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Proton-proton cross section atAs;30 TeV
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There are both theoretical and experimental uncertainties in using data from cosmic-ray air showers to
estimate hadronic cross sections above accelerator energies. We outline these problems and compare the
physics used to extractspp

tot from air shower data to the widely used parametrization of the proton-proton cross
section of Donnachie and Landshoff and other contemporary models. We conclude that the published cosmic-
ray cross section values do not strongly constrainspp

tot fits from lower energy accelerator data.
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I. INTRODUCTION

New and proposed experiments to study the cosmic
spectrum up to 1020 eV and beyond@2–7# will depend for
their interpretation on extrapolations of models of hadro
interactions more than two orders of magnitude in a cente
mass energy beyond what is accessible with present co
ers. The interaction length of hadrons in the atmosphere,
hence their cross sections, are the most obvious determi
factors in the rate at which the showers develop. An ex
source of model dependence is the relation between ha
cross sections in air and the more basic hadron-hadron c
sections.

Cosmic-ray measurements have been used in the pa
determinesp-air

inel and, with the help of Glauber multiple sca
tering theory@8#, to estimatespp

tot . Frequently quoted ex
amples are the Fly’s Eye experiment@9,10# and the Akeno
experiment@11#. Both experiments find rather large centr
values ofsp-air

inel ~'540 mb @9# and '570 mb @11# at lab
energyE0;43108 GeV!. In both experiments, the proton
air cross section has to be inferred from some measure o
attenuation of the rate of showers deep in the atmosph
The measured attenuation depends on the cross se
which determines the depth at which showers are initia
but it also depends very significantly on the rate at wh
energy is dissipated in the subsequent atmospheric casc
For this reason, a simulation which includes a full repres
tation of the hadronic interactions in the cascade is nee
Because these two experiments measure the attenuatio
quite different ways, the fact that their inferred values
sp-air

inel agree is a non-trivial result.
Having determinedsp-air

inel , the experimental groups go o
to derive corresponding values forspp

tot of 120 mb@9,10# and
125 mb@11# at As about 30 TeV. As noted by the Partic
Data Group@12#, spp

tot;120 mb is in good agreement wit
extrapolation of the parametrization of Donnachie and La
shoff ~DL! @1#. As we discuss in the next section, howev
the cosmic-ray values ofspp

tot are based on a parametrizatio
of the nucleon-nucleon scattering amplitude that is in d
agreement with high energy collider data. Therefore,
quoted values cannot be used to pin down a high ene
extrapolation of thepp cross section.
0556-2821/98/58~1!/014019~6!/$15.00 58 0140
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Indeed, it has been pointed out in the past@13,14# that
such large values ofsp-air

inel (;550 mb) would require sig-
nificantly larger values ofspp

tot than that predicted by the
parametrization of Ref.@1#. Conversely, if that predicted be
havior of the hadronic cross section is correct, then
hadron-air cross sections should be smaller, and this co
have important consequences for development of high
ergy cascades.

The plan of the paper is as follows. In the next section
discuss the relation between the nucleon-nucleon cross
tion and the nucleon-nucleus cross section, in particular, h
it depends on the slope of the elasticpp cross section. Next
we review how the hadron-air cross sections are infer
from air shower experiments and discuss the resulting un
tainties insp-air

inel and their implications forspp
tot .

II. PROTON-PROTON VS PROTON-AIR CROSS SECTION

The relation between the hadron-nucleon cross sec
and the corresponding hadron-nucleus cross section dep
significantly on the elastic slope parameterB(s):

B~s!5
d

dt F lnS dspp
el

dt D G
t50

. ~1!

This relation is discussed in the context of cosmic-ray c
cades in detail in Ref.@13#. Qualitatively, the relation is such
that for a given value ofspp

tot , a larger value of the slope
parameter corresponds to a larger proton-air cross sec
Conversely for a given value ofsp-air

inel , a larger value of
B(s) leads to a smaller value ofspp

tot . In addition, the smaller
the slope parameter, the larger is the uncertainty in the
rived proton-proton cross section.

