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The proton-air inelastic cross section, obtained from cosmic-ray data at &s =30 TeV, is compared
with calculations using various different models for the energy variation of the parameters of the ele-

mentary proton-proton interaction. Three conclusions are derived. (1) The diffractive dissociation
cross section for proton-air interactions is determined with an uncertainty of less than three percent
because unitarity bounds the diffractive cross section from above. (2) Current models in which the
proton-proton total cross section has an energy dependence of the form c+d ln (s) are favored by
cosmic-ray data. (3) The proton-proton total cross section at &s =30 TeV should be ) 130 mb, if
the elastic slope parameter is less than 30 GeV . If the Chou-Yang relationship between the slope
parameter B and o.„,is used, the Fly's Eye limits suggest that o, , = 175+27 mb.

I. INTRODUCTION

The behavior of total cross sections at ultrahigh ener-
gies (&s & 1 TeV) has been derived from analysis of air-
shower observations. ' the proton-air inelastic cross sec-
tion determined from cosmic-ray data must be related to
the basic proton-proton interaction to determine which
of the different models for the ultrahigh-energy behavior
of the scattering amplitude are consistent with cosmic-
ray data and which can be ruled out. The adjective "in-
elastic" for the proton-air cross section o.p"",,, describes
the fact that cosmic-ray experiments do not measure all
of the absorptive cross section because cascade develop-
ment is not sensitive to processes that lead to quasielas-
tic excitation of the air nucleus crq„or to diffractive ex-
citation of one of the nucleons of the air nucleus, o.*.
The method generally used to calculate the p-air inelas-
tic cross section from proton-proton parameters is the
Glauber multiple-scattering technique. The application
of this method leads to the relation

in el tot el
~p-air ~p-air ~p-air ~qe

—b,o (inelastic screening) .

The term Acr(inelastic screening) accounts for screen-
ing due to multiple scattering with excited nucleon inter-
mediate states. To calculate the right-hand side of this re-
lation it is necessary to know the values of o.

„„

the for-
ward elastic slope parameter B~~(t =0), the ratio of the
forward real and imaginary parts of the amplitude p, sin-
gle and double diffractive cross sections tr@ and on'D, the
shape of d o. /dt dM at tm;„ for the diffractive process,
p+p~p+X, and the nuclear density.

In Sec. II, we summarize the basic features of the
models used to describe the behavior of high-energy ele-

mentary pp and pp interactions. In Sec. III we state the
basic equation for unitarity bounds on diffractive cross
sections and show that any model which ascribes the in-
crease in pp and pp cross sections entirely to diffractive
processes will violate this bound at some energy. We
show that the uncertainties in previous calculations'
using Eq. (1.1) can be further reduced by recognizing
that the correction term u* must be bounded by unitari-
ty. In the final section we present graphs showing con-
tours of constant proton-air inelastic cross section as a
function of erg~, and Bt't'(t =0) which can be used to
derive the values of o.ptpt and Bpp allowed by the mea-
sured value of p-air inelastic cross section from cosmic-
ray air-shower experiments. We show that models with
a ln (s) increase in o. and B are favored. The basic
multiple-scattering formalism is reviewed in an Appen-
d1x.

II. MODELS OF THE ELEMENTARY
HADRON-HADRON INTERACTION

Many different models for the high-energy behavior of
scattering amplitudes have been proposed. ' They may
be roughly classified into four types: (1) geometrical-
scaling models, (2) diffraction-dominance models, (3)
factorized eikonal- (Chou-Yang-) type models, and (4)
Reggeon-field-theory models.

Geometrical-scaling models are based on the observa-
tion that the elastic differential cross section do. /dt vs t
is similar to a classical diffraction pattern in optics.
Indeed, if one takes the interaction radius R to be an in-
creasing function of &s, then one expects all cross sec-
tions to rise like R (&s ) and the first dip location

~
td;v ~

to move to smaller values. The key feature of the
geometrical-scaling approach is the assumption that the
entire energy dependence comes from just one source
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R(&s ), which has the dimensions of length. An im-
mediate consequence is the prediction of a scaling curve
in the dimensionless quantity R (&s )der/dt vs
tR (&s ). It has been known for many years that a
geometrical-scaling curve works reasonably well over the
CERN ISR energy range, especially when the real parts
of the scattering amplitude are incorporated into the for-
malism using derivative analyticity relations. Unfor-
tunately, geometrical-scaling models run into trouble
when they are confronted with the recent CERN SppS
collider data, since they predict the ratio of o.,l /a„t to
remain constant with energy.

