyond is

fit. However, the somewhat shallower exponential slope beyond the
"Carrigan region® would extrapolate back to give a lesser g% (t=0) than
the experimental %% (t=0), 1In that case the amplitude of tqq [here
2 1 81 _iaq? - - 38 :
tqq(q )= (i*p) g7 ., where p = p(s,0), “9" = 3° (no. constituents),
a = ag+ia;] does not have to be so strong to fit the data. Since

higher orders involve more powers of t » they are thus cut down relative

qq
to first order,

At this point one might object that the predicted dip could be moved
out arbitrarily simply by "starting the series fit" at an arbitrary
jtis1.4 (GeV/c)z. This is not true because the exponential slope is
observed to decrease only very slightly between -t * (.3 and -t =0.8
(GeV/c)z--therefore the ratio of second to first order.tgnn strength would
change anly slightly by moving the “starting point” in this regioé-(henﬁe
the position of the dip would only move slightly). For -t 2 0.8 GeV/c,
an increase in the exponential slope is observed until the ;ip is
encountered. Thus it does not make much difference where in the range
0.3 £ -t % 1.4 (Gev/c)? the fit is started.

In fact, there are at least five ?eatureg of the cross section that -
must be matched--the exponential slope at the “starting point;~(SP) -
dg - .exponential Slooe after second maximum--and only

t do
at SP dip* dt 2nd max - /2q2
two parameters--B; and z (recall t,. «Bje a ).

Actually, the freedom of choite of the starting point could
theoretically be removed completely fn two ways:
i) since the exponential slope decreases steadily for 0 € .t 0.8




((‘aeV/c)2 (the increase being interpreted as due to sizeable interference
with multiple scattering terms), -t ~ 0.8 (GeV/c)z suggests itself as a

natural starting point; or, more precisely by

sb, it
1) the addition of a tem To = moe 0 to the series to describe

the steep slope at extremely low |t| (and thus approximate qmt}. (Then
the starting point is -t =0). With this methodj';gfso and b, are to be
determined completely from data with -t < 0.2 (GeV/c)? and if A, and a

are determined completely from data with -t < 0.9 (GeV/c)z. the data

with -t 2 0.9 (GeV/c)2 would be completely (except, of course, for the
real part of the amplitude) predicted in this model from the data below
|t] =0.9 (GeV/c)Z. This would be very impressive regardless of how many
parameters were needed to set the -low [t| data(in this case four).
However, by sacrificing some quality on the Jow |t| fi—t one could finagle
slightly, e.g., the dip position. Wakaizumi has apparently done this to a
certain extent but the results still seem impressive. The addiﬂonal

term could correspond to scattering off of the pion cloud of the nucle:m66
or could correspond to the physical explanati_on ve t;ave already offered
for it in terms of g]ue-glu; scattering at low qz. - i

[Wakazumi's results for pp scattering are shown in Figure 1-20.]

62 that

[However, perhaps we should mention that it has been pninted out
in order to have a sufficient amount of inelastic diffractive cross
section, quarks should b& essentially black at zero impact parameter.

2
That is, if rqq(b) 2 y(O)E-bZ/R

(where R is the diffractive radius of a
quark) which corresponds to the choice of tqq(qz) above, we should
have y(0)~1. Thus there are really not two free parameters in tqq as

we said almvc--l!l and a should be related. In fact, by combining the




erference Fourder transform definition of ¢t - (eq.(I-19)) with the form used for

21 as 2 § te (see page 85) we get 1/9 B)/4x = a. Wakaizumi's values of B, and a
:i seem to violate this.) '
o describe ‘ =
‘ g. Results at High Energy 1
). {Then §
l (1) Number of Constituents
re to be -
In the approximation to the theory with Gaussian distribution functions i
and a { B 3
! - D (this approximation is good enough out to about -t = 3.5 ((;eV/c)2 or so, "?
data - e
' at which place the Gaussian begins to underestimate the true form factor
for the i
E' too severely) all orders of the expansion are exponential in -t. One
ta below H: 65
i obtains
* how many ] .
r). » - : 2 2 2 (1.22) -
% ~ 2 ]
d finagle $ by 2z (a+=g-ea™), azRa,
thi. s a _ § for the slopes of the first two orders. (J<r2> = r.m.s. distance of a
1
‘onal - N constituent from center of hadron.)
nucleon“? l | Now, if the size of a constituent were comparable to the size of a
ffered

hadron we would have b2 m% b] , which is similar to the Chou-Yang value.' -

. .
Experimentally, at /s = 53 Gev, b, R 0.2 b,. " If constituents are small _

b
: . . - 2 2, N2 -
and widely distributed in a hadron a << <r®>, then F} NI for N=3

one gets bzlb] = —l—, which is close enough to the data (see Figure [-19).

)]

i

|3
that ;
s
w. ' :
of a :
v {

Yy

Y

Thus in a rough way one has corroborating independent evidence for
earlier conclusions about the number of constituents in a hadron and the

relative size of a constituent. We'use the word independent

sy CETARIT L AN BPRIIR 5

*Some authors have claimed that-this is exact in the Chou-Yang model. That
is wrong. -

"At 200 GeV/c this seems to be somewhat less than 0.2 b,.67
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Figure 1-19, Wakafzumi's results with the approximation of a Gaussian
form factor and in the variable number of constituents
for /s = 53 GeV as compared to the early CERN data. N
is the num-er of constituents. (See text.) (from ref. 65).
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because, e.g., the earlier argument about the size of the constituents
came only from the first exponential slope, whereas Wakaizumi's concerns

the relationship of the slope after the dip to that before.

(ii) Results of Glauber Expansion pp Fits
Results of the model with more realistic form factors are shown in
Figure 1.20. We see that p-p elastic ;cattering at /s = 53 GeV is pre-

dicted remarkably well out to about -t = 4.5 (GeV/c)Z. The first dip
occurs at -t = 1.37 (GeV/c)z, which compares well with the experimental
value68 toin * -{1.340.02) (GeV/c)Z. The exponential slope of the
second peak after the dip is predicted to be 2.13 (GeV/c)'2 for _

2.55 < |t] <4.8 (GeV/c)z, which is reasonable compared with the experi-
mental value o%_pz 2 (1.81:9.02) (GéV/c)'zl A shoulder is predicted near
:t =7 (GeV/c)z, this agrees qualitatively (but not quantitatively) with
the data. -

The relatively gentle second slope bz is a big improvement over the
Chou-Yang model. As a function of energy both the shrinkage of the
forward peak and the use in do/dt at the second maximum are well predicted,
through this is probably mostly forced by the geometrical scaling
incorporated into themodel. Wakaizumi has not attempted to include any
of the schemes in which the energy dependenée of the real part of the
amplitude at the dip can be predicied; as a result "p" and 'gl“ must be

adjusted at each energy to fit ithe experimental values of p and the depth

of the first dip. This, however, could be “fixed*® in the future.

It should also be mentioned that there are several more parameters
in this versipn of the model than are “"really necessary”., For example,

in an effort to predict the proton form factor, a modified dipole
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Figure [-20. Wakaizumi's pp results {from ref. 65),
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20. Wakaizumi's PP results (from ref. 65).
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parametrization fw(t) ] [(l-t/pf)(l-t/ug)] is used. The values of u, and

by found bring this form factor close to that found by electron scattering

techniques; however, it would be of interest to see how the quality of

the fit is changed if one does an "honest" calculation, with, e.g., the
three pole formula mentioned earlier. (Still, these comments should not
be taken to negate the successes of the model at /5 = 53 GeV.

At Plap * 200 GeV/c for p-p the model starts to fail beyond
-t =2 (GeV/c)z. An unobserved dip for PL* 200 GeV/c is predicted near
-t = 7’1G§V/c)2. For Isabelle energies (/5 = 800 GeV) it is predicted that
the first dip almost disappears and a sharp second dip comes in again (it
had been predicted to disappear at ISR energies) at about -t = 5.5-6
(GeV/c)z. This is in contrast to the Chou-Yang and Lo-Clarke {Current

Current Chou-Yang) models which put the second dip at about -t = 4 (GeV/c)z

and -t = 3.2 (GeV/c)Z respectively for this energy with the Shaw form
factor - - -

Unfortunately, we cannot take any of Wakaizumi's predictions beyond

-t =4 (GeV/c)2 seriously anyway. Th;s is because he has only included

terms through third order in his calculations. [t has been stressed by

several authors74 that at least a fifth order calculation is necessary for

the range up to |t]| = 8 (6ev/c)2. Notice how the cross section is always

undere;timated_at'ﬁigh |t] (especially serious at P * 200 Gev/c).

Wakaizumi wonders if this is due to an inconsistency in the assumptions. s
We feel that partof the problem at P ® 100 and 200 GeV/c may be due to i
a still significant non-diffractive component at high |t| more important ‘:i
at 100 GeV/c) and part is due to an ircomplete calculation., This is

especially important when one realizes that the (dominant) imaginary parts-




of successive orders have opposite signs. Thus the "dip® at -t =7 (GeV/c)2
in the 200 GeV/c calculation must be due to a partial cancellation of second
and third orders (and can be filled in by fourth). Wakaizumi has used
analytic formulas for each order of the amplitude and has truncated the
series due to the great length of the analytic fourth order formula.
Actually, with a modern computes su;h as the CYBER 175 at Efrmilab all nine
orders of pp scatteriﬁg could be done at once by numerically integrating
equation (I1.17).
(i1i) pp Results and a =p Prediction

Using the same form factors and quark-quark scattering amplitudes as in
the p-p case (except for adjusting to the larger Sot and the experimental
value of p and tuning the d{p depth slightly) Wakaizumi has used his -

69 +o make a prediction for Pp scattering--this is shown fit to the

~  mode)
data for p, = 50 GeV/c in Figure 1.21.  Also shown at the p, = 200 GeV/c
and /4 = 540 Gev predictions. As these calculations are "third order” the
remarks made above for pp apply here, too.
Wakaizumi has al;o made a r-p elastic scattering prediction for
P 200 Ge¥/c. Taking two constituents for the pion seems to give the
best fit for |t| < 2 (Gei}c)z. However, for |t| 2 2 (GeV/c we take this
galculation even less seriously than the above because the pi form factor
_ is severely underestimated. This is unfortunate because a successful

wp calculatfon with t determired from p-p scattering would be a very

qq

impressive verification of the model. However, people have &}ff1-

culties with the pion70 and mp elastic séattering may prove a very

tough nut to crack theoretically. -
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(iv) Motivation and Results for Another High Energy pp Glauber Calculation

It has been shown’

that the Lorentz invariant four dimensional wave
*
function

3
>
nare

2
) exp { 3

:p) = 2,22 (0. 02_2 (0o 12
wr.sip) = ( 7 [rC+s F(pr) g2 (P87} (1.23)

2<re>

used in conjunction with the relativistic overlap integral

W = JJW'(P.S;pf)eiq'(ar"bs)w(r.s,pi)d‘rd4s (1.28)

With proper values for a, b and <> gives HR almost exactly equal to

2

the dipole formula GD(qz) for @© =7 (GeV/c)2 (and provides a better fit

2

to gfp data than GD(qz) for q° 27 (GeV/c)z. When one plugs (1.23) into
(1.28), the result is

1/6erdser |t ) (L2s) -

14
W = ()

Since T is a Lorentz contraction factor in |t]|, the physical meaning is

that Lorentz contraction of S-nucleon core with a (4-dimensional) Gaussian

relative wave function can be viewed as the “"cause” of the dipole formula.

/<r2>c is the “core radius”. Using a value forJ <rc>2 determined from

the slope of the experimental proton form factor at low |t|, and fitting

three parameters, Goloskokov and collaborators72 did a fifth order calcu-
lation in 1979 using (I.25) for the proton form factor. They claim that

the use of this form provides theoretical advantages over earlier work

} 4
*
Here the three gquarks have position 4-vectors XysXgsX3e There are three

X]+Xxo+X3
independent coordinates R = —_—y (c.m.), and two relative
coordinates “r* = (xz-x3)/43 and "s* = (—2x1;;$+x3)/3£!. p is the

c.o.m. (i.e., hadron) momentum. [ = 1+ |t|/ (M=M_). <re> is the
“core radius”. P
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bowever, is not true--since (1.25) is

Lorengz-corrtraction in this work is al

///”""/" In 1981 Kuleshov et al.73 extend.

\ (e.q., Wakaizumi) in that it allows

Unfortunately, they did not do calcule
GeV/c, so the previous discussion abou-

They use a slightly more general form |

‘ ninth order calculations leading to t!

form factor

1 2
- t).|t
F(t) = (rye 5 NI

o =0 -251

with X as a “fine-tune” parameter. This

find

oS St e
i il Rk i
R
1
i ]
1

A
model, with consistent results.

.orentz contraction of the con-

als) = (12.6420.55)+(1.03+0.30) gn 7;@ (Gev/c) 2
. (]

} E 8(s) = (-0.751:0.000)+(1.50:0.30) 20 v (Gev/c)2
;

Wakaizumi, on the other hand, builds geometrical scaling into his

takes into account recoil. This,
ential equal to GD(qz). any
resent in Wakaizumi's.

nis work by performing a full
:sults shown in Figure I- 22.

1s for pL = 100 GeV/c and 200
wose energies still holds.)

'3) which leads to the two pole

Y(t) = vp(t)evy(t)

A t 4-1
1p(t) = [ “5neT ml

s very similar to the form

. . o ( b(s)t
Wakaizumi used. Using qu(s,t) y.v [a(s: +18(s)]e , b_real, they

) /5 =52.8 Gev/c

/57 = (28.49+1.55) GeV

a=0.71(GeV/c) 2+0.04

b(s) = (0.250:0.025)+(0.1750.023) an £ (Gev/c)™2 -
(+]

J A=0.84:0.05
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Figure 1-22. Fits of the Glauber expansion with the Lorentz contracted
form factor (1.25) to pp elastic scattering by Kuleshov
et al. Numbers on curves indicate ¢.m. energies. Data
are from ISR as explained in text. Note that the fits
"start" at |t| & 0.8 GeV/c; thus they are no more capable

of fitting full range |t| with Glauber expansion than was
“Wakaizumi. ~(Figure taken from ref. 73.)
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h. Some Thoughts About These Results

In view of possible theoretical ambiguity in Wakaizumi's "fix", we

would like to mention that in the "quadratic t__" of Schiz et al.,

qq
|tqq(q2)|2 = (1+ut/2)%, a value of u *~ 1.6 (GeV/c) 2 was found to fit
the low |t| data. Schiz points out that this expression for tqq goes to
Zero at -t 1.2 (GeV/c)z. and that this is near the experimentally
observed dip. Here, then, we would 1ike to remark that the use of this
expression in a high |t| expansion would provide a very natural method
of moving the dip out in the right direction without the need for extra
“T," terms or nonzero “starting points®. There would still have to be
slight tinkering to get the dip position right--since all Glauber terms
have tqq. they would all be zero at -t » 1.2 (GeV/c)z. Houever{>using )
u = 1.49 (which gets the dip about right) 3houldn't mess up the extreme-
low |t]| fit too much. [t is a pity no one's tried this,

We now ask, "Are Wakaizumi's "fix" and the fits of Schiz et al.
mutually contradictory?" The contradiction {if there is one) is the
following: Wakaizumi's results imply that the Glauber series cannot be
consistently applied_to both low and high |t]- scattering; therefore, he -
proposes that the expansion not be applied to Tow |t] (“To‘ ierm). Yéi
Schiz et al. got such nice fits at low |t| with the first order expansion
term. _

Actually there is no reag evidence for a contradiction yet. First
of all, there is, of course, the fact that Wakaizumi uses an exponential

- 'tqq" and Sch{z a quadratic one, as mentioned above. (In fact, Schiz
showed that an exponential t__ didn't work so well over the whole “low

qq
It| range™). But even conceptually there is no paradox. Although Schiz
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anything todo with quarks or constituents. For example, the first Glauber

term is completely independent of the number of constituents in the hadron!
The reader may then wonder about the effect of the factor 9 (-32) in the
first order term in equation (1.17). This factor is, in fact, cancelled
off by a “1/9" in the definition of tqq (it is the experimental value of

%ot that sets the normalization)}. The number of constituents is reflected

et al. claim that their experimenta) results are a success for the “additive

quark model*, there is actually no real evidence that low |t| scattering has

only in the higher order terms. (To see this graphically, the reader need

only look at Figures I-18 and 1- 19,) The results of the Schiz et al.
experiments show that the curvature at low |t]| can be explained using the
dipole form factor, not that the GTauber series or constituents are
necessary.- ' i

Then there is another question. This involves the ambiguity in the
choice of form factor. (Recall Gg(qz) 2 % Gg(qz) 2 G:(qz) only for
o® < 1.5 (Gev)2.) Should one Gg or 6,7 What about the difference between
the isoscalar and isovector form factors? From our experience with
Current-Current Chou-Yang we know that at low energies the isovector )
contribution becomes importani and c¢an certainly fill in dips. So this
might be important at 200 GeV/c. However, it is hard to precict what

would happen until someone tries it.

Also, to the best of my knowledge no one has ever ihtroduced spiE

into the Glauber expansion at high energy. However, it has been done75

_for PL < 30 GeV/c. The results are the qualitative features (e.g., dips)

remain. Maybe at higﬁ'ene(gy this would remove the need for the “Im a*
parameter. Someone should try this.




6. Playful Thoughts on Some Simple “Hybrid Models”

We have remarked that (GD)‘ provides a good fit to p’p elastic
scattering for -t < 1.0 (Gev/c). It is interesting to note that,
properly normalized, it agrees well with g% after the second maximum!
{This is because, at high -t, ((iD)4 ~ t's.) One could thus imagine a
model in which the dip near -t = 1.4 (Ge\l/c)2 is caused by the inter-
fer;nce of this with, say, ; simple exponential Pomeron amplitude.

Or, noting that the normalization could include a relatively flat
quark-quark amplitude (implying very small quarks if form factors are to
dominate the slope at such high [t|) one could picture a model in which
low |t| scattering is Chou-Yang 1ike and high |t| scattering involves
constituent interactions i la Glauber. (Ot'ealJ6 has already attempted
to-apply the first order Gladber term to high [t| region well beyond the
second maximum. However, he has not attempted to extend, e.g., "t's"
back far enough to see if, in interference with Chou-Yang the dip would
be filled in to the right éxtent. Here we note that, extrapolating the
high £ behavior back it would seem to fi1l in the dip to roughly the
right_extent at 200 and 400 GeV/c (recall that theé naive Chou-Yang '
amplitude is zero at the dip and seems to generally underestimdte

g% beyond it). At higher energy the back extrapolation may be too large,

though.)

7. A Three Layer Proton?

a. Simple‘ Grey Disc Argument
76

It has been well pointed out by Qrear’ ™ that the relatively gentle
"second” exponential slope ("b3") after the dip is reminiscent of

classical diffraction from an object of radius much smaller than 0.8f.

[




This is true for a grey disc with a Gaussian profile. Then Rz = 2b and

b =1.2 (Ge\l/c)'2 implies R ~0.31 f. (Actually, at, e.g., 200 GeV/c,

stic b varies from 1.5 to 0.9 (GeV/c)'2 as t varies from 4.9 to 12.1 (GeV/c)2.67

it & Orear (and others) have thought of this central region of the proton as

aximm! Q a “core" of valence quarks (although he uses a slightly different *
ine f argument than we do to get its size.) (At /& = 53 GeV, “b," seems to be

inter- if bigger than at lower energy and hence the core radius would be about 0.4f

de. B by our simple arqument, We could extend this a bit i:y noting, e.g., that b
ly flat - at 200 GeV/c the first exponential slope (extreme low -t) is about ” E
rs are to 12 (GeV/c)'z. In the picture we are discussing this would correspond, '
in which e.g., to scattering off the whole proton plus, say, pion cloud (recall :
volves Makaizumi)--R% = 2b (grey disc formula) implies R = 0.97 fm for exponential
tespted .2 -

: slope of 12 (Gev/c) “. ¢
e{oT}-(he : Following this_si—mple égme one is Igd’to an_amusiﬁg three layer :
1ptw°u']d ) ( ’» i picture of the praoton-core of radius = 0.4 fm, mantle out to 0.84 fm, i
. ‘ _ and crust (e.g., pion cloud) out to about 1.0 fm, corresponding to the
mqh:he (crude) three characteristirc slopes--b] (for t ~0), b, (for -t ~0.8
y ¢ (GeV/c)z) and I:'3 (for -t after the second maximum). In the simple grey
a9 disc picture of this the scattering amplitude would be A]eb]‘ + Azebzt
:o 1'arg;, _ + Aieb3t. the form of which we have met,»via different logic, in %

- Wakaizumi's version of the Glauber expansion. Amusingly, this pictorial 1
§ representation of a "triune" proton may actually be realit}.
2 b. Alternative Explanation of the “Crust"
. Let us now consider the codlision of two hadrons from a slightly
:fgentle different point of view--that of a “play*” QED model. Suppose confinement ;

n0.8¢.
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occurs suddenly when quarks are a distance X, apart. Consider a “"single

order scattering” between quark i in hadron I and quark j' in hadron I!.

Then when i and j' are separated by a distance x, the force between them
is much enhanced (compared to when they are closer together) due to the
presence of many gluons. Roughly speaking, this situation occurs when

the impact parameter [ between the hadrons is-x_.. This means that at-

0
sufficiently low qz = 'qs" one expects the interhadron force to increase P
sharply with decreasing qZ.,SI This could be accomplished, for example, ;
by the exponential slope in elastic scattering "b* increasing sharply
2 2
for q° =~ -

Let us try to calculate this semiquantitatively. A Fourier transform

relation exists between r(b) and feﬂqz), Let us assume p_,e,._e" that one. Y~

exists between impact parameter and q, i.e.,

- Alaqg > h ~ =
(Thi.s implies that in a quantum field theory [Alop.qop] = jh.)
Now let us look for evidence of structure in g% at sufficiently low :

qz. In, e.9., pp elastic scattering at 200 GeV/c, there is a sudden big

2

ol TS

increase in exponential slope with decreasing q2 for 9~ ~ 0.1 (GeV/c)z,

where -:jjb- is apparently about 20 (GeV/c)"' (see Figure I-23, adapted from
q

Schiz et al.w). This value of q2 plugged into the uncertainty relation.. _

gives"* al 0.6 fm = 0.8 fm. Then, roughly speaking, from this point of

T

. - v
*A qualitative remark to this effect is made in reference 61. I thank
Dr. Alan White for making me aware of this reference. —

L o - _
We have not seen this uncertainty relation in the literature before, so -
we propose _1 t here. .

One must, of course, bear in mind that this is only an order of
magnitude argument, and 0.4f and 0.8f are same order.

ik
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view the observation of the extremely steep “first" -dtldq? is consistent

with sampling confinement. Thus, both the magnitude of the first

exponential slope and the corresponding q2 values correspond to probing

confinement.

Let us ask what this picture implies for the Glauber expansion. We

2

see that “there are many-gluons around” in very low g“ scatters. These

gluons are of the type that do not correspond to quark dressing; rather -

they are exchanged between quarks. There is no allowance for this type

of gluon in the original Glauber expansion. Thus we do not expect it to

work at low gz. Thus we have arrived at one “alternative" ﬁ

to Wakaizumi's (“pion-cloud”) explanation of the “T, term" (see page 86).

!

C. gvidenég for the Core and Discussion of [ts Effects on the Glauber -
- Expansion -

We have seen the 0.4 fermi (core radiusj number before. We have

already noted that an impact parameter anaf}sis of the proton indicates

that the r.m.s. radius of the two body (“elastic”) overlap function is
77

about this size. It has a}so been pointed out”" that a core of this size

gives a value of about 0.6 GeV/c for the average transverse momentum of

a quark inside a proion, whicﬁ>agrees with the Feynman, Field-and Fox78

estimate.

