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We develop a QCD-based diffractive model for nucleon-nucleon and nucleon-nucleus cross sec-
tions in which the increase in the cross sections at high energies is driven by semihard parton-
parton scattering. We use the model to calculate the absorptive cross section for protons on air at
very high energies, and find excellent agreement with data from cosmic-ray experiments. The re-
sults can be used to extract o, (pp) from o, (p-air) in a way which is nearly independent of the in-
put parameters. We include an approximate treatment of single-diffractive pp scattering.

I. INTRODUCTION

The highest-energy experimental information available
on nucleon-nucleon cross sections is that derived from
cosmic-ray measurements of o, (p-air), the absorption
cross section for the breakup of an incoming cosmic-ray
proton on a nucleus in the atmosphere. The absorption
cross section has been measured for nucleon-nucleon
center-of-mass energies in the range (6X10%)-(4x10%)
GeV by the Akeno Collaboration,' and around 3x10*
GeV by the Fly’s Eye group? using different methods?
with somewhat different but overlapping results. Howev-
er, the cross sections of principal interest, o,,(pp) and
0(pp), can only be extracted from o, (p-air) using a
theoretical model which relates proton-nucleus scattering
to proton-proton (or more generally, nucleon-nucleon)
scattering.’ In this paper we present a QCD-based model
for o, (p-air). We show that the absorptive cross section
calculated using input from a similar model for pp and pp
scattering at accelerator energies* agrees quite well with
the cosmic-ray results, and present the relations neces-
sary to extract o (pp) from o, (p-air).

The high-energy interaction of protons with nuclei has
traditionally been analyzed by means of Glauber’s
multiple-diffraction-scattering theory.® Glauber calcula-
tions have been performed and shown to give a reason-
able description of the experimental data for a variety of
hadron-nucleus scattering processes with the incident
hadron energies in the laboratory ranging up to 300 GeV.

When applying Glauber’s technique to extract o, (pp)
from o, (p-air), one needs to know the proton-nucleus
profile function I'(b) which appears in the impact-
parameter representation for the elastic-scattering ampli-
tude:

fW=ip [ “db bT(b)o(bV 1) . (1)

This profile function has usually been parametrized as a
Gaussian function,
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with the total cross section o, (pp) and the slope parame-
ter B(pp) as its parameters.>’ The relation of the two
parameters is model dependent, and different models of
nucleon-nucleon scattering can give quite different pre-
dictions for o, (p-air) when extrapolated to cosmic-ray
energies.>’ Moreover, the profile function deviates from
a Gaussian at the energy of the CERN collider, and the
reliability of a Gaussian parametrization at much higher
energies is questionable. One should, therefore, treat
values of o, (pp) derived from cosmic-ray data with care,
especially when comparing these derived ‘“‘data” with
models for nucleon-nucleon scattering. It is preferable as
a check on dynamical models to generalize the models to
the case of nucleon-nucleus scattering and to compare the
calculated values of o, (p-air) with the cosmic-ray mea-
surements. We present such a calculation® in this paper
for a QCD-based model of the nucleon-nucleon interac-
tion.*

At very high energies, the interaction between nu-
cleons is dominated by the strong interactions between
their constituents—the quarks and gluons. The QCD-
based quark-gluon parton model, in fact, gives good
descriptions of the increase in the pp and pp scattering
cross sections with energy,*°~!! and of the emergence of
semisoft jets in higher-energy collider data.'>!* A similar
description should hold for proton-nucleus collisions at
the same or higher nucleon-nucleon center-of-mass ener-
gies. In this paper we will, therefore, view the incident
proton and the nucleons in a target nucleus as distribu-
tions of uncorrelated partons and assume that semihard
interactions at the parton level dominate the proton-
nucleus inelastic process. However, one cannot use the
simple additive parton model to obtain the total or inelas-
tic proton-nucleus cross section, since the model violates
the constraint of partial-wave unitarity.*'* We, thus, use
the diffraction approximation, which is consistent with
the unitarity constraint, to obtain our formulation of the
proton-nucleus cross sections. Our principal result is a
QCD-based model for inelastic proton-nucleus scattering,
which we test—with excellent results®—for laboratory
energies of the proton from 200 to 10° GeV using the pp
scattering parameters from Ref. 4.