For example, the Fly’s Eye value ofspp
tot5122611 mb at

As530 TeV @9,10# is obtained using an outdated geomet
cal scaling fit@15,16# to extrapolate the slope parameter
this energy. This results in a large value ofB.30 GeV22

and hence~for a measured value ofsp-air
inel '540650 mb! a

small value ofspp
tot . Using a different model for the slop

parameter@17,18#, for example, as advocated in the revie
article of Block and Cahn@19#, leads to a slower increase i
© 1998 The American Physical Society19-1
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B(s) and to a considerably larger value ofspp
tot'175230

140 mb
@13#. The same applies to the Akeno analysis and numb
@11#.

Before discussing the slope parameter further, it is us
to review briefly the basis of the very successful DL fits
cross sections, which are based on a one-pomeron exch
model ~e.g., @20# and references therein!. In such a model,
the energy dependence of the total cross section forAB scat-
tering is given by@1#

sAB
tot ~s!5XABS s

s0
D D

1YABS s

s0
D 2e

. ~2!

The constantsXAB andYAB are target and projectile specifi
whereas the effective powersD'0.08 ande'0.45 are inde-
pendent of the considered particlesA andB. Within the un-
certainties of the measurements, this parametrization i
agreement with almost all currently available data onpp,
pp̄, pp, gp, andgg total cross sections. It should be note
that the high energypp̄ data are not fully self-consisten
There is some disagreement between measurements o
total cross section atAs51800 GeV. Whereas the E710@21#
and the preliminary E811@22# data are in perfect agreeme
with the DL prediction@1#, the Collider Detector at Fermilab
~CDF! measurement@23# shows a steeper rise of the totalpp̄
cross section. New data from the DESYep collider HERA
(sgp

tot @24#! and CERNe1e2 collider LEP2 (sgg
tot @25#!, al-

though being compatible with an energy dependence oD
'0.08, indicate that the cross section may rise faster w
energy than assumed in the DL fit. Furthermore, in a rec
fit to pp and pp̄ data @26# a slightly higher value ofD
50.09620.009

10.012 was found.
Given the success of the one-pomeron exchange mod

predicting the total cross section, one might apply it to der
further predictions. The one-pomeron amplitude can be w
ten as

A~s,t !5gAB~ t !S s

s0
D a~ t !

~3!

with a(t50)511D. Collider data on elastic scattering su
gest for small utu the functional dependencegAB(t)

5XAB exp$1
2B0t%. Following the predictions of Regge theor

B0 is an energy-independent constant. Consequently,
elastic slopeB(s) is given by

B~s!5B012a8~0!lnS s

s0
D ~4!

where the parametera8(0) is a constant and has to be d
termined from data@20#. The elastic cross section follow
from

sAB
el 5~11r2!

~sAB
tot !2

16pB~s!
. ~5!
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At high energies the ratior between the real and the imag
nary part of the forward scattering amplitude is small andr2

can be neglected.
In a model with geometrical scaling it is assumed that

increase of the total cross section stems entirely from
increase of the transverse size of the scattering particles.
opacity of the particles is considered as constant. A dir
consequence of this assumption is the energy independ
of the ratioR5spp

el (s)/spp
tot(s), which, in combination with

Eq. ~5!, leads to the relation

B~s!5~11r2!
spp

tot~s!

16pR
. ~6!

Over the CERN Intersecting Storage Rings~ISR! energy
rangeR'0.17, which was the value used in Eq.~6! in Refs.
@9,11#.