_ [Although Orear obtains a core radius of only 0.22 fm, this might

2
be due to his use of e<"C> t(G

fqr the form factor of the core. In fact,
we should point out here that a more accurate calculation allowinérfor »
the Lorentz contraction of the core at high |t would use something like
equation (1.25) for the core form factor. Since r']-there goes like

20/ (t|, this form factor would go 1ike t-2 (1ike a dipole) at high t



size

of
78

act,

1ke

2
{actually like -2 exp{- %F <r2>c)), thus ruining the simplicity of

1 Orear's arguments. Another prescription has proposed a form factor that

e R

goes exponentially with p; when the Lorentz contraction is put in (thus
generating Orear falloff directly). (For these reasons we feel that any
jncrease in accuracy of Orear's argument over our grey disc approach is
illusory.] -

A semi-popular interpretation of the Glauber series results is that

the additive quark model {AQM) works only for Qz i (GeV/c)Z. With this
in mind one might wonder how we could envision a model with the valence
quarks in the core, since this would imply that the AQM works only for

02'2 1 (GeV/c)z. (02 = | (GeV/c)2 corresponds to a radius of about 0.2f

by the uncertainty principle.) Acgually the only conclusions that can
be dra#n from the Glauber expansion about the AQM are almost the opposite
--by construction the model is independent of the number of constituents
at QZ + 0, and the AQM seems to work beyond the second maximum where
the multiple scattering terms dominate (see figures I-18cand 1-19).

One might think that such a valence core picture is further

inconsistent with the Glauber expansion results, since the'“success; there

fermi. However, we remind the reader that this “success" was attained

i
i
i
E,;‘ was obtained with the quarks distributed throughout a radius of 0.6-0.7 .
i

at the cost of postulating that the series does not apply at extremely

Tow qz. [Recail that this had to be dene to partially suppress the

multiple scattering terms.)

We would like to point out here that another method of suppressing

- the mu]tipie scattering terms without affecting the quality of the fit

below the dip would be to use a smaller constituent distribution radius




(see also ref. 86).
6(a2) = (1 + o¥u®)?
the effects of this the reader need only look at Figure [.18d where

An example of this would be a dipole

with uz

> 0.71 (assuming small quarks), To see

this form was used at low energy, but with another purpose in mind. ¢

PN
—

Unfortunately, it seems no one has thought about this at high energy.

B d. Some Theoretical Justification %

Although in the past some79 have thought about having the valence - '?
quarks localized in a core within the framework of the parton-mode, the ? {
general theoretical drift in the middle 1970s had been away from this.
The typical quark-parton picture has had the valence quarks in the é {

periphery of the hadron, with, e.g., Kogut-Susskind flux tubes joining

[

them. Also, the popular M.I.T. bagvmodelao had the valence quarks _—
distributed throughout a radius of about 1 fermi. Remarkably, though, in ) - )
recent years this picture has been turned around to some extent.

8], for example, have proposed a model in which the . [

Brown and Rho
valence quarks sit in a core whose size is only about 1.5 nucleon Compton
wavelengths. To ensure continuity of the axial-vector current pions are
then allowed to existronly outsi@e the bag. This gives a picture - ; _

strikingly 1ike the old Yukawa one (even in theoretical details) in which - -

“hadrons interact with each otehr via qq exchange rather than "bag §
- fissioning” (qq exchange would be difficult to imagine with a big bag. §
For example, in close-packed nuclei, there would be no-;oom for the pions). t
And, Callan, Dashen and Gr05582 habe recently done a full-blown QCD calcu- v )
- i

lation which also leads to a picture of a hadron with a valence quark core

("abnormal vacuum phase')-surrOunded by a more dense vacuum phase which

is analogous to perfect paramagnetism anq which consists of close packed
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instantons and mesons,

e. A Question
However, with all this the problem of reconciling the charge radius
of the proton gotten from e p scattering with the core size (if core

76 83

is valence quarks) remains. Both Orear’~ and Islam ~ have tackled this

question, but the author is satisfied with neither of their answers.

_f. A Possible Answer

It is, of course, possible that there is a core, that it is
*hadronic" but that it is not composed of valence quarks. For example,
Gerrity and Pagnamenta84 have proposed a core model with a core full
of glue and by an argument somewhat different than those cited above,

find a core radius of 0.34f. And, Miettinen and Thpmasss, in a very

_ interesting generalization of the Chou-Yang model find (by inversion of

elastic scafte;ing data) that the distribution of matter in nucleons
is denser than that of charge. The results seem to imply that there is

a core of glue or sea quarks with an r.m.s. radius of about 0.3f.

g. Another Possible Answer

_Yet, there is a method for reconciling the charge radius of the proton
from e’p with a small core of valence quarks.> It has been pointed out86
within the framework of the Glauber expansion that the assumption of a
quark-diquark structure of theprotonmSy make it possible to fit elastic
scattering at all ebserved -t without resorting to additjonal "To terms",
(Wwith only two bodies in the exgansion §he multiple scattering terms are
automatically suppressed and also one can only get one dip.) Here we

would 1ike to identify the core “seen™ in elastic scattering with a

L ot s R e e



spin-zero, isospin zero dynamically bound two quark (diquark) state. The {

third quark occupies the region gutside the core; hence the large charge

e ——

radius. ; (

e e e e e R

Justification
The reader may think that this quark-diquark idea is ad hoc and

- whimsical. In fact, one is led to it on other grounds. For one, it has

been used to explain SU(6) violations in many cross section sum rules for

strangeness and charge exchange reactions.87

A

The quark-diquark concept apparently first appeared in the work of 4 .

90

Ida and l(obayashi88 and that of Lichtenberg.89 Feynman®™ has referred to

diquarks as “squeezed wee quarks"” and more recently Gunion and Soper have

- - . -/
used the “quark pair” idea.m— Spectroscopic indications of specifically i -

“q-dq" type SU(6) breaking include observation of the so-called “minimal" 3 ‘
baryon spect:rum92 and the natural absence of a f?O}-,pl.et in this picture. !f
Indeed, just véry recently, Lichtenberg and co-workers93 have obtained § 7 ‘
remarkable agreement with experiment by using a q-dq model with a QCD ‘
motivated potential to calculate the masses of the ground-state spin 3/2 ' g

baryons (both of the parameters in the model are set by the vector meson -

masses, so this is a no-parameter calculation). (This_can be viewed as

a relativistic generalization of the Schriddinger equation approach to %

treating the ¢ and T levels.) Other evidence includesgz: the GA/GV ; -
_ ratia in nucleon g-decay, hadronfc waak decays, counting rules, the § ‘
"aL/oT" ratio in deep inelastit electroproduction of hadrons, polarized %

inclusive A production, and the Fg'"/Fg'p structure f_uncti_on ratio. B
94

—~  Theoretically, within lattice gauge theory™ and also within the instanton

framework S arguments for a gq-dq structure of baryons have been made.
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Interestingly, the apparently negative neutron charge radius finds a
i natural explanation96 within the q-dq model. (This was a long-standing

problem in theoretical physics. Simple SU(6) models give a zero <r2

>n.)
!ﬁ Qualitatively this is not hard to see--if both the proton and the neutron
.} have a u-d core (charge +1/3) and the proton {neutron) has a positive u
(negative d) quark outside the core, the charge radius will be positive
(negative). Carlitz has shown that this difference holds up in a one-

gluon exchange model that relates this and the n-p mass difference. Further

quantitative work has been done by Dziembowski et al.92 who show that the

q-dq structure needed to explain the neutron charge radius is quantitatively

the same as that needed to explain SU(6) violations in meson-baryon

scattering. More thought in this framework might allow one to solve for

the diquark {core) radius.

Another indication of a gq-dqcore structure of the proton comes from

- the apparent absence of @ PxPxP cut in the model of Collins and Gault.‘l9

Other indications of a core come from the work of Shanker and Harke97
(radius about 0.31 fm) and that of Ribeiro.98

returning to our three layer picture of the baryon, we can then identify

the three layers: core«>diquark, “mantle" «» third valence quark,

"crust” +»pion cloud (on confinement gluons). In any case, though, our
experiment has engugh acceptance to probe the core region.of the antiparton

and proton. More thought is probably still required, though, to really

pin down what this core is made of, if it exists. -

If we accept the gq-dq concept,
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II. OVERVIEW OF EXPERIMEMTAL METHOD

A. Introduction. What We Hoped to Measure :

In light of some of the questions raised by the previously existing

e L6

data described in Section 1.A of this thesis, certain experiments were

oy Ay

undertaken at Fermilab in Batavia, [11inois, to measure elastic scattering

_cross sections. These experiments, all done using the "M6 beam line"99 -

of the Meson Laboratory at Fermilab, shall be jointly referred to in this
thesis as "E577".

o A AR A

One of the purposes of E577 was to measure n p elastic scattering
cross sections at an incident beam momentum of 200 GeV/c out to
-t =1 (GeV/c)z. to compare with pp large -t elastic scattering. The
results of t)}is are reportgd in an earlier thesi-s by Pau_l_ Karchin.z‘A - - -
~ Another purpose was to measure pp elastic scattering cross secti_ons
at incident beam momenta of 100 and 200 GeV/c in the large momentum

transfer region. The motivation for this was heightene& about midway

ABGRL o s Ropy b St A iy

through E577 by the previously referred to announcement of the discovery

_at CERN of a dip near -t = 1.4 (GeV/c)z in the 50 GeV/c pp elastic

N

scattering cross section. We were particularly interested in seeing if
this dip would per;ist to 100 (GeV/c) and 200 (GeV/c) incident momenta. E
The results of these measurements are reported in this thesis along with 3
those of similar measurements made of pp elastic scattering at the same

» *
incident momenta and with the same jequipment. Other results on Kip and %

1|+p elastic scattering obtained at the same time will be reported -

el sewhere. 24,100 A

*Some of these results have already_been published in preliminary form.
See reference 101. ’

1o




B. Overview of How the Measurements Were Made

1. Two General Problems

In order to determine specific elastic cross sections it is generally

ting necessary to (a) distinguish, as well as possible, general elastic events

re from inelastic bakcground, and {b) count the number of elastic events

tering meeting specific criteria. The counting problem is described in general

!”99 overview in part b of this subsection and in more detail throughout the

'+ this later parts of this th&sis. In part a of this subsection we make some
general statements about the separation of the general elastic signal 7

:ng 3 from the background. A slightly more detailed overview of the solution
of this problem is given in Subsections B.2-B.5. Detail on this is given

'he

| ,i later in the thesis.

a. Two General Stages in the Separation of Elastics from Inelastics - 1

ion?™

_ The separation problem was complicated by the fact that the elastic

cross sections that we wished to measure were in general much, much

y 2 smaller than the corresponding inelastic background. -(For more detail
wery ] ) on the magnitude of the comparison, seeklater.) Thus, the problem was
rather like picking proverbial needles from a haystack. |

if A hardware “trigger* was designed to strongly favor elastic events ; .2
ta.A . f i of the type that we we}e 1ooking ;or. Events that passed ;ﬁe trigger_
with 1 2 requirements will be referred to as “candidate events" or "triggers".
ame ‘ bata pertaining to candidate events were ultimately recorded

p and

“on-line" on magnetic tape by a DEC PDP11/45 computer. However, in

general, most triggers were not elastic events (e.g., at -200 GeV/t

only 4% of triggers were elastic; at -100 GeV/c almost 50% were); there-

fore, additional event selection was done “off-line" using CDC Cyber 175




computing system at Fermilab.

Due to the relative infrequency of occurrence of desired elastic
events, for efficient use of the "on-1ine” and "off-line” computers it
was necessary that the experimental trigger requirements be fairly
“tight" so as to severely limit the total amount of data that was written
on tape. The triggering sygieM’uill be described in overview shortly,
and in detail in Section [II.

b. General Statement of the “Counting Problem"

Since we wished to measure elastic g%'s , after determining to our

satisfaction that an event was indeed elastic we had to measure -t for
the event. Finally, the range of -t for all the events had to be
br&ken into "bins” and the number erdesiked'events in each bin had to
be counted. How -t was measured will be described shortly. However,
not all elastics gathered over a certain period of time t;at fell into
a given -t bin could be counted together--the beams were far from being
pure p or p!

For each incident energy‘floo Ge!/c,VZOO Gev/c) the experiment was i
run at two "polarities”--with a beam of negatively charged incident
particleg»and with a beam of positively charged incident particles. Each
of these beams was composed of at least three species--the "negative”

beams at each energy were predominantly pi minus with some ka-minus and

t _
£1% antiproton composition, while the positive beams at each energy were

predominantly protons; with a substantial admixture of ot and a lesser

component of . {The existence of a small p component in the negative
beams was fortunate in that it allowed us to measure the pp cross

sections reported in this thesis!]
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Thus, after an event was determined to be elastic, there still

remained the problem of determining if the event was m-p, K-p, or pp

scattering. This species identification problem was solved by using

Cerenkov counters. In Sections IlI and V of this thesis we will describe

in some detail how this was done. For now, however, we return to

continue our overview of how general elastics were separated from

inelastics.

2. Overview of Separation of Elastics from Inelastics -

a. Definition of Kinematic Variables and Necessary Range of Equipment
Sensitivity

Any "two-to-two" scattering process can be written symbolically as

a+b-c+d.

" In the laboratory frame b is at rést (in the target). We then

define:

8 = scattering angle of outgoing particle "c" with respect

to incident direction of “a", .7

P = magnitude of three-momentum of outgoing particle “c*,

i
|
i
Plap ™ Magnitude of three-momentum of incident particie "a*, T - ‘

er = scattering angle of outgoing particle "d" with respect

to incident direction of “a“,

P, " magnitude of three-momentum of outgoing particle “d*.- -

The above five variables are defined as measured in the laboratory frame

of reference. For elastic scattering a = c, b = d.

2

For elastic scattering at high energy, -t = q° can be related to o

the scattering angles as followd:
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2. -t
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the approximations being good to %? > leo'3 in each case for
Plab 2100 GeV/c.
From these equations it is then seen that a -t = ] (tSeV/c)2 elastic_
scattering event has 8, ~0.3° and 8, ~ 80°, that a -t = § (GeWc)2
elastic scattering event has 6 > 0.7° and 6, ~ 38°, and that a

-t =10 (GeV/c)2 elastic scattering event has B =~ 0.9° and 8, = 29°.

b. Information Recorded on Tape and Most General Designs Considerations

As is well known, for elastic scattering all kinematic variables
depend on only two parameters--e.g., s and t. s is simply related to
the laboratory incident Mentun Plab® which was eisy to measure (see
below). Thus, theoretically, elastic differential cross sections could
be measured by measuring only one additional-(to s) kinematic variable
--e.g., 8, the forward scattering angle.

However, in order to get a maximally good separation of elastics

from background it was decided to record on tape information from which

{to "sufficient" accuracy) all four laboratory kinematic variables, 8¢»
Pg» er and Pps could be reconstructed. -

In order to measure the forward and recoil scattering angles arrays
of multiwire proportional chambers (hereafter referred to as “wire
chambers”) were used. Measurement of forward and recoil momenta required
forward and recoil magnetic spectrometers. Since we wished to measure

elastic scattering from -t » 1 (Ge\!/c:)2 to -t~ 1 (Ge\!/c:)2 at
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= 200 GeV/c, it is apparent from preceding discussion that the

Plab
spectrometers had to be sensitive in the ranges 20° < er < 85° and

0.1° ¢ 8¢ <£1e,

c. Layout Overview 1--Equipment Used to Record Kinematic Information

An overview of the most relevant parts of the layout is shown in
Figure 11.1. Not shown is the beam line, which is described in some

2 Partial species identification in the

detail in Paul Karchin's thesis.
incident beam was made with a differential Cerenkov counter that is not

shown: this will be discussed in detail in Section II1. Also not shown

are several scintillator hodoscopes in the beam; these will also be

discussed later.

The target was liquid hydrogen that filled a flask that was

cylindrical in shape whose inner length was about one meter (about 15% !
£1
b

_ of an interaction length for‘}HZ) and whose inner diameter was about -
three inches. :SurrOunding the target on three of its four long faces were
1.5" thick aluminum plates to absorb delta rays. OQutside of the plates
were scintilaation counters called AZ,HA3 and A4; a signal from these
counters vetoed the event. The "fourth face"” and the two edges of the

target were not inside of aluminum plate or scintillator so that desired

particles could enter and leave the target without being absorbed.

Referring to Figure 11.1, P5 and P6 were arrays of “x" and “y" wire
chambers used to determine the forward scattering angle; P, was a

corresponding array of “x'" and “y" wire chambers used to determine the

recoil scattering angle (directions x,y,z and x',y,z' are defined on the
t

figure). The magnets labelled "BM4109* and *72D18" were used to bend
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rigure 1r-i. LAYOUTU OV Tne €Xperiment (trom ref. 30).

D

| Flgure I1-2. Detail of recoil arm. M) i$ "72018" magnet. (Figure made by Sean McHugh
and used with his permission.)

t




forward and recoil scattered particles respectively so that momenta could
be measured.

P7 and P8 were arrays of wire chambers used to determine the forward
trajectory efit angle from the BM109 magnets; the arrays PZ' P3 and P4
_performed the analogous duty in the recoil arm. By measuring entrance

~ and exit angles to and from the magnets and by knowing field integrals
(66.2 Xg-m for the BM109's and 9.0 Kg-m for the 72018) moment were easily
determined.

Thus, for candidate events “addresses” of hit wires were recorded
on tape. From this kinematic information could be determined of f line
and further event selection and analysis could be performed. Fruther )
information about the proportional wire chambers themselves and the -
electronic “read-out* systems used to provide addresses of “hit wires”
to the computer will be found in Section IV.D of this thesis. Fur;her
information about the analysis of wire chamber information (track finding,

~ tests for elasticity, etc.) will be found in Section III of this

thesis and in Paul Karchin's thesis. -

d. Layout Overview II--Selecting Candidate Events

We have mentioned that a tight experimental trigger was needed. This
was carried out through the use of saveral individual scintillation
counters and a number of scintillation_counter hodoscopes.

Referring again to Figure II.1, H,y was a seven-element scintillation

hodoscope (also referred to as the *F hodoscope”, with elements F?.

121,2,...,7) designed to provide a loose measure of the scattering angle
of the forward going particle. H‘, another seven element scintillation
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counter hodoscope (also referred to as the ugB hodoscope™, with elements
F?, {=1,2,...,7), was used in conjunction with H3 to cut on the forward
momentum (i.e., it was required to be close to the elastic value).

In the recoil arm, H] and HZ‘ often called the "R" and "S"
hodoscopes respectively, were installed to perform similar functions as
H3 and H4 in the forward arm (although they did this less successfully).

Ultimately, for an event to-pass the trigger requirements, a matrix
was required between elements of H1 and Hz in the recoil arm and H, and
H‘ in the forward arm. [By this we mean that if given elements of the
recoil arm hodoscopes "fired” only certain elements of the forward arm

hodoscopes were required to fire. If the "wrong" elements fired, or if

more than one element of any H].HZ.H3,H4 gave a signal the trigger was

not set qu the event was rejected.] This.scheme, borrowed and modified -

102

from an earlier successful Brookhaven experiment' ~<allowed one to cut

loosely on opening angle and thus further bias the trigger toward

elastic events. This forward recoil matrix was referred to as the RSF

matrix.

We have mentioned that there were also scintillation counters in

the beam. A coincidence of signals from’BI and Bz. two single elemen£

scintillation counters directlyAin the beam path, was required as part )

of the trigger. ,“A]', a single element scintillation counter with a

hole in it for the beam to pass through, was used in anticoincidence

with B]-Bz in the trigger as a veto counter. . -
We have also mentioned the existence of anticounters around the

target; these were called 'Az'. 'A3‘ and “AA.‘ The full triéger. then,

was a proper coincidence labelled B]'BZ'Ii' Z-Ia-li-RSF where a ;ar -
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above a counter name indicates the requirement of the absence of a signal

from that counter, where "« means “and", and where RSF refers to any of
the corract combinations of signals from the forward and recoii arm
hodoscopes that satisfy the RSF matrix conditions.

The singles rates in the above-mentioned scintillation counters and
the impiementation and design of the experimental trigger including
temporal considerations are discussed in some detail in Section IV.C of

this thesis.
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~ tells us that to obtain good resolution in g it is helﬁ?ul to use a very

I1I. SPECIES IDENTIFICATION

A. ldentification in the Incident Beam

At high energy it is difficult to effect a three way separation with
a single Cerenkov counter. Thus, as there were three species in each of
the high energy incident beams, it was decided to use two Cerenkov
counters to get a particle identification--one in the beam to tag the
incident particle and one toward the downstream end of the forward arm..
We could have used another Cerenkov ocunter or fonization detector in the -
(relatively -low energy) recoil arm; however, realistically speaking this
was unnecessary. Let us consider the beam Cerenkov counter first.

It was desired to distinguish pions and kaons from each other at
200 GeV/c. Let dB . be the difference in velocity {as a fraction of the
speed of light) between pions and kaons in a given energy beam for our

experiment. At 200 GeV/c, dB"_K e 2.8x10'6. Therefore for a Cerenkov

B T SN VRS

counter to make a practical separation of » and K in our beam, it would

be desirable to have a resolution %? at least as good as 1x10‘5. To

accomplish this task a threshold counter would have to be prohibitively
long, so we thought about the possibility of using a differential
counter.

Using the fundamental relation cosg = #E' where § = Cerenkov angle -

and n = index of refraction of the radiator, we find dg = taneds, which

*

We could have used a pair of threshold counters in the forward arm,
but due to practical consideratigns we decided against this. Also, as
we shall see, a pair of counters in the beam would have been very
expensive. -

B et dl
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small Cerenkov angle. However, the 1ight yteld in Cerenkov radiation is
relatively meager and goes as sinze; therefore, a compromise must be
struck,

In order to maximize the usable photon signal it is desirable to
position a number of photomulitiplier tubes around the annular opening
(which will often be referred to as the "diaphragm™) of the counter. If,
for example, eight photomultiplier tubes are placed around the diaphragm
and a coincidence of all of them is required, it is possible to reject
very well unwanted light which does not form a good circle of the right
radius; however, in that case care must be taken not to reject wanted
light. We used eight photomultipliers around the diaphragm.

what would be a sufficient number of electrons for the counter to -
provide? For a single photomultiplier the inefficiency is e'ﬁ,‘where n
is the mean number of photoelectrqns. So, for 99% efficiency, n ~4.5.
Suppose a coincidence is required in all eight photomultipliers. Let ¢
be the efficiency. Then ¢ = (1 _e.ﬁ)s % 9].45% for n = 4.5, With
n~6,c=98%. So N = 40 total photoelectrons would seem a reasonable
requirement. ’ . - -

The length of the counter would then be given by N = AL sinze.
where | is the lenéth of the counter and A is a2 number that depends on
the performance of the photomultiplier tube when used with the Cerenkov
tank. Because Cerenkov thf tends to be at short wavelength (it extends
down to A = 250 nm) and meager, a photomultiplier with extended ultra-
violet response (implies need for quartz entrance window) and a high
quantum efficiency (1m—)lies need fm: bi-alkalai cathode) was desired.
The RCA 31000M seemed to have the highest quantum efficiency available;
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therefore, we used eight of them around the diaphragm. Experiments done
at Cornell University's Wilson Synchrotron by D. D. Yovanovitch et 21,103
using an extracted electron beam to evaluate the performance of this
phototube in a Cerenkov counter have indicated that A ~ 150 ol If
we then desired a one meter long counter (much longer gets very expensive)
and 40 photoelectrons, 8 = 52 mr. Then the annulus diameter would be
r=1L0 = 5.2 cm and the diaphragm slit width would be
ar = Lae = L%/tane ~ 241070 m, which is small but within the limits of
ﬁodern technology.

However, such a counter would never have worked for our purposes.
Consider the optical dispersion in the counter. A Cerenkov photon of
wavelength A is emitted at Cerenkov angle 8(1), where é(xl»is given by the

fundamental relation

) N cosa{A) = Bn]x)

From this it is easy to see the well-known result
' . 1 dnsfz
dedisp " tane(x) dx
where dedisp is the mean angular width due to chromatic dispersion and

where X is the most probable wavelength for a Cerenkov phaton. Putting

this into the standard form that appears in the literature]°4. one has
n%i} -1
- dedisp > wn{X)tane *
where v, the "dispersion”, is given by
v n(x) -
vl
_ nx] -n)t3

where n(xl) and n(xa) are the values of the index of refraction of
the medium at the (suitably defined) "extremes” of the Cerenkov spectrum.
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The least dispersive, safe, commonly available gas is helium (for
which v =55}, so we used {t. Then, using the relation

6% = 2(n-1) - 147
where y = ( l_-?')-l. we get, following reference 104,

-. 8 1 8
- dedisp"ﬁ'—“ ;2;2—] ~n—51’or He
This implies that for 8 = 52 mr with Helium,

-5
dedisp =4.7x10

However, we recall that at 200 GeV/c we desired that the resolution in
8. %B- , be equal to or better' than 'lxlo‘6 which implies that the desired _

resolution in"9,-given by -

A 10 BN AR n e
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de os ° dg/tane

r
-5

would be equal to or better than 2<107° < dedisp! Therefore, we see

that a differential counter filled with Helium and using 6 = 52 mr cannot

be used to separate pions from kaons at 200 GeV/c.