The diffractive-dominance models ascribe all the rise
in total cross sections to o.,l, o.sD, and crDD, the inelastic
cross section remaining constant. The ratio o.;„,i/o. t
decreases with energy; o,&/o„,becomes energy indepen-
dent; o.sD/o.„,slowly decreases with energy while
o.DD/o.„,will be asymptotically constant. We shall
show in the next section that such a model violates uni-
tarity bounds on diffraction dissociation. Furthermore,
there is now preliminary experimental evidence that the
rise in o.„tis related to inelastic events producing "mini-
jets."'

In the factorized eikonal- (Chou-Yang-) type models
the ratio o.,l/o. „tneed not be constant with energy. How-
ever, the detailed behavior of o.„„o.sD, or o.DD is not gen-
erally prescribed. These models do provide a reasonably
good description of do. /dt data up to SppS collider ener-
gies when the total cross section is used as input.

In Reggeon field theory, one takes the Pomeron to be
a pole in the angular momentum plane and computes
corrections coming from multi-Pomeron cuts. Such a
"perturbative Reggeon scheme" is phenomenologically
successful provided the bare Porneron intercept is taken
above unity [at approximately a~(0)=1.13] (Ref. 11).
Diffraction-dissociation effects come from unitarity cuts
of enhanced diagrams. It is thought that successive ex-
citation of heavy flavors may be the physical mechanism
underlying the rise of o„,(Ref. 12). Diagrams involving
Pomeron exchanges and triple-Pomeron interactions can
be though of as coming from an effective two-
dimensional Reg geon field theory in which rapidity
plays the role of time. The asymptotic behavior, corre-
sponding to a Pomeron trajectory intercept equal to one,
involves a phase transition characterized by several criti-
cal indices. The "critical Pomeron solution"' does pre-
dict slowly rising total cross sections, cr„,—In (s), but
is clearly in conflict with an increase of the ratio

el /~ tot
Thus it may seem at first glance that with so much free-

dom it would be possible to fit the cosmic-ray data with a
large range of models. This is not so, however, because
the range of variation of the diffractive component cross
sections are limited by unitarity bounds. There is only
one proviso for this statement, which is that Cxlauber tech-
niques are valid at these high energies.

III. UNITARITY BOUNDS AND LIMITS
ON DIFFRACTION

The unitarity bound on elastic and diffractive cross sec-
tion can be stated as'

1el+~diff +
2 +tot (3.1)

This constraint, which is most easily derived in
impact-parameter space, follows from s-channel unitarity
and the usual requirement that diffraction is purely ab-
sorptive (shadow of nondiff'ractive particle production).
More specifically, the scattering submatrix for diffractive
states is taken to be purely imaginary iG, and the eigen-
values of the real matrix G are required to lie in the
range 0—1 (Ref. 14).

One can write o.„,in terms of its parts

~tot ~el+ ~diff+ ND (3.2)

where o.ND is the nondiffractive cross section. It follows
from these relations that

oND+ 2otot (3.3)
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FIG. 1. Ultrahigh-energy predictions of pp cross sections us-
ing a diffractive dominance model [Goulianos {Ref. 6)]. This
model clearly violates the unitarity bound o.,l+o-&;&( 2o.„,for
E~,b) 2X10 GeV.

which means that if o„,(E) increases with energy then
o ND cannot be energy independent.

Assuming the general validity of the bounds we apply
it to the specific model of diffractive dominance pro-
posed by Goulianos. The energy variations of cr,i,
2osD o DD, and o.„,for this model are shown in Fig. 1.
The value of —,'(o„,) is also graphed. The unitarity
bound given by Eq. (3.1) is violated by this model for
&s &200 GeV; so is the inequality oNo& —,'(o„„).In
fact, any model which ascribes the increase in cross sec
tion entirely to diQractiue processes will uiolate conuen
tional unitarity requirements (see the Appendix and
Gaisser et al. ).