In our formulation, proton-nucleus scattering is closely
related to proton-proton scattering. We, therefore,
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sketch the diffraction formulation of pp scattering in Sec.
II. We formulate the corresponding model for proton-
nucleus scattering, calculate the proton-air absorptive
cross section, and compare the results with the data in
Sec. III. In the Appendix we make an approximate cal-
culation of the single-diffractive pp cross section as a
separate check on some of our assumptions.

II. PROTON-PROTON SCATTERING

We will work in the impact-parameter representation,
ignoring spin-dependent effects, and assuming that the pp
scattering amplitude is purely imaginary at high energies.
With these assumptions, we have the following expres-
sions for the total cross section o, the elastic cross sec-
tion o, the inelastic cross section o,,, and the
differential elastic scattering cross section do, /dt:

ou=2m [dbb(1—e X2, (3b)
Tina=27 [ db b(1—e~Xb9) (3c)
do

w — 2
Cr=r|[Tdbb1—e M6V [ G)
The eikonal function X(b,s) is real and depends on the
impact parameter b and the total center-of-mass energy
Vs.

The factor (1—e ') in Eq. (3c) can be interpreted
semiclassically as the probability P(b,s) that at least one
of the two protons is broken up in a collision at impact
parameter b. Thus, e % is the probability P(b,s) that
both protons survive the collision. In Ref. 4 we calculat-
ed the QCD contribution to P using the probability-based
parton model. In particular, the number of parton-

_ —Xibs) parton collisions in a pp collision at impact parameter b is
O =4m f dbb(l—e ) (3“7 given in the QCD parton model by
2 A A da’] ~ 2~
ny,y(b,s)= e, [d b’fdx,fdxzfgz d || fi,(xy, |T],]b=b] -~ 7 $,8)f;,(x0 |T], 6], @)
ij min

where €;; =3 for i =j, and €;;=1 otherwise. Here x; and
X, are the fractions of the momenta of the parent protons
carried by the partons which collide, d&; /d | 7| is the
cross section for scattering of partons of types i and j, §
and 7 are the Mandelstam variables for this parton pro-
cess, and f,-,p(x, |7|,b)dx d?b is the number of partons
of type i in the interval dx and transverse area element
d?b a distance b from the center of the proton.

A parton-parton collision will almost certainly break
up at least one of the protons if the minimum momentum
transfer Q.. is sufficiently large."* A straightforward
mean-free-path argument gives the probability I_’QCD that
the protons do not undergo such a semihard inelastic
scattering at the parton level as

Pocp(b,s)=e "5 | (5)

Allowing also for soft inelastic processes which are not
describable in terms of parton-parton scattering, we find
a total survival probability P for the protons given by

P(b,s)=Pocp(b,s)P g (b,s) 6)

and a probability that at least one proton is broken up
given by

P = 1 _pQCDPSOﬁ . (7)

Comparing this expression with Eq. (3c) where P appears
as (1—e ~%), we find that the eikonal function X is given
by

Xpp (b,5)=X5(b,5)+XXP(b,s) , (®)
where
Xy P(b,s)=1n,,(b,s) ()

is calculable and X;ﬁ,ﬂ represents the contribution from
the soft hadronic processes. We have little knowledge
about these soft processes. However, at high energies,

I
semihard processes dominate and the exact form of X*°'
is not crucial. We will parametrize it later in a simple
way.

To calculate n (b,s) or X~-", we assume that the parton
distribution function f; ,(x, | 7|,b) in Eq. (4) factors,

Fiple | T1,0)=f;,(x, [T )p,(b), (10)

where f; ,(x, |7]) is the usual parton distribution func-
tion of a parton and p,(b) describes the spatial distribu-
tion of the well-localized partons at the impact parameter
b. This factorization is expected to hold for x << 1, the
dominant region in the integrations in Eq. (4). We fur-
ther assume that p,(b) can be approximated by the distri-

bution function determined from the proton electric form
factor Gg(k?),

1
(2m)?