In order that the div_ergence in Cerenkov angle due to chromatic

dispersi_on be less than the desired resolution one must, then, use a

‘smaHer Cerenkov angle, and hence, unfortunately, a longer Cerenkov
104 -

counter, Indeed—. from tﬁe above one must have

) 1 dg
-23[]+ W] <T

, . \ o 2
where dB is the desired resolution in_g. Using '12 - (-E'S) ~5,1x10"0
Y

{where my is the kaon mass) Tor kaons at 200 GeV/c, one finds that ¢

- must be S 10 mr. Choosing, say, 6 = 7 mr and requiring a total of 40

photoelectrons would imply a counter length L =~ N/Ae® ~ 53 meters, which

would be prohibitively long. Therefore, a conventional differential




Cerenkov counter would not have suited our purposes.

um {for This problem was attacked at CERN, where “chromatic correctors” were
\ 5% developed which cut dispersion by a factor of about 15. So then one
) could have 62 < 15x10™ rad or 6_ S 38 @r. Then L ~53/15 =4 meters,
5 a manageable length. For ec = 30 mr, the annular slit width
) . or = L88 = Lx107%/0.030 = 1.2x10™ meter. Interestingly, it is found
) : experimentallylosthat ar = 10'4m +50% also minimjzes other residual
! _ aberrations after correcting for coma (which goes Tike 63). The aperture
h diameter would then be given by r > Lo 110 mm, and the mirror diameter

;tion in would be about 2Lo + beam spot size =200 mm + b.s.s.
le desired However, at such small Cerenkov angles there are other line
| broadening effects that had to be considered by the designers at CERN
: before it was clear that a counter with the parameters given above would
e ~ be practical. For example, there is a coatrﬁbutiéq to 48 (width 4in & of -
‘ mr>cannot - Cerénkév cone) due t§ diffraction. This, of course, would be ;f order
) 1 WMie, wheré La is the mirror radius. For ¢ ~ 30 mr, X = 350-nm, and
matic ‘ Lo ~4m one sees that A8 due to diffraction alone is A3x10°%. This value

'use a f, corresponds to A8 8:108. Thus we see the interesting result that our

nkov o needed resolution of $1x10°° in B is only about a factor of ten from

) 'g 3 the diffraction 1imit for-a counter of this size!
I3 ) Another contribution td line broadening that had to be th;ught

: ]0-6 : about is multiple scattering. Cerenkov counters used at high energy - f

8 i‘ typically have aluminum entrance and exit windows (for the beam) in ) _%
hat 8 }‘ order to hold pressures that maxAgiffer>considerably from that of the

of 40 atmosphere. Th;s there is then multiple scattering in these windows.

rs, which There is ai;o another contribution to multiple scatiering due to

ntial i '
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the Helium itself.

such as a lens.)

same effect as beam divergence.

m.s.

anq>where E' is about 20 MeV.

88y s.

However, there is a distinction between multiple

the angular width of the Cerenkov cone.

scattering in the gas and that in the Al windows that has been pointed
out.]°5 The multiple scattering in the gas corresponds to a particle
changing direction randomly and frequently while it is radiating. Since
the total photon yield in a Cerenkov counter is small, one can think
of the beam particle as shaking off one photon at a time. Then it can

be seen iﬂat_multiple scattering in the gas has the effect of broadening

(However, as the phase space

changes are random, this cannot be corrected for with an optical device

On the other hand, the multiple scattering in the entrance window does
not occur while the particle is radiating. Therefore, this does not
cause a broadening of the Cerenkov- cone; rather, it translates t;e -
“circle of phota;s" at the annulus so that it may miss the aperture.
This lowers the efficiency of the counter but does not (in normal
operation) contribute to the confusion of kaons with pions. It has the
7 We shall discuss this later.

For now, then, let us consider only the multiple scattering in the

gas. .This is given by the well-known formula

s E 5

gp

Thus, one finds A9

is the line width of 6 caused by the multiple scattering,

where t is the path length in th gas in units of a radiation length,

5 .
o.s. 10 ¥ radian,

which corresponds to a Ag of abouf>2.5x10'7. Thus we are okay again,

but this time only by a factor of five or so. One can see what this says
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about the possibility of building longer optically corrected differential
counters in the future for use at high pressure and high energy!

An optically corrected differential counter {called a “DISC") was
built at CERN with 8 = 24.5 mr, The focal length of the counter was
4.51 m, and the other dimensions were very close to those calculated
above. We used this counter for our experiment. The relevant dimensions
and construction are indicated in Figure IjI-1. _

It is not difficult to see what pressure we needed to keep the Helium -
at in the counter. Suppose one wished to "see" antiprotons at Cerenkov
angle 8 = 24.5 mr. Using 6 = 2(n=1) - 1/v2 and (n=1) = (n - 1)P, where
P is the pressure of He and where o is the index of He at 20°C, 1 atm.
for ) = 350 nm, implies (n-1) =~ 3.3x10'5, i.e., one needs P =~ 10 atm.,
an unfortunately high pressure.

Since-the angular broadening in the Cerenkov cone due to change in

n is given by_den = ta;e %F. one needs %?>< %? to separate 7 and K--i.e.,
[

it was necessary to monitor n to ~l part in 107, and further n had to be

uniform over the entire length of the counter to this accuracy! This

was accomplished by the use of a He-Ne laser interferometer. Since A
for a He-Ne laser is 63 mm, if the half path length is 4.5 m, a change

of one fringe corresponds to An = éTZ%%iﬂ» = -7x10'8. Thus, this was ~

feasible.

dp , _dn , :
Also, since > 1) where p is the density of the gas, and

since %f = %F s—%l-. where T is the temperature, one sees that a

temperature variation of more than ~0.1°K over the entire length of

counter could not be tolerated! Thus the counter had internal passive
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Figure I11-1. Construction of DISC (from ref. 105).




elements to increase longitudinal convection and 100 ma thick

polyurethane insulation around the entire gas volume.

Let us return now to discuss beam divergence effects on species

identification. If a differential Cerenkov counter is to be used in a

The reader will shortly see

beam, then the beam must be matched to it.

that this was crucially important for us.

llow, as we have already remarked, the angular divergence of the

- beam does not broaden the Cerenkov cone. Rather, to reasonable approxi- _

mation, a beam particle travelling at an angle Aeb to the counter axis

would have its “circle of photons” at the diaphragm slit translated. If

there were too much translation the efficiency would start to suffer

drastically.

Let us estimate how much beam divergence we should have

been able to tolerate. -

n _ Roughly speaking, if Ar is the (annular) diaphragm slit width, one -

could expect no real deprecation of efficiency if the circle of light

were translated by an amount Ax < Ar. Now, if Aeb is the full width beam

divergence, the translation Ax at the diaphragm due to 48y, is given by

AX A Lab, where L is the counter length. For an annular slit of "width”

about 0.4 mm, this then corresponds to "allowable® beam divérgence on

the order of 0.08 mr full width. The situation would be made somewhat

more critical than this by the angular broadening of the Cerenkov cone

(due to, e.g., chromatic dispersion) (which determines how quickly the

efficiency falls off), and somewhat less critical by requiring less than

an “eight out of eight” coincidencg among the photomultipliers.

It is, of course, possible to cause the beam incident upon the counter

to be less divergent than 0.08 mr full width by using appropriate




quadrupole magnets immediately upstream of the differential counter.
However, the reader may be wondering if it was actually possible to make
such a narrowly divergent beam inside the counter, in light of the fact
that we have mentioned that the counter had an Aluminum entrance window
whose minimal thickness was dictated by the requirement that the internal
pressure be about 10 atmospheres.

In fact, it was possible. The entrance window to the counter was
0.6 mm Aluminum. Since a radiation length in Al is about 9 am, this
corresponds to about .01 mr diQerqgnce. So we "win", but by less than a
factor of ten. Again, this is a limitation for the use differential
Cerenkov counters at higher enerqy! ) -

The momentum bite of the beam must obviously be limited, too. This
contributes directiy to angular broadening of the Cerenkov cone. It is
easy to derive d8 = } (- Bz)dp where F is the focal length of the counter
and p the beam momentum; using this Qe find dg »~ 3:10'7 corresponds to
about $2.5% momentum bite at 200 GeV/c. Me have already remarked that
to separate n and K at 200 GeV/c one would desire a resolution in B of
dg = lxlofé.ﬁ By similar logic, one would be barely safe in the separation
of P and K~ at 200 GeV/c with a momentum bite of :2.5%.

Now, our beam line was designed to deliver a beam of momentum ;ite

\ .
+1/2% and angular divergence :.03 mr to the DISC. Theoretically this

would have been fine. Unfortunately, real life was more complicated

than that.

By varying the angle of the mirror relative to the counter axis,
it was lJearned that the beam actually had a divergence of about 0.2 mr
at the position of the counter. According to our little calculatiour
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above, this would have been a very touch-and-go situation. It was found
that the horizontal beam divergence could essentially not be made smaller
than this by using beam collimation slits. By feeding this value of
divergence into a computer program and “tracing backwards" it was found
that a collimator immediately downstream of the Beryllium target that
was used to produce our beam was acting as a “second source", thus
making the beam more divergent than planned. The questiom then was "would
the differential counter work efficiently enough to be at all useful to
us“?

In Figures I11-2 and I11-3 we show experimental results.. In Figure
111-2 we see the n-K separation achieved at -200 GeV/c with a refatively
low beam_intensity and with the diaphragm s]it set to about 0.36 mm

" (note that with 8 = 24.5 mr, the theoretical maximal slit width to "just
separate” n and K is (4.55m)(2.8¢1076/.0245) = 0.52 mn. Thus we see that
the width of the pi peak agrees with our earlier calculations and is due

primarily to chromatic dispersion). It is seen that the contamination

of pions under the K peak is ~1%. Opening the slit wider of course
_worsens the contamination. A "six out of eight” coinciéence of photo-
multipliers was required.
Typically, however, at -200 GeV/c we raa with a much more intense
(26x106 paricles/spi11) and more-divergent beam. In this case a
compromise had to be struck betueeg contamination and efficiency. It
was found that contamination of kaons with pions under these running
conditions (with a “6/8 coincidence™) approached 10% uheq»the efficiency

for tagging kaons was about 25%. Since we could not afford more
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Figure 111-2. Differential Cerenkov counter pressure curve at
-200 Ge¥/c beam momentum curve is smoothed.
Diaphragm slit width =~ (.36 mma.
Beam intensity ~ 1.7x100 particles per spill.




PERCENT OF BEAM

- .00l 1 -
43,500 44000 44200 44,400

FRINGE COUNT

at

Figure I11-3. Differential Cerenkov counter pressure curve at
+200 GeV/c bbam momentum. Curve is smoothed.
Diaphragm slit width ~ 0,36 mm. Beam -
- intensity ~ 8x106 per spill, -




contamination than this we had to settle for this efficiency. As kaons
comprised only about 4% of the -200 GeV/c beam, this hurt our chances
of having good statistics in the K-p cross section at -200 GeV/c. For
"8/8 coincidence" the efficiency was even lower, hence we did not run
1ike that. S1n§e the falloff of efficiency with divergence is rapid,
had the beam been any more divergent the DISC would have been about
useless in tagging enough kaons.

However, if the DISC was set to tag p's, the diaphragm could be
opened much wider, since the ability to do a =-K separation was no longer

of concern. Thus we found we could run “on p's" with the diaphragm open

wider than a millimeter. The efficiency of the DISC for tagging i;;Z

therefore, was much higher than that for tagging K's (somewhat
fortunately for this author)--it often apprdached 90%.

Using the DISC it is cleérly possible toc measure both particle
fractions and the beam momentum. The momentum determinations compared
favorably with those obtained using elastic kinematics. An example
of the attempt to determine beam composition is shown in Figure ITI-4.

Average results for each beam are given in Table 1.1,

Table III1.1

Beam Composition Determined from Differential Cerenkov Counter
A ~ _ .
Beam momentum In %K P
{Gev/c) i

-200 95 0.6
-100 92 3
+200 16 81

56 39

b cn— o —— o .
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8. Species Identification of Scattered particles--Hardware

We remarked earlier that a threshold Cerenkov counter to be used
4 to distinguish pions and kaons from each other at 200 Ge¥/c would have

been prohibitively long. Therefore, in the original design conception

g" of the experiment the DISC was to be used to tag kaons. We were then left

l ; with the problem of distinguishing (anti) protons from pigns. Since this

l is easier than "separating n's and K's" (ég if greater), it was hoped that -
for this purpose a threshold counter could be used. In this section

we make some remarks about the implementation and success (and/or lack

of success) of this plan,
In order to best separate w and P, one should fill a threshold
counter to a pressure just below that where antiprotons would begin to

—~ radiate. If that is done it is well known that the number of photo-

electrons produced by pions is given by

" photoelectrons - -

where L is the 3ength of the radiator and p is the beam momentum. The

parameter “A® has already been defined in the discussion of the

differential counter. -

. Suppose that one wishes a threshold counter to be 99% efficient -
in detecting pions if only one photomultiplier tube is to be used. Then

one would need about 4.5, say 5, photoelectrons. (The use of one photo-

myltiplier is generally sufficient for a threshold counter since one

does not have to detect most of a “circle of photons® {as with the

differential counter) to distinguish bétween particle types. -

But for an experiment such as ours, a mere 99% efficiency in tagging -



pions would not necessarily be good enough. If the ratio of pions

scattered into the counter to protons scattered into the counter were

sufficiently great, those pions for which no photoelectrons were

S am———  ———

produced would have severely contaminated the protons. What we had to i
aim for, then, was something like 1% “contamination of protons with B
pions” (i.e., 1% of the scattered particles determined to be protons

by using the threshold counter are actually pions). What efficiency

e — a——rr
RS C a2 e IR

in tagging pions (and hence how long a counter) did we need for this?

At -200 GeV/c we expected the ratio of pions to antiprotons in the i
beam to be of order 100 (based on previous experience with production off ]a
Beryllium targets). Indeed, as we have seen, during the experiment the ,\J
DISC was used to measure this ratio and it was found tt; be about 160.7 i » !
Also, according to the results of Schiz et al.so. at -t @ Q.65 (GeV/c)z,
g% (n'p)/g% (pp) ~ 2. -

A threshold counter was made for our experiment by lengthening an

existing counter to 91 feet. Then, using the Yovanovich et al. value
1

of 150 cm” _for "A", we would expect an average of nine photoelectrons

from pions. Experimentally we got about eight (indicating "A* = 133 m! -

|

for our counter-phototube (RCA 31000M) combination.

Using n = 8 photoelectrons, and assuming that pions whase Cerenkov

photons produce only one phot\oelectron can be distinguished from anti-

protons, we would have expected the contamination of antiprotons with

pions to be -\.(500)(e'8) ~ 172 (better if the average cross section .

ratio g% (wp) g% {pp) would turn out to be less than our guess of two). -

This would have been barely tolerable, but certainly not optimal.

Now it was planned that the acceptance of our experimental apparatus
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would begin to become "substantial™ at a value of -t not too different
than this' (so that we could compare our experimental "normalization* to
those of previous experiments). It was also known that the pp elastic
cross section plunges sharply to its famous dip near -t =~ 1.4 (GeV/c)z;
therefore, it would have been reasonable to expect the ratio of pions to
antiprotons entering the threshold counter to be up to A500. Thus for
1% contamination of the antiproton signal with pions we needed an
inefficiency in pion detection equal to or better than '»gg% = 2x10'5--
that is, ;n average of at least eleven photoelectrons from pions.

As mentioned previously,ithe RCA 31000M phototube has been measured

to have an "A" value of about 150 ',

We planned to use this phototube.

Thus an average of eleven photoelectrons would correspond to a counter

length of about 34 meters = 112 feet.
‘5 It would not have been unreasoésble for us to guess roughly equal
v “Kp and 7 p integrated (over our rande of -t) elastic scatteringvcross
- sections. This, combined with our previous guess of two for the

expected ratio of the » p integrated cross section to the pp integrated
cross sections, gives a "K' p/pp cross section factor” of two. Then, using
a factor of seven for the ratio of XK~ to p in the beam gives a net factor
of 7x2 = 14 for the expected ratio of K  scattered into the threshold
counter to p scattered into the threshold counter.

Now the ratio of Ei (the mean number of photoelectrons from kaons!

to ﬁ; (mean nuﬁber of photoelectrons for pions) is given by

'ln fact, it turned out that the acceptance began to become substantial
at -t ~ 0.8 GeV/c for this energy and polarity--see later.
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Since we have n ™~ 8 at -200 GeV/c, we thus expect n, = (0.74)(8) =~ 6,
and indeed this is what we observed experimentally.

Recalling, théﬁ, that the differential Cerenkov counter was only
A25% efficient in tagging kaons, one would expect the contamination of
P's with K~ to be

(0.75)(18) (e”5) ~ 2.5% .

Thus the total expected contamination of antiprotons with mesons would
be ~17% + 2.5% ~ 20%, assuming that pions whose Cerenkov photons produce
only dne photoelectron can be distinguished from antiproton;. )
- But the author is convinced that with our threshold counter and
associated electronics it was impossible to distinguish between one photo-
electron and no photoelectrons. {In colloquial terms "the pedestals
were too wide®. The reader will see ample evidence for this later.)
This, of course, makes the situation worse. Thus one would expect the
proposition of selecting elastically scattered antiproibns from meson
background at 200 GeV/c with our beam to have been extremely dubious.
In fact, it proved tb be experimentally impossible! (The reader will
see the exp;rimental evidence for this later.)

In the summer of 1980 we teceived news of the previously mentioned
~dip in EB elastic scattering at 50 GeV/c at CERN. (Fortunately for the
author), at this point (touard_the.end of our first (of two) data runs)

we decided to use the DISC to tag antiprotons at -200 GeV/c. This
corresponds to about half our running at -200 GeV/c, and is the basis

B
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for the -200 GeV/c pp cross section reported later in this thesis.
Unfortunately this meant that we had to sacrifice kaons. The threshold

counter was too short to separate n~ from p at this energy, let alone

K~ from n ! This does not mean that the threshold counter was useless

for all of the results reported in this thesis. At +200 GeV/c¢ and

+100 GeV/c it turned out to be helpful.

Jas Sk S
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IV. SELECTING THE ELASTIC SIGNAL FROM THE INELASTIC BACKGROUND--HARDWARE

Having discussed the hardware considerations concerned with identify-
ing species, we now "backtrack® slightly in the logical development and

return to discuss in somewhat greater detail than previously how the

" o v

experimental equipment was designed, lai&>out and used to separate general
elastic candidate events from inelastic background. We also describe why
and how the number of candidate events genefated per “spill® was '
severely restricted. The further "off-line" selection of "true" elastics i

from mere candidates is described in Sections VI and VII.

A. Magnitude of the Separation Problem and Singles Rates \-"

1. Magnitude of the Separation Problem -

As we have mentioned, in addition to particles from desired

elastic events, many particles were produced inelastically in the beam-

target collisions. However, we hoped to measure eleastic differential

cross sections as low as 10'35

cmZ/(GeV/c)2 using “bins* of width
) - at = 0.1 (Gevzc)z. Noting that the "column density" of protons in our
target was about_4xlo'2, it is pretty easy to see that with this magnitude

N incident

cross section one expects only one event per bin for some 3x10
beam particles. So obviously we had to be pretty darned_selective! ;To
elucidate the signal to noise problem a bit further, we note that the '
lowest elastic cross sections we;e expected at the highest -t values, ; i
and that the experimental "singles rate" 1n.scintill;¥ion counter R6

{corresponding to our highest -t events) was close to 850,000 per spill _
7

for a one second ;pill of about 10° incident particles.
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e.g., using more finely segmented hodoscopes for the trigger, moving

permit), etc. In practice, problqms like this are aimost always solved

2. Maximum Tolerable Rates (A Comment on Bur Limitations)

Of course, most of the background could be eliminated in the "off-
1ine" data analysis; however, if the background rate were too high and
our trigger not sufficiently selective, in addition to making an

1nordinate.number of magnetic tapes, desired data would have been lost
due to saturation of the capability of our “"on-1ine" POP 11/45 computer,
which could not handlg much more than about 100 triggers in a one-second

spill. Thus, our trigger would have to be "tight" enough to keep the

trigger rate below this level.

Then there is another problem with excessive background. In order
to gather elastic data at a reasonable rate, a beam intensity of 2107
particles/pulse was required. - It was known that the “average multiplicity"
in p~p inelastic collisions at 200 GeV/c is about 7., A sgin}i]lation
counter beccme; essentially use!ess at a repetition frequency-apprdaching
10 meé;hertz,—and indeéd will start to “sag” well below that rate. Pro-
portional wire chambers can also not survive rates that are too high.
Thus again, without some gﬁought there would be danger of losing much of
our data. This could of course have been compensated for by running

longer, but as anyone who has worked at Fermilab knows, one does not

expect this. -

"These poiential problems could, of course, have been overcome if

they had arisen in practice by changing our equipment or our layout--

hodoscopes further away from the Fargqt (if real estate considerations




experimentally. However, in this thesis we take the point of view that

the layout and equipment were fixed--as indeed they “are" since the

experiment has already been done. Qur attitude is then one of convincing

the reader that the results obtained with this apparatus and layout are

due to genuine elastic events. “While this does not, of course, require a

complete understanding of the background, it does, in the opinion of the
author, require some "handie® on it. We therefore hope that the reader
will indulge the author in some of his remarks about "singles rates" in
Subsection 4. '

3. A Preliminary Remark About Signal to Noise Ratio

From a variety of considerations, "singles rates" were expected o
(and experimentally did:-see later) fall quickly with scattering angle.
The elastic signal was also expected to (and did) generally fall quickly

with scattering angle. However, it was knoanlosthat at lower energy

2 .

a%—gﬁ (pc is the momentum of the forward scattered "leading particle”)
c

does not fall nearly as quickly with scattering angle as does the elastic

do/dQ2. Hence, one expectﬁ.(and finds!) a uorsening—with increasing |t|
signal to noise ratio insofar as the forward am is considered alone.

In the recoil arm it is, of course, also true that the highest
singles rates occurred closest to the beam direction. But so did the
relatively rare high jt| elastic scattering rays that we were especially
interested in. So, as far as the recoil arm is concerned, we also expect

a worsening signal-to-noise ratio with increasing -t. This will turn out

to be important later in this thesis. =
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4, Singles Rates We Realistically Expected

Unfortunately the theoretical estimation of singles rates is
notoriously difficult. The proof of the pudding must, of course, be
experimental. However, it would have been ludicrous to set up '»5106
worth of equipment, do a test run and then find out that we couldn't
measure anything! So we at least want to mention some of our thoughts

concerning expected singles rates as they affected gpe layout!

a. Some Semi-quantitative Considerations

What would be the expected rate, e.g., in our "R" hodoscope? One
can get an upper bound on this by noting that our LH2 target was about
102 of an interaction length long. Then, assuming an average multiplicity
of 7 final state particles per interaction, isotropy in azimuth and
estimating that the azimuthal acceptance of the R counters (and upstream
recoil chambers) was 510; of 2m, at an incident {ﬁtensity of 167 )
particles per second, one would crudely estimate an upper bound of
(7)(.10)107 < 72108 particles entering the hodoscope per second. 'Aliowing
for the fact that our equipment did not cover the entire Fange of
scattering angles (i.e., for example, the recoil detectors did not extend
to the beam direction), the estimate is reduced still further. Similar
consid;rations apply to the forward arm. So our layout—appeared sensible.

