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The yield of muons from the parton-antiparton an-

nihilation process depends critically on the assumed
antiparton distributions in the nucleon. The constraints
on these distributions from inelastic electron and neu-
trino scattering make it unlikely that a parton model
can account for the large observed muon yields.
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Secondary cosmic-ray muon and hadron fluxes are calculated for particle energies
above 200 GeV using accelerator data on inclusive hadron cross sections and the known
primary flux. The gross differences between the ca1culated and measured muon and
hadron charge ratios require radica1 reexamination of conventional views on hadron in-
teractions or the neutron-proton ratio in the primary flux.

It is clearly possible to derive the characteris-
tics of secondary cosmic-ray fluxes knowing the
composition of the primary flux and the details of
hadron-hadron interactions. In the energy region
of 1000 GeV per nucleon, the primary flux inten-
sity can be described by the relation"

dN/dE =A(y —l.)E

where A =1.5+0.25 cm ' sec ' sr ', y=2. 72
+0.05, and E, the energy per nucleon, is mea-
sured in GeV. Measurements of the charge spec-
trum' of the primaries at energy extending up to
400 GeV per nucleon indicate that about 89% of
the nucleon flux are protons and 11% neutrons as-
suming that charge-1 particles are protons and
charge-2 particles are o. particles. Only hadron-
hadron inclusive cross sections are necessary
for an understanding of inclusive secondary flux-
es; and proton-proton inclusive cross sections
have been measured' up to laboratory energies of
f 500 GeV at the CERN intersecting storage ring
(ISR) facility, and meson interactions have been

studied in accelerator experiments at lower en-
ergies. From this knowledge of the primary flux
and the hadron interaction inclusive cross sec-
tions and the use of conventional assumptions
concerning charge independence and factorization
in the hadron-hadron fragmentation region, one
can calculate secondary cosmic-ray fluxes pre-
cisely, in principle, if one neglects correlation
effects or coherent effects in the projectile or
target. Since these effects are not likely to be
large, plausible estimates of these nuclear ef-
fects allow reliable calculations of the secondary
fluxes. Although there is a long history of such
calculations, ' and the results presented here dif-
fer from many, but not all, of the previous con-
clusions, only now do we have sufficiently exten-
sive and reliable data on the basic hadron inter-
actions so that complete calculations can be made
which are sufficiently accurate so that differ-
ences between the results of the calculations and
measurements can confidently be ascribed to in-
adequacies in the conventional assumptions used
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( /vi, )Q, Bf, (dv, /dx) dx = B, , (4)

where B,. and B, are the baryon numbers of the
incident and secondary particles.

Another useful constraint derives from the pre-

in the calculations.
Since the mean transverse momentum of sec-

ondary particles is small, it is possible to as-.
sume that all secondary particles travel in the
same direction as the primary particles. We can
then adequately describe the hadron-hadron inter-
actions in terms of the invariant inclusive cross
sections E, da, /dp~, where E, is the energy and

P ~ is the longitudinal component of the momentum
of the secondary particle s. In accord with the
measurements, we assume that these invariant
cross sections are approximately independent of
the interaction energy or scale' but we use the

scaling assumption only as a convenient way to
interpolate and extrapolate the basic input cross
sections taken from ISR data' and the results are
neither sensitive to, nor do they test, scaling.

Any parametrization of the accelerator data is
constrained by conservation laws: The conserva-,
tion of energy requires

(1/o, )Q, f, E,(do, /dx) dx = E, , (2)

where E,. and E, are'the primary and secondary
particle energies, the summation is over all par-
ticle states s emitted in the forward direction in
inelastic processes, o, is the total nonelastic
cross section, and the integration is taken over
x in the forward direction in the center-of-mass
system, where x=p~/p, . and p,. is the center-of-
mass momentum of an incident particle. We ne-
glect processes in the backwards direction inas-
much as their contribution to the secondary fluxes
is negligible.

The conservation of charge imposes the con-
straint

(1/a, )Q,q, f (do, /dx) dx = q, ,

where q, is the charge of the secondary particle
s and q,. is the charge of the beam particle. Here
we assume that charge exchange is not important
when the incident particle and the target particle
have different charges —this follows from fac-
torization, a more general assumption that parti-
cle distributions in the forward direction depend
only on the identity of the beam particle and the
backwards distribution depends only on the tar-
get particle.

The conservation of baryon number can be ex-
pressed as

cise measurements of the multiplicity M, of
charged particles produced in the interaction. We
then require

(2/v, )Q,, j q, ~ J, (do, /dx) dx = I„ (5)

where M, is the charged-particle multiplicity.
The experimental measurements of inclusive

cross sections are made at specific angles and

momenta and it is necessary to determine E, der, /
dp~ by integrating over the transverse momenta.
For this purpose we assume that the cross sec-
tions take one of the following forms:

(i) Ed'a/dp'=Edo/dp~(c'/m) exp(-c'p, '),

(ii) E d'o/dp' =E d o /dp ~(b'/2 m) exp(- bp, );

and we calculate Edo/dp~ from the measured val-
ues of E d'o/dP' as a. function of x for P, = 400
MeV/c. With the cross section known at this
transverse momentum, the value of E, do, /dp~ is
determined almost independent of the choice of
distribution or the value of a or b.