As representative of other models let us consider the
parametrization proposed by Block and Cahn. The
model gives explicit fits for total and elastic cross sec-
tions as well as the slope parameter 8, as a function of
energy. To obtain o.~"",„using Eq. (1.1) we must calcu-
late the five terms on the right-hand side using Glauber
methods. The total, elastic and quasielastic, proton-air
cross sections can be calculated in a straightforward
manner using model parameters: of)„crg,B~~, and p.
To estimate o and bo(inelastic screening) a knowledge
of the single-diffractive cross section is needed, which is
not given by the model. Of these two terms, b, cr(inelas-
tic screening) depends only on the value of d cr ldt dM
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at t;„which varies as 1/M (Ref. 2). Most of the con-
tribution to this term comes from small values of M
and numerical evaluation gives a value for this correc-
tion which. varies from about 8 mb at ISR energies to
saturation at —14 mb at ultrahigh energies (see Gaisser
et al. ).

The correction for diffraction dissociation of the target
nucleon is given by

cr* = (crg)/o. P„)cr~„,. (3.4)

Here, o.
z „,is the cross section for an absorptive p-

nucleus interaction involving exactly one elementary in-
elastic encounter. It is easy to show that
crz „,=2m(r )/3 which corresponds to 142 mb for a
root-mean-square radius of 2.6 F. The correction depends
on the energy dependence of olcr~~, i where

~lnel =~tot el ~ND+ 2~sD+ ~DD'pp

What does the unitarity bound tell us about this ratio?
The unitarity bound in Eq. (3.1) gives

12~SD+ ~DD 2 tot ~el (3.5)

The maximum value of o.sD is then obtained by putting
0 DD 0 The ratio of 0 SD/0 jnel is bounded by

1
~SD/~jnel &

4
el/~tot

el /~ tot
&0.25 . (3.6)

The maximum value of o.* is 36 mb if o.,l
——0. In the

Block-Cahn model with a [In(s)] energy dependence,
the ratio of o.,l to o.t~ varies from 0.175 to 0.37 as ener-

gy is varied from i/s —20 GeV to i/s —10 TeV. The
corresponding upper limits on o.* are 28 and 15 mb, re-
spectively. At ISR energies, however, there are direct
measurements of o.sD and o.;„,I which give a 14-mb cross
section for o'. A reasonable measure of the allowed
range of o.* can be obtained by assuming that the lower
bound to o.sD/a;„,I is the ISR value and the upper
bound is given by Eq. (3.6) with o.,&/o„, being taken
from Block-Cahn model. The result is shown in Fig. 2.
Also shown in the figure is the sum of the last three
terms in Eq. (1.1), i.e. , o q, +o *+Acr(inelastic screening).
The fractional uncertainty in the value of crz"",,, is less
than three percent.

IV. ASYMPTOTIC CROSS SECTIONS
FROM COSMIC-RAY DATA

First, we present the energy variation of proton-air in-
elastic cross sections as deduced by analysis of cosmic-ray
experiments from 4 X 10 to 10 GeV (Refs. 15—17) in

Fig. 3. One observes that the cross section is -410 mb at
10 GeV and increases to between 550 and 600 mb at en-
ergies above 10 GeV.

Next, we display as an example, the energy variation
of the parameters of the elementary pp interactions (o.

„„

cr,i, and B), needed as input to Glauber calculations, in

Figs. 4(a), 4(b), and 4(c) according to the work of Block
and Cahn. The cross-section graph [Fig. 4(a)] is identi-
cal to Fig. 16(a) of Ref. 4. The cross sections in Fig. 4(a)
are found by fitting both the o.„tand p for energies at or
below ISR energies. The upper curve corresponds to an
assumed energy dependence of the total cross section of
ln (s/so), where so is a scale constant fitted by the data.
The lower curve assumed an energy dependence of o.„t
that behaves as ln (s/so)/[1+a ln (s/so)], where a is
also fitted by the data, and has the consequence that it
behaves essentially as ln (s/so) over the ISR energy
range, but asymptotically goes to a constant cross sec-
tion. The elastic cross section [Fig. 4(b)] is calculated
from

~ el ~ tot /1 6MB

an approximation that neglects p compared to unity and
neglects the r dependence of the slope parameter B(t)
The upper curve in Fig. 4(b) corresponds to using the
upper curve of Fig. 4(a) and the upper curve of Fig. 4(c),
both of which are fits to the data. The lower curve in Fig.
4(b) uses cr„,from the lower curve of Fig. 4(a) and B from
the lower curve of Fig. 4(c). The slope parameter [Fig.
4(c)] comes from a separate fit [M. M. Block (private com-
munication)] to an assumed energy dependence
a+B In(s)+c ln (s) for the upper curve. The lower curve
for B which corresponds to o.~const asymptotically, was
calculated [M.M. Block (private communication)] from
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FIG. 2. Allowed ranges for the correction for diff'ractive dis-
sociation of the target nucleon. Also shown is the total correc-
tion as a function of energy.