One can do better than thif by noting that ;%ES had been measured
for inclusive charged pion production {the bulk ofpghe inelastic back-
ground) for n*p (and p*p) at {60 GeV/i and 200 GeV/c in Fermilab bubble

chamber experiments. Then integration over momentum and solid angle

acceptance would yield the desired rates. -




Along these lines an estimate was made by Orear]°7

who assumed that
nmp and pp inelastic scattering were not terribly different and applied
the assumption of Feynman scaling to Allaby'sl]824 GeV/c p-p data, thus ‘v f
estimating the inelastic differential cross section for various scatter- !

ing angles at 200 GeV/c. l
Now the inelastic g% had been measured at a scattering angle of 33° ‘

R R L Y

in Fermilab experiment E177 {200 GeV/c pp scattering) by using a monitor

telescope of known solid angle AQ. The measured cross section comes out

G by o

with this confidence, Orear then estimated that rates in our experiment

]

i
to be within a factor of two of that calculated using scaling. Armed '7

|
with our layout would be tolerably Tow. ’

5. Experimental Singles Rates

Experimentally, the singles rate in the R hodoscope {summed over all
elements) was about 2.7x106 for 107 incident particles. (The close ' %
agreement with our earlier crude guess for an “upper bound” is probably
coincidental,) In the forward arm {at -200 GeV/c the hotte;t counter was

Fg which had a singles rate of about two million per spill for a spill of

SRR ARITEE

107 incident particles, although this rate undoubtedly reflects much
scattering in our apparatus. The single§ rates in the F* elements were

often a factor of five less thart those in the corresponding FB elements, .

s I sy ot I i I L

the F® summed (over all elements) singles rate being about 2.4:]06 for 107

_ 1incident particles, in apparent rough agreement with the total singles

rate in the R hodoscope.
[It was found experimentally that the singles rate in the R hadoscope
did not go to zero when the target was empty--in fact, it remained at up



umed that
applied
hta, thus

F scatter-

le of 33°

a monitor

‘comes out
Armed

kperiment
t

]
Ld q;gikall

clos.
probaﬁly
counter was
ja spill of
s much

ents were

elements,

6 7

x10° for 10

singles

_R hodoscope
ined at up

to 50% of the "full target" rate. This indicates that the beam may have
been surrounded by a relatively wide halo which interacted, e.g., in the
aluminum ﬁround the target, the recoil magnet yoke, etc. The anti-
counters could theoretically have provided a measure of the halo. However,

the analysis of this proved to be somewhat complicated. In any case, for

s G ;“ o o L i

the present discussion the exact amount of beam halo is unimportant--we
simply note that probably only about half of the singles rate in the R

counters was caused by interactions in the target.]

Thus we note rough agreement with, e.g., the estimate of Orear. t ]
[The apparent difference (about a factor of 30) should not be alarming

as Orear did not take into account the exact geometry of the recoil %
hodoscope and rates change quickly with scattering angle.] We conclude
that there is no evidence from the analysis of singles rates that our

equipment was not working as planned or that.our measurements were made

; incorrectly. -

B. Trigger Fast Logic--Design Considerations

As we have remarked, at an incident intensity of leo6 particles
per one second spill, we typically had 5106 “hits" per spill in, e.g.,
k- the R hodoscope. We had to cut down to a totalrof 100 triggers/spill--
i.e., we had to have a means of rejecting over 99.9% of these "hits*

prior to the taperwriting level. Similar considerations applied to the

forward arm.

© 1. Forward Arm Fast Logic*

In the forward arm, the seven element F® hodoscope provided a loose

measure of the scattering angle (and hence of -t) for a forward

B T ap— WWW“"?‘""" . X
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The reader would do well to refer to Figure IV-1 while reading this
section.
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traveling particle.

Since Pf is approximately constant for 1 § -t < 10 (;e\l/c)2 at 200
GeV/c, the bend angle in the BM109 magnets for eleastically scattered
particles with beam momentun 200 GeV/c was practically the same {(about
ten milliradians) for any value of -t within our acceptance. This was
also true at 100 GeV/c {in which case the current in the BM109 magnets
was set to half of the value for 200 GeV/c).

However, away from these values of momentum, the bend angle went
11ke P;]. Therefore, by positioning the F°»hodoscope immediately down-
stream of the BM10S and the FP hodoscope far erough downstream of F to
have a sufficiently long "lever arm*, we were able to set up 5 "triggering
matrix* between the elements of F* and those of F® that required the
momentum of the scattered particle in the forward arm to be close to
the "elastic® value. This scheme had already been used successfully on
a lower energy w p experiment referred to previously.loz

Now, if the beam were infinitely thin, the F3-FP elements could have
been positioned so that there was a “one-to-one® correspondence between
them--i:e.. all elastic rays striking F3 would strike only Fg. ete.
However, the non-zero spot size at the target and the beam divergence
prevented this, as rays striking an element of F® at a given point had left
the target with a range of scattering angles.

Therefore, to have all rays from F; (1" element of F*) strike F‘B.

ii was necessary to have some of ‘them also strike F;” and F;']

segments of the FB vhodoscope had to be overlapped. The approximate

--the

positions of the elements of FB relative to those of F® could de calcu-
lated on a vest-pocket calculator, but were in fact determined with a
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Figure IV-1. (Orawn originally




Monte Carlo program. In practice, the elements of FB were somewhat wider

than was needed; this hurt our selectivity somewhat, but not tragfcally,
For a typical spill of 107 particles at -200 GeV/c, about 20% of

- the F® "singles” counts were removed by requiring that no more than one
FB element fire (“miltiplicity cut®). Th; number of potentfal tr;ggers
was further reduced by requiring that no more than two elements of FB go
off. Experimentally, when we then required the "F®-F3 matrix® referred to

above, we were down to about 4310'3

7

candidates per beam particle or, for

a spill of 10° beam particles, about 40,000 candidates. This was still far
too many per spill to write on ;apf. The forward arm matrix could have

- been made more selective by making Both the F® and the A hod_oscope—s more
segmented; however, we decided not to do this., -

_2. Recoil Arm Fast Logic

The S hodoscope was set in the recoil arm so that, having roughly
measured q2 with F*, the opening angle could be constrained to be near
the elastic value for that qz. However, aln_lost as an afterthought the
R hodoscape was_installed.- This allowed us further trigger selectivity
through the requirement of further R-5 coincidences ("RS matrix").

fue to the relative proxim'lty‘ of the R and S hodoscopes to the .
target, the RS matrix could obviously not be diagonal (with elements of

the sizes we used). For exampld, 200 GeV/c elastic rays originating from

the front of the target and passing through only RS or R6 could pass

Thus, it should-aiready be apparent that the RS matrix was not a

major factor in cutting down the trigger rate. However, it did serve to
eliminate combinations that correspond to rays that did not originate

through any element of the S hodoscope. -
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within the target. The exact RS matrix was determined by Monte Carlo
§ methods; it is given on page 150. One notices that at 100 GeV/c S4, S5 fﬁ
and S6 are “"not allowed“. This is because the acceptance at 100 GeV/c

cut off at about -t = 3 (Gev/c)z. At 200 GeV/c, after requiring multi-

plicity cuts in the R and S hodoscopes and the "RS matrix”, the number of
‘ RS triggers per beam particle was about 8.9>th'4 or, for a spill of 107
beam particles, about 9000 "RS candidates* (as compared to 40,000 wga_g8

| ] candidates”). -

! 3. Combining the Recoil Arm Fast Logic with the Forward Arm Fast Logic

o i
; If one inspects the diagram of the recoil arminFigure [I-2 one sees ;
®

that S1, S2, and S3 could not fire on a =t = 9 GeV/c elastic ray

originating from the target. This is an illustration of the fact that

“low S - high F® combinations {(e.g., S] - F?) F, was the high -t end

of the forward hodoscopes) were forbidden. - -

200 GeV/c, an elastic -t = 1 (Gev7c)2 ray originating from the target

could only go into S1. Therefore "high $ low F" combinations were

also forbidden. The exact "RSF" matrices obtained by Monte Cario

methods. That for 200 GeV/c is given inTable [V.1. It is seen that

the "yes" entries of this matrix lie almost complétely between the two

! i Also by glancing at the same diagram, it is obvious that, e.g., at
i

{

!

i ,

i diagonal lines drawn. It is also seen that the diagonal strip is at

least four elements wide except for the topmost and bot tommost rows. From

this one sees that the constraint of the opening angle through the use

of the RSF matrix was only crudpely realized. -
Glancing at the rates shown on page 152, it is obvious that the

entries in the lower left of the RSF matrix were much more important in
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cutting the trigger rate than those in the upper right (there were
relatively few inelastics "at low -t* in the recoil arm). However, most
of the reduction in trigger rate was probably due simply to the requiring
of & track in each arm.

In any case, with the use of the full "RSF" matrix the trigger rates
were indeed cut to acceptable levels--at 200 GeY/c, the "RSF rate" per
beam particle was about 4x10'6, corresponding to about 40 “RSF triggers"

for a spill of 107 beam particles. At +100 GeV/c the RSF rate was about

27:10-6

per beam particle {the reason for the difference between 100 and
200 GeV/c lay in the different acceptances for these energies--see later).
[In the above we have spoken about various rates per “beam" particle.
By the word "beam" we mean something rather specific--a coincidence in
scintillation counters B]_and 82 together with the_absence of a signal
from anticounter A].] - - »
InFigure V-2 we show some of the scintillator rates that we
recorded. By looking at, e.qg., how rates in the various Fi vary with‘i. the

reader can see roughly the behavior of dg/dt with t!

4, Temporal Considerations

To this point we have perhaps not given the reader a proper sense
of the temporal development of a trigger. The F® and Fe.hodoscopes, bein§
in the forward arm, were much further away from the place where the
coincidences were actually made {for example, in our electronics trailer)
than were the R and S hodoscopes. Hence, at the instant that an RS
coincidence was made the corresponding F°~F8 coincidence had not yet

occurred. Indeed, since F® and F? were so far away from the target, at
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Figure Iv-2. Counting rates (from ref. 24).
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the instant that an RS coincidence was generated for an elastic recoil
ray, the corresponding forward traveling particle had not even reached
the F® hodoscope yet!

Therefore, in order to form proper "RSF" coincidences, the RS signal
had to be delayed by approximately the speed of 1ight travel time to FB

from our electronics portakamp and back again. To accomplish this, the

RS signal was “"stored" in 630 ns worth of delay cable to wait for the
FB signals to_arrive. On the next page we show the simplified temporal

development of a trigger.

__ Table IV.2 Typical rates (-200 GeV/c) -

= 91§
Count \)rates (from ref. 24).

Beam/pulse 107

) Beam + vetos + R - axo®

Beam + vetos 3
+ recoil matrix 9x10

Figure Iv-2.

Beam + vetos
+ recoil matrix 40
+ forward matrix )

gated-BEAM/BEAM

oy -
wILh TIUU LEV/T Deam. KS/BEAM T Z. 38 10" = RSF/BEAN = 7. 2XT0°0

g uUr PN
STetics/BERN = .53
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lates into about 3.2 milliseconds of degd time per trigger. In that

5. Comment About Experimental Dead Time

In addition to keeping the trigger rate down to tolerable levels,
the fast logic was also used to generate "strobes” to "read out" the
information gathered by our proportional wire chambers. For example,
the presence of an RS coincidence was used to strobe the recoil amm
chambers. This strobe to the chambers, of course, could not be delayed
by 630 ns or the relevant wire chamber information would be lost. We
could have stored the wire chamber information in striplines or in a
suitably large "F1F0" chip bank;—however. after the geneE;tion of an RS
coincidence it seemed simpler not to make (or to "veto") future RS
coincidences until the information ffom F and FB arrived.

This veto was calied the "logic gating signal". It was generated
by an RS coincidence Snd was not turned off until the formation of the
next fall "RSF" trigger or 800 ns af;er it was turned on, whichever came
first. The. logic gatin; sggnal disabled the;RS'coinc}dence—units (see
Figures IV-4 and IV-5). -

- This scheme, of course, introduced dead-time into the experiment.
But this dead time was not terr%bly consequential--there were, as
mentioned, about 9,000 “RS coincidences" in a one-second spill for an
intensity of 107. Hence the associated dead time was about
9,000 x 800 ns = 0.007 seconds = 1% dead time. We could live with this,

Now, experimentally, the dead time at -200 GeV/c was 14.2%. We
have seen that <1% was due to the "RS logic gating®. The remaining

A13.5% was due to the PDP 11. In a typical spill of 10’ incident

particles we had about 42 master triggers. Hence 13.5% dead time trans-
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LOGKC
GATING

‘ LOGIC
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Figure IV-5, Simplified fast logic. (@) indicates output of discriminator corresponding to scintillation
counter x. S,R,F MULT correspond to present of multiplicity signals (explained in test)
from F°: FB, R, of § hodoscope. logic gating is shown in Fig. Iv-4.

indicates (xxx) nanoseconds of delay cable. {CB) indicates a coincident unit,
“A" indicates a “veto" input to coincidence unit. The name of the cutput si?nal is given
on top of the arrow leaving the unit RS1 for 1=1,2,...,6 indicates the signal correspond-
ing to the OR of any of the R counters for which counter Sy s required for an *RS matrix

coincidence”. RS(F{) indicates the signal corresponding to the RS combinations needed
for an “FS* coincidence with Fy.
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case, 150 master triggers gives a dead time of about half a second, i.e.,
about half the spill. So our original “guess" that the PDP11 could not

handle much more than about 100 triggers per second was reasonable.

As we mentioned, at +100 GeV/c the trigger rate was about half that

at -200 GeV/c. The “RS logic gating* (see above) dead time at +100 GeV/c
{based on about 2400 RS “pretriggers® per ("107') spill) was negligible.

Hence we expect a dead time of about half of 13.5% =~ 7%, Experimentally

it was about 8.5%.
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V. SELECTING “TRUE" ELASTIC EVENTS FROM TRIGGERS

In this chapter we describe the further reduction of the sample
of triggers to the final satisfactory sample of “true” general elastic i)
events. This was done by off-line computer analysis of the MWPC informa- ;
tion recorded on magnetic tape by the on-line POP11 computer. In Section ;
A the MWPC systems and the information from them recorded on tape are gg_
described in only slight detail. In Section B the_off-1ine software is *

described in varying amounts of detail.

A. Multiwire Proportional Chamber Systems, Readouts, and Method ]
of Recording Track Information on Tape

In this subsection we describe some of the hardware used to record 15
positional information of sufficient accuracy about tracks so that the s
event separation could proceed.

1. Introductory Generalities and Classification B

In a1l we had 31 Multiwire Proportional Chambers (PWC's) at our -
disposal for use in the experiment. These chambers were of three-types:

i) Twenty “Fermilab" chambers. These chambers had been built at
Fermilab and used successfully in Fermilab experiment #290. They had a
sense wire spacing of 2vim and used a gas mixture that was 80% Argon, B r
19.9% Carbon Dioxide, and 0.1% Freon 1381. Th?y were read out by a
parallel system somewhat similar to that first constructed by Cunitz

and Sippach et al. These chambers and their associated readout system

will be discussed in a bit Tore detail shortly.
11) Seven “CLASP“ chambers and four “CBUG" chiambers. Since these
chambers were all built at Cornell University, they will often be




collectively referred to as the "Cornell™ chambers. The CLASP chambers
had been previously used by the collaboration of the same namelogat
Cornell. These had twenty sense wires to the inch and an active area of
two feet by three feet. The smaller CBUG chambers had 16 wires to the
inch and an active area of about 12"x21". They had been used successfully
in Fermilab experiment ll??."o A1) of the Cornell chambers had “G10" )
frames and cathodes which were 1 mil thick aluminum (foil) planes 1/4 inch
on either sfide of the anode plane (sense wires). The two large faces
of each chamber (both Cornell and Fermilab) were covered with mylar
(5 mils thick) to provide an effective seal for the circulating gas.

The Cornell chambers used a gas mixture consisting approximately of
75.5% Argon, 20% Isbbutane. 4% Methylal and 0.5% Freon 1381, this gas

]”at CERN to give simul-

mixture having been found by Bouchlier et al.
taneously maximal gain and chamber effi;.iency.

For a variety of practical reasons, the Cornell chambers were read

out by a different system than the Fermilab chambers.

2. Readout System for Cornell Chambers

The Cornell chambers were read out by a serial type system.’ "Hits"
detected by wires during a “gate open™ period of -about 100 ns were stored
in shift registers located on cards mounted on chamber edges. Each shift
register handled 16 wires {"channels"”). With the presence of a Master
Trigger, a strobe was sent to the chambers initiating the readout into
a special CAMAC module. Within about a millisecond of the strobe the
data in this module was in a form ready for the computer. As this readout
system will undoubtedly be described in considerable detail in Sean
McHugh's thesis"z. we do not describe it further here except for one
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comment in the next section.

3. Overview of Readout System for Fermilab Chambers

The Ferwmilab readout system was (unnecessarily) complicated in its

details. Therefore we limit ourselves to giving the reader an overview

of this system.

a. Some Generalities and Further Comment on Dead Time

The Fermilab chambers had a total of about 5000 wires. For each

event, the identities of all the "hit" wires had to be written onto

magnetic tape by our "on-line" PDP11 computer.

menting this by assigning each wire a "binary" address.

One can imagine comple-

This would involve

about 14 bits per address. DEC (Digital Equipment Corporation) POPII

computers, however, have sixteen data lines.

Therefore, it is obvious

that addressses of hit wires had to be communicated one-by-one, i.e., .

serially, to the computer.

If the serial reading of wire chamber information for an event takes

a long time compared to the mean period between Master triggers, it is

clear that an advantage in decreasing dead-time would be gained by

storing in buffers backed-up data waiting to get into the computer.

that case, the address generating parts of the system (and the wire

chambers themselves) could be freed to work on new data while the previous

data is waiting in the buffer.

In

With considerations of this sort in mind, our system was designed

to obtain a readout time of about‘zoo ns per track (as compared, e.q.,

to the Cornell “"readout time® of about 1 millisecond).

important for an experiment-with extermely high Master Trigger rates. We,

however, expected S50 Master Triggers per one-second spiil.

This might be

In that case,




even the Cornell system's millisecond of readout induced dead-time per
trigger would lead to only about 2% total “"readout" deadtime with a large
enough data buffer. So, for us the extreme speed of the readout system
was t_mnecessary. )

Suppose we had aimed to design a simple system with a “buffer" for
storage that would allow us to achieve this 523 deadtime. How big a
buffer would this have required? Fifty Master Triggers per spill implies
an average of about one trigger every twenty milliseconds. We have seen
that the POP11 apparently took about 3 milliseconds to read and process
: - each trigger (sée 'Chapte_r IV). So, on the average, datd would have ‘

been leaving the buffer almost seven times as fast as it would have been
entering. Thus it is clear that only a few events' worth of storage
would have been sufficient.
Now, as we mentioned, there were twenty Fermilab chambers. Most
of the.time. chambers in an experiment such as ours do not have more than
about 3 hit wires per event. S0 20 chambers x 30 hits per chamber per
event x say 3 events gives about 180 words of storage. For the Cornell
systém, 11 chambers similar implies a need for about 100 words of storage.
Neither the Feru_mab nor the Cornell system had a sufficiently large
buffer. For example, the Fermilab system had only two words of storage.
This being the case, both readout systems were "shut off" completely
. (with the Logic Gating signal discussed_in Section [1.D.5) during the
entire AJ mill{second perfod it took for the computer to process each
event. Therefore, in this manner the “superfast” Fermilab readout
system actually helped slow down the readout.

This was directly responsible

for the, e.9., 15% deadtime observed at -200 GeV/c. Had the intensities
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been higher the situation would have been worse. For examble. had we run
at the intensity mentioned in our original proposal (~5x108 per spill) the
deadtime caused by the Fermilab system would have been intolerable.
"Because we had two different readout systems®, we had two distinct
almost identical sets of Fast Logic, one for each system. In order to
have an event written on tape both sets of logic had to register "Master
Triggers". This was unfortuﬁ;te because the two sets_of logic agreed
with each other only about 85% of the time. This probably caused an

additional 15% loss of events.

b. Simplified Overview of the Readout Process

i) Generalities

As we have mentioned previously, the layout of the experiment was
such that the ‘equipment in the recoil arm Q;s much clogér to the fast
logic and readout electronics than that in the forward arm. For the
purposes of making fast logic coincideﬁces, therefore, scintillator
signals from the recoil arm were delayed in appropriate lengths of “delay
cable" (see Chapter IV). We did not do the same with the wire chamber
infgnnation because the nature of the readout system allowed us not to.

What was needed then was a set of "stations” to store information

from the recoil arm chgmbers until either (whichever came first)

a) Master Trigger came, in which case the stations had to release
the wire chamber information upon demand to be sent to the
computer, or !

b) after a suitable delay (about 800 ;;--roughly the speed of light

7>trave1 time down- the forward arm and back) Master Trigger had ~
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still not come in which case the stations had to be readied to

accept new information from the recoil arm.
in the case of the Cornell readout system, these “*stations” were simple
TTL RS latches which were on the cards mounted on the chamber edges. In
the case of the Fermilab readout system the stations were RS latches
made by using positive feedback with operational amplifiers. These
latches were mounted on special cards called “coincidence registers"
located in crates in our electroniés trailer,

In the Feémi]ab readout system, amplifier cards were mounted on

. chamber edges. These cards used MECL Zﬁbtoro]a Emitter Coupled Logic) -
“II" series circuitry for maximum sensitivity and good noise rejection.
Each amplifier card handled 8 wires (“channels"). The-outputs of these
éards were sent to the coincidence register§ via ribbon cable stripline,
each stripline and coincidence register handling 32 channels.

it) Simplified Interplay of Control Signals with Coincidence
Register (see Figure_V-1)

The positive and negative output pulses from the amplifier card were

received differentially on the left, the resistor providing line termina-
tion and the value of C chosen to be about 1 us so that amplifier output

pulses passed through (the input from the amplifier was 50 ns wide

§ -\ -
with a rise time A half this) and low frequency (e.g., 60 gps) noisg was

rejected, Differential receiving fs used for low noise and high sensi-
tivity. This-sensitivity is determined by the "Th+" and "Thi" voltages,
which were adjustable, ;ﬁput from outside. and set about 100 mV apart
(which was somewhat less than the height of a typical pulse coming in
from the stripline). The "Strobe In® signal originated from the fast
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logic (see Figure [V-4) upon the generation of, e.g., an RS coincidence.
With the presence of this signal, the "hit bit" (high if hit, low if not)
was stored in the latch. The Strobe In signal passed the hit bit on to

the next level of readout logic, the encoder. (When the encoder was

ready for information it generated the Strobe—In.) "“Reset In" was
generated by the fast logic upon generation of a Master Trigger or about
800 ns after Strobe In if no Master Trigger comes (this is clear from

Figure IV-5).

“Reset In" was also generated upon receipt of the trailing edge of

the "Computer Busy Signal® (see Figure IV-4 again). This Computer Busy
signal was a level raised by the computer for the entire length of time
it was busy "digesting an event“--about 3 milliseconds, as we've seen. -

As ihe chambers in the forward a;m were at varying distances from the
readout electronics, the same scheme was used there--the nit bits were
léfched up in Coincidence Registers until complete Master Trigger
information was present.

In addition to passing on the "hit bit" the Coincidence Registers also
performed part of the addre;; generaxioﬁi The coincidence registerik(each _
handling 32 channels) were arranged into nine crates, each crate having
16 registers. The address of a hit was broken up into four pieces:

- the crate address (i.e., whichcrate) - 1-2 (4 bits)

the coincidence registen address within a crate (i.e., which -

register) - 4 bits

the "group address” (which of four groups of 8 channels each)

within a register - 2 bits
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" to the encoder upon demand.

