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A model of proton-proton scattering is presented in which a.
pp

rises with energy due to
large-impact-parameter effects which are associated with the two-pion-exchange cut. The model is

applied to the question of determining o.„„ from proton-nucleus interactions of cosmic rays.

The total proton-proton cross section 0» is
observed to increase with energy, at equivalent
laboratory energies up to 3&&10' QeV. ' This ob-
servation and the variety of theories which encom-
pass it arouse curiosity about 0» at still higher
energies. One is led to ask whether cosmic-ray
protons, with energies E up to -10"GeV, can be
used to satisfy this curiosity.

Because of the small flux involved, cosmic-ray
experiments at extreme energies necessarily em-
ploy interactions with nuclei, either in dense tar-
gets, or in the atmosphere itself. One therefore
faces the problem of extracting o» from measure-
ments of o», where & refers to a nucleus with
mass number A.. This problem is the subject of
the present paper, Other difficulties inherent in
cosmic-ray experiments have been discussed
elsewhere. ' These difficulties are considerable,
but should not be overwhelming, because total in-
elastic cross sections are the simplest of all to
measure. Furthermore, the possible effects being
sought are large: E.g. , a particular (lns)' extra. —

polation of existing data predicts a» to rise from
42 mb at E =10 GeV to 138 mb at E =10' GeV. '

Multiple-scattering theory, or an optical model,
suggests that o»=A.o» for small A. , while 0»
= 2mB' for large A., where & is the radius of an
effective "black disk. " The black-disk limit is a,

useful guide to the results of the complete optical
model, which we use for actual numerical work.
The effective radius A represents an impact pa-
rameter 6 at which the interaction probability is

It is determined by the radius associated
with the nuclear matter distribution, combined
with the range and strength of the pP interaction.
(At the energies considered here, pn andPP inter-
actions can be considered equal. ) A component
of the PP interaction which has a range comparable
to the nuclear radius mill increase A, and hence
0'», significantly. This mill be true even if the
long-range component is relatively weak, because
the density of the nucleus is so large.

Maor and Nussinov' calculate significant effects
on 0» due to such a long-range component. They

parametrize the PP amplitude as a function of im-
pact parameter with the form'

p(b) = Q C,exp(-b'/2A, . ') .
'l =1

p(b) refers to the imaginary part of the amplitude,
normalized so that p =1 corresponds to complete
absorption. Thus p(b) =1-exp[iy(b)] in the eikonal
model, and the total cross section is given by 0»
= 4m J,"b db p (b). The parameters C, = 0.73, C,
=0.021, and A, =0.65 F are fixed, while A, is
determined by o»=4n(C, R, '+C,B.„'). Thus R,
=0.62(o» —38.4)~', where v» is in millibarns
and 8,, in fermis.

The shape of p(b) determines the connection be-
tween 0» and o». The dependence on energy is
entirely implicit. Maor and Nussinov assume
cr» ——38.4+0.49[in(s/122)]', where s = 2m~(E+m&)
is in QeV . Thus at E = 10, 10, 106, 107 GeV,
the cross section is 51, 65, 84, 108 mb. The for-
ward slopes at these four energies, defined by
do/dt~ exp(Bt) as t-0, are 8=43, 119, 257, 459
QeV '. These slopes reflect the extremely large
radius A, .

According to the uncertainty principle, the am-
plitude at large b is determined by the lowest pos-
sible exchanged mass in the t channel. Its energy
dependence is governed by the location of the
Pomeron trajectory at that mass. We now con-
struct a model according to these precepts. We
find that a relatively rapid rise of the slope B with
energy, such as assumed by Maor and Nussinov,
is unlikely.

The singularity of the imaginary part of the
elastic amplitude which lies nearest to I=0 is the
two-pion-exchange cut at t=4~~ . This singularity
implies p(b) ~ exp(-2m, b)/b" as b —~. The power
e is determined by the threshold behavior of the
eut, and is close to 3.' One of the proposed ex-
planations for the rise of o» is that the strength
of this two-pion-exchange tail increases with en-
ergy, while the central part remains approximate-
ly constant, "We define a phenomenological
model of this type by
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p(b) =c,exp(-b'/2c, )+c,exp(-u)(u '+3u z+3u ')/[(2m b)'+c~'], u=[(2m, b)'+c,']~' . (2)

p (b) =1 —exp[i'(b)],

iy(b) = -6.58[Eexp(-in/2)]' "'
x exp[ —0.60(b'+ 15.0)~'],

(3)