200 i I l 1 I I ( I I I ( & t & I ) I I 1 I I I I I I L I t I I t I t L I 1 & I 1

IO IO IO Io IO IO IO IO IO

LAB ENERGY (GeV)

FICz. 3. The energy variation of o~"",;, as determined from
cosmic-ray experiments. The points above 10 GeV come from
air-shower experiments; the energy bin widths for the points are
not shown.
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Fig. 9 of Ref. 4, which implicitly gives 8 as a function of
o.„,in the Chou-Yang model. The resulting Chou-Yang
value of B vs &s gives an excellent reproduction of B in
the ISR region and a good value of the SppS point as well.
The Chou-Yang model also reproduces the upper B vs
&s curve in Fig. 4(c). This suggests that the Chou-Yang

relation between B and o.„,may be used reliably for ex-
trapolation to high energies.

To determine what value of the pp total cross section is
implied by cosmic-ray data in the energy range
&s -6—20 TeV (this corresponds to energies of primary
cosmic-rays varying from 1.8)&10 to 2X10 GeV) we
calculated contours of constant cr~"",;, for different inputs
for o.~~ and 8 for the case when o.* is calculated corre-
sponding to only a slight increase of asD/o. ;„,~

over ISR
values. These contour plots are shown in Fig. 5.

We point out two important features of the shape of
these contours: For a fixed value of o.z"",,„anincrease in
the slope parameter 8 leads to a decrease in the value of
0.„,required to keep p-air cross section fixed. Also, if the
slope parameter is small the contours become horizontal.

Next, we examine what pp cross section is implied by
the Utah measurement of 540+ 45 mb at a &s —30 TeV
(Ref. 17). The Utah point is lower than the Akeno'
points, so a study of its implications ought to give an es-
timate for lowest allowed values for the pp cross section.
For this purpose we superpose on the contours the ener-
gy variation of the point (B~~,cr„,) for two diff'erent
models of Block and Cahn. The six points for each of
the two models correspond to laboratory energies from
10 to 10 GeV in steps of factors of 10. These are the
connected lines in Fig. 6. The highest-energy point of
Block-Cahn model number 2 (with an asymptotically
constant cross section) is only at 375 mb which is at
least 3o. away from the cosmic-ray value. ' These qualiss

tative features follow from the fact that the p-nucleus
cross section saturates for large values of the p-nucleon
cross section because shadowing becomes complete. The
asymptotic size of the p-air cross section is then given by
the convolution of the nuclear size and the size of the in-
dividual nucleons. The latter is given by the Fourier
transform of the scattering amplitude, which is propor-
tional to exp( Bq /2). Th—erefore the saturation cross
section is proportional to a +const)& (B).

The final result may be better presented using a set of
CdI~
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FIGs 4. (a) Energy variation of o.„,for two models of Block
and Cahn which fit both o.„,and p for energies at or below the
ISR energy. See text for details of the two fits. (b) Energy varia-
tion of o.,l for the same two models of Block and Cahn. The
upper curve corresponds to using the upper curve of (a) and the
upper curve of (c). The lower curve uses a„,from the lower
curve of (a) and B from the lower curve of (c). (c) Energy varia-
tion of the elastic slope parameter for the models. The upper
curve is a fit of B to the data using an assumed energy depen-
dence 3+Bln(s)+C ln (s/s). The lower curve used the Chou-
Yang relation between B and o.„„andgets the energy depen-
dence by using the lower curve (asymptotically constant cross
section case) of (a).
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FIG. 5. Contour plots for the variation of the slope parameter
B (y axis) with a„„for fixed values of o~"",;,. The lowest contour
is for cr~"",;,=275 mb and the increment in cross section per con-
tour is 25 mb in this figure and Fig. 6.
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contours of o p
' vs o t t for fixed values of the slope pa-

rameter. This is shown in Fig. 7. Without discussing any
particular model one can examine the implication of the
Fly's Eye point. One can draw the conclusion that if
B=40 GeV, a crIt'r, —80 mb at &s —30 TeV could fit
the cosmic-ray data at the lo. level. However, fits to B
and o.

pp must be made simultaneously. Using the fits of
Ref. 4, one sees that a small value of o.

pp is correlated
with a small value of B ( —15—16 GeV at &s —30
TeV), which is inconsistent with the measured oz"'„„in
Fig. 7. A more consistent value is B-25 GeV for
which o.,~, ) 130 mb.