- the wire address within a group (1-8) - 4 bits
for a total of 14 bits
The coincidence register address within the crate was set by hand on each

coincidence register itself with switches. This address was passed on

11i) Purposes of the Encoder and a Bit More on Its Interaction
with Coincidence Register

As we remarked, addresses of hit wires ultimately had to be sent to
the computer serially. To accompliish this, the encoder (there was one
encoder per crate) considered a group of eight wires at once, scanned
}t for hits, generated and sent the addresses of them on if it found any,
then moved to the next group of eight wires, scanned it, etc. When an
entire coincidence register had had its four groups read the encoder
immediately generated a "Reset" signal, sent it to that coincidence
registé}, then moved on to the next register, etc. This sequential
reading of coincidence registers wa; accomplished with a 'Ca;ry" signal,
which propagated from register to register. All 32 *hit bit" (defined
previously) outputs of each register were OR'D together {“FAST OR"). If
a register had a "high" OR output upon receipt of the CARRY signal the
data from that register was sent to the encoder. The encoder then hand-
shook with the Reset for that register. . -

The outputs ;f the amplifier cards were also OR'D together. This
feature could have been used to replace thg entire scintillation hodo-
scope fast logic system. (That is, the experimental trigger could have

been generated by requiring proper combiﬁ;tions of tracks in different
chamber arrays, a “"track” being defi%ed by proper coincidences of the



OR's.) In an experiment with high information rates this would
theoretically be a distinct advantage over using scintillation counters

for the trigger as the effective segmentation could be made much finer,

scintillation counters in terms of reliabfl{ty. Also, scintillation
counters triggers had worked for elastic scattering in the past, and so it
was chosen to stick with that scheme. At trigger rates like ours it
doesn't make much difference except in expense.

In addition to scanning the registers for bits the encoder also
encoded the create address {set by switches on the encoder; recall each -
crate had its own encodei'). generated the group address and generated the
“wire address® within a group. All of this information was sent to the
nexi element of the Readout system, the "HleR", upon demand. As the
jnternal circuitry of the encoders were very complicated (in fact, over-

complicated) we do not feel that this thesis is the appropriate place to

describe any of it, even in simplification.
iv) The Mixer

- Tﬁe MIXER transliated encoder signals from MECL levels to TTL
level CAMAC convention commands so that communication-with the computer
would be possible. Likewise, it translated CAMAC convention commands
originating from the computer onto MECL level signals usable to the
encoder., As such it served as an interface. Also, it had a small buffer
capable of'storing two words {i.e., two addresses) at a time. i

v) The System in Operation--the Readout Cycle

In this subsection we briefly describe the “dynamics” of the

Fermilab Readout System with a 1ist of temporarily ordered steps:

- thus improving selectivity. However, there is an advantage to using -
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Quiescent state--no Master Triggers have come yet this spill.

Data is being latched into coincidence registers and then

‘released. The encoders are "off". The PDP11 is typically working

on same program it has been given--e}g.. making on-line plots of
previous data, etc.

A Master Trigger is generated. Almost instantly the “Computer
Start* (see Figure VI-4) is generated by the fast logic.

A computer “Interrupt® is generated which instructs the
computer to drop what it was previously doing and begin a new
"Readout Cycle®. The computer immediately generates a "busy"
level which remains on until the end of the readout cycle. The
presence of this level leads to the generation of the logic
gating signal, thus vetoing further RS coincidence;.

The computer instructs the branch driver to send some commands
the mixer. This step takes ~100 us.

Mixer “translates" these commands into MECL standard and
communicates them to the encoders. The encoders are turned on
and begin reading coincidence registers.

Within about 150 ns, the encoder sends the first two addresses
to the mixer, filling it. The mixer sends a signal to the
computer indicating that its buffers are filled.
The computer terminates the write instruction and sends a "Read"

command to the mixer. This step takes 2100 us.

The computer then reads words out of the mixer at a rate of
about one per us (the typical "read speed® of DEC computers).

Several hundred words must be read. -




The computer has "read" and stored all the data pertaining to
this event (including scintillator latches, ADC's, etc.) in
memory. The trailing edge of computer busy comes.
10 This trailing edge is differentiated by the fast logic (see
Figure IV-4). After about 160 us the reset signals for the
_ chambers are generated. After another ~110 us the Logic Gating
signal ‘is turned off, thus freeing the fast logic to make more
RS coincidences, etc.
In all, about 3 ms have gone by since the start of the Readout cycle.
This directly causes the, e.g., n15% deadtime at 200 GeV/c referred to

earTter. ~ o - _

8. Data Analysis Methods

[As we remarked in the introduction to this chapter, in this section
off-lineAsoftuare methods are described in varying amounts of detail. The
reason for this variation is to avoid extensive overlap with the thesis

of P. Karchin?u'ro get the full view the reader should consult that also.]

The purpose of all of the experimental 1nstrument§tion and the “on=’
l1ine" computing syste& was to make a 'seni-permapent“ record on magnetic
tape of data about "candidate events® that had passed the trigger require-
ments. This data consisted of the addresses of all the “hit* wires in
_ the event, hodoscope informatien, etc.

The next job was, of course, to separate true elastic events from
mere candidate ;vents. To give the reader somé'ide§>of the process, we
mention here that in a typical run of several hours' duration at -200
GeV/c there were (recall that we had about 40 triggers per spill) about
48,000 triggers, only about 2,100 of which were "satisfactorily” elastic
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events (mostly =p elastics)--i.e., the "elastic yield" was only about
4.3%. (At -100 GeV/c, on the other hand, elastic events comprised about
47% of the triggers (mostly because at -100 GeV/c the acceptance began
near -t ~ 0.4 (GeV/c)2 rather than -t » 0.8 (GeV/c)2 as it did at -200
GeV/c, and at lower -t the cross sections are bigger).

As mentioned in the experimental overview section, this was done
off-line" over a relatively long time interval (compared to the actual
running time) using the Fermilab Cyber 175 computing system. In this
section we describe how this was done.- -

1. Pattern Recognition

In order to decide if a candidate event was elastic one had to
"reconstruct” the event--that is, determine "sufficiently precisely” the
paths in space of the incoming beam particle and the outgoing final
state particles associated with the event.

A given fingl state particle left a partial reqprd of its path in
a Eerieﬁ of “hits" in ;hCCessive prop&rtidnal,wiré chambers spaced at
intervals along the floor of the experimentaf area. The "best"
straight line (see below) that could be fit to the pattern of hits
associated with the passage of a particle was called the "“track" of the
particle. Thus, it was necessary to find the tracks of all the particles

associated with an event, and algorithms were written to do this.

— a. Arrays of Chambers

Once the chambers were aligned they were used for pattern recogni-

tion or “track finding". The first step in this program was the arrange-

ment of the chambers (both physicilly and conceptually) in groups or

“analysis arrays". ’These arrays are listed in Table V.1, along with




Table Vv.1.

Chamber
array

forward
upstrm
x-view

forward
y-view -

forward
dnstrm
x-yiew

recoil
upstrm
x-view

recoil
upstrm
y-view

recoil
down-

stream
x-view

Chamber
. name,

FOXX
FOX
CF1X
FIX

FovyY
Foy™
CFlY
FIY
CF2Y
CF3Y

CF2x
F2X
CF3X
F3X

RBIX
RB2X

" RBYY
RB3Y
rRB2Y

RB48
RB4A
CRBSD
RBSA
RB5C
RBSB

Characteristics of wire chambers and chamber arrays used for track

reconstruction in elastic events. The angular resolution (in radians)

is an estimate based on wire spacing -and chamber separation. [Adapted
t

from ref. 24, page 55) : .

Number b Low High
Wire of z-coord edge edge
Type spacing wires inches 1inches inches

FNAL 2 mm 96 501. 1.63 9.19
FNAL 2 m 96 512, 1.68 9.24
CBuG 1/16" 256 1123. 5.56 21.50
FNAL 2 mm 192 1143, 4.68 19.80

FNAL 2 ym 64 496. -2.79 2.25
FNAL 64 507. -2.74 2.3
CBUG 144 MNM27. -4.66 4.28
FNAL 96 1147. -3.86 3.70
CBUG 144 1365. -4,80 4.14
CLASP 320 2631. -8.21 7.74

CBUG 1/16" 320 . 5.3 25.25

FNAL 2 mm 256 . 4.82' 24,98
CLASP ' 1/20" 720 -2.22 33.74
FNAL 2 mm 448 . -3.46 31.82

FNAL 448 . 24.19, 11.09
FNAL 512 . -32.08 8.26

t

96 . -4.16 3.40
96 . -3.68 3.88
-4.58 5.50

. -43.07 7.33

320 . -43.26 7.14
-58.23 -43.08

-36.92 13.47

. ~-62.12 -41.96

123.49 -37.46 12.94

NN
83

FNAL
FNAL
FNAL

FNAL
FNAL
CLASP
FNAL
FNAL
FNAL

baaSab LY
2§8833

33§

Angular  Min. no.
resolution chambers
of array required

3.62x10-5

1.06x10-5

1.54x10~5

t

1.43x10-3

1.43x10-3

6.45x10-4

[
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-a1.9%
12.94

-37.46

B2.12
123.49

T128~ 120.88
320

4 mm
4 om

FNAL
FNAL

RB5C
RB58
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The angular resolution

some characteristics of the chambers within them.

of each array as listed fs calculated from

ang. res. "‘71——0
where D is the distance (in z) between the chambers at the extreme ends
*
of the array and W.S. is the wire spacing.

b. Alignment of Chambers

i) General Definitions -

The first step in track>finding involved the “"alignment of chambers". -
what is meant by this phrase is the following: Each wire of a chamber
corresponded to a given line in real space. In order to reconstruct events
properly, the position in real space of each wire of a chamber had to be
known with sufficient (see later) accuracy.

Thus, associated with_each chamber were two constants--the position of -
the First wire in real space and the wire ;pacing. if these constants were'
not known with sufficient precision, elastic evénts would be lost and
“false" events would be "found”. The procéss‘of determining the constants
that were the positions of all the first wires for an "array" of chambers
was called "aligning the array". The two examples in Figure V-2
illustrate the concept. MNote that we have defined two types of alignment--

“relative alignment" (o% the chambers within an array) and “absolute

alignment".

*Note. for example, that the two forward arm x-arrays each have two pairs
of chambers, the chambers within a pair having essentially the same -
2-coordinate. As the angular resolution of an array of four chambers is
better with the chambers evenly spaced in z, the reader may wonder why
the spacings in the table were used. The reason is "historical®,



, CHAMBER |
— CHAMBER 2

———CHAMBER 3
v CHAMBER 4 -

-5 CHAMBER 5

{a) The real space particle path is shown on the left.
On the right are the real space positions of hits
corresponding to the particle path at left as determined
fron aIIgnment constants. As shown here, chambers 2 and
3 are "out of alignment”,

|

vmATvie

gL e T

(b) The real space barticle path is shown on the left.
On the right are the real space positions of hits
corresponding to the particle path at left. "Relative
alignment” of chambers within array is sat1sfactory but
"absolute alignment” is not.

Figure V-2. 1llustrating the atignment procedure.
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ii) Alignment Arrays

For the purpose of alignment the chambers were divided into groups
or "alignment arrays", each array being aligned separately. The two
chambers that were most separated in an array (i.e., the "end chambers")
we shall call the "anchor point chambers” (for reasons that will shortl{
become obvipus). It will become clear (if it is not already so) from the~
discussion in Subsection ¢ that the greatest accuracy in alignment could
be obtained by having the anchor chambers as far apart as possible--by
having as many chambers as possible in an array. Clearly, this require-
ment could be Achieved by aligning with tracks obtained during special
runs when the bending magnets were off. The four alignment arrays were
thus (1) all forwa;d arm x-chambers, (2) all f;rward arm y-chambers, )

(3) all recoil arm x-chambers, and (4) all recoil arm y-chambers.

i11) General Method of Relative Alignment

The method of alignment that had been used previously (on Fermilab
experiment #290) was something like the following: A particle passes
through an array of n chambers. The “best line" is fit (lowest XZ) to
all the hits. For each chamber in the array the “residual” to the fitted
line (distance between position of hit as measured uijng existing
chamber alignment constant) is calculated and histogrammed. Procedure
is repeated for many particle paths. Alignment coﬁ;tants for all chambers
are adjusted (“chambers are moved") unéil peaks of residual histograms
for all chambers are centered. i

This is not a very efficient method of aligning chambers because it
causes the alignment constants of all of the chambers in the array to be




“coupled" to each other during the alignment process. Thus the relative
alignment of a nine chambér array becomes a fairly time consuming nine-
dimensional problem. Therefore, the author did not use this method of
alignment.

The method of alignment used by the author' was the following: For
a given event a particle's path goes through all (or most) of the chambers
in the array beinqi(relatively) aligned, Only those events in which there

is one and only one hit in each of the anchor (end) chambers are considered.

S T W D

For each such event a line is drawn connecting the hits in the anchor
chambers (and thus intersecting all the other chamber planes in the array).
(Note: This already stré;mlines the computing algorithm considerably in

that a line does not have to be “fit", chi-squared does not have to be

calculated, etc.). The point where this line intersects the plane defined
by an intermediate chamber is called the “predicted position” {for a hit)
in the intermediate chamber.

One then considers all of the actual hits in each of the intermediate
chambers. The “residual™ of a given intermediate chamber for an event
is defined as the absoluté value of—the difference (in real space)
between the predicted position and the actual position of the hit in the
§iv;n chamber closest to the predicted position. The residd;ls are histo-
grammed for each chamber for all of the considered events.-and each

residual peak is then 'zeroe&” separately.

The main advantage of this method is that each chamber can be "moved"

'The author thanks John Klinger for helpful advice on this.
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individually without affecting the residuals of any of the other chambers

{stnce no fit lines are used)--the chambers are now uncoupled from each

other. A complicated nine-dimensidnal problem has been reduced to nine

simple one-dimensional problems. Thus, instead of the relative alignment

of a sizeable array taking, e.g., a month, it can typically be done in a
day.

iv) Sequence of Alignments. Absolute Alignment of the Experiment

Note that performing the relative alignment does not guarantee
absofﬁte alignment of the arr;y. Indeed, after relative alignment the
absoluteralignment may be “off® by a rotation thfbugh some angle, by
translation, or by combination of both.

TRIVIAL THEOREM: Purely translational misalignment may be ignored.
PROOF: As far as is known, the interactions of particles
are translation invariant (“isot;opy of space").

- a) “Beam Tracks". Absolute Alignment of Forward Arm

In practice, in the forward arm it was found to be advantageous to
perform the dbsolute rotational alignment before doing the relative
alignment. This was accomplished by having the unscattered* beam pass
through several special "beam chambers” in the forward arm. These
chamber;-were “B1X*, “CFIXL", “CF3X" and “F3X".

These “beam chambers" could not, of course, take the full 1n£ensity
of our “normal running conditions” beam. Therefore, to perform the

absolute alignment of the forward arm it was necessary to use special

*

The beam did pass through the full target; however, after leaving the
target the centroid of the beam still corresponds, of course, to the
"no scattering” direction.



- possible--e.q., BIX and F3X.

“beam track runs" which differed from our usual runs in three ways:
1) the intensity was much less--typically only 1:106 particles
per pulse,
ii) in order to help cut down the intensity the beam was more
collimated than usual--hence the “spot size” was smaller,
111) the "AVB" magnets were typically off. Hence a priori the
angular beam divergence may have been different than under
normal running conditions. 7
With the existing alignment constants one could then calculate the
apparent x {or y) "slope" of a particular beam track. In order to do
this accurately, one uses two "end chambers" (e.g., BIX and F3X)
separated by enough-distance Az.. When Phe apparent x {or y) slopes of.
many beam tracks are'histogrammea,>one_expects-(for a normal beam) to seé
a Gaussian distributfon whose width is determined by the beam divergence.
One could then adjust th; alignment constant of either of the end
chambers so that the Gaussian distribution of slopes is “zeroed”. HWhen
this is done the slope of a particular beam track as measured with the
alignment constants is the actua) slope relative to the average (over the
run) beam direction. With this scheme, then, the z-axis in the forward

arm is defined to be th2 average (over a run) beam track direction. The

'E.g.. with one method of calculation the “apparent x slope", %%
app

- - A
would be given by %5 = = where Ax is the change in apparent x (y)
73 app Az T

coordinate associated with the track as measured by two chambers

separated by a distance Az, For accurate measurement of the slope it is

clearly advantageous to a pair of chambers such that Az is as large as
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intermediate beam chambers are then aligned relative to the end chambers

using the method of residuals outlined above. When this is done all of

the beam chambers are then aligned to within an uninteresting translation.

Another method of alignment, however, eliminates even this translation

freedom. This is simply the following: One histograms the (x or y)

% coordinate where each beam track intercepts a chamber plane and then

centers the resulting distributions. The result is that each beam chamber

is “absolutely aligned" with respect to rotations and translations. Due

to experimental inaccuracies, however, both methods should (and were) used

to check each other. Agreement between the two methods was usually very

good.

The rest of the forward arm was aligned relative to the then

"absolutely aligned“ beam chambers by the method of residuals mentioned

above using “straight through” tracks obtained by inserting a lead brick

in the beam path and turning the magnets. - A S -

8) Alignment of Recoil Arm*

The alignment of the recoil arm could be done by several methods;

we mention only one:

The lab recoil angle 8. was measured using chambers RBIX and RB2X

{since these were the only chambers in the recoil arm upstream of the

magnet). The absolute angular alignment of these two chambers could be

made using the elastic signal: for each of a sample of elastic events

one simply measured, e.q., 8¢ (1ab scattering angle of forward particle)

and used it to predict 8, for the recoil particle in that event. &8

r

- \
* B
For simplicity we discuss only the x-alignment of the recoil arm. The y
alignment was very similar.




(the measured value of 6, minus the predicted value of °r) was then deter-
mined and histogrammed for each event. The center of the resulting
Gaussiani distribution was then ze}'oed.

The alignment of the other chambers in the recof) arm could then be
done using “straight through” tracks. _This was complicated s1ightly
fbe_cause the downstream part of the recoil arm was "split”; however, for

this thesis we &o not both with such detail.

v) Required Accuracy of Aligmment

a) Recoil Arm
The resolution in measurement of Bps 46,, was determined by the
separation of RB1X and RB2X and their wire spacing$. ~This separation )
" was about 16 inches and the wire spacing was 78 mils. The angular resolu-

tion is then the (wire spacing over /T2) divided by the chamber
.078

~% (6 1.4x10°3 radians.

Thus we wished to be able to absolutely align the recoil angle to an
accyracy better than this. Unfortunately, this could not be done. It is
ndt too difficult to see that the expected experimental width of 80,

was of order 10 mr (this was borne out experimentally (see reference 24,

accuracy than its width, though; however, typically not to a factor of 10

better. Thus, from this effect we estimate about a 2 mr error in the

. ! - :
absolute alignment of the recoil arm. This, of course, affected the

accuracy with which we could determine -t for an elastic event (recall that

1 t . ;
- mnﬂ - ;2-, however, this was a As.ystgmtic and nqt a rfndon error).

The accuracy of the relative alignment of recoil chambers varied with

page 79). It is possible to center a the peak of a distribution to better
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the chamber but could typically be done to an accuracy of better than a

wire spacing. Clearly this was sufficiently accurate.

8) Forward Arm

In the forward arm the resolution in 8, A63. was clearly dominated

by the beam divergence (since BIX and F3X were so far apart wire spacing

effects were unimportant). Since the beam track slope histogram could

be zeroed to better than—its width, the systematic error in forward

angular alignment was less than the beam divergence. From beam-track -

slope histograms we estimate it as about leo'5 radians.

We will see shortly that the angular resolution in the forward arm

was better than this; however, again, alignment errors are systematic

rather than random.

¢. Qverview of the Track Finding Problem -

f 4 "~ Nowadays track finding is common to many high energy physics
experiments. Some of the features of our track finding are discussed

in great detail in Paul Karchin's thesis. Accordingly here we merely

comment on some of the general features we think are interesting

physically and important in the general philosophy of the analysis.

= {) Don't Require A1l Chambers for a Track

Wire chambers are, unfortunately, not 100% efficient in detecting

charged particles. Therefore it is usually unwise to require "hits"

in a1l of the chambers in an array (e.g., for four chambers, each of

95% efficiency gives an array efficiency of (.95{4 = (.81--about 19%

of tracks would be_“lost" by requiring hits in all four chambers).

[One has two choices--boost cross sections By a relatively large

correction factor<5r do not require all chambers in array to fi[g. The




former possibility involves loss of statistics (serious for rare events)
and requires accurate knowledge of chamber efficiencies. The latter
involves the possibility of introducing "spurious” tracks. However, these
spurious tracks could usually be removed by careful subsequent data
analysis. Therefore we chose the latter option. The number of chambers
required to fire in each array is listed Tn Table v.1.]

ii) Comment on “Spurious Tracks"

As we have just mentioned, not requiring all of the chambers in an
array to fire introduced the possibility of finding spurious tracks. The
reader may wonder why this {is true; it is because in a typical event
there were chambers with more than one “cluster® of hits*. the clusters

R - *
being nonadjacent to each other. * - - -

One would like to be able to simply throw out those events with more
than one cluster per chamber, reasoning that such situations correspond to
inelastic con;amination of the trigger, Although such coﬁtamination was
undoubtedly peresent, such an approach is naive. Other causes of the effect
include electronic noise in the chamber readout system (producing a random

distribution of spurious hits in an array) and the remembrance of events

*

By the phrase “clustér of hits® we mean a situation in which two or
more adjacent wires "went off*. The effect becomes more pronounced as
the angie between the particle path and the normal to the given chamber
becomes larger. Hence, in the forward arm most clusters had only one
hit, while the recoil arm, being close to the target, had a large number
of tracks at substantial angles relative to the chamber "normals" and’
hence a large number of clusters with more than one hit.

,’Since adjacent clusters, by definition, form a2 single larger cluster,
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from previous RF buckets (since wire chambers typically have a resolving

time of order 200 ns).

This remembrance of previous buckets produces a situation in which

even elastic events occur together with "non-elastic entire" tracks.

When the number of chambers required to fire in an array becomes
small, the electronic noise problem alluded to above becomes substantial.
For example, in the recoil upstream x-array there were only two chambers.
If each of these chambers had three clusters, then there would have been

nine possible "two point® tracks, most of them "spurious”. Complicating

matters, one sometimes finds several tracks that share hits.

iii) Procedure for Track Finding

[For elastic events the tracks were found by P. Karchin.]

The general procedure is to drop a line between hits in two of the

different chambers in an array and use this line to predict the positions
of hits in the other chambers. One typitally looks within a "wirdow" for Co-

the hits in these chambers. The size of the window was 1"--typically more

than ten wire spacings.

[In view of the fact that the relative alignment was generally
accurate to within a wire spacing, the reader may be wondering why such a
liberal window size was used. Put another way, ultimately only tracks

with chi-square per degree of freedom greater ihan 20 were rejected. The

reason for this liberal cut was that that was the way things were done on

earlier Fermilab experiment #290.]
2. Geometric Cuts
These cutswere applied by P} Karchin and are described in great detail

in his thesis. They were all used to minimize the spurious track problem.



a. Hodoscope cut:

b. Target cut:

c. Shared cluster cut:

d. Paired chamber cut:

e. Downstream recoil '

Here we simply 1ist these cuts.

all candidate recoil y-tracks were required to.

The segmented hodoscopes were used by requiring
the hodoscope element that a track intersected
to "fire”.

The center of the target was defined to be at

2 = 0. The beam spot size at the target was

less than 1" in radius. The x and y intercepts

(z=0) where required to be <2 in absolute value.

The y intercept of the recoil y track had to be
<4" in absolute value. The z-intercept (x =0)
of the recoil x-z track had to be within 23"
of 2=0. ' -
If tw§ or more tracks shared thr;e or more
clusters, only the track with the smallest chi-
square per degree of free&ﬁm was retained.
However, regardless of the chi squares, if two
tracks shared at least three clusters the track
with the lesser number of clusters was
eliminated.
In the forward arm (x only) chambers were
frequently in pairs. Where this was true, two
cluster tracks were required to have a hit from
each pair. -
1f any fitted recofl y-track passed within 1"
of & cluster in chambers CRB6A or CRB6B, then

P oo ———————
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Each "real” track should

f. Matching of upstream and downstream tracks:

¢t requiring \'é have had one upstream (of the magnet) and one
\tersected % downstream (1ikewise) segment. To be considered

.% as a complete track, an upstream and a downstream
to be at gé' segment had to have an x separation of less than
~get was iit 6" (3") for the recofl (forward) arm at the
"intercepts ‘ ; z-position of the magnet center,
ssolute value. E § g. Momenta as determined by magnets: In.the forward arm the measured
k had to be _ B - value of the momentum of the scattered particle
ept (x=0) ‘ t had to be within 10% of the beam momentum. In
thin 23" 13 the recoil arm it merely needed have the right

5 sign.

