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I. Introduction: The behavior of total cross sections at ultra high energies,
a_d_e_v_L 1_TeV has been derived from analysis of air shower observation.I
Theproton-air inelastic cross section must be related to the basic proton-
proton interaction to determine which of the different models for the asymp-
totic behavior of the scattering amplitude are consistent with cosmic ray data
wh_b_may be ruled out. The adjective inelastic for proton-air cross section
(a_r) describes the fact that cosmic ray experiments do not measure all of
the absorptive cross section because cascade development is not sensitive to
processes that lead to quasi-elastic excitation of the air nucleus (aae) or to
diffractive excitation of one of the nucleons of the air nucleus (ODD). The
method generally used to calculate p-air inelastic cross section from proton-
proton parameters is the Glauber multiple scattering technique.2 Application
of this method leads to the relation

inel tot el - aD - _a(inelastic screening) (1)ap_air = ap.air - ap_air - aqe

The term aa(inelastic screening) accounts for screening due to multiple scat-
tering with excited nucleon intermediate states. To calculate terms on the

right hand side nf this relation it is necessary to know the values of o_P_
slopeparameter BPP(t=O), single and double diffractive cross sections zoo'

PP, o_- the shape of d2a/dtdM2 at t for the diffractive process
P+P_P+X

_ th_ nuclear density profile.3 min

2. Discussion of Models of Elementar_ Interaction; Many different models for
t_h_g_ ene_y_ehav1_r b_ sca'tteringamplituBeshave been proposed, all of
which agree with PP and _P data up to SPS-_P collider energies but give dif-
ferent extrapolations at higher energies. They may be classified into three
types: (1) Geometric scaling models,4 (2) Diffraction dominance models,3
(3) Chou-Yang type models,s

The "Geometrical Scaling" models are those in which the interaction

radius increases logarithmicallywith energy. The ratio a_i/Otot is assumed
to be energy independent. The rise in the total cross section comes from all
three components, diffractive and inelastic processes.

The diffractive dominance models ascribe all the rise in total cross

sections to Oel, aqn and aDD, the "inelastic"cross section remaining con-
stant. The ratio _n_I/a_nt decreases with energy, a_I/at becomes energy

independent,aSD/a_'_-_lo_T_decreases with energy whTle aDD/O.ot will bet
asymptoticallyconstant.
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In Chou-Yang type models the restrictionof geometrical scaling that

Oel/Ot = constant is released. However the detailed behavior of oSD or ODD
is not generally prescribed,

This it may seem at first glance that with so much freedom 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 Glauber techniques are valid at these energies.

_ic Unitarity Bounds and Limits on DiffractiOn: The unitarity bound on elas-and diffractive cross section can be stated as_

°el + °Diff _ ½ °tot (2)

One can write Otot in terms of its parts

°tot = °el + °Diff + _ND (3)

where OND is the non-diffractivecross section. It follows from these re-
lations that

OND _ ½0to t (4)

which means that if Otot(E) increases with energy then OND cannot be energy
inde endent.

PAssum_ng the general validity of the bounds we apply it to the specific
model of diffractive dominance proposed by Goulianos. The energy variation

i°fOel, 2O.SD,ODD and Otot for this model is shown in figure I. The value of
o+_+_I.... is also graphed. The unitarity bound given by equation (2) is vio-

late_ By thls model at iT- 200 GeV so is the inequalityOND L ½_tot.
, • , v , • ....

"G_L_A_S" DIFFRACTIVE

DOMIN MO_L

_b Figure l: Predictions from a
= diffractive dominance model

_tJ (Goulianos 1983) and its re-
..!_! lation to unitarity bounds

: I ___ %+%, which require (Oel + _d)/Ot

_ /__, ii to be less than or equal to
_L _ I 0.5

. :_5 104 105 iO_ 107 iO _

EL(GeV)

In fact any model which ascribes the increase in cross section entirely to dif-
fractive processes will violate conventional unitarity requirements.