The Chou-Yang relation between B and o.„,referred to
above can be used to remove the ambiguity from Fig. 7.
This leads to the diagonal broken line on the figure. If
this relation is used the Fly's Eye limits suggest

~...=175+4,', mb

0 = Goul

0 i s i i I & s s i I i » r I i i i & I i i i i I i & I I I i i l t I

25 50 75 l 00 l 25 150 l 75 200
a

p (mb)

FIG. 6. In this figure we have superimposed the variation of
B with erg, as required by three models of the elementary in-
teraction: Block and Cahn 1 and 2 and that of Goulianos.
Only Block and Cahn model 1 reaches close to the Fly's Eye
contour for 540+45 mb.

at &s -40 TeV. We conclude with a reminder that the
air-shower measurements of op"",,, above 10' eV are not
direct. They rely on a model-dependent analysis of the
data. ' ' ' In particular, the conclusion about the cross
section depends on assumptions made about fluctuations
in individual hadronic interactions and on the chemical
composition of the primaries. We do not expect changes
in hadronic interactions above 10' eV to lead to large
uncertainties in the inferred cross section. ' As concerns
composition, the strategy adopted in Refs. 16 and 17 is
to minimize this source of uncertainty by looking only at
the most deeply penetrating showers, which are
presumed to be initiated by protons rather than by
heavier nuclei. Overall fluctuations in penetration for all
showers are also sensitive to the cross section; however,
they are more sensitive to uncertainty in the composition
because there is no selection against contributions from
heavy primaries. Comparison between overall fluctua-
tions as summarized by Linsley and a calculation of
fluctuations in depth of maximum for all showers,
leads us to the conclusion that this type of measurement
cannot distinguish between a ln(s) or a ln (s) extrapola-
tion of the cross section. ' The data of Refs. 16 and 17
appear to favor the more rapid increase. All data are in-
consistent with a cross section that does not increase
significantly above the value measured at the pp collider.
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APPENDIX

We collect here the basic formulas of the Glauber mod-
el for relating nucleon-nucleon to nucleon-nucleus
scattering so that the reader may judge their applicability
to high-energy scattering. The amplitude for elastic
scattering on a nucleus is

800—
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F(q)= 9(q ) f d b e'q'" f . f (b, s~ s„)
277

x Q p(r;)d'r; .

exp[i'(b)]= g exp[iX, (b s, )] . (A2)

(Al)
The profile factor I" is related to the phase shift 7 for the
scattering by I =1—e'+. The essential assumption of the
Glauber model is that the overall phase shifts for the
scattering on a nuclear target are the sum of the phase
shifts for scattering on the individual nucleons:

opp(total )(mb)

FICx. 7. The figure shows contours describing the variation of
0 p with o.„,for fixed values of the elastic slope parameter.
The Fly's Eye cross section with its 1' error band is shown. See
text for discussion.

If we define a nucleon-nucleon profile

J —iq b
q d2

2~ik

then Eq. (Al) becomes

(A3)
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F(q) = 8(q )
277

d be' 1 — 1 — Ijb —s

&&p(r)d 'r
A

(A4)

ktot
f(q) = (p+i)e4~

(A5)

where p here is the ratio of the real to the imaginary part
of the scattering amplitude.

A model for the nucleon-nucleon amplitude is inserted
into Eq. (A4) to compute F(q). Then the total cross sec-
tion and the elastic cross section are obtained from

, (A6)

and

The momentum transfer q=k —k', (9(q ) is a recoil factor,
k and k' are, respectively, the incident and final momen-
tum of the nucleon, b is the impact parameter in the plane
normal to the collision axis, and sj is the projection of the
position of the jth nucleon in that plane. p(r;) is the sin-

gle nucleon density function, normalized to unity and
f(q) is the nucleon-nucleon scattering amplitude. The
conventional form used to fit the elastic nucleon-nucleon
amplitude at small angles is

dence of o.q, in this model thus depends on the energy
dependence of o.„,. The uncertainty in the extrapolation
of e contributes to the width of the bands in Fig. 2.