- more 3 § h. Target vertex cuts: The vertex of forward and recoil tracks at the

hilest chi- 1 target had to satisfy |x [ < 1.2%, |y | <1.2",

ainé’—\ ': ;' T o _lz,] < 20.5", where x = x coordinate at inter- .
s, i t“°' ' : i - section of forward and recoil tracks in x-z
. the track | - plane, etc. In addition, |y,¢-y,.| < 0.35" had
rs to be satisfied. where yvf(r) was the y coordinate -~
) coordinate of the target vertex determined from
were g _ the forward (recoil) track candidate.
true, two _ f i. Kinematic track cut: If, after the application pf all the above cuts
' S;hit from - ‘{ ) there were still more than one segment in one
B ) or more arrays, the combinations were chosen
| within 1" that fit the constraints of elastic kinematics
868, then best.

t

‘equired to.



3. Elastic Kinematic Cuts

There were five "kinematic variables® used--of, Pgs8,.sP, and &

24 ¢

60 ("acoplanarity”) is defined by

-1 -1,m
5,  tan (;-})f + tan (r,,,{-)r ,

where m ) & px(py)/pz and where f(r) = “forward {recoil)". Let

x(y
8k = k(measuré&) - k{predicted from measured value of ef)

where k is any of Pgs B, OF P.. If the experimental resolutions were

perfect 6¢ and all &k would be zero for all elastic events. Due to non-"
perfect resolutions events were generally distributed in an approximately
Gaussian fashion-around §k = 0 and 8 = 0.

For an event to be considered elastic it had to have all &k and 6°

within 3 standard deviations of zero, the standard deviation of each

distribution having been determined>experimental]y. The expérimenta]
widths of the distributions (for many events) for all &k and 60 were
checked against theoretical expectations of these widths (expected
resolutions) by P. Karchin; agreement was found to be good in all cases.
Detail and pictures are given in his thesis.

4. Geometrical Acceptance

We refer the reader to pages 78-85 of P. Karchin's thesis."'4
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V1. RESULTS OF SPECIES IDENTIFICATION OF ELASTIC SCATTERING EVENTS

Introduction

E Having determined from the track-finding and kinematic cuts that an
event was indeed elastic, it was then necessary to determine the event
type. Specifically, since we were interested in measuring the p-p and

pp cross sections, it was necessary to “separate" pp and pp elastic events

“from other elastic events so that they could be counted. For this we had

to use the Cerenkov counters.

As we remarked earlier, our original intent was to use the differ-

e ential counter to tag kaons and the threshold counter to separate pions
from protons or antiprotons. In order to accomplish the npt separation

in this scheme one would need a clear l'pt peak” at the low pulse height

end of a histogram of elastic event pulse héights in the threshold counter
{since mean pulse height is pfbportional to mean number of photoelectrons).
However, in Chapter 1II we pointed out that by-itself the threshold

counter did not have the capability to separate baryons from mesons

effectively for all of our beams. (For example, we expected that at -200
GeY/c meson contamination of antiprotons would be intolerable. This

- was indeed the case_experimentally. If one looked at a histogram of the
pulse heights of -200 GeV/c elastic events of "all" types, no p peak

could be seen!) _

(The reader may be wondering why antiprotons would be expected to

register any non-zero pulse height at all in such a histogram. The
_ \-
reason is that the pulse heights were converted to digital form by a

combination amplifier aqd analog to digital converter (the combination -

187



being loosely referred to as “the ADC*) before being recorded on tape.
Uncontrollable noise in the amplifier section gave the (anti)protons

their non-zero {(and infrequently fairly large) pulse heights on the

histograms.)
Thus, for certain beams it was necessary to use the differential
—counter in conjunction with the threshold counter to tag (ani})protons
(ile., require the differential counter to be set at the proton mass and
fire {a condition referred to from now on as “CB on p and fire”)), while %

for other beams it was not. So we consider the cases separately.

1. Threshold Counter Alone -

i
A. Elastically Scattered Antiprotons at 100 Gev/¢ ‘
] 3
- At ~100 GeV/c, the pulse height separation between antiprotons and - ;

mesons ;as good enough so that one could see clear low pulse height peaks
even when ignoring the differential counter. In Figure YI-1 an
example of this is shown. (The sample wasall -100 GeV/c elastics from

our 1980 data run.) The large broad roughly Gaussian (actually Poisson)

) _compleggly-to elastically scattered pigns and indicates a mean of about -

12 photoelectrons for these pions.

Although one does not see a clear kaon peak in the figure, it is

i

F
distribution that peaks around pulse height channel 570 corresponds almost i

{

i

known from making a similar histogram with "CB required to be on K and
fire" that the K peak occurs in‘the region near channel 150 and is simply
- buried under the mass of pions.
In any case, however, it is clear that the situation- ignoring Cy

is not optimal--extrapolating the "x peai; back in a smooth way indicates
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pulse nei1ght channel m.-(lo- edge) (ardrtrary waits)

Threshold Cerenkov counter pulse height distribution for

all -100 GeV/c efastic events from 1981 running period.
Differential Cerenkov counter was ignored in this histogram;
so was "latch” (see text). Tall central peak is mostly
pions; "pedestal peak" below channel 40 corresponds mostly
to antiprotons.




of order 10% contamination even below channel 40. “Cutting™ at channel 40
{calling everything below channel 40 a p and everything above channel 40
a meson) would also have lost us about 10% of the p's. We could have

lived with these problems at this energy, but we didn't have to.

2. "Ca on p and Required to Fire*

a. General Features

The situation became much cleaner when one looked only at events

for which the differential counter was set to give a signal “on the proton

mass" and did indeed give such a signal (“CB on p and required to fire").

We show an example of a pulse height distribution corresponding to this
in Figure V]-2. The pi peak remains in the same place but is of course

now much suppressed.

(The reader may wonder why there are any pions at all in such a -

plot. Most are due to the "two particles in a bucket” effect (pion and
antiproton incident on the target within the same RF bucket and pion
scatters, usually inelastically, into the threshold counter). We could
have restricted the usable data sample to "one in a bucket” events only,
but this would have depleted our data samp!e by about 30% and was
ﬁnnecessary--if one was w;lling to pay the price of a usually small
contamination of the antiprotons.)

b. Determination of Probagie Total Number of Antiprotons in the CB Sample

i) "Mumber Cut®
To this point we have alluded to pion contamination of the (anti)-
proton signal in the lowest pulse height channels. However, the inverse

effect also existed--some (antf)protons had relatively high pulse heights
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Pulse height distributions for -100 GeV/c "1981 sample” of
elastic events of all types for which differential counter
was “set on P and fired" (see text): "“Latch" was ignored.




and were mixed in with the pions.'

The exact distribution of proton pulse heights could be determined
by histogramming pulse heights of “one-per-bucket” protons only, and this
was indeed done. Using the information gained from this one then had a
method of determining statistically the expected total number of
(anti) protons in a mixed 7 and p pulse height histogram. This method was,
indeed, especially easy to apply to the positive beams.

However, the results of this procedure always agreed to within a
percent or so with the results of the following simpler (for the negative
beams) procedure:

The probable total number of antiprotons in the CB sample could be
determined by noting the channel number corresponding to the "deepest
part-of the valley between the (n and p) hills". {The kaons are largely
removed already.) We shall call this channel the “number cu£>channel“.
For simplicity it was assumed that the number of antiprotons with pulse
heights above the number cut was about equal to the number of pions with

pulse heights below the number cut.

Both methods were alwdys used to check each other. For simplicity

we refer only to the “number cut” method from now on.
[t should be noted that the antiproton peak shapes varied from year

to year. Hence the number cut channel was determined separately for

each year.

A

-+

'This was largely because the ADC “gate" was typically “"open" for a
relatively long time {about 60 ns). Sometimes integration of noise
was sizeable during this period.
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i1) “Latch Bar®
As mentioned, noise in the ADC was largely responsible for non-

zero (anti) proton pulse heights. He had reason to expect that there was

another minor problem with the ADC, though--a low level failure rate which

would cause some pions to register abnormally (and falsely) low pulse

heights on the plots. Though this problem probably would have added

only 3% to the pion contamination of the antiprotons there was a simple

check against it--there was also a "latch* which was (presumably) set

; whenever a signal came from thg Cerenkov counter. So the combination of

37 a lou-bulse height from the ADC and the absence of a signal from the

- “latch (*latch bar") was required for a final state particle to be labelled

TS e

a(n) (anti)proton.
The method, then, of determining the total number of (anti)protons

scattered elastically during a set of “runs* was the following: First

the pulse heights of a1l elastics from those runs were histogrammed

- }gnoring the latch. From this A}stogram the number cut channel was
determined. -Then another histogram was made containing only events for
which the latch did not fire. The total number of (anti)protons in this
histogram was deemed to be equal to the notal number of counts in this
“latch bar® histogram with pulse height below the number cut value

number c;t 3s determined from the “ignore latch” histogram. The number
cut channel could_not be determined directly from the "latch bar

histogram” as the pions were “artifically” suppressed in it.

When this was done there were found S816 total p's in the “"latch

bar" histogram for data taken during 1981 and 1411 total p's in the latch
A



bar histogram for 1980. These numbers should be taken as * <1%.

3. "CB on K* Antiprotons at -100 GeV/c

As mentioned, there were many runs for which the differential counter
was set "on the K mass"® ("CB on K"). This brought to mind the possibility
of using the differential counter to eliminate kaons and then using the
threshold counter to separate =« and p at 100 Ge¥/c. If all of the kaons
could be eliminated in this way very little contamination of antiprotons
with pions could be expected.

However, it must be recalled that the differential counter was bnly
about 25% efficient in tagging kaons. This meant that if we histogrammed
pulse heights of elastics requiring "CB to be on K and not fire" about _
75% of the kaonS -would remain in the_ histogram. _Would the resulting anti-
proton _signal be too s;verely contaminated? There was only one way to |
tell. Experimental results f—or_this are shown in Figure , vi-3. There
we show the "latch ignored” histogram, From this histogram we see that
the meson contamination of the antiproton peak is probably less than 10%
below channel 30. From the corresponding "latch bar® histogram (not
shown) - one sees that cutting at channel 30 gains us about 650 antiprotons
— --an increase of almost 10X in the data sample. Because of the relatively
higher contamination of -these antiprotons, however, they wel;e used only
to determine relative and not absolute tross sections, as we shall
explain in_ Chapter VII. \
4. Other 100 Ge¥/c Antiprotons —

There were other ways in which the differential counter could be

used to help the &nsbld counter identify antiprotons. Howev-er,

methods not already ueni‘loned at this energy yielded too small and too
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contaminated an antiproton signal to bother with.

B. Elastically Scattered Antiprotons at 200 GeV/c

Here it was necessary to requi're_'cB to be on p and fire", as we have
already pointed out. The data divides into three classes:

1. Antigrotons at 200 GeV/c from Runs During 1980

There were thirteen such antiprotons from the 1980 run. Exggcted
pio;>e6htamination of these was negl1gib1e.- Because of acceptance fluctua-
tions below |t| = 0.9 (GeV/c)z. only antiprotons with -t i 0.9 (GeV/c)2
were considered at this energy. Seven of the thirteen satisfied
[t] > 0.9 (Gev/c)2.

2. 200 GeV/c Antiprotons from Runs During 1981

Unfortunately, during most of the 1981 running pepioglﬁhe gas in
the‘threshq]& counter was set at a higher pressuré than we had planned
for it to be at--during these "high pressure runs" antiprotons were well
above Cerenkov threshold. There ;;re a few “normal pressure runs® also. )
We consider the cases separately:

a. 1981 "Normal Pressure® 200 GeV/c Antiprotons

There were 20, 15 of which had [t] > 0.9 (6ev/c)Z.

b. 1981 “High Pressure” 200 GeVY/c Antiprotons

This data gain divides up into two classes:
a) runs 314-368--somewhat variable high pressure
8) runs 369-373--more variable high pressure

1) Runs 314-368 1 o

Figures VI-4 & VI-5show some histograms of the situation. Figure VI-4

- 1s an “ignore latch® histogram with "Cg on p and required to fire" and
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with no restriction on the number of particles "in a bucket”. At first

sight the situation looks somewhat daunting.

Unfortunately, we had so few other antiprotons at this energy that
we needed to salvage as many p's as possible from this data to be able to
determine relative &ross sections with any respectable degree of accuracy. .
In Figure VI-4 the reader will notice a slight hint of
a "pion peak” near channel 470. A better fix on the "theoretical* position
of this peak was obtained by looking at pulse heights for the same runs _
but requiring “Cy to be set on p and not fire". (This will be called the

"high statisiic#‘histogram. For brevity it is not shown here. It had

about 25,000 pions in it.)} This shows the expected pion peak position to

be near pulse height channel 420. Upon approximating the pion distribution

by a Gaussian (mean number of photoelectrons = 14--high enough to make

this a good approxiéﬁtion except 1p the tails) we found that the half-

width of the pi peakvin a high statistics situat{on_was about 130 chennel;. -k

We also found that only about 1% of these pions fell below channel 180,

for example, and that about 12% fell below channel 300.

o et i s 13

Thus, returning to our low-statistics situation (Figure VI-4) we

statistically expected 1% of the pions to have pulse heights pushing

them below channel 180. .We did not have to worry much about variations -

of pressure affect1n§ this result since both the low statistics histogram

and the high statistics histogram of pions include the same pressure e

variations.

One could get a fix on the expected antiproton pé;k position 1% the

following way. We recall that ehe positive 200 GeV/c beam had a much




higher percentage of protons than the negative beam had of antiprotons.
Therefore, by running one short run at "high pressure” and at +200 GeV/c,
we could quickly accumulate enough protons on a pulse height histogram

to indicate where the antiproton peak should theoretically be. This was
done, but somewhat too quickly (we did not have enough protons to get a
really good fix). But it seemed that the proton peak was somewhere near
channel 190 with a half wid}h somewhere between 50 and 100 pulse height
channels.

To determine the relative cross sections, however, we of course need
as uncontaminated a sample as possible. So, for this, look at Figure
Y¥1-5 (“one-per-bucket" histoéra@). There are still some pions in this
histogram. That is because the one-per-bucket condition is not perfectly .
applied w}th our hardware. But only about 5 or 6. Now recall that only
1% of the pis are expected to fall below channel 180. Therefore, even if
there were forty pions in the low siatistics plot we'd expect less than
0.5 of them below channel 180. So anyone in the one-per-bucket plot
below channel 180 is almost definitely a p. Unfortunately, there are
only 8 such fellows. A B,

11) Runs 369-374
A similar procedure applied to these runs yields three “definite”

protons for the relative cross section calculation.

C. Elastic Protons at 100 GeV/c
1

Relatively 1ittle running was done at +100 GeV/c; however, because

protons comprised such a large fraction of the beam we were able to get

a fair amount of data.
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1. "CB on p" Data

In all there were only four runs with "CB on p", three of which com-

prised the total 1981 100 GeV/c pp sample, and one of which was in 1980.

We need to consider data samples from each year separately, as the normali-

zation will a priori vary.
a. 1981 Sample
A histogram of pulse heights was made (not shown here) ignoring the
latch and ignoring CB {i.e., using the threshold counter only). It was
found that the pion-proton separation was excellent and that the meson
contamination of the proton signal was probably less than 1%. However, for

the purposes of normalization we got an even more pristine sample by

using the differential counter ("CB on p and required to fire"). The
relevant histogram with the “latch ignored” was made for this. After the
proper background subtraction of mesons was made it was estimated that

there were about 3229 total protons in this "latch bar histogram"._

b, 1980 Cg on p and Required to Fire Sample

By the same procedure we estimated 1130 protons in the "latch bar
required” histogram. For-brevity we omit the relevant histograms here;

however we comment that they were very clean.

2. "CB on K" Protons

During 1980 there were three runs at +100 GeV/c for which the
differential counter was set for kaons, However, because of the ubfquity
of protons in this beam and because of the relatively good n-p separation
at this energy, it was not at all difficult to obtain a sufficiently clean

sample of protons from these runs to use in cross sectfon determination
\




by histogramming pulse heights of elastics in the threshold counter under
the condition that the differential counter be set for kaons and not fire.
In fact, the bulk of the elastic proton signal at this energy came from
these conditions! In Figure vI-§ we show the histogram made under tﬁese
conditions ignoring the Tatch. We see that there were about 11,000
protons to be gained.

11} A Comment on Contaminations i

So far we have been making 1ight of the issue of contamination (by
mesons under the proton peak) by showing the reader, in the appropriate
cases, that the fractional contaminations were very small. But due to
the differences in the meson and baryon differential cross sections, th%s B
was not good en_ough. We shall say something about this here and HIustrater
with the +100 GeV/c “Cg on K* data, but the method is general and should
be understood to have been appltied to each of the cross sections where
appropriate. i '

In simplest terms the problem is the following. Consider the 11,000
odd protons we just found in the +100 GeV/c "pedestal®. Suppose that for
the purposes of ca]culating_relative cross sections we demand a very-
pristine ;anple, so we only use those protons whose pulse height falls
b;low channel 30. That's still almost 11,000 protons. Looking at & magni-
fied version of Fi;un VI-S we crudely (by eyeball extrapolation back of

the “pi peak") guess, s3y, 60 mesons whose pulse heights put them below

channet 30. So the “contamination® is crudely 60,11,000 < 14, [This

crude estimate of the contamination was checked in two ways: _
i) In the histogram of Figure ¥I-6 we see about 30,300 events.
It was known from DISC pressure curves that the beam was about 5% kaons.
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So we expect about 1500 kaons, three fourths of which should be in the
histogram of Figure VI-6 (since the DISC was known to be only about 25%
efficient at tagging kaons). So there should be about 1,200 kaons in that
histogram.

i1) When a histogram.of pulse heights for a fairly clean sample of
"one-per-pucket” kaons at this energy was made, it was found that less -
than 4% of these "kaons" fall below channel 30. )

In fact, this 4% figure is probably too high because the "one-per-
bucket" condition cannot be perfectly applied--some low pulse height “kaons"

are really protons (probably'most. in fact). But let us keep this 4%

figure as an upper 1imit. Then there are probably at most

(.04)(12Q9) = 50 kaons falling below channel 30 in the histogram.of Figure

VI-6. -

We also claim that there Qre probably not more than five pions below
channel 30 in that histogram: That can be seen as follows: first note that
the pion peak is centered near channel 480. In the vicinity of channel
880 (400 channels above the peak} we see about 1 pion every ten channels.-
But the pi distribution.is Poisson, and Poisson distributions have "longer
right tails than left tails". So in the vicinity of channel 80 (480-400)
we expect at most 1 pion every ten channels. Thus it would be very sur-
prising if there were more than five pions below channel 30. So we expect
about 50 mesons at most under fhannel 30, a number ?ot in gisagreement with
our original upper 1imit guess ofAGO.]

But suppose that the p-p cro§§ section is "small™ in a restricted
range of |t| (e.g., has a deep dip there, or worse--a shallow diﬁ there)

where the meson-p cross section is relatively large. Then if some of tﬁe 60
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mesons fell right in that range they could completely have dominated the

protons there, It is true that this may only involve a limited region of

-t, but regions with structure (1ike dips) are frequently the most

interesting regions! Even two mesons in a shallow “p-p dip” might

completely wash it out.

At +100 GeV/c for p-p the situation was particularly interesting

becasue it was not at all clear whether to expect a dip near -t = 1.4
(GeV/c)2 or not. At 200 (GeV/c) thére is one. At 50 GeV/c there apparently

isn't one, At 100 GeV/c other experimenters have presented evidence for

“no dip", but we believe that evidence is poor. In fact, in this thesis

we will claim that there is a shallow dip at 100 GeV/c for p-p elastic

scattering., So we had to get rid of contamination carefully. The

question is, of course, how the contamination mesons distribute themselves
in |[t]. The answer to this was found by the histogramming -t_for a large - -
mixed sample o} pions and kaons, Assuming ;oughly equal differential

elastic cross sections for pions and kaons, it was found that for a total

of 50 céhtaminating kaons, one expects less than one‘of them to have

-t < 1.4 (GeV/c)2 and only about 0.5 mesons to fall into the hypothetical

-t =1.4 to -t =).6 (GeV/c)2 “dip” region. We see that we are not in

danger of "losing dips*. _

D. Elastic Protons at 200 GeV/c

For +200 GeV/c, al) of the 1981 runswere":B on p* and all the 1980
runs were "CB on-K*. The techniques used to separate protons from mesons

were very similar to those usedifor 100 GeV/c. Hence we simply state -

results: -

1. The data obtained with "CB on p and required to fire" was used



(see Chapter YI1) for the normalization of the absolute cross section.
There was an estimated total of 795 protons under these conditions, 787
‘of which fell below pulse height channel 40 aﬁd which were used for the
|t] distributions.

2. 200 GeY/c Protons from “Cg on K and No Fire®. 4026 protons were
found that were considered negligibly contaminated (cut at channel 40).

3. Other 200 GeV/c Protons. With this beam it was also possible to
salvage the protons that did not cause "CB to fire" du;}ng the runs for
which CB was set on the proton mass (the existence of this class of data
is due, of course, to the inefficiency of the differential counter).
These protons were the "dirtiest”, but even here the contamination was

—not bad at all. In fact it was expected to be only slightly worse than

that of the "Cg on K and no fire" sample--since Cp misses 3/4_of the
kaons! Anyway, there was another indirect method of checking the

contamination--differential cross sections for pp elastic scattering at

this enerqy were already_known to show dip at -t = 1.4 (GeV/c)z. When

one histogrammed the t distribution of events in this class one saw that
dip! _
There were about 757 total protons in this sample whose pilse heights

put them below channel 40 (and hence were used for calculating relative

cross sections). Summarizing, ~

Estimate of total number of protons used in normalization: 795

Estimate of total number pf protons used to determine -t
distributions: N
_787 + 4026 + 757 = 5570




VII. DETERMINATION AND NORMALIZATION OF DIFFERENTIAL CROSS SECTIONS,

ection. METHOD AND RESULTS
s, 787
':or the A. Normalization*
1. Introductory Remarks

ons were In order to calculate a cross section it is necessary to know the

1 40). ratio [scattered particles of the type desired leaving the target/incident

bsidble to particles of the proper type] for the time period during which data is

runs for i : 4 collected. We shall write this ratio symbolically as

of data _ J _"elastics/no. incident", where the meaning of the terms is self- -

ter). explanatory. ) 7 B
ion ;as - It was originally thought that the numbers of elastics found in

[se than 1 Chapter VI, divided up into |t| bins, would provide the numerators of

k the these ratios. Likewise, it was expected that the denominators would be

he 3 had by simply counting ihe_number of "gated beam dot (p" coincidences made
grirr’\f 9uring the relevant time pgriod. {By "gated beam dot FB" is meant a )

When coincidence of fast-logic signals B,, By, K; (i=1,2,3,4) and Cy» where
) saw that - R; (i=1,2,3,8) indicates the absence of a signal from any of the anti-

counters and CB indicates the presence of a signal from the differential
b

dse heights Cerenkov counter in the beam.]

relative - But life was not so simple as it was found experimentally that the i
ratio "elastics/no. incidgnt“ was a decreasing function of instantaneous -
795 beam intensity ("flux"). The causes of this effect and the general
B method of resolving the problems that were caused by it will_be outlined
= 5570 briefly in Section A. In Section B we present the calculations of do/dt.

'I thank Paul Karchin for some véry helpful discussions on this.

- 207



2. Intensity Effects

There were several causes of the intensity effect alluded to above.
One was that the level of saturation (i.e., dead time) of the electronics
associated with the beam scintillation counters increased with intensity.
As a result the beam counters yndercounted the number of incident particles,
the undercounting getting worse as the intensity increased. This was
partly due to our operating the discriminators for these counters in the
“burst-guard” mode. Phototube pulses frequently extended over several
RF buckets, the result being that effects like “two particles in a
bucket” tended to dead-time out ;he counters,

If this were the only effect, the ratio of elastics to “gated

beam-CB“ would have risen as a function of incident flux. However, since

the “gated beam" coincidence was reduired for the experimental trigger,

the numerator of the ratio also fell with intensity. .