QCD

ik ‘b
e L

p,(b)=~ [ %, Gy(k?}) : §8))

where!®
Gp(k2)~(14+k?/v})72, +2~0.71(GeV/c)* . (12)
Substituting Egs. (10) and (11) into Eq. (4) we find that
XD (b,s)=1 A (b)oocpl(s) (13)

where A (b) represents the effective density of the over-
lapping parton distributions in the colliding protons:

Ab)= [d?'p,(|b=b"|)p,(|b'])

2

= 5B K;(vb) (14)
where K, (x) is the hyperbolic Bessel function which van-
ishes exponentially for x — o and o cp(s) is the parton-
parton elastic-scattering cross section. It is sufficiently
accurate for our purposes to keep only the leading |7 | ~2
contributions to the parton cross sections. With this ap-
proximation,
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where F(x,7) is given in terms of the gluon and quark
distributions in the proton by

F(x,)=G(x,D)++ 3 [0:(x,1)+0;(x,)] . (16)

We note that the largest contributions to o ocp for large
V's come from very small values of x, and that the gluon
contributions are dominant in this region.

The lower limit on the x, integration in Eq. (15)
represents in approximate form the observation that the
parton distributions cease to increase for —x Vis <V
where v~! is a characteristic radius of the proton. [A
better, but more complicated way of implementmg the re-
striction is to replace F(x, |7|) by xF(x,|7]|)/(x?
+4v*/5)12 and to use the kinematic lower limit
X min=2Q2.. /s appropriate for gluons. The difference is
not significant.] The choice of Q. is restricted by the
condition Q,;, >v which is necessary for a parton to be
confined laterally in the parent proton and by the require-
ment that it be large enough in magnitude that perturba-
tion theory can be expected to hold approximately.

To parametrize Xs"f', we use the diffraction scattering
model mtroduced by "Durand and Lipes!” and Chou and
Yang'® in which X is of the form X, = 4 (b)C(s),
where C (s) is a function which varies slowly with the en-
ergy Vs at accelerator energies. This weak energy
dependence can be compensated for by an adjustment in
the cutoff parameter Q. in Eq. (15). We, therefore, ig-
nore it and take

Xoft=CyA(b)=10,4(b), (17

where o, will be fixed at a value which reproduces the pp
total cross section at Vs =30.6 GeV where the QCD con-
tribution is relatively small, oo~ 123 GeV ~2=47.9 mb.

At this point we have completely specified the eikonal
function for pp scattering:

Xpp(bys)=1 A(b)og+0qcpis)] - (18)

The pp scattering cross sections were calculated in Ref. 4
using the parton distributions of Eichten, Hinchliffe,
Lane, and Quigg'® (set 1 with Az =200 MeV, where MS
denotes the modified minimal subtraction scheme),

2. =2 (GeV/c)?, and a cutoff x;, =Q ., /V's on the x
integration. The model gives a very good overall fit to pp
scattering to the highest CERN collider energies, includ-
ing the observed rise in the total and elastic scattering
cross sections from the CERN ISR energy range, the in-
crease in the ratio o, /0, and the diffraction structure
observed in do/dt (Refs. 4, 9—11). The total cross sec-
tions calculated at cosmic-ray energies* agree well with
the cross sections extracted from the data by convention-
al methods. In this paper we will use the theoretically
preferable cutoff x_;,,=2v/V's shown in Eq. (15) and
Q2:,=2.2 (GeV/c)’>. The resulting changes in the pp
cross sections are quite small.