The nonleading terms 3u '+3u ' make the Hankel
transform of (2) simple in the limit c, =c,.' They
3id in fitting the data at small b, but are not es-
sential. We set c, =0.4, c, =13 GeV ', and c4
=1.0. We determine c, by requiring p(0) =0.77.
The remaining parameter c, determines the total
cross section, and the strength of the tail: p(b)- c,exp(-2m, b)/(2m, b)' as b -~. This paramete-
rization agrees with determinations' of p(b) from
CERN ISR data to an accuracy of =5/0. [The model
does not reproduce the diffraction dip observed at
t=-l.4 GeV', ' for readers interested in that
question. The dip is very sensitive to p(b) at
small b, which is irrelevant to our present pur-
pose. ] The value of c, is 5.1 at s =900 GeV' and
16.6 at s =2800 GeV', corresponding to cross sec-
tions of 40.6 and 43.2 mb. The cross section given
by this model can be approximated by o»—- [25
+ 11.61n(2+inc, )] mb, to an accuracy of better
tha, n 1% when c, & 10. The slope is given to 10%
accuracy by B=1 501 n( c, + 75) /o'~~, with cr» in mb
and Q in GeV ~.

To speculate on an energy dependence, we fit
'c3 by a power law in the energy, using the ISR
data. We obtain c, =0.012s'', which corres-
ponds to a Pomeron trajectory with n =1.9 at
t=4m, '. This involves a considerable increase
from n = 1.0 at t= 0, and hence corresponds to a
fairly rapid rise of the two-pion cut contribution
as a function of energy. From it, we obtain 0»
=47, 50, 52, 54 mb at E =10, 10', 10', 10' GeV.
The forward slopes are B=17.5, 19, 26, and 30
GeV '. The asymptotic cross section rises very
slowly —like ln(inc, ), and hence like ln(lns) —in
this model, because the rise does not begin until
b~ (inc, )' ', and the asymptotic form p(b)
= c,exp(-2m„b)/(2m„b)3 holds only for 2m„b
z (inc, )'.

The very slow rise is not a necessary char-
acteristic of models in which o.» rises due to the
two-pion cut. Rather, we have constructed this
particular model in such a way that the rise at
large s does not begin until large b. This was
done in order to examine the effect on v~„pf a
rise in 0~~ which is extremely peripheral, but
which nevertheless corresponds to reasonable be-
havior in the t channel.

For comparison, we consider a model in which
the assumed increase in p(b) is less peripheral.
We use the eikonal fit of Cheng, Wu, and Walker":

where b and E are expressed in GeV =1 units.
This model has p(b)~ exp(-4. 3m, b) at large b,
which is not very different from the two-pion cut
form exp(-2m, b)/b', in the important region of
ls b~ 5 F. The coefficient of this term rises
very slowly with E, and hence with 0», however.
The rise of 0.» in this model is thus basically
centra/ in impact parameter. Indeed as s -~ the
model corresponds to a Mack disk with radius
~lns.

To calculate the nuclear cross section, we use
the large A, or optical model, limit of Glauber's
multiple-scattering theory. The relevant nuclear
cross section is the inelastic one, 0~A =o~„"
-a~A, since elastic scattering involves small
momentum transfer to the cosmic-ray proton, and
is experimentally indistinguishable from no inter-
action at all. The formulas are

T(b) =g dz D[(b~ yz~)~~~]

&(b) = d'b'p(lb'I)T(Ib —b'I),

o~„' = d'b(l —exp[-2ReQ(b)]f .

D(r) represents the nuclear density, normalized
to fd'rD(~r~) =1. We use D(r) =N/(1+exp[(r
—rg~')/d]), with r, =1.05 F and d=0.55 F. T(b)
is the nuclear density as a function of impact pa-
rameter. p(b) is the pp amplitude discussed above.
Q(b) is the P-nucleus eikonal function. lt involves
a convolution of p and T, and therefore has an ef-
fective radius which combines their radii.

The multiple-scattering theory could be invalid
at very high energies, for example, due to the in-
creasing importance of inelastic shadow effects.
However, the essential content of Eqs. (4), namely,
that the P-nucleus eikonal function is proportional
to the nuclear density, integrated over the longi-
tudinal variable z and smeared out by the impact-
parameter distribution of elastic scattering, ap-
pears extremely reasonable, and may survive a
breakdown of the detailed theory. It has been
shown that Eqs. (4) may hold in the presence of
fairly strong inelastic shadow effects. "

A comparison of the models for pP scattering is
shown in Fig. 1. The model of Cheng, Wu, and
Walker is, as expected, considerably more cen-
tral in impact parameter than ours, although the
black-disk limit is still far away when E = 10' GeV
and v»=73 mb. The model of Maor and Nussinov
is more peripheral than ours. However, at large
cr», this model develops an abrupt break in p(b)
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FIG. 1. Models of the imaginary part of the proton-
proton elastic amplitude as a function of impact param-
eter b. The solid curve is the two-pion-cut model
[Eq. (2)]. The dashed curve is the model of Cheng, Wu,
and Walker (Ref. 11). The dotted curve is the model
of Leader and Maor (Ref. 3). In each case, the Louler
curve corresponds to o&& =50 mb, and the upper curve
to o&& = 70 mb.