The inelastic-screening correction is a correction to
the Glauber calculation itself rather than a correction to
the data. The multiple-scattering sum as written in Eq.
(A4) contains only contributions from elastic nucleon-
nucleon scattering. In addition, there are contributions in
second- and higher-order diagrams from intermediate
states in which the projectile nucleon is diffractively excit-
ed on one nucleon and reverts to its ground state in a
later encounter. Including this correction to lowest order
changes the integrand of Eqs. (Al) and (A4) to

M
(A9)

where I M is given in terms of fM(q) by an equation like
(A3). The amplitude f~ for diffractive excitation to a
mass M is given by

i~f ( )ii = =A(M )
s' (A10)

There is now a minimum longitudinal-momentum
transfer qL

——(M —m )m/s needed to produce the mass
M )m, so, in Eq. (A9),

I M~ f d r p(r) . f d qf~(q)e '~' 'e'
2m)k

Fq (A7) (A 1 1)

The total and elastic cross sections were computed for a
variety of nuclear targets using harmonic-oscillator
forms for the density of nucleons in light nuclei, a
Gaussian form for air, and the Woods-Saxon form for
heavy nuclei. The three corrections in Eq. (1.1), cr', o.q„
and b, cr (inelastic screening), were computed using
Gaussian density distributions.

The derivation of cr* has already been discussed in the
main text. The result for cTqe is obtained from the work of
Glauber and Matthiae by integrating their expression for
the contribution of quasielastic scattering to the
differential cross section. For a Gaussian form of the nu-
clear density and f(q) given by Eq. (A5),

where z is the component of r normal to b and s is the
component of r in the plane of b. Then, in the optical ap-
proximation [B(M ) « (a )],

gr r' 4~ f dM g(M ) f p(b, z)e 'dz
'

(A12)

Comparing Eqs. (A4) and (A9), and using the optical
theorem, (A6), we find the correction to the cross section
for the inelastic screening correction, which is given by an
integral of the last term in Eq. (A9):

a,„„=4~f d b f dM A(M )

&n

crq, ——~R
n =1

where

(A8)

where

X exp[ —
—,'cr„,T(b)]

~
F(qi, b)

~

(A13)

1+p ioi ~p 2( 2)
16m B

and a is the rms nuclear radius. For air ~R =142 mb.
In a geometrical-scaling model o.„,/B =const with a
value in the ISR range that gives a=0. 17. In fact,
geometrical scaling is not valid up to SppS collider ener-
gies, and e increases slowly from 0.16 to 0.22 as cr, , in-
creases from 40 to 60 mb. Extrapolation (using Fig. 9 of
Ref. 4) gives 0.31 when o.„,=100 mb. With these values
of e, crq, from Eq. (A8) is, respectively, 25, 35, and (ex-
trapolating to cr„,=100 mb) 53 mb. The energy depen-

F(qi, b)—= A f" p(b, z)e dz .

(3 here is the mass number of the target nucleus. ) In ob-
taining (A13) the optical approximation has also been
used for elastic scattering, assuming a purely imaginary
elastic amplitude, so that

r, (b)
"' |"(b)

and

T(b)=A f" p(b, z)dz .
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The large-A approximation has also been used, so that

e
—&.

straightforward to show that the inelastic screening
correction to the absorptive cross section is

b,o,'„d(A) = —,'b.a,„,)(2A ) .

0.41+0.17 ln
2m ~R

(A 14)

where G( A )
—= Ao /2vrR, and R and Qo„,are in fermis.

The relation

abs tot ~el d 2b 1 1 p g 2

follows from Eqs. (A6) and (A7) and the definition of
F(q). From this relation and Eq. (A9) for I (b) it is

Finally, to complete the estimate of the inelastic-screening
correction, we take a Gaussian form for )o(r) and use the
explicit fit of Ref. 25 for A(M ). The result is

ho;„d(mb)= [1—(1+G)e ]
+tot

For air 2A =29, and the factor in square brackets in Eq.
(A14) is nearly one. Thus the inelastic screening correc-
tion we have used in Eq. (1.1) is (for R =2. 12f )

Ao
& &

1+0.4 lnb. 5 mb E
(o 4o)~ 20m~

=10 mb,

where o4o is u"' in units of 40 mb.
To check the formalism for estimating the corrections

to o'"' we calculated the cross sections of nucleons,
pions, and kaons on a variety of nuclear targets and com-
pared the results with accelerator data. For a range of
targets and projectiles with beam energies from 10 to 1000
GeV, the calculated and observed values of ~h,d„„zagree
very well. We consider this to be an experimental test of
the Glauber model and its corrections at ultrarelativistic
energies.
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