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Abstract: We calculate the elastic proton-proton cross section in the framework of a
bremsstrahlung model. Adjusting only one free parameter we obtain good overall
agreement with experiments for lab energies up to at least 20 GeV.

In the following we shall analyse elastic proton-proton scattering at high
energies in the framework of a model the details of which have been dis-
cussed previously [1]. The main features of the model are these: In addi-
tion to ignoring spin and isospin of the protons as well as isospin and parity
of the secondary mesons (mostly pions) in énelastic proton-proton colli-
sions, we approximate the source j(x) for the mesons in the equation

(O+ 12)A(x) = j(x) (1)

by a c-number (as to the incorporation of unitary symmetries see ref. [1]).
These approximations lead to a factorization of the S-matrix for proton-
proton collisions where the second factor can be calculated explicitly in
terms of the source j(x). For the elastic cross section we obtain

el _ -
W= = 5(s,0) €050 (2)
df
where s is the c.m. energy squared and { the invariant momentum transfer

squared. Further
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0

The 'potential’ cross section o(s, f) has the following double meaning [1]:
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On the one hand it describes the scattering of the 'bare' nucleons if we ig-
nore their long-range meson cloud (which is taken care of by the second
factor exp(~b)). On the other hand: Approximating the source in eq. (1) by a
c-number means that we ignore the recoil suffered by the protons as a con-
sequence of the emission of mesons. From this approximation we get the
sum rule

o0

5(s,0 = 997 (5,0 = D 997 (5,0, @
n=0

where do(n)/dt is the cross section for the quasi-elastic scattering of two
protons accompanied by the emission of » soft mesons. By identifying the
potential cross section in the elastic cross section (2) with the inelastic
differential total cross section (3) we have assumed that the inelastic kine-
matics are not too distorted in comparison to the elastic ones. The prob-
lems associated with this assumption are discussed in ref. [1].

The main object of the present paper is to calculate the quantity b(s, £).
In order to do this we make the following assumptions:

(i) Each of the two protons is assumed to provide the following [2] mes-
on source j¥x), a=1,2, j = jl+j2:

i) = Bx P (X - V?n Fo) + 0P (X Vgut %) - (4)
This ansatz gives
. (k P (k
j'va(k) _ -z( ﬁln( ) _ pout( ) ) (5)
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(ii) In the rest system of a proton its hadronic charge distribution is
static and radially symmetric:

Nl
jrest

() =% (x)=F(|x]) . (6)

rest

If we assume the source Pjp out{X) to transform like a scalar under Lo-
rents transformations (see eq. (1)), we get for the charge distribution Py of
a proton moving with the velocity v = p /E:

() =FUXT e Zx" ), Bk = k)

e® = [y siniy)yr) . kek e A 0
0]

Here x*, k™ and x", k" are the components of the vectors x and k per-
pendicular and parallel to the vector p.
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From the above two assumptions we get the following general results
which can be proved by analytical calculations in the c.m. system (the de-
tails of which will be given elsewhere ) and which can be seen also from
the numerical results given below:

a) For small momentum transfers ¢ and s — < the function b(s,#) has the
form

T
b(s, §4WUI dc " oo [g(u2k3)- 121+ 2) g0 (222, (8)
(1+&4)

i.e. the function exp (-b(s, t)) has an energy-independent asymptotic diffrac-
tion peak, the numerical value of which depends on the special choice for
the function g(#). The constant m in eq. (8) is the nucleon mass and g'(x)
the derivative of g(u). ‘

b) Because |ay+ag| < |aj|+ |ag|, an upper bound for b(s, ) can be cal-
culated which turns out to be energy- and momentum transfer independent:

K3
b(s,?) < 8n f Y 2(1262) |2 9)
0]

The last property may spell a limitation of the model because it means that
above some energy the factor exp (-b(s, #)) in eq. (1) becomes a constant and
the energy dependence of the elastic cross section has to be taken care of
by the potential cross section o(s,f). Where this limitation sets is well seen
below. It is probably related to the fact that a current like eq. (5) corre-
sponds to soft-meson emissions from external lines [1,2]. At very high
momentum transfers this mechanism may no longer be the relevant one [1].

(iii) Our third and final assumption is the following: We assume the ha-
dronic charge distribution f(v) of the proton to be proportional to that seen
in elastic electron-proton scattering. Analytically we shall use the dipole-
fit. This amounts to putting

i2.-
a(F r(1 4 k , (10)

where a2 = 0.71 (GeV/c)2 and T is an effective coupling constant. The nu-
merical results (with ;. = pion mass) for 5/T'2 are shown in fig. 1. It clear-
ly shows the almost energy independent peak for large energies and the up-
per bound of b/T2 is pMAX/T2 = 16.25. This value depends on the numeri-
cal value of the constant a# in the dipole fit. For a2 = 2.34 or 0.18 we have
pmax/T2 = 29,52 or 6.60. Fig. 1 shows that at least for the energy- and
momentum transfer range which has been measured in detail [3], the
function b/T2 has the same qualitative features as the experimental elastic
cross section.