at large 5, which is out of keeping with the ex-
pected exp(-2m„b)/b" asymptotic behavior. The
energy dependence of the tail is much stronger
than in our model, which we have already argued
is rather strong in the sense of corresponding to
o.~(4m„') =1.9. The model used by Maor and
Nussinov therefore appears to be an unlikely spec-
ulation for the behavior of p(b). This somewhat
narrows the range of v» which can be expected for
a given 0» .

Results of the optical-model calculation are
shown in Fig. 2. One sees that the change in v~„"'

produced by an increase in v» can be quite large,
if the increase comes from large impact param-
eter. Therefore, if a rise in &~„is observed at
costi c-ray energies, i t may coxxesPond to a
relatively small rise of &», if that rise is periPh
eral, as it would be if associated goith the leo
Pion-exchange cut. Unlike other calculations of
this effect, '"we use models of the PP amplitude
which agree with experiment at ISR energies, and
which respect the asymptotic behavior in b which
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FIG. 2. Inelastic proton cross sections on nitrogen
(A =14) and copper (A = 64), as a function of the proton-
proton cross section. Solid, dashed, and dotted curves
correspond to the three models for pp scattering shown
in Fig. 1. Note that ~&& rises rapidly with 0&&, if the in-
crease in o&& comes from large impact parameter. The
circles correspond to laboratory energies E =104,
105, .. . , 10 GeV, according to particular models of the
energy dependence discussed in the text.

is required by analyticity.
We note that the fractional increase in &I,"„' is

less than the fractional increase zn o» zohich

Produces if. , even for light nuclei where the effect
is largest. Thus the early indications of a possible
rise in v» from cosmic-ray satellite measure-
ments, ' using a carbon target at E~ 10 GeV,
were apparently accidental, since these experi-
ments were not accurate to the level ot &10/g re-
quired in that energy range.

The variation of 0~"'„' with A, for fixed a&&, dif-
fers somewhat between the models. Thus in
principle one could use the dependence on A. to
determine the degree of peripherality of the Pp
amplitude, or to determine the cross section from
data whose absolute normalization is unknown.
This effect is too small, however, to be of pract-
ical value, as concluded also by Camillo etaL."

The curves in Fig. 2 are determined by the form
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of p(b), and are independent of the energy at which
it takes on that form. If, however, we accept the
energy dependence of the two-pion-exchange model
hypothesized above, we predict v», 0„'"",4, and
o„'""« to increase by 36%, 2'I%, and 20% between
E =10' GeV and E =10' GeV. The corresponding
percentages based on the model of Cheng, Wu,

and Walker for PP scattering are 200/0, 44%, and

22/o. If either of these models is approximately
correct, it will be difficult to detect the energy
dependence of o~"„", because of the inherent dif-
ficulties of cosmic-ray experiments. The main
hope of such experiments would be to detect (or
rule out} a more rapid rise of the cross section.
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We have calculated, exactly to leading order in the chiral perturbation symmetry-break-
ing parameter &, the corrections to the Coleman-Glashow SU(3) relations among the mag-
netic moments of the baryon octet. The corrections are of order e . In general the cor-
rections turn out to be at least as large as the zeroth-order term and hence the perturba-
tion expansion breaks down. We discuss the reasons for this breakdown. We also derive
sum rules which are independent of the leading-order corrections and hence valid to next
order in chiral perturbation symmetry breaking, i.e. , e ln&.

I. INTRODUCTION

In the limit that SU(3) is an exact symmetry and
assuming octet transformation properties for the
photon, that is, Q =@,+(I/W3)QB, it is well known

that one obtains the Coleman-Glashow formulas'
for the magnetic moments of the baryon octet.

Of course, SU(3) is not an exact symmetry. For
those magnetic moments which have been experi-
mentally measured, ' that for the = shows an
especially large deviation from the SU(3) predic-
tion, the difference being 1.7 standard deviations. '

Also, the recent measurement of the Z magnetic
moment differs by 1.6 standard deviations from
the SU(3) value. ' If this kind of discrepancy con-
tinues upon further experimental determinations,
then the corrections to the Coleman-Glashow for-
mulas must, in some cases at least, be large.

There have been a number of attempts to esti-
mate the SU(3)-breaking corrections. For ex-
ample, Beg and Pais' conjectured that the dominant
first-order effect is given by mass corrections,
that is, that the Coleman-Glashow formulas should
be interpreted as conditions on magnetic moments