© 7 The reader might then argue that the two effects should have -
cancelled out leaving a constant ratio as a function of intensity. But
this was not the case for the following reason: Part of the intensity
“problem" was due to “two particles in a bucket"™ and part was due to
consecutive buckets being occupied. For "two in a bucket® Gated Beam
undercounted but the trigger essentially did not (due to the relative
_infrequency of elastic events}. Haweve}. for “co;secutive buckets® both

undercounted. The result of these effects was nonlinearity in the

apparent number of elastics per gated beam ("EL/GB") as a function of

incident intensity. The same was true for “elastics per gated beam dot
\
CB" ("EL/GB-CB"}.
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(Presumably much of this was due to inelastic scattering occurring in the
same RF bucket as elastic scattering. However, some of the inelastic
scattering that set off the veto counters apparently even occurred during
the RF bucket previous to that of the elastic scattering event (in this
case the vetos were perhaps set off by slow recoil protons from the
inelastic scatter that didn't hit the anticounters until the bucket after
that during which they were produced). Other elastic events were missed
due to beam halo-setting off the anticounters.]

As a result, the methods of Chapter VI undercounted the true number
of elastically scattered protons and antiprotons for these reasons also.
The upshot, then, was that the ratio EL/GB-CB fell with intensity--and
in a nonlinear way.
intensity, it was incumbent upon us to determine the value of the ratio at
zero intensity-="(EL/GB+CB)". -

3. A True Measure of Incident Flux

Then there were other effects,

intensity dependent effects in the veto counters surrounding the target.

for example, there were complicated

Since ideally this ratio would be independent of

Luckily, a three eiement scintillation counter hodoscope (called "the
N hodoscope") had been installed near the target. This hodoscope responded

largely to hadrons produced by the inelastic scattering of beam and

target particles.

length long one did not have to worry about "sagging® in the N counters.

Thus it was expected that the N counters would provide a true measure of

In order to "calibrate" the N-counters, a number of plots of gated

N (coincidence of signal from an N founter with the absence of the logic

the incident flux. .

Since the target was only about 10% of an interaction




gating signal) counts per spill versus gated beam counts per spill were
made. In the low intensity region (only) these plots were linear, and the
linear region was large enough to determine the slope of such a'plot at
zero intensity to within a typical accuracy of a few percent. (For an
example of such a plot, see page 90 of Paul Karchin's thesis.) We shall
call this zero intensity slope "(GBIGN)O'. (GM stands for counts of gated
N, GB for counts of gated beam.]

4. Choice of Variables

In ord;r to determine (EL/GB)0 one would at first sﬁbpose that he
or she could extrapolate ;backuard' on a plot of (EL/GB) [no. of elastics
per GB] versus GN per pulse. However, we remind the reader of the non-
linearity in such plots. On the other hand, it seemed that plots of
“elastics per gated N“ ("EL.GN") vs. GN were tolerably 1linear. This
linearity was, of course, easier to verify for elastic n-p scattering than,
e.g., elastic Bb‘5catterin;, due to the relative number of events. An
gfample of the linearity of (EL/GN) vs: GN for pions is shown on page 88
of P. Karchin's thesis, where it is claimed that typical accuracy in the
determination of “(ELI/GN)O' (elastic pions per gated N in the limit of
zero intensity) was a few percent. Then one could get (EL/GB)0 for

pions by noting that

. By . (L (@
@, " @y @),

{where subscript zero re}ers to “zero intensity limit*).

5. Normalization for Protons--General tethod

The reader may wonder why We are talking at all about elastic pions
per gated beam at zero intensity uhgn what we want is the ratio




[elastic (anti)protons per gated beam] at zero intensity. However, we

assert that the (anti)proton normalization could be obtained from the

at A pion normalization. For the negative beams there were many more

L | elastically scattered pions than elastically scattered protons. Thus

all ‘ (é&) was in general much more accurately known for pions than for
ated protgns. We wished to take advantage of this fact.

Before explaining the method, let us illustrate the problem with an
example. As the reader has seen, at -200 GeV/c there were only about 50
elastically scattered antiprofons. Most of these antiprotons were
collected "at high-intensity". Suppose that they all fall in the box
in"the-plot in Figure VII-1. How does one extrapolate back to z;ro
intensity? One makes use of the pion normalization, recalling that at
-200 GeV/c there were many thousands of pions obtained during the runs
that these antiprotons were obtained.

We now assert that if fa (the fraction of the beam that is
(anti)protons) and € (the efficiency of the differential counter for
tagging (anti)protons) are independent of intensity, the ;ﬁe following
formula is_valid for data collected during a given set of runs with

varying intensities:

ELp] . [ELn] _TOTEL D _ _TOT GB
,[ss-ca]o [ss o TOTEL  * TOT 6G-C8 (vir.m

where "TOT EL n (p) = the total no. of elastically scattered n's (p'S)

- in the data sample (taken at varying intensities),
and where TOTGB (GB CB) = the total number of GB (GB.CB) counts for the

runs for which the same data samplé was taken.
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Figure VII-1. ITlustration of the problem of extrapolating back
to zero intensity.
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Proof:

Let %% (x(p)) denote the differential elastic wp - mp (pp + pp) cross

section. Let a"(E) z g% (x(p)) dt, where indicates an integration
At At
over the range of experimental acceptance. Then,c" s k (E%EE)O and

o=k (é%ﬁﬁﬂ , where k is a constant independent of particle species.
p L8y

Now, suppose the entire data collecting was done at very low

intensity. Then it is clearly true that ~

- ), [, (o

But, if ¢ and fp are independent of intensity, so is the last factor

fTOTGB L:[TOTGB}

" - (subscript I indicates
TOT GB-CB 7T0 GB-CB 0 intensity 1) .

The factor

[TOT EL E} o -

is also independent of intensity. This is true for the following reason.

The intensity dependence of the number of elastic protons detected is, we

recall, caused by inelastic scattering "accompanying” elastic scattering,

- by beam halo, and by Lsagging" of the beam counters. But these effects

are exactly the same for the undercounting of elastic protons as ‘for the

undercounting of elastic pions. So the ratio is independent of intensity

and hence equation (¥II.1) is proved.

A

Let us define




average of %—% a T‘%.TT‘G%_CEQ‘

TOT EL »

T GB
C s ELu) EL n - .
T ONVGE/, [/ e ~

Then we can rewrite {VII.1)
EL p EL p
[GEL'&JO ) <5§L-C!B'> xC

We see what this means physically: [t means that the entire curve of

%-.} versus intensity is a constant multiple of the-curve of*%glvversus

intensity (see Figure VI1-2). '

In particular then, both curves go through their average values at.
the same abscissa and bo‘th curves go to zero together. (Just another way
of saying that intensity effects are independent of particle tybe.)

6. The Intensity Dependence of 'efR'

Now -there is one possible flaw in all this, Afhat is the ;:ossibility _
that efp depends on intensity. Then curves of (ELn/GB) vs. GN/spill
and {ELp/GB-CB) vs. GN/spill would no longer be constant multiples of each
other. We must now face this possibility.

Firstwe ask, “In what s{tuations could ef, have depended on
intensity?® It is clear that poor aiming of the proton beam on the
beryllium "meson target”, synchrotron main ring problems, etc., could
have had no effect on ¢ or fp. Also, since p's were so rare in the beam

the differential counter did not “"dead-time out" at high intensity. It
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N 4
is only when the AVB magnet currents or the collimator settings were

changed that fp and € were affected.

However, there was only a very weak correlation between intensity and

fpc. This is because, e.g., when the main ring intensity was low or the

“meson targeting" was bad, the AVB magnet currents were turned up. At

high main ring_intensities the AVB currents were often turned down.

The result was that almost all of the intensities had the complete
range of f;'s. Therefore, the curve of ELp/GBCB vs. intensity was propor-
tional to the curve of ELn/GB vs. intenéity; however, the constant of
proportionality involved <f5e (AVB current)> (< > = average) rather than

fie (zero current).

" We are not interested in knowing this <f-5e>. We merely point out

that it differs from cfi {(no current). This is an advantage to using

" other forms for the proton normalization--it does not contain

fBg explicitly. That is helpful because, e.g., if fi is gotten from the
DISC curves it is obtained from a highly artificial beam and differs
from the “true” fi' Because fE was so small to begin with, it was not

insensitive to these changes!

'The'AVB magnets were dipale magnets immediately downstream of the
beryllium target that were used to select the production angle of the
particles that went into our "M6" experimental beam line,
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B. Calculation of Differential Cross Sections

1. Introduction

In general the formula for calculating g% for a particular bin

sity and .
labelled by the value t, is
r the 3
4 doft) .1 _moreny "M%
At . dt ° " LatART |GBCB ), M cut * b
) 0 0 tot
where
ylete .
_ oL = no. of protons per square centimeter in the target. (for
propor- - - -
- us ol was 4.31x10%a2),
of B -
At = width in |t| of the bin under consideration,
« than
Ao = fractional geometrical acceptance of the apparatus at to,
R = “"reconstruction efficiency” (includes effects of wire
out
chamber efficiency),
l‘l& _
A~ T = "transmission factor”. Incledes effects of absorption
- ; - in target, Cerenkov fank, etc., and §-rays on veto
m the ’
counters, radiative correction, etc.,
s
~ fcut s "cut correction factor®--associated with particle
not ’
identification cut,
' fkb 2 kinematic background correction factor, and
[%%%é%ﬂ s the "2ero i;;ensity 1imit* of the ratio of the “total"
- - o -
- a (i.e., integrated over the -t range of the acceptance)
no. of elastic p's {p's) obtained during a given period
of data collection, divided by the total number of
the “GB+CB" counts recorded during this same time period.

The exact meaning of all these factor; wil) become clear in the ensuing

discussion,



2. Transmission Factor

2. Absorption in the Target

We correct for this by realizing that every particle that travelled
through the forward arm after undergoing scattering in the target had, in

fact, travelled through the entire target. Therefore, to calculate the

fraction of elastics that were absorbed in the target, we used

- 'abso;Bed'
!l’\

=gpl ,

where L is the entire target length, and where the rest of the notation is

obvious except for “o". That is, for “o* should one use the total cross

section or just the inelastic cross section? [.e,, if elastic scattering
occurs twice in the target, is the event missed? The answer is “yes"

{one should use the total-cross section). o - _
[To pass the elastic cuts, éf had to be “correct" to within a

tolerance on the order of its resolution. This resolution was defined by

the beam divergence and was of order 10'4 radians. But, for example,
for 100 GeV/c elastic scattering, a scattering angle of 10'4 radians

corresponds to momentum transfer q A (10'4)(100) s 01 GeV/c, i.e.

2 2

-tzq°= ]0'4 (GQV/C)Z, 1f q° of the “"second" elastic scattering had

been much-larger than this, the event would have failed the kinematic
cuts. But the elastic cross section at P, = 100 GeV/c and qz‘; 1074
(Gev/c)? has dropped less than 1% from its value at the optical point
[i.e., over 99% of elastic pp ?cattering at this energy has qz . 1078

(GeV/c)z]. So elastic scattering had to be included in the absorption

correction, ]

- At 100 GeV/c the total Pp cross section is about 42 mb. At 200 GeV/c




it is about 41.4 mb. oL = 4.31x10%% e

then implies that the "trans-

mission factor® for pp scattering is about 82% for both 100 and 200 GeV/c,

and about 83% for pp scattering, again at either energy, where

avelled
"transmission factor™ = 1 - gpl = “l-absorption®.
; had, in
ite the b. Correction for Production of &-Rays in the Target
The problem here is the following: "knock-on" electrons were produced
by Coulomb scattering in the liquid hydrogen target. The target was
surr‘ounded, on 3 of its 4 faces (assuming a rectangular target, for ease
itation is of discussion) by aluminum plate an inch and a half thick. Outside of the
1 cross

plate were the "veto" counters. Could §&-rays have penetrated the plate and

attering set off the veto counters?

The answer is technically "yes", but only a negligibly small number

of &-rays had enough energy to do so. - -

a - ) - - . - _

Fined by i g—:— (T >T°) = %Qf% = -zpﬁ a To—l(-'ﬁ%w (5-riys per meter) . -

ple, e N .

) - for the number of- §-rays produced per meter of target with kinetic

;ans energy T >T°. {This formula is obtained by integrating the formula”?'

| foriﬁ%; . Here 0 = .31 Mev-cmz/gram and o = .071 g/cm3 for liquid

9 had R - hydrogen. -Using the density of aluminum o = 2.70 gm/cms. 1.5 inches of

:f:ﬁ Al implies a column density of about 10.3 gm/‘anz. which would imply -
B T, =20 MeV. - ,

oint Now,at our beam energies &-rays are averwhelmingly produced at small:

]0-4 ) with respect to the “primary hadron" travel direction that causes their

ption production.‘ Let 0 represent thi; angle for a given é-ray. Then for the

200 Gev/c 'l thank Professor J. Orear, gy thesis deisor. for reminding me of this

fact. -




cases when the primary hadron is either the incident beam hadron or the
forward elastically scattered hadron, the "path length® of the S-ray in
the aluminum is essentially 1.5‘Isino if sine is large enough that the
knock-on electron eveﬁ encounters the Al. Since sing is essentially
always so small, the &-ray correction due to incident or forward
elastically scattered hadronic primaries fs negligible.

Delta rays penetrating the aluminum that were produced from the
elastically scattered particles that headed for the recoil arm were also
negligible--in this case although most of these §-rays "“saw” abcut 1,5"
of Al, the production length in the target was at most only 3. This

gives an upper limit of about a 0.4% correction,

c..Other Absorption Corrections

(i) “Empty Target'kate" ~0.7%
(ii) Correction for muons and g]ectrons - 0% (since CB was "on p and
had to fire® for normalized sections
(1ii) Absorption in forpérd arm scintillators and Cerenkov mirror = 02

(C not required in track finding)

(iv) Absorption in R counter £ 1% (for plastic ‘scintillator, a

collision length is about 55 cm. For 1/4* inch thick scintillator,

.25x2.54 an/inch = .6 cm)

Combined absorption in air and helium [the scattered particles had
to pass through air befpre being positively detected. . The

_ forward scattered particle also had to pass through 100' of
S.T.P. helium in two helium b&ﬁs we installed to minimize multiple

scattering and absorption. (No ab;orption affecting our resylts
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occurred in the He in the threshold Cerenkov counter or in the
differential counter)] =~ 4%.
d. Radiative Correction

Based on a study of radiative corrections applied to n-p scattering
with the same equipment and beams?? we conclude that the radiative
correction is S1% for t < 5 GeV/c. So we apply a 1% "correction” to 2all
cross sections (there were so few events with -t 2 5 GeV/c that the
added inaccuracy there didn't matter much). ;;~{ﬁclude this radiative
correction as an “absorption correction® in the transmission factor "T".
Adding together the results of all these effects, we find that

T = .77 for both negative beams, and

T = .78 for both positive beams.

3. Kinematic Background Subtraction

The factor "fkb“'depends both upon the reaction and qz. Due to
the relative paucity of pp elastic scatters, fkb was determined from
the pion data (see_Paul Karchin's thesis) and then applied to the.anti-

proton {and proton) data. These numbers are given in tables later under

the heading “fkbn"

4. Reconstruction Efficiency- Factor R

The overall reconstruction efficiency was determined by Monte Carlo
methods and included the effects of chamber efficiencies that varied with

time. This factor "R" was a function, then, of both time and qz As a

result we generally consider R separatelg for each year in which data was
taken.

The general method for obtaining the “chamber efficiency piece” of

s el e M e ot e 00t




R was as follows--chambers were grouped into arrays that had as many
members as possible, coincident with the requirement that particle tracks
through the arrays be essentially straight lines. (Thus, usually, an array
could not have chambers both upstream and downstream of either analysis
magnet (exception--see below).) If possible the array included as "members”

hodoscope elements which particle paths would intersect. The eff;ciency

of a given chamber in an array was then defined as the fraction of
"suitable events” for which the given chamber registered a *hit” at a
“proper position”, coincident with the requirement that all other members
of the array also register a hit, each at “proper position®.

In order for the results of this scheme to truly represent chamber
efficiencies we had to 1imit the definition of "suitable events" as
follows: a) the event h;d to have, as well as cou]ld be dﬂfermihed} a
bona fide particle track (as opposed to random hits due to electronic )

" noise, etc.) in each array (x and y) of the arm of the experiment which
the chamber being tested belonged to; b) track segments had to meet in
the magnets, tracks had to originate from the target, etc.; and c) there
was required to be one and only one track in an arra;. -

B;' the phrase "proper position® we mean the following: having found
a bona fide track exciting each‘"other" member of an array, it was then
possible to predict (assuming good chamber alignment) the expected position
for the hit in the chamber bei—ng tested. For the chamber to be considered

\ ,
efficient for the event in question it typically had to have a hit within

a window 0.5* wide on each side of the "expe.cted position® (sometimes a
‘chi-squared test was applied instead). -

The reader may imagine that this procedure presented a problem for
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determining the efficiencies of the x-chambers in the recoil arm upstream
of the analysis magnet there, since there were only two such chambers.
(One “other® chamber cannot define the slope of a track to predict a hit
position in the chamber being tested.) This problem was solved by enlarg-

ing the array to include the entire span in "z" of the recoil arm and

then tracing rays through the magnet. (Given an x or y position and a
slope on "side one“ and a slope on "side two" of a homogeneous field magnet
it is possible to predict an x or y position on "side two".) This was
accomplished by using-a Newton-Rapheson iteration technique.

For most chambers two different samples of tracks were used to find
efficiencies--tracks from elastic events that were included in cross
section calculations (typically np elastics (Paul Karchin) and general
inelastic tracks (myself). Wherever feasible the efficiencies obtained
with these two test samples were compared to each other and always adreed
to within about 2%. However, cerfain chambers in the recoi{ arm were
positioned so that the only elastic rays they could receive were those
of relatively high -t. As these rays were rare, these chambers were not
illuminated sufficiently with them to allow determination of efficiencies
using elastics. Thus, their efficiencies were found essentially only by

using the inelastics. - -

5. Calculation of Normalization

a. Some Additional Notation

s ozt

p¢ Fermilab main ring beam intensity. 400 GEV/c during
1980 data rus and 350 GeV/c during 1981 data run

[Eg]o The ratio of "gated N* counts to “gated beam" counts,
extrapolated to the limit of zero intensity -



The ratio of the observed number of elastic pions to
gated N counts, extrapolated to the limit of zero
intensity

The ratio of the observed number of elastic pions to
gated beam counts, extrapolated to the 1imit of zero

intensity. Recall !%B!]O : [%N!]o g [%]0

TOT‘I%TGB- tI>t qpe ratio of the total no. of elastic p's (p's) observed

©  during a running period for which |t| >t to the total
number of "gated-beam dot CB" counts for the same
period. The reader will recall that this has
essentially previously been defined as the average
CELpip)s

The reader will recall that the estimated total no. of

" elastics obtained from a given reacti-on with "given”

conditions" was determined either by the “number

cut® technique or by studying the "pedestal shape*”.

For example, for pp scattering at 100 GeV/c, the

reader will recall that we estimated

1411 total elastic antiprotons under thé condition

that “Cy be on P and fire". But, to minimize con-

tamination, a much more severe pulse height cut

(call it "PCUT2") was made.

OTELn | i
[II'UT'GE—] The ratio of the total number of elastic pions observed

during a period of time to the total number of gated

beam counts observed during the same period. The
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reader will recal) that this was defined also as the
average <°EGLBI>

C The "intensity correction factor” determined from

pions. Recall
_ [EL L
C = -GB—“]O /<E-GE-">

From following data the reader will note that C

can be as large as about 1.45.

t Fer a given reaction, the lowest -t bin for which the

geometrical acceptance factor was judged to-be stable

with time (i.e., away from steep "edge effects").
The absolutely normalized cross section da(to)/dt

was calculated for this bin in this section.

A particular "t" bin under consideration. Usually —
:ﬁj T o-L " defined in the same-way as,“to“ but with a somewhat
4 (genéra11y, _more liberal criterion for "stability with time“.
T “ty)- Usuall; used instead of the generally more conserva-
tive "to“ to improve statistics in determination

of “N" (see later) before calling a particle an anti-

proton (i.e., including its measured value of q2 in
- B the determination of dg/dt). Then, ' : -

_ § - total elastic (anti)protons
cut = total elastic (antijprotons with pulse hgt. <PCUTZ °*

i ot oo, SEUR R

In the example alluded to above, {-100 GeV/c ),

¢« lall
ot T3H/% -
’n(to)' The number of elastic P's or p's that had pulse height

less than PCUT2 and -t in the "t-bin™ labelled by 'to)



The “normalization number".

- C!TOTELF. It]>t, e )
T TOT GBCB T cut ™R
N was generally calculated separately for each year.
Values were then compared. Theoretically inde-
pendent of year. Deviation of values in N (called
"A") obtained from year to year with the “same” beam

were used to help estimate the "error“ in N.

b. Calculation of “N* Values

On the next few pages we indicate the calculation of "N values.

Note--the only (anti)prdtons included in the calculation of N values were

those for which "CB was on p and required to fire®, It will be noted that

_there are several "tginnings"—for +100 GeV/c. The reason for-this will

become clear later when “relative” cross fections are discussed.
~ Also, for +200 GeV/c, only “1981" data .is used to determine N since

that was the only "CB on p and required to fire” data.
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Beam

-100 GeV/c

+200 GeV/c

+100 GeV/c

-200 GeV/c

-

* . .
Conditions between (a) and (b) slightly different--a priori N values will differ, so

Table VII-I.

P (Gev/c)

400
350

+

400
350
400
350$a *
350(b)*

| -calculate separately.
+pp = 400 GeV/c for +200 GeV/c scattering not included since no running done with

"CB on p“.

GN -3
= x10 x
GB 0

.190
.182
.303
230
.194
.253

231!
.230

|

1

Eln

GN 0

5.65
5.81

l

.248
4.50
5.25

.788

" .996
.996

IJom SIt

Determination of “C" Values

\
-3 = ELn -6 - m ELn -6 wen
x10 [W {0 *“TOT GB 410 a2 4C

1.07

7.51

1.04

1.02
199

.230
.229

1.06

0.740
0.782
0.6549
0.752
0.792
0.168

0.1
0.164

1.45
1.35
1.37
1.37
1.29
1.18

1.35
1.40




Table VII-2. Determinatfion of "N" VAlﬁes. Comparison of Years

— L ]
weu o {TOT ELp (or tja>t wnpu o upE 0=
' Beam po (Gev/c) *“C x[ T0T Go-CB —]x "fcut R N“x10
_ 4434 8¢ 7 1
: Z.70xT10" 1359

X

400 .969

=100 GeV/c

++
350 1.35 l§9§3§Tg§ gg%g .955
. )

547:4.3% *** ;%g 981

X

+200 GeV/c 350 1.37

-

++
e 31215.7% ' =1
400 1.37 A\ M (.973)" .990

x
+100 GeV/c -
Binning A’ 350 B87113.4%
X

1
only (.965) " .963

. ‘

400

1.0 .933

. 13128%  ***
. > ‘

+ 112305t
350(&) LR m 1.0 .916

8135y *+**
) 4

350(b)* 1.0 .946

. ( 3
100 ) 15%;5%%, o (9737 .99 . agree within

statistical

+100 GeV/c |
y .965)'] .96 error
|

Binnings 120022.9%
.8,C,D * 3.53x10°7




Footnotes for Table VII.2:

* Error listed in numerator {is “statistical error” in number of
events

Conditions between (a) and (b) slightly different--a priori N
values will differ, so calculate separately. ‘

I.e., 443 out of 1399 p's had -t > 0.6 (GeV/c)2 =1

T = 0.6 (Gev/c)?

T = 0.9 (Gev/e)l i}

% deviation in "N" values indicated, defined as
[(the greatest N over the least N) - 1]/100.




. |
Table VII.3. Calculation of g%(to) (absolute normalization)

7

Beam *N*x10

-100 Gev/c 2.3244%

+100 GeV/c, bl
(binning 3.38
“A* _only)

+200 GeV/ £ .365:4%

i
~200 GeV/c .52 212%

+100 GeV/c
(binnings
"B“.“c..
and "D%)

4.75"" ax

43

- 0 . - L
*n(t )/TOTER T & ACt) = T = (olat)™! s f,, = 92(tt0) (o2

376 \,cc¥
(y50925%

543+%H0
—_— k4
11834+

4%

]
§128_(7) 7%

]oe"f"

32 132% el

428455+,

1661+

.0048

2.32x10°24

2.32:10"24

2.32x10°24

2.32x10°

24
\

77 2.32300°%% 906 (3.60:7%)x10"23

(1.34:6%)x10"28

.988 (6.96 +8%)x10"30

.988  (6.9:34%)x 10730

(8.71:7%)x10"22




Footnotes for Table VII.3:

. “t," is 0.7-0.8 (cev/c)? bin.
' + Only 1981 data included in this--accuracy of that “sufficient”.
‘ b Weighted average (by number of events observed) of the yearly
values.