The main problem for comparing the model with experiments is the de-
termination of the potential cross section 0. Theoretically one can give ar-
guments [1] for the smooth energy dependence of o for fixed c.m. scattering

t See ref, [12].



p-p ELASTIC SCATTERING 569

0
0 2 10 L= 20

T
1.69 GeV/c 1t (GeVic)? —=

151

L R T T

Fig. 1. The quantity 5/T2 as a function of M at various lab momenta. The almost
vertical dashed line gives the slope of the curves for ‘t1 = 0, § — and the horizon-
tal dashed line at 16.25 shows the asymptotic value of /T2 for It' — 00, § =00,

angles 6* # 0,7 which is compatible with available data [4-6]. There is,
however, no theory for small momentum transfers and the published ex-
perimental spectra dzo/dt dW, where W is the missing mass in inelastic
proton-proton collisions, are incomplete, particularly for the region of
large momentum transfers and large inelasticities. If these spectra were
known, we would try to determine ¢ by means of the relation

~ _d20 ,
0(s,8) = [AW 3 (s, 1, W)

from experiments. The more copious data [7] for small inelasticities and
momentum transfers indicate that ¢ is almost energy independent for fixed
t in this region, contrary to the large momentum transfer region, where it
seems to become very smooth in the energy for fixed 6*.
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Fig. 2. Experimental values of 0 = de(dzo/dt dW) at 30 GeV/c as taken from refs.
[4,6,8]. The errors are estimates.
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Fig. 2 shows the quantity o at 30 GeV as obtained according to eq. (11)
from ref. [4]. The three points for large ? are taken from Mack's analysis
[6] of this work and the point at £ = 0 was obtained by using the optical theo-
rem for o{#=0) (note that & = 0 for ¢ = 0). The value of ¢ in fig. 2 has been
calculated by using the measured inelastic scattering angle and the elastic
momentum.

Because of our incomplete experimental and theoretical information con-
cerning the potential cross section ¢ we have adopted the following prelimi-
nary point of view for comparing the curves of fig. 1 with the experimental
ones: If we put

(s, {) = const x e~ 0(s, ) ,

then the available experimental information mentioned above indicates a
qualitative structure for b which is similar to that of 5/I'2 but on a smaller

scale, i.e.

B(s,f) ~ £ b(s, ), where @«T2, (12)
r
Defining ggﬁ =12 + 5 we get for the elastic cross section
el (o2 2
dgt —Ae (geff/r )b(S, t) . (13)

The constant A is determined by the optical theorem to be A = 77.7 mb.
The effective coupling constant was adjusted in the following way: We
calculate gpff at the four points 6* = 500 and 900 and 12.1 and 19.2 GeV/c
by comparing the values of the function b at these points with the experi-
mental results. The average is gesz = 1.82. Using this value we calculate
do€l/d¢ for various energies and momentum transfers. The result is shown
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Fig. 3. Comparison of the predicted elastic cross section (solid lines) with the ex-
perimental results of ref. [3] (dashed lines) after adjusting one free effective cou-
pling constant.
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in fig. 3. In view of the simplicity of the model it is surprisingly good for
energies up to 20 GeV. The experimental points at 30 GeV are systemati-
cally below the theoretical curve. This seems to be an indication for the
rising influence of the constant asymptotic value of » which marks a limita-
tion of the model. Part of this limitation is a consequence of the ansatz (12).
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Fig. 4. Slope of the function b/I'2 as obtained from formula (8) by using the dipole
dengity (10). The maximum value 3.62 is slightly above the asymptotic value 3.60 and
lies at a lab momentum of about 40 GeV/c.

Fig. 4 finally shows the energy dependence of the peak b(s, t)/| t| r'2 for
fixed small |¢| with the asymptotic limit (8). By using the above value
gezﬂ = 1.82 we have

2
g
eff 5050 _ ¢ o5 (Gev/e)2 for s —co. (14)

r2 ¢
This is to be compared with the experimental value [8] bexp/ |t| ~
~ 10 (GeV/c)2.

Since the function b is a scalar with respect to unitary symmetries [1],
our model with its constant asymptotic diffraction peak may give an expla-
nation for the very weak energy dependence of the Pomeranchuk trajectory.

We would like to point out that the model is also able to account for the
similar shapes of the elastic proton-proton cross section and the corre-
sponding ones with an isobar in the final state instead of a nucleon [7]. One
reason is again that the function b is a unitary scalar, i.e. b(s, f) is a uni-
versal function, independent of the particular collision channel. The poten-
tial cross section on the other side depends on the special channel. Thus
one expects similar shapes (determined by the function b) but slightly
changing magnitudes (determined by ¢). This is exactly what has been ob-
served [7]. The second reason is independent of these unitary symmetry
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arguments: Experimentally the magnetic transition form factors G{z(f) for
the final state isobars in inelastic electron-nucleon scattering seem to be
similar to the elastic ones [9]. In the framework of our model we therefore
have to expect a corresponding similarity between elastic nucleon-nucleon
scattering and those collisions where the final state nucleons are excited
(isobars).

We would like to conclude by pointing out that the general spirit of our
approach is similar to that of the work of Chou and Yang [10] and Ababar-~
nel, Drell and Gilman [11]. There are, however, some important differ-
ences in detail, a comparison of which will be given elsewhere.

One of us (H.G.) is indebted to the Deutsche Forschungsgemeinschaft for
financial support. We also thank the staff of the computer TR4 at the Leib-
niz Rechenzentrum in Munich for their assistence.
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