As representative of other models let us consider the model proposed
by Block and Cahn. The model gives explicit fits for total and elastic cross
sections as well as the slope parameter, (B), as a function of energy. To
obtain Ob_air (inelastic)usingequation (1) we must calculate the fiv_ terms
on the r_ght hand side using Glauber methods. The total, elastic and quasi-
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elastic proton-air cross sections c_n be calculated in straight forward manner
using the model parameters: o_B_ O_n, B and p. To estimate on and Ao(inel-
screening) a knowledge of the'_ingT_ diffractive cross sectio_ is needed, which
Is not given by the mode!. Of these two terms, Ao_inel-screening) depends only
on the value of (d_/dtdMZ)tmi n which varies as I/MZ. 2 Most of the contribution
to this term comes from small values of M2 and numerical evaluation gives a
value for this correction which varies from about 8 mb at ISR energies to
saturation at ~ 14 mb at ultra high energies,

The correction for diffractive dissociation of the target nucleon is

given by 1, PP, PP
°D : _°SD/_inel)°P-air (5)

H lere.o__a,r.__is the cross section for an absorptive -p-nucleus interactlon"in-"
volvln_ exactly one elementary inelastic scattering encounter. It is easy to
show that O__air _ 2/3 x <r2> which corresponds to 142 mb for a root mean
square radius of 2.6 fermis. The correction depends on the energy dependence

of o_B/O_el where _el _ Otot - Oel : OND+ 2oSD + ODD,
What does the unitarity bound tell us about the size of this ratio? From

the unitarity bound in equation (2) gives

2°SD +ODD _ ½ °tot " _el (6)

The maximum value of _SD then is obtained by putting ODD: O. The ratio
oSD/Oinel is bounded by

_SD _ [I - °el/_t°t ]<
°inel _ _ Oei/_tO_- _ 0.25 (7)

The maximum value of OD is 36 mb if Oel = O: In the Block-Cahn model corres-
ponding to a _n2s energy dependences the ratio of Oel to Otot varies from
0.175 to 0.37 as energy is varied from vr_~ 20 GeV to _~ lO TeV, corresponding
upper limits to oD are 28 mb and 15 mb respectively. At ISR, however, there
are direct measurements of oSD and Oinel which give a 14 mb cross section for
oD. A reasonable measure of the allowed range of oD can be obtained by assum-
ing that the lower bound to oSD/Oinel is the ISR value and the upper bound is
given by equation (8) with Oel/Otot being taken from Block and Cahn's model
The result is shown in figure (2). Also shown in the figure is the sum of the
last three terms in equation (1), i.e. Oqe + op + ao(inel, screening). The

r ,1
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,_I of energy.

ii

, .--" _, ;..j.>;..:...._ }%p_,)(

'-" ':_ _" v )4- 105 IO "6 I07' ,0 8

EL (GeVi



HE 1.I-3

12

fractional uncertainty in the value of _p.air(inelastic) is less than three
percent.

In figure (3) we compare the predictions of the _ns and _n2s models of
Block and Cahn with air shower cosmic ray cross sections.7, 8,9 It is seen
that the data clearly favor the faster energy dependence.
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4. Conclusion: We have shown that if unitarity bounds on diffractive cross
s_ectidns are valid at ultra high energies then (a) diffractive dominance mod-
els whlch ascribe the increase in total hadron-hadron cross sections to dif-
fractive processes only are ruled out and (2) that cosmic ray cross sections
derived from air shower experiments at ultra high energies clearly rule out
models for hadron-hadron cross sections with _ns energy dependence and favor
those with _n2s variation.

This work was supported in part by the National Science Foundation and the
Department of Energy.

5. References:

I. G. B. Yodh, to be published in the Proceedings of the Aspen Winter Confer-
ence Series, Jan. 1985, Univ. of MD Physics Preprint PP No. 85-130.
2. V. Barger et al., Phys. Rev, Letters 33, 1051, (1974) and G. B. Yodh et
al., Phys. Rev. D27, 1183 (1983).
3. A summary of--_-ta prior to 1983 is given in K. Goulianos, Phys. Reports
I01, 170 (1983).
.Ti-U. Amaldl, M. J_cob et al Ann. Rev. of Nucl Science, 26, 385 (1976).
5. M. M. Block and R. N. Cahn',Rev. Mod Physics: 57, 563 (T_85); T. T. Chou
and C. N. Yang, Phys. Rev. 170, 1591 (1968).
6.. U. P. Sukatme and F. S.-lTeyney,Nucl. Phys. Bl08, 317 (1976) and J. Pamp-
lin, Phys. Rev. D8, 2899 (1973).
7. M. Akashi et-al., Phys. Rev, D24, 2353 (1981). This contains the data
from Mt, Fujii,
8. T. Hara et al., Proceedings of Int. Symposium on Cosmic Rays and Particles,
Tokyo, Japan (1984), p. 756; T. Hara et al., Phys. Rev. Letters 50, 2058
(1983). The 1984 paper gives the revised data points for the Ake'n-oexperiment.
9. R. M. Baltrusaltus et al,, Phys. Rev. Letters 5__2,1380 (1984). This paper
contalns results from the Fly's Eye experiment.