= F(x,})F(x,,1), (15)

III. PROTON-NUCLEUS SCATTERING
A. Theory

It is straightforward to extend our model of pp scatter-
ing to proton-nucleus (p 4) scattering. We will treat the
nucleus as a collection of independent nucleons which
can be regarded in the calculation of semihard interac-
tions as being composed of partons. We will work in the
center-of-mass frame of the incoming proton and an
“average” target nucleon with a fraction 1/4 of the
momentum of the nucleus, and will neglect the effects of
Fermi motion in the nucleus. These effects average out to
good approximation, and are unimportant for our pur-
poses. The parton distribution of the nucleus will, thus,
be taken as a convolution of the distribution p , of nu-
cleons in the nucleus with the distribution p, of partons
in a free nucleon:

fialx, |T],b)=— z [d*rdz f,,(x,|T])

a=1

Xpa | b—r1,|)p4(r;,2), (19)

where
[d*ridzp(r,2)=4 . (20)

The foregoing picture neglects the small effect of nu-
clear binding on the parton distribution (the European
Muon Collaboration effect?®). However, the observed
effect is quite small for the small-x part of the distribu-
tion function? which gives the main contribution to our
final results. Its neglect is, therefore, unimportant. We
will also neglect the small difference between the parton
distributions of the neutron and proton, and use the pro-
ton distribution for both, again a good approximation at
small x where gluons are dominant. Then

A | T1Lb)=f (x| T]) [dPrdzp,(|b—1,])
Xp 4lr,z) . 21

The calculation of the contribution of semihard parton
scattering processes to the eikonal function for pA
scattering is now straightforward and gives

X5 (b,s)= [ d?r dzp 4(r;,2XSP(|b—r1,|)
:%Z(b)UQCD(S) 5 (22)
where
Ab)= [d*r dzp ,(r,2)A(|b—r1]). (23)

A (b) is defined in Eq. (14), and 0qQcp is the semihard
parton-parton scattering cross section defined in Eq. (15),
evaluated for s the square of the total center-of-mass en-
ergy of the proton-nucleon system, s=~2m,E,,,
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~2M ,/AE,-

We will treat the soft scattering contribution to X, , as
approximately energy independent, as in our treatment of
pp scattering, and parametrize it as

X35 (b,s) =1 A(b)o, . 24)

However, the constant &, which appears in this expres-
sion is not the same as o, in pp scattering, but is expected
to be smaller. The cosmic-ray and accelerator experi-
ments on o, (p A) are not sensitive to processes in which
a target nucleon is broken up softly, but the incident nu-
cleon is not (single-diffractive dissociation of a target par-
ticle, with the incident particle retaining most of its ener-
gy). Soft diffractive processes can also lead to excitation
and deexcitation of a parton in successive collisions in an
extended target: time dilation effects preclude the decay
of the excited state inside an “air” nucleus for beam ener-
gies in the 100-GeV range, and the soft processes must be
treated as coherent. This effect increases the probability
that a proton can traverse a nucleus without breakup
(“inelastic shielding”?'). The net effect of these two
corrections is to decrease the effective soft contribution to

Xp4- However, the semihard parton interactions remain
incoherent and can be treated as before. At sufficiently
high energies, the parton interactions are dominant and
the uncertainty in the treatment of the soft effects is
unimportant. We consider the single-diffractive effects
further in the Appendix, but the results of that approxi-
mate discussion are not needed in the remainder of the
paper.

We will include the foregoing effects in our calculation
by defining an eikonal function X »a for absorptive pro-
cesses which involve the breakup of the incoming proton.
1

—(b2+b'%)/al
%vb

f db'b'e PK;(vb')

1277'00

1+8—(A —4)(b2+b"+1a)I,

ao

where K, and I, are hyperbolic Bessel functions. For the
Gaussian model

A 2,2
()=—7—e 77", (31)
Pa 7723
where
<r§h>‘4=%02+<r2h)p (32)
and
5 VA o o b bty /a3 ,
Ab)=—""= [ “db'b'e 0"+ (b K (vb")
Ta 0
x1, | 28 (33)
a

The nuclear parameters for our calculation were deter-
mined using measured values? of the charge radii of N,
0, and the proton ({r? )?=2.55£0.02 fm,