In Fig. 1 the parametrizations of Refs.@1# and @26# are
compared to data. The data point atAs530 TeV is the origi-
nal Fly’s Eye estimate@9#. The prediction for geometrica
scaling has been calculated using the DL model for the t
cross section. Whereas both Regge parametrizations a
agreement with data on total as well as elastic cross secti
the geometrical scaling model fails to describe the ela
scattering data. This becomes even more obvious if one c
siders the predictions for the energy dependence of the e
tic slope parameter as shown in Fig. 2. In contrast, the sin
pomeron exchange model is in very good agreement w
collider data. Such ana1b ln(s) extrapolation of the slope
parameter is often used to fit data~for example,@27#! and
also to estimate cross sections and interaction lengths
cascade calculations@28,29#. Remarkably, the minijet calcu
lation of Block, Halzen and Margolis@30# ~BHM! predicts a
slope parameter that almost coincides with the one-pome
model extrapolation usinga8(0)50.3 GeV22.

FIG. 1. Data onpp andpp̄ interactions@12# are compared with
the DL parametrization@1# ~lower curve! and the fit of Ref.@26#
~upper curve!. The predictions for the elastic cross section from E
~5! and in the case of geometrical scaling~dotted curve! are also
shown. The data point atAs530 TeV is the original Fly’s Eye
estimate@9#.
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As recognized by DL the single pomeron exchange mo
is not consistent with unitarity. One way to see this is to n
from Eqs.~2!, ~4!, and~5!, that at asymptotically high energ
the unitarity requirement

sAB
el

sAB
tot ,

1

2
~7!

is violated. We point out, however, that the model of Bloc
Halzen, and Margolis~BHM! @30# does satisfy unitarity and
it gives a similar prediction to the single pomeron fit over t
energy range shown in Fig. 2.

We summarize some of the results of this section in F
3, by displaying them in the (spp

tot –B) plane. The shaded
region corresponds to the region excluded by the unita
constraint of Eq.~7!. The points represent experimental me
surements at ISR~triangles! and p̄p collider ~squares!. The
dotted line indicates the relation betweenB and spp

tot pre-
dicted by geometrical scaling withR50.17 in Eq.~6!. This
line fails to describe the highest energy measurements.
dashed line corresponds to the DL fit tospp

tot together with
Eq. ~4! for the energy dependence of the slope@with a8(0)
50.3 GeV22#. Each point on the dashed line corresponds
a value of the center of mass energy of thepp ~or pp̄)
reaction. We have indicated with a circle the point forAs
530 TeV.

Using the Glauber formalism a fixed value of thep-air
cross section can be represented as a curve in the (spp

tot –B)
plane. The five curved lines in Fig. 3 indicate the set
values ofspp

tot andB that result in a proton-air cross sectio
of sp-air

inel of 540, 540650 and 5406100 mb, that is the cen
tral value and61,2 standard deviations of the Fly’s Ey
measurement atAs530 TeV. The intersections of the curve
corresponding to 590 and 490 mb with the dotted line t
describes geometrical scaling give the~one standard devia
tion! allowed interval forspp

tot , as estimated in the origina
Fly’s Eye publication. However it is clear that any reaso

FIG. 2. Elastic slope parameter forpp andpp̄ interactions. The
solid lines are the predictions of the one-pomeron exchange m
with a8(0)50.25 and 0.3 GeV22. The dotted line corresponds t
geometrical scaling. The data are taken from Refs.@31–33#.
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able extrapolation of the collider data~for the B–spp
tot) will

result in the estimate of a higher central value for thepp
cross and in larger uncertainty. Nominally the prediction
Donnachie and Landshoff forspp

tot at As530 TeV is one
standard deviation below the Fly’s Eye measurement.

