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Impact picture and the ratio of elastic to total cross section at CERN ISR energies

Hung Cheng*
Department of Mathematics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

James K. Walker'
Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510

Tai Tsun Wu!
Gordon McKay Laboratory, Harvard University, Cambridge, Massachusetts 02138
(Received 24 June 1974)

We show that the impact picture of the Pomeron together with f° and w exchange account for the
shrinkage (antishrinkage) of the elastic forward peak for proton-proton (antiproton-proton) scattering for
energies greater than 20 GeV. We predict that the ratio of the elastic to total pp cross section rises
by 7% in the energy range available at the CERN ISR.

In 1970, on the basis of relativistic quantum
field theory, we described the general qualitative
features of the impact picture of high-energy scat-
tering.! Subsequently, in 1972, we made quantita-
tive predictions for experiments at the CERN In-
tersecting Storage Rings (ISR).> At that time we
predicted

(i) thatthe proton-proton total cross section would
increase by about 3 mb (results of experiments®*
in 1973 showed a significant rise in the proton-
proton total cross section; in fact the rise was
about 5 mb); and

(ii) that a dip would develop in the elastic proton-
protondifferential cross sectionat || ~1.3(GeV/c)?
(this also was subsequently confirmed).®

We have used the observed rise of 5 mb in the
proton-proton total cross section to determine the
value of the parameter ¢.® As the same parameter
¢ controls all the rates of increase of hadronic
total cross sections, we then made predictions
for the energy dependence of 7*, K*, and p total
cross sections at high energy.®

Very recently, preliminary measurements” at
the Fermi National Accelerator Laboratory have
been shown to be in excellent agreement with all
of these predictions. Thus encouraged, we are led
to consider additional consequences of the impact
picture which could be tested at Fermilab® and
the ISR in the near future.

In this paper, we consider in detail the ratio of
elastic to total proton-proton cross section. After
taking due account of Regge background terms in
the elastic amplitude, thereby obtaining a more
reliable estimate of the energy dependence of the
elastic cross section at low energies, we predict
that the ratio of elastic to total proton-proton cross
section will increase by 7% in the energy range
available at the ISR, namely 500< s< 3800 GeV?3,

11

Sufficiently accurate measurements appear feas-
ible and constitute a critical test of the impact
picture.

At the energies for which this prediction is mad
and for the accuracy which is required, our pre-
vious formulation of the impact picture must be
supplemented by the addition of some Regge con-
cepts. We have incorporated the dominant Regge
background in terms of f° and w exchanges. In-
clusion of these exchanges in a phenomenological
manner together with our previous model of the
impact picture of the Pomeron allows us to de-
scribe

(1) rapid shrinkage of the pp diffraction peak at
Serpukhov energies (s< 100 GeV?),

(2) slow shrinkage of the pp diffraction peak at
Fermilab and ISR energies (100< s< 3000 GeV?),

(3) slow antishrinkage of the antiproton-proton
diffraction peak at Serpukhov energies (s< 100
GeV?),

(4) the ratio of real to imaginary parts of the
proton-proton elastic amplitude as a function of
energy and momentum transfer, ¢.

We start by assuming that elastic hadron-hadron
scattering amplitudes are dominated by three
terms, namely

(1) the Pomeron as described and parametrized
by us previously,®

(2) tensor exchanges (f° A,) with even signature
and trajectory a(#)=0.5+¢ [tin (GeV/c)?],

(3) vector exchanges (p, w) with odd signature
and trajectory degenerate with a(?).

For simplicity, we neglect spin-flip amplitudes,
whose contributions to elastic scattering are
known to be small near the forward direction. In
addition we neglect the isospin exchange contribu-
tions, which are known to be small from measure-
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ments on charge-exchange scattering. We ex-
press the Pomeron contribution to the amplitude
as usual by

Als, t):é—f—r fdee‘iz';LD(s, x.),

where A is the momentum transfer, —¢=4% x, is
the impact parameter, and

D(s, x,)=1 - exp[-S(s)F(x.)] .
On the basis of our experience with field theory
we have taken

B (Ee—iﬂ/z)c
SO e

where E is the incident laboratory energy in GeV,
c is a real constant, and ¢’ has been chosen as
before to be Oor 1. Asthepredictions we obtainare
similar in the two cases, we present the ¢’ =0
solution. In addition, we have chosen

F(x,?) =f exp[_)\(xLz"‘xoz)l/z] s

where f, A, and x, are parameters which have al-
ready been determined.®

The f°- and w-type exchanges are assumed in
the usual way to give rise to an amplitude of the
form

Agols, D)=y A1) [g%)} (M‘(_“) a1

sinm a(t)
and

1+e—i1rcx(t) _
- Soc(t) 1 ,

A (s, 1) =y, (B) < sinm a(t)

where y; (/) is the residue function and s is in
units of GeV?, The differential cross sections are
given by
2

mb/(GeV/c)?

w

do 1
o7 (pP)=1.2233 IEAP+Af0—A

and

do

73 ’ mb/(GeV/c)? .

(hp)=1.2233 %AP+Afo+Aw

Fits by other authors® to pp and pp elastic scatter-
ing at less than 20 GeV have led to the parameteri-
zation

7,€° % (1 +1/0.14)[(1 + £)? +0.16]
1.16

Yolt)=

This parameterization reproduces the well-known
crossover effect in the elastic differential cross
section at £=0.14 (GeV/c)? and is accurate for
|#] <0.4 (GeV/c)®. We take the same residue func-
tion and apply it for energies greater than 20 GeV
with no new parameters.