We write the effective eikonal function X »p fOr @ proton in

a nucleus as

and calculate X »4 Dy averaging over the spatial distribu-
tion of nucleons in the nucleus as above, with the result

X,4(b,s)=10oo+0qcp) A(b) . (26)
The proton-air absorptive cross section is then
Ounlp A)=27 [ “db b(1—e 4™y 27

The total inelastic cross section ;,,(pA4) includes addi-
tional contributions from single diffraction with breakup
of a target nucleon, and quasielastic scattering of the in-
cident particle from a target nucleon with breakup of the
nucleus, but no particle production.

B. Calculations and results

We have calculated o, (pA) for light nuclei (4 <16)
using both shell-model and Gaussian representations for
the nuclear density p ,(r). For the shell model,

4 —rz/a(z)
3/203

p (D)= 1+1(4 4)—] , (8

where a3 is related to the mean-square charge radii of the
nucleus and the proton by

5 4
<r§h>A= '5——/1_ a(2)+<rgh p - (29)
In this case,
20671 L4 —awprr, |22 (30)
ag 3a0 ag

[

(r%)5?=2.72+0.02 fm, (rch ),/?=0.81+£0.02 fm). The
parameter 5,=78 GeV~2 was determmed by fitting the
absorptive cross sections for protons in 'Li and '2C mea-
sured by Carroll et al.?* at 280 GeV/c. The fit is excel-
lent, with theoretical values of o, (p-C) and o ,,,(p-Li) of
224 and 157 mb, respectively, compared to experimental
values of 22517 mb and 15615 mb. As would be expect-
ed from the discussion above, the value of (78 GeV2)
is smaller than the value 123 GeV ~2 of the soft scattering
parameter o used in our fit to the pp total cross section
at Vs =30.6 GeV. The QCD contribution Tqcp in Eq.
(25) was calculated as described in Sec. I with Q2 =2.2
(GeV/c).

The results of our calculations for protons on air (taken
as 21% O and 79% N) are shown in Figs. 1-5. In Fig. 1
we compare the absorptive cross section o, (p-air) calcu-
lated with the parameters above to data for incident labo-
ratory energies of 280 to 10° GeV for the proton. The
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FIG. 1. The absorptive cross section for protons on air calcu-
lated using Eq. (27) with shell-model (solid line) and Gaussian
(dashed line) nuclear densities. The data are from Refs. 1, 2,
and 23.

agreement of the calculated cross section with the Akeno
and Fly’s Eye data is excellent for both the Gaussian and
the (preferred) shell-model nuclear densities. The two
cross sections differ by 22 mb for Vs =5x 10® GeV, less
than the present uncertainty in the data.

We should emphasize that we have not tuned the mod-
el to the high-energy cosmic-ray data, but fixed the QCD
parameter Q.,;, (and o, in X,,) by fitting o, (pp) at
Vs =30.6 and 546 GeV. The modified parameter &, was
determined from the p-Li and p-C absorptive cross sec-
tions at E,, ,=280 GeV (Ref. 23). The rapid rise in
O aps{p-air) with E; is a prediction of the model, the re-
sult of the rapid increase in 0 ocp with increasing V.

The insensitivity of the high-energy theoretical results
to changes in the treatment of the soft scattering is illus-
trated in Fig. 2 where we show o, (p-air) calculated as

800 T T | T T T T
| ® Fly's Eye ]
O Akeno
5 € Fermilab =
E 600+ v
%Q/ 2

= P~
<'I f—- —
Q.
2
&> 400 —

200 L | | 1 | 1 |

102 10* 108 108 10'°

Eigp (GeV)

FIG. 2. The absorptive cross section for protons on air calcu-
lated using &,=78 GeV ~? (solid line) and with &, replaced by
the value 0,=123 GeV~2 used for proton-proton scattering.
The difference represents the correction for inelastic shielding
and unobserved diffraction dissociation of a target nucleon
without breakup of the incident proton.