++ _Total, both years.

A Error quoted is from numerator only, since error in denominator
is already included in determination of “N".

0 “t,"* is 0.6-0.7 (6ev/e)? bin.
0 “t," s 0.9-1.0 (Gev/c)? bin.

*kk No “"high pressure events", no "non-normalizable events" in either
numerator or denominator.

4+ ot " is 0.66-0.75 (Gev/c) bin.
- v In all cases except +200 GeV/c, error in "N" is estimated from value
of 4 on page 228, Error in [n(to)/TOT ...] is then determined

from statistical error in numerator only, since error in
denominator is already included in determination of "N". Final

BT

A i 1 e i M

TRV

fractional error on %% (to) is then obtained as quadrature

addition of fractional errors in N, [n(to)/TOT eeels A(to), T,
(pLAt)'], fkb(to)‘ The author realizes this is a conservative .
procedure. . -

For +200 GeV/c, error in N is estimated to be :4%, then same
procedure is applied.

Estimates of errors in factors A(to), T, (pLAt)'], fkb(to) are

assumed to be +2%, 1%, *1%, 1%, respectively, for all "to"
- values used.

L% I




Comment on Errors and Accuracy of the Normalization:

We have already remarked that the typical accuracy in the determina-
tfon of factors like (GN/GB)0 and (EL:/GN)0 wasva few percent. Therefore
the normalization "N* values camnot, of course, be accurate to more than
*a few percent" no matter how many elastic p's (p's) are used.

It is noticed that the agreement between "N" values for, e.g., -100
GeV/c is good--(A = é;SZ is within expected statistical error). Since
there were more total elastic pp events in 1981, the weighted average was
very near the 1981 value--therefore, for simplicity we normalized using
only the 1981 data for -100 GeV/c. For other data a weighted average of
the "N" values for the two years was used. In general the agreement of

the "N" values for different years and the “same" beam was as good as could

be expected.
- A moment's reflection about previously existing data and statistical

accuracy of this data will convince the reader that there was no point

in “normalizing” to better than 10% accuracy anyway. That being so, we

were then free to choose the normalization bin “t " with 3 somewhat more

conservative attitude toward acceptance fluctuations “near the edge"

than we_had in choosing "t previously--here wé-merely ne;ded the highest

-t bin with more than about a hundred events. With this in mind the cal-

do (t=t ) - - -
culation of 'T"EE"B— is completed on the next page for all cases.

|
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6. Calculation of do/dt for the Entire -t Range and Results

a. Formula and Notation

Once the “absolutely normalized" cross section is known for any
-t bin, it is possible to calculate the cross section for all gther
bins simply by comparing relative numbers of events, relative geometrical

acceptance factors, etc. In particular, for "bin t'",

- da(t') . d°(to)x n(t') E(to)x fkb(t.)x frc(t')x at,
t dt n(t, E(t) fkb(to') ?rc(toi AtT

Here,
dot t,) - . .
. = "absolutely normalized“ cross section for bin centered
‘ on |t} = t,
n(t') = "total" number of events observed in -t bin labelled
by the value t'. By "total number of events" we mean
all elastic pp or pp events obtained under any operating
condition of the differential Cerenkov counter that were
considered (Chapter VI) to be “sufficiently" free of
contamination (e.g., include 'CB on K and no fire"
events if they were deemed okay in Chapter VI)
- on(t)) - = “total” number of events in -t bin labelled by the value

- t,- Note that this fs different than the “n(t,)"

defined previously--that involved a more restricted
sample. -

£(t,) o .

e = ratio of product of @eometr1cal acceptance factor and
reconstruction efficiency for bin labelled by “to"

to that for bin labelled by *t'". -

A I S K S8 R M




fkb(t'.to) = kinematic background correction factor for bin labelled by
("t'", "t")
frc(t'.to) = radfative correctfon factor for bin labelled by
NeIN up @
("t'~, t, )
= ratio of “bin width" (in -t) for bin labelled by "t)" to
that for bin labelled by t'

b. Results -

On the following pages we give the calculations and results. In
the tables, by the phrase “stat err” we shall mean "statistical error".
{The fractional statistical error was calculated as 1//n{t), where n{t)

was the “total" number of events in the bin (this time after slight

background subtraction).
In the columns “Other 1° and/or "Other 2 we list values_of cross

section for the same process and same bin obtained by “others”. The

identities of the “others” can be found in the references.




Table VII.4. Calculation of $ for Bp~Tp at 100 Gev/c, Sample *A*"**"
]

+ : !
E(to) fykb(t ) do(to) At dalt

t 0 !
-t . “FRy Tty *a@ X m-C t stat err (cm
n to t ' kb to dt At t

+
gyt Other 1 +°

0.55 1696/471  2.05  .995/.995 (?6§237z% © 1. (2.6610.06)x107%8 (2.50.5)x10728
. x cm
0.65 9407471  1.38  .995/.995 -29 ~29

0.75 41/4N 1.00 .995/.995
0.85 287/47 .793  .996/.995
0.95 138/4N .643  .996/.995
1.05 ' 59/4N .542  .996/.995
115 11/4n .469  .996/.995

.25 4/4N .410  .996/.995
.35 2/4N .379  .996/.995

(9.91+0.32)x10 (6.9:3. )x10
(3.60:0.17)x10"2° (5.441.6)x10"2?
(1.7410.10)x10"%? (9.08.4)x10730
(6.7610.57)x10730 (4.616.4)x10"30
(2.4410.31)x10730

(6.0751.5) x10~3

1 (1.25:0.62)x10"3}
1 (5.7714.0) x10732
1.50  0/471  .339 - .996/.995 5 uL(t) = 1.20:10732
.70 3/47 .282  .996/.995 5 (3.2241.8) 02
1.90 ' 3471 .243  .995/.995 5 (2.7811.6) x10732
2

2

2

1.
1.
1.
1.
i,
1.
1.
1.

0 474N .24 ' .994/.995 .5 (3.2621.6) 10”32
30 4/an 189 .990/.995 5 (2.88:1.4) x10732
40 1/4N 75 .987/.995 C o (1.331).3) 10732




Footnotes for Table VII.4&:

Sample "A" includes only “Cg on p and fire" events.

“UL* means “upper limit"

“to' is -t = 0.7-0.8 (GgV/c)z bin

% statistical error is determined as 1//n{t]. The reader should
realize that there is an additional systematic “normalization”
error of up to +7% from determination of do/dt (to).

€. W. Akerlof et al., Phys. Rev. D14, 1 (19768). Some of the
cross sectiofs and errors listed in this column were obtained
by logarithmic interpolation of Akerlof's numbers. Errors
listed are statistical only. There is an additional systematic
normalization ervor not listed.
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Figure ¥11-3. Results for 5% (Pp = pp) at 100 Gew/c, Sample “A"
(see text and Table VI1.4).




Table VII.5. Calculation of %% for pp~pp at 100 Gev/c, Sample “p* *»**

E(t.) f . (t') do(t ) At
n(t (] kb () o . do(t 2, tt ‘
-t n to x Thr ka(to) x It x T t tstat err (cm©) Other ) 1

! t
0.65 1021/522  1.38  .995/.995 2005 o 1 (9.72:0.3) w1072 (6.923. )x10729

0.75 522/522 1.00  .995/.995 . (3.60£0.16)x10"2% (5.411.6)x10"2%
0.85 323/522  .793 .996/.995 . (1.76£0.10)x1072° (9.0+8.4)x10"30
0.95 154/522  .643 .996/.995 . (6.8120.55)x10730 (4.616.4)x10730
1,05  67/522  .542 .996/.995 1. (2.50£0.30)x10~30
05 22/522  .469  .996/.995 . (7.0911.49)x10°!
.25 5/522  .410 .996/.995 . (1.4110.63)x1073!
.35 T2/522  .319  .996/.995 . (5.21£3.70)x10732
50 1/522  .339  .996/.995 5 (1.1611.16)x10732
.70 3/522  .282  .996/.995 5 (2.9111.69)x10732
.90  4/522  .243  .995/.995 5 (3.3811.67)x10732
5/522 ' .214  .994/.995 .5 (3.6811.65)x10732
5/522  .189  .990/.995 .5 (3.2511.46)x10" 2
/522 .75 .987/.995 . (1.2081.20)x10732
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Footnotes for Table yII.S:

Sample "8 includes “Cg on K and no fire” events as well as the
“Cg on p and fire" events included in Sample "A* (as per
Section IV).

“t" is -t = 0.7-0.8 (Gev/c)? bin.

% statistical error is determined as 1//n{tJ. The reader should
realize that there is an additional systematic “"normalization®
error of up to +7% from determination of do/dt (to).

C. W. Akerlof et al., Phys. Rev. 014, 1 (1976). Some of the
cross sections and errors listed in this column were obtained
by logaritimic interpolation of Akerlof's numbers. Errors

“listed are statistical only. There is an additiona) systematic
normalization error not listed.
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Figure VII-4. Resu'lts for 72 (pp ~ pp) at 100 GeV/c, Sample “B"
{see text ana-ETable VIL1.5).
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Table VII.6. Calculation of %% for pp~pp at 200 GeV/c

b e E(t))  fplt)  do(ty) do 21+

t
cm
nt,) ~ EEY o to) “ gt Tt stat err (

(6.96:8%) , <30
x10730cm2

14241424 1, .988/.988 .9610.18)x10™°
801/1424  .766  .988/.988 .0040.11)x10730
330/1424 631  .988/.988 .0240.05)x10730
124/1424 551  .988/.98% .3450.29) 10”3}
425/1424 491  .988/.988 ,02:0.15)x10™3!

16.7/1424  .453  .988/.988 .70+0.86)x10-32

15.8/1424  .418  .987/.988 (3.2250.78)x10732

10.9/1424 390 .987/.988 .0850.59)x10732

17/1424  .355 . .986/.988 .94:0.70)x10732
32/1424  .330 ,984/.988 .14+0.86)x10™32
27/1424  .307  .982/.988 .03:0.76) 10732
36/1420 291 .980/.988 .08+0.81)x1032
33/1424 214 .977/.988 .37+0.74)x10"32
16/1424 261  .973/.988 .01+0.48)x10"32
23/1428 241 .967/.988 ,6540.53)x10"32
21/1424 232 .959/.988 .9750.57)x10"32
V71428 223 .947/.988 .78+0.43)x10~32
16/1424 213 .930/.988 .67+0.39)x10"32
19/1424  .202  .905/.988 .72:0.40)x10" 2
18/1424 197 .867/.988 .5210.36)x10"32




Table

1

VIi.6

at

{continued)

\ .
-t . o . frplt’) y do(t,) o
7 I (3 M Ay (30 Il

Jqrtstat err (cnz)f+

)(A—t?--

2.95
3.06
3.15
3.25
3.3
3.45
3.55
3.65
3.75
4.0
4.55
5.45
6.55
8.15
10.25

(8)

" % statistical error is determined as 1//a(t).

171424
9/1424
5/1424

1271424
6/1424
71424
771424
5/1424
3/1424
4/1424
471424
31424
171422
171424
0/1424

193
.189
185
.182
179
A77
78
A73
170
.167
.159
.147
.138
.126
.136

.807/.988
.807/.988(4)
.750/ .988(4)
.707/.988
.707/.988
.707/.988

(6.968%)
x10-30cm2

.85/ .988(8)

.917/.988,
.917/.988
.17/,988
.917/.988
.917/.988
.917/.988
.917/.988
.917/.988

additional systematic “normalization”

1/4
1/7
1/
/1
/21
/21

1]
may be fnaccurate by 7% due to guess of fkh(t’)/fkb(to)

x]0'33
x10'33‘A)
x]O’aS(A)
110-33
x|°.33
x]0-33
110-33

~|0'33
“0-33

110-3A
34

(8.4812.6)
(6.7922.3)
(3.4311.5)
(7.6422.2)
(3.7621.5)
(4.3311.6)
(5.1521.9)
(3.92:1.8)
{2.3121.3)
(7.6 £3.8)
(4.1 £2.1) x10
(1.8 11.0) x10~34

(5.6 £5.6) x1075

(2.7 £2.7) x1073%

upper limit = 2.9x10

-35

The reader should realize that there is an

error of up to 7% from determination of do/dt (to)
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% statistical error 1{s determined 1//n{t). The reader should realize that there is an
additional systematic "normalizat error of up to t7% from determination of do/dt (to)
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*
' Table VIL7. Calculation of §3 for pp+pp at 100 GeV/c, Binning “A*

E(t ) (t*) do(t,.) At
ot n(tt) ?_b(_)_ a_L x -A—t‘,’- - d—:’ stat err (cmz)”
0 kb'"o

.55 4103/2091 1.47  .995/.995 (1.3416%)
.65 2091/2091  1.00 .995/.995 x10°28
.75 1140/2091 729 .995/.995
.85  631/2001  .567 .995/.995
.95 277/2091 466 .995/.995
1.05 122/2091  .386 .995/.995
1.T5 56.7/2001  '.331 .995/.995
1.25 27.1/2000  .294 .995/.995

) (3.a7zo.os)xlo‘2°
)
1
1
1
1
1
)
1.35 11.5/2001 .266  .995/.995 .
1
1
1
1
1
1
)
1
1

(1.3420,03)x10"28

(5.35:0.15) 30729
(2.32:0.09)x)0~27
(8.27:0.48)x10730
(3.02:0.28)x10"30
(1.2120.16)x10"30
(5.1520.96)x10™3!
(1.98:0.6) x10” %
(5.6 £2.9) 10732
(6.7 3.0) x10732
(8.8 +3.3) 10"
(8.2 +3,1) =073
(1.22:0.3s)x\o‘3'
(4.1522.01)x10732

(5.92¢2.3) 1073
(4.64£2.0) K10’32

1.45  3.7/200) .241  ,995/.995
1.55  4.8/209) .222 .995/.995
1.65  6.8/209) .204 .995/.995
1,75 6.9/2091 .188 .995/.995
1.85 10.9/209) 174 .995/.995
1.95  4/200 162 .995/.995
2.05  6/209) .154 .994/.995
205 5/209) 145  .993/.995
2.5  4/209 136 .991/.995 (3.5 11.7) 1073
2.35  4/209 27 .589/.995 1.0 (3.2 £1.6) ~10'32
2.5  3/209 121 .986/.995 0.5 (1.2 t0.66)10°%

cocooovooooooooOoBDOoOOOCOO®O

o

* {ncludes all +100 GeV/c protons from Sec. llv exce, on P and no fire".
+t X% statistical error is determined as 1/ The reager should realize that there is an
additional systematic “normalization” error of up to 7% from determination of do/dt (t )




- ~/ cuz R TR 1.0 (3.2 21.6) M07%¢
2.50  3/209) 121 .986/.998 0.5 (1.2 20.66)x10"32

* includes a1l +100 GeV/c protons fruw Sec. IV except “Ce on P and no fire”.
t++ % statistical error is determined as 1//n(t). The reager should realize that there is an
additional systematic “normalization™ error of up to :7% from determination of do/dt (to)

dojdt o/ (Gev/c)?
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Table vri.e. Calculation of %% for pp+op at 100 GeV/c, Binning g

E(t) f.(t') do(t)*
-t -&‘&tﬁ)— x -ﬂ-t%— x f::(to) x at—o 9
.60 2961/1596  1.41 .995/.995 (8.7127%)
.70 1596/1596  1.00 .995/.995 *10"2%ca-2
.80 847/159 .756 .995/.995
.90 433/159 .670 .995/.995
1.0 174/1596 .501 .995/.995
1.1, 86/159% .423  .995/.995
1.2 421596 .369 .995/.995
1.3 17.3/1596 .331  ,995/,995
1.4 4.6/159 .300 .995/.995
1.5 2.7/1596 L2714 ,995/.995
1.6 7.8/1596 .252 .995/.995
1.7 719/15% ,232 .995/.995
1.8 3.9/1596 214 .995/.995
1.9 10/159 199 .995/.995
2.0 7/159 187 .994/.995
2.1 1/1596 77 .993/.995
‘2.2 5159 .67 .992/.995
2.3 8/1596  .156 .990/.995
2.45  2/1596 .146 .986/.995

= %%: stat err (cmz)**

x
7
-

g

(2.27:0.04)x10"28
(8.710.21)x10"2?
(3.4820.12)x1072%
(1.4220,07)x1072%
(4.7320.35)x10"30
(1.9810.21)x1030
(8.4211.25)x10"3!
(3.11£0.74)x10"3
(7.49¢3.41)x10"32
(4.02:2.39)x10732
(1.0720.37)x1073!
(9.953,45)x10732
(4.5 12.3) x10"32
(1.08£0,33)x10"3"
(7.12¢2.61)x10732
(9.6129.6) x10733
(4.5322.0) x10732
(6.75:2.4) x10°32
(7.95:6. ) x)0733

QO = ) et i el ) at et et e ad et b et ol )
wWoOOoOO0OOOCOOOODOOODOO®O OO

* rebinned. No “Cg on P and no fire" data.
"t)* * -t = 0.7-0.8 bin ‘

++ % statistical errdr is determined as I/Jﬁltf. The reader should realize that there 1s an
additiona) systematic “normalization* error of up to :7% from determination of do/dt (to)
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Table VII.9. “Event Types®, -200 GeV/c |

1980 “normal 1981 n.p.. .Pp. hi-pres,*™  hi-pres,t?

pressure”,nnn * nnn N 314-368 369-374 total 1 stat err

l

1

14127%
7+38%
3158%

0
1:100%

0
12100%

1£100%
0

11100%
0

12100%
0

11100%
0

’_."c.g

5
1
1
0

N
[} [}
-t et -

-0
O © =bn

.
Phih reT
!\’IN NN =

Py

1
shl Lhbd AN NS - L
OO BWND WOAWNW N=D N DD

0
11£100%
11100%

O—=0 OOO0O OO0
-0 OO0~ OO0 —
OO0 O—~00 ODOO

twwwlwwmn v n=a! o oo
SO0 OO0 OO0

Om'& N

L OO0 O0O00 OwO

-

Grand Total = 32 events,
t>0.9 (Gev/c)?




Footnotes for Table VII.9: d
A brackets tndicate binning used in this thesis for calculation of 3%

* events gathered during 1980 (1981) "normal" Cerenkov tank pressure
running. No runs with attenuator problems, etc. (i.e.,
nnn - "no non-normalizable” data)

events gathered during *normal pressure” period but “non-
normalizable"--due to attenuator problems during these runs,
slightly different trigger conditions, no multiplicity veto, etc.

data gathered during “high Cerenkov pressure" period - runs 314-368

datagga;.hered during uncertain Cerenkov pressure period - runs
369-374 - -




Table VI1.10. Calculation of 2 (p + Bp) at 200 Gev/c.

E(to) fkb(t.)

nt » x x
(L) ElE) Fiolto)

14714 1. .988/.988

ma .988/.988
nae . .988/.988
0/14 .988/.988
2/14 .982/.988
'2/14 .959/.988
214 .85%7.988
M. .85"7.988
/14 . .917/.988

[

] = Estimate :10%

do(t
(6.9:34%)
x10-30 ¢

[

++ % statistical error is determined as l//q(t!.
additional systematic “normalization” error of up to :7% from determination of do/dt (t,)

at . da(t)

0 +t
Al dat tstat err

(cm?)
(6.9:.8)x10"30

(2.781.0)x107%0
(9.625.5)x10"3
Upper Vimit = (4.7x10732)
(6.544.6)x10"32
(4.623.3)x10"32
(2.241.6)x10"32
(2.01.4)10"32

Upper 1imit = (1.02x10732)

The reader should realize that there is an

'
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Figure VI1-8, Results for :—: (pp + pp) at 200 GeV/c (see text and
Table YI1.10). )



C. Discussion of Results

(1) #200 GeV/c - Checking the Experiment

The existence of the -t & 1.4 (GeV/c)z dip in pp scattering has, of

course, been known for some time. In Figure VII-9 we compare a preliminary

version of our +200 GeV/c data with earlier pp data obtained at the same
enerqgy by Faissier et ﬂ.l-ls and by fidecaro et al.”6 The agreement is
good, and with this important check satisfied we have confidence in our

other results.

(1i) -100 GeV/c - New Result

As we have mentioned, in 1980 a dip in pp elastic scattering was
first reported, also near -t = 1.4 GeV/c, with 50 GeV/c incident anti-

protons. The reader will note from our-data that the dip is also present,

at about the same value of -t, with 100 GeV/c incident antiprotons.
18 117

We note that the papers of Asa'd et al. = and Fe'arnley constitute
the only other published indications of a pp dip at high energy; however,
we recall that dips were seen in m&ch lower energy pp scattering near

-t = 0.8 (<3¢e\llc)2 and -t ¥ 2.2 (GeV/c)z. (We remind the reader that
according to the Chou-Yang model the -t = 1.4_(Gev/c)> dip—is- the older
-t = 0.8 (Ge\l/c)2 dip moved out to larger -t because of the decrease of

117 has

the pp total cross section. [However, recently {June 1983) news
been announced of a dip in pp scattering at 30 GeV/c near -t = 1.7 GeV/c,
contrary to expectations in the \Chou-Yang model.] -

As far as the position of the pp dip in -t at our energies, the
similarity of o, ,(pp) and owt(ip) predict (again, gﬁou-Yang.inodel)
nearly the same position for the pp dip at 100 GeV/c as the pp dip

at ISR energies. Indeed, within our statistical accuracy we
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Figure VII-9,

Comparison of preliminary +200 Ge¥/c data with those
of Faissler et al. {ref. 115) and Fidecaro et al. (ref.
116) [from ref. 101].




cannot discern any difference in the position of the dip between -100

GeV/c pp scattering and +200 GeV/c pp scattering or between -100 GeV/c pp

scattering and -50 GeV/c pp scattering. In Figure VII-10 we show a , : 1
comparison of a gre]iminagz version of our -100 GeV/c data with that of ‘
Asa'd et al. (50 Gev/c).

- (iii) -200 GeV/c - New Result —

Although our 200 GeV/c pp data is of poorer statistical accuracy
than our 100 GeV/c data, they are also consistent with a dip in the same
region of -t. As with -100 GeV/c, no previous data has been published

o e R o+ -

at this energy for this range of -t.

In Figure YII-11 we show a comparison of preliminary versions of

U s der i =

the data presented in this thesis for pp elastic scattering at 100 GeV/c, i A ' ~/

pp elastic scattering at 200 GeV/c, and pp elastic scattering at 200
GeV/c. There is no statistically significant difference between any of il -

these cross sections in our range of -t.

e o

(iv) +100 GeV/c - Possible New Feature L

Lt

Previous measurements of elastic p-p scattering for our range of
momentum transfer have been made at 100 GeV/c. But none show any - - ¥
evidence of a dip near -t = 1.4 GeV/c. For example, an experiment

_ doﬁe at Fermilab by a Rochester-Imperial College-Fermilab collaboration]3

showed no dip near -t = 1.4 GeV/¢ up to an incident energy of about 150

Sdy AR e

GeV/c. But our data may show some evidence for such a dip.

The issue is potentially importanmt as it may hint as to where an

energy threshold for “new physics” beings. Certainly within the context

of several of the models mentioned in Chapter I it is very interesting.
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For example, it sets the energy scale for the onset of geometrical (not
Chou-Yang) scaling. It also says something interesting about the ratio
of the real part to the imaginary part of the scattering amplitude.
This provides a check, e.g., onboth conventional and “derivative” dis-
persion relations. We feel that it also has something interesting to
say about the energy dependence of the absorptivity of the quark-quark
scattering amplitude. But for here and now we refrain from speculation

on this.

In Figure VII-12 we show a comparison of a preliminary version of

2

our 100 GeV/c pp data with that of Akerlof et a1} Note the “dip region®.
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