It is important to notice that the experimentally measur
and published inelasticp-air cross section is only that part o
the total cross section which belongs to particle producti
Following @13# we write this cross section as

sp-air
prod 5sp-air

tot 2sp-air
el 2sp-air

q-el , ~8!

where sp-air
q-el is the quasielasticp-air cross section corre

sponding to scattering processes where the nucleus get
cited without direct particle production. The Glauber forma
ism @8# gives explicit expressions for all terms in Eq.~8!.
Unfortunately, there is ambiguity in the literature about t
designation of the production cross section. It has also b
calledsp-air

inel in experimental@9–11# and theoretical@13# pa-
pers and it is also often referred to as absorptive cross sec
@34–36,14#. In the hope of removing this confusion, we in
troduce the notation ‘‘prod’’ to represent the inelastic cro
section in which at least one new hadron is produced
addition to nuclear fragments.

III. UNCERTAINTIES IN THE p-AIR CROSS SECTION
MEASUREMENT

In addition to uncertainties in converting fromsp-air
prod to

spp
tot , there are significant uncertainties in the determinat

of sp-air
prod itself. Both at Fly’s Eye@9# and at Akeno@11#, the

approach is to look at the frequency of deeply penetrat
showers and to assign a corresponding attenuation length~L!
on the assumption that, for a given energy, the most dee

el FIG. 3. B dependence onspp
tot and the values ofspp

tot allowed by
the Fly’s Eye measurement. The shaded area is excluded by
unitarity constraint. Solid symbols give experimental data poin
Dashed line showsB as in DL fit; dotted line shows geometrica
scaling. The open point indicatesspp

tot at As530 TeV from the DL
fit. The five curved lines show the region allowed bysp-air

prod

5540 mb61s and62s ~see text!.
9-3
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penetrating showers are initiated by protons.
The Fly’s Eye group measures the depth of maxim

development (Xmax) distribution for air showers in a rela
tively narrow interval ofSmax, whereSmax}E0 is the shower
size at maximum. The tail of that distribution, well after i
peak, is a measure of the depth of the first interaction c
voluted with the intrinsic fluctuations in the shower develo
ment.

The Akeno group selects deeply penetrating showers
cutting on showers with the highest size,S, at the observa-
tion level in narrow bins of the shower muon sizeSm . The
reason for this procedure is thatSm is nearly proportional to
the primary energyE0 . L is then derived from the frequenc
of such showers at different zenith angles, i.e., from the
crease of the frequency with atmospheric depth, which
different measure of attenuation from that used in the F
Eye approach.

The model-dependence then is compressed into a si
parametera.1 in the relation

L5a3lp-air5a3
14.5mp

sp-air
prod . ~9!

Herelp-air is the interaction length of protons in air, whic
has a mean atomic mass of 14.5. The effective value ofa for
proton initiated showers depends on the pion inelastic c
section in air and on the inclusive cross sections in the pro
and pion inelastic interactions@37,38#.

The Fly’s Eye proton air cross section value of 5
650 mb is derived by fitting the tail of theXmax distribution
to an exponential with a slope ofL57066 g/cm2 and then
using a.1.60, which is similar to the value calculated
Ref. @39#. TheL values in Ref.@39# are calculated by simu
lating air showers assuming different energy dependence
sp-air

prod and fitting the tails of the resultingXmax distributions.
L values are then compared tosp-air

prod at primary energyE0

.331017 eV. The calculation was performed with an esse
tially pp scaling interaction model@40#.

Models with even very modest scaling violation, that a
account for the nuclear target effect yield smaller values
a. It is not possible to separate the effects of the ene
dependence of the inelastic cross section from those of
scaling violation in the ‘‘one parameter’’ approach. The r
evant parameter inp-air interactions is the rate of energ
dissipation by the primary protonKp-air

inel /lp-air . The inelas-
ticity coefficient Kp-air

inel 5(E02^EL&)/E0 , where E0 is the
primary proton energy in the lab system and^EL& is the
average lab system energy of the leading nucleon.
equally strong contribution ofp-air collisions is even more
difficult to quantify in simple terms. On the other handa
tends to saturate for very strong scaling violation mode
because the nuclear target effects in such models are sm