—=—=PP
pAir

/5 =10%Gev

Xqcp(bss)

FIG. 3. The contribution to X(b,s) from semihard QCD pro-
cesses for proton-proton scattering [Xqcp= %O’QCDA (b)] and
proton-nucleus [Xqco=10qepA(B)]  with  the
effective atomic weight A=14.4 for “air.” The QCD and soft
contributions to X, ,;. are roughly equal for V's =350 GeV.

scattering

above, and with & replaced by o, the soft scattering pa-
rameter of Sec. II. The differences are large at low ener-
gies, but are essentially negligible at the highest energies
shown. This is the result of the rapid increase in
Xqcp=0 qcp(s) 4 (b), the QCD contribution to X, 4, with
increasing s. This increase is shown in Fig. 3 for both
proton-proton and proton-air scattering. The soft contri-
butions to X, or X »4 Temain constant in our model, or at
most, increase in magnitude much less rapidly than Xocp.
The soft and QCD contributions to X,, are equal for
Vs =350 GeV, and the QCD contribution is dominant at
higher energies. R
The total absorptive profile function (1—e =) is
shown in Fig. 4. The nucleus is extremely ‘black” at

1.0

T I
0.81— ]
J/5=10% 10° 10* 105 Gev
=
e- 0.6H— —
x<
N
I
T o4 —
@
L
0.2 —
o | | |
0 10 20 30

b (Gev™")

FIG. 4. The inelastic profile function for proton-air scatter-
ing as a function of energy. The increase in the profile function
at large b with increasing Vs results from the growth of the
cross section for semihard parton-parton interactions, o' qcp.
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FIG. 5. The relation between o,,(pp) and o (p-air) for
shell-model (solid line) and Gaussian (dotted line) nuclear densi-
ties calculated assuming that o,—&,=45 GeV~2, the value
determined at E\,, , =280 GeV. The curves are otherwise in-
dependent of ocp or the division of X, and X p-air iNtO soft and
hard contributions.

small impact parameters as would be expected, and the
sensitivity of o,,(pA) to the details of the proton-proton
scattering is confined to the peripheral region. This has
the effect that o, (pA) is less sensitive to changes in
0(pp) for large values of the latter than it is for small
values. This is shown in Fig. 5. The same effect is evi-
dent in the curves given by Yodh in Ref. 7 for a standard
Glauber multiple-diffraction-scattering calculation using
the Gaussian profile function for the nucleon given in Eq.
(2a), and is also emphasized in the work of Kopeliovich,
Nikolaev, and Potashnikova.?*

The curve in Fig. 5 encompasses the essential geometri-
cal features of the model through the shape factors 4 (b)
and A(b) for the proton and the “air” nucleus. The
curve was calculated assuming that oy—d =45 GeV~?
as determined in our fits to o,,(pp) at V's =30.6 GeV
and to o,,,(pA) at Ey,, ,=280 GeV, but is actually in-
dependent of the details of the QCD calculation or the
division of the X’s into soft and hard contributions pro-
vided the factors in brackets in Eqs. (18) and (26) differ by
45 GeV 2. Using this curve with the shell-model nuclear
densities, we find that the Fly’s Eye value? of 540+50 mb
for o, (p-air) (which is probably to be interpreted as a
lower bound®®) corresponds to o ,(pp)=106£20 mb at
V's =30 TeV, a somewhat smaller value than that usually
quoted,? 120£15 mb. Our results differ markedly in this
respect from the results of Kopeliovich, Nikolaev, and
Potashnikova,? who need a quite large value of o, (pp)
(approximately 164+30 mb) to fit the proton-air absorp-
tion cross section. The reason for the difference is not
clear.