The residue y4(¢) has not previously been deter -

TABLE I. Parameters for nucleon-nucleon scatter-
ing.

c 0.082925

c’ 0

A 0.600 71

% 3.8750

f 6.5812
4.893 (v -7%,) 47.39
4.893 (yf +7,) 101.8

mined without some theoretical assumption on the
Pomeron contribution. For simplicity we take

v4(0) ==y e

for the small-¢ region 0< |¢| < 0.4 (GeV/c)?, where
d is a single adjustable parameter.
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FIG. 1. The slope parameter b for proton-proton and
antiproton-proton elastic scattering plotted versus the
square of the center-of-mass energy s. The curves are
for the two intervals of |¢| indicated. The average value
of |t| for each set of data is shown. Data from Serpukhov,
Fermilab, and the ISR are shown as squares, crosses,
and circles, respectively.
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FIG. 2. The predicted ratio of the real to imaginary
parts of the proton-proton and antiproton-proton elastic
scattering amplitudes plotted versus the square of the
center-of-mass energy s. The data shown are for |¢|
=0 (GeV/c)?.

From the optical theorem we have

Ootal (7));4893[1&;’_(_& +s_l/2(7_"f+'}7w)] mb )

s () =4,893 | HRs(0. D) #5737, =7,)] mb .

We have previously® obtained the parameters
given in Table I for the case of nucleon-nucleon
scattering. Hence the residue normalizations are
given by ¥,=15.25 and ¥, =5.55.1°

Thus, as stated earlier, we are left with one
free parameter, namely d, which can be adjusted
for a satisfactory description of the shrinkage
(antishrinkage) phenomenon of pp (pp) elastic
scattering. We find that a reasonable fit to the
data is obtained with d=0.5 (GeV/c)™2.

The comparison of this model with all available
data for b, the logarithmic derivative of do/dt,
is shown in Figs. 1(a) and 1(b). The fits tend to
lie systematically slightly higher than the
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FIG. 3. (a) The predicted elastic cross section for
proton-proton and antiproton-proton scattering plotted
versus the square of the center-of-mass energy s (GeV?).
(b) The predicted ratio of the elastic to total cross sec-
tion for proton-proton and antiproton-proton interactions
plotted versus the square of the center-of-mass energy
s (GeV?).

Serpukhov*! and Fermilab'? data for b in pp scat-
tering. However, the data have a +0.3 systematic
error which is not shown in the figures. The over-
all energy dependence of b in pp scattering is re-
produced satisfactorily by the addition of w and f°
contributions to our previously parameterized
Pomeron amplitude. The trend of the data suggests
that in our original® choice of input data to deter-
mine the parameters of the Pomeron contribution,
we may have chosen too large a value of b (=11.4)
in the range 0.14 < |{| <0.24 (GeV/c)?>. However,
this does not affect our prediction for the energy
dependence of the ratio of elastic to total cross
section in a significant way. In Fig. 1(b) it can

be seen that the magnitude of the experimental
values'® of b5, and the slow antishrinkage are
again well reproduced by the model.

We have calculated the ratio of the real to imagi-
nary parts of the elastic amplitudes for pp and pp
scattering at various fixed ¢ values as a function
of s. These predictions are given in Figs. 2(a) and
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2(b). The curves for £=0 are identical to those
we obtained earlier.” The recent results of the
Dubna-Fermilab-Rockefeller-Rochester!? col-
laboration for pp scattering at £=0 are shown in
Fig. 2(a). In addition, the previous data from the
CERN-Rome group'® at the ISR are also shown.
There is good agreement between the curve for
t=0 and the data. The other curves are new pre-
dictions of our model for the scattering amplitude
away from the forward direction.'® Experimental
data on both the pp and pp cases will be of con-
siderable interest.

We may conclude that the simplest Regge ex-
change contributions, namely the w and f° ex-
changes, in addition to the Pomeron amplitude are
sufficient to account for the preasymptotic (20 to
=200 GeV) behavior of proton-proton and anti-
proton-proton scattering. The successful de-
scription of the energy and momentum dependence
of these data at less than 200 GeV provides con-
fidence in the accuracy of the Regge background
contribution to the predicted energy dependence
of o, (s) above 200 GeV.

Figure 3(a) shows the integrated elastic cross
section o,(s) for both pp and pp scattering versus
s. Data from Serpukhov,!” Fermilab,® and the
ISR'® can be seen to follow closely the general
trend of the pp curve. The curve lies a few per-
cent below the data because of our original choice

of too large a slope parameter b as mentioned
earlier. Finally, Fig. 3(b) shows the predicted
ratio R defined to be 04(S)/0wmi(S), plotted versus
s. It can be seen that R(pp) and R(pp) both fall at
low s, reach a minimum at s ~300 GeV?, and then
tend to rise at high s. In the range accessible to
the ISR, 500< s <3800 GeV?2, there is a 1% in-
crease in R. The accuracy?®® of the available data
is not quite sufficient to allow observation of the
predicted increase in R.

In conclusion, we would like to emphasize that
in Regge theories with cuts, such as those of
Gribov,?* Frautschi and Margolis,?? and Dean,?? it
is very difficult to see how 0« (s) can increase with
increasing energy. On the other hand, the impact
picture® predicts not only that oy(s) rises with en-
ergy, but also that it increases faster than oy.
Therefore, the 7% rise in the ratio of elastic to
total cross sections, if confirmed by experiment
at the ISR, will represent a significant step for-
ward in establishing the validity of the impact
picture of high-energy scattering. It is strongly
urged that more accurate measurements be made
in the near future to confront this prediction.
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