The Akeno experiment uses calculations@41# made also
with a model implementing radial scaling. In Ref.@38# the
results of Akeno have been reanalyzed making use of
interaction model with scaling violations, resulting in th
derivation of lower values fora that used by the Akeno
experiment.
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We have updated the calculations of Ref.@39# to illustrate
how different values ofsp-air

prod can be extracted from the
same measured value ofL depending on the inclusive cros
sections of the interaction model. The calculations were p
formed with three interaction models characterized
Kp-air

inel : the scaling model of Hillas@40#, SIBYLL @42# and a
SIBYLL-based model with significantly stronger scaling vi
lation in pp interactions~high-K!. All three calculations use
the same input sp-air

prod 5520 mb (lp-air546 g/cm2) at
As530 TeV. The resulting values ofa are given in Table I.
The last column of the table gives the values ofsp-air

prod that
would be inferred from the Fly’s Eye measurements if t
corresponding value ofa had been used. The effects of sca
ing violation on the shower attenuation rate used by the A
eno experiment@11# are similar, although the numerical va
ues ofa are somewhat different.

IV. DISCUSSION

Cosmic-ray experiments detect air showers that re
from interactions of particles with energy up to and exce
ing 1011 GeV. Such observations have the potential to p
vide information about the growth ofsp-air

prod up to As
.105 GeV. The long lever arm would be helpful for dis
criminating among models that give nearly identical resu
at lower energy. Here we attempt to summarize the proble
and complications involved in the measurement and interp
tation of sp-air

prod in cosmic ray experiments.
The experimental shower sets are inevitably contamina

by showers initiated by heavier nuclei. Neglecting this co
tamination would result in an overestimate ofsp-air

prod . To
minimize this contamination, the Fly’s Eye cross section w
estimated by analyzing only the most penetrating show
that is a subset of 20% of the entire data sample, stron
enriched in protons. A subsequent analysis@43# found that
the composition of primary cosmic rays may be very hea
in the energy region considered. If so, the contamination
heavy primaries could be larger than what was estimate
the original work leading to an overestimate ofsp-air

prod .
The cross section estimates in Refs.@9–11# were based on

interaction models with scaling particle momentum distrib
tions. Models with scaling violations predict faster show
development~e.g., smaller values ofa). If such models were
used they would imply a smallerp-air cross section~as il-
lustrated in Table I!. In addition, such models could also b
consistent with a smaller fraction of heavy nuclei. If th
shower development is described with a single paramete
done in the first generation cross section estimates, it is
possible to distinguish between the effects of the proton

TABLE I. Cross section values that can be extracted from
measuredL57066 g/cm2 with different interaction models.

Model ^Kpp
inel& ^Kp-air

inel & a(As530 TeV) sp-air
prod , mb

Hillas — 0.50 1.4760.05 504
SIBYLL 0.57 0.67 1.2060.05 411
High-K 0.64 0.74 1.1260.05 384
9-4
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pion cross sections and the inclusive distributions of the s
ondary particles.

Oncesp-air
prod is determined, the Glauber formalism can

used to inferspp
tot with extrapolations forB(s) based on all

available collider data. Previous analyses@9–11# used a pa-
rametrization based on data up through ISR energies w
fails to describe recent high energy measurements and l
to an underestimation ofspp

tot .
Our basic conclusion is that cosmic-ray values ofspp

tot do
not at present strongly constrain extrapolations of fits of t
cross section up to collider energies. With the prospec
much more precise experimental measurements forthcom
from the high-resolution Fly’s Eye and other proposed
periments@44# there is the potential for much better es
mates of the proton-proton cross section. Realizing this
tential will depend also on the use of a new generation@45#
l
d
de

b

ay

s-

s-

.

. D
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of shower simulations based on interaction models that
corporate all the physics of minimum bias interactions up
collider energies and a correspondingly detailed treatmen
nuclear effects. The corresponding analysis should involv
full Monte Carlo simulation of each experimental data s
rather than characterizing the simulation with a single
rameter.
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