IV. REMARKS

The calculation of o, (p-air) given here provides a
direct check on the QCD-based model for proton-proton
scattering developed in Ref. 4. The cross sections calcu-
lated using parameters determined at CERN collider and
Fermilab energies increase rapidly with V's, and are in

excellent agreement with the cosmic-ray cross sections
measured by the Akeno and Fly’s Eye groups"? at
nucleon-nucleon  center-of-mass energies of Vs
=(6X10%)-(4x 10*) GeV. Conversely, the model pro-
vides a definite way of converting measured cosmic-ray
absorption cross sections into proton-proton total cross
sections, the quantities of basic interest. This conversion
depends on the shapes of the proton and the nucleus, but
is almost independent of the division of the eikonal func-
tions into soft- and hard-scattering contributions and
their energy dependence.

We remark finally that the present model for proton-
nucleus scattering can clearly be extended to a model for
nucleus-nucleus scattering. The model would be appli-
cable at very high energies where semihard parton-parton
interactions are dominant, but would require further de-
velopment at accelerator energies.
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APPENDIX

In this appendix we consider an approximate, proba-
bilistic treatment of the correction to the eikonal function
for the effects of single-diffractive scattering in which a
target nucleon is broken up, but the incident proton is
not. We will neglect the effects of inelastic screening
which is expected to proceed mainly through diffractive
excitation of a low mass excited state of the proton in one
collision, followed by deexcitation in a later collision in
the nucleus.

The diffractive dissociation of a target nucleon is a soft
process. We may extract its contribution to the soft part
of the nucleon-nucleon eikonal function by writing the
probability P g (pp) that neither nucleon is broken up by
a soft process in a single collision as

Pou(pp)=PipP g (A1)

that is, as the product of the probabilities that there was
no single-diffractive process involving either nucleon sep-
arately and the probability that there was no soft process
which breaks up both nucleons. This is clearly a semi-
classical approximation. With it, we find that
soft __ SD + __4SD | ¥ soft

Xpp =2Xp5 + X, =X +X 0 (A2)
The probability that the incident nucleon survives the
collision irrespective of the fate of the target nucleon is
then given by

_ SD o,y
Xpp + X —e Hpp

(A3)

As a check on this approximate description of single-
diffractive processes, we calculated the single-diffractive
cross section for the antiproton in pp scattering using the
expression

I_)inc =I_)SDF ;oftf)QCD =e

25D oy

aSD:zﬂfo‘”dbbu_e' wye T (A4)
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where we identified X % with the corrected eikonal func-
tion in Eq. (25), and X' mlv) with the difference between X op
and X, according to Eq. (A2),

Xop =X =X st =1(0— ) 4 (b) . (A5)

(This identification neglects the poszsible effects of inelas-
tic screening.) The factors (1—e ") and e~ in Eq.
(A4) are, respectively, the semiclassical probability that
the target particle is broken up by a single-diffractive pro-
cess, and the probability that there are no additional soft
or QCD processes which break up the incident particle.
The results of the calculation, ogsp=8.3, 6.9, 5.7, 5.0,
and 2.7 mb for Vs =50, 200, 546, 900, and 10* GeV, are
in reasonable agreement with measurements at the
CERN ISR, Ref. 26, 0gp~7.2+0.3 mb for V's =35-60

GeV, and the CERN collider, ogp=4.8+0.51+0.8 mb
(UAS, Ref. 27, 200 GeV), 9.41+0.7 mb (UA4, Ref. 28, 546
GeV), and 7.810.5x1.1 mb (UAS, Ref. 27, 900 GeV),
especially considering the strong dependence of the ex-
perimental results on the rapidity gap used to define
single-diffractive events. (For example, if the rapidity gap
in the UA4 measurement?® is increased from 3.2 to 6
units to nearly separate the forward and backward hemi-
spheres, ogp decreases from 9.4 mb to <6 mb at
Vs =546 GeV.) However, the fit to the data would be
improved somewhat by a slow increase of X‘S,},) with Vs, a
possible energy dependence which we have neglected
The resulting change in X »p €an be compensated to a con-
siderable extent by a change in Q_ ;. in Eq. (15), and the
changes in the high-energy cross sections are not large if
0o 18 required to fit the ISR and CERN collider data.
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