Since we are interested in the best values of
do/dp~ rather than fits to the differential cross
sections E d'o/dp', standard least-squares tech-
niques were inadequate and I established a "best
fit." to the data subjectively. The cross sections
so defined for production of various secondaries
are shown graphically in Fig. 1 together with
measurements of differential cross sections
measured at p, = 400 MeV multiplied by an appro-
priate factor as suggested above. The uncertain-
ties in the integrations over the transverse mo-
menta are approximately equal to the measure-
ment errors shown on the figure. While esti-
mates of antiproton and antineutron cross sec-
tions are included' and the choice of values for
pion and K-meson cross sections reflect the re-
sults of the production and decay of strange bar-
yons, the effect on the secondary fluxes of these
production modes is not important.

Although the calculations reported here were
made using Monte Carlo techniques where each
particle and its tree of descendants were followed
through their history, the numerical calculations
were made in parallel with analytic calculations
which depended upon appropriate weighted aver-
ages S', of the inclusive cross sections for the
production of the particles s:

W, = (1/o, ) f, x ~ '(do, /dx) dx

The flux of secondaries produced by the first in-
teraction of the primary protons with protons
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100 10 TABLE I. Quantities which derive from the invariant
cross sections used in the calculations. The cross sec-
tions are taken at 200 GeU lab energy.
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FIG. 1. The solid curves present the invariant pro-
ton-proton inclusive cross sections 6 do/dp~ used in
the analysis while the points represent values of E dso./
dp3 measured at pq =0.4 GeV/c multiplied by 1.80 GeV2.
A solid line shows the n+/n ratio from the curves
while the dashed line gives the ratio from the data at
p&=0.4 GeV/c.

would have the form

dN /dE, = W, dN/dE =8',A(y —1)E,&.

Values of 8', corresponding to the cross sec-
tions of Fig. I are given in Table I together with
values of the total cross section for the produc-
tion of the particles and the ratio of the mean mo-
mentum given to the secondary particle to the
momentum of the primary in the center-of-mass
system. Inasmuch as invariant cross sections
scale, the production of secondaries near x =0,
and then the multiplicity and total cross sections
for the production of secondary particles, in-
crease logarithmically with energy. The total
cross sections are then listed for a specif ic ener-

gy, 200 GeV.
Neutron cross sections are taken as the same

as proton cross sections modified by charge sym-
metry, that is with n and p and n' and w reversed
in Fig. I, and with K'and K cross sections held
equal to each other and to the mean of the E-
meson cross sections from proton interactions.
The production weights for pions produced by
positive (or negative) mesons are taken to be the
same as for protons (or neutrons) except that a
value of 0.07 is added to the weight 5', corre-
sponding to the incident particle to account for
the leading particle effect connected with diffrac-
tion dissociation. The production of K mesons
and nuclear pairs by mesons is neglected.

Since the incident primary nucleons interact
with light atmospheric nuclei, not free nucleons,
one must consider the complications imposed by
nuclear effects. From the steepness of the pri-
mary spectrum and the large proportion of nu-
cleons near the "edge" of light nuclei, we can
be confident that single nucleon-nucleon interac-
tions will be most importan't but multiple inter-
actions cannot be disregarded. Almost indepen-
dent of specific models, we can expect that multi-
ple interactions will produce secondary particles
with lower mean momenta and less charge asym-
metry than single interactions. Since an inco-
herent model of multiple interactions, though im-
plausible physically, has these properties and
is easily treated in calculations, I chose to con-
sider the nuclear effects by using a one-dimen-
sional incoherent-interaction model of the nucle-
us where we treat the nucleus as a slab of nucle-
on gas with a thickness of h mean free paths for
nucleons and 2h/3 paths for mesons and follow
the particles and their collision, products through

li7



VOLUME )),NUMBER 2 PHYSICAL REVIEW LETTERS 8 JUz,v 1974

the slab. The mean free path for nucleon inter-
actions producing mesons in the atmosphere was
taken' as 92 g/cm' at 200 GeV, decreasing slow-
ly (as the nucleon cross section increases) to 80
g/cm' at 2000 GeV. A best value of It = 1.0 was
found to give a hadron attenuation length equal to
the measured length of 120 g/cm' and a meson
mean free path at 200 GeV of 119 g/cm'. In this
model, 58%%uo of the interactions are single nucle-
on-nucleon interactions which contribute about
81%%uo of the secondary flux.

With this description of the nucleus, the hadron-
hadron interactions, and the primary flux, the
vertical flux of protons, neutrons, charged me-
sons, and K~' mesons was calculated as a func-
tion of atmospheric depth, and the sea-level
muon intensity and charge ratio was calculated
for intrgral fluxes over 200 QeV. No approxima-
tions of any significance were required in the
course of the numerical calculations. The energy
range was chosen so that the spectra could be
calculated using cross sections measured at the
ISR with a minimal burden of extrapolation; the
increases in total nucleon-nucleon cross sections
which have been noted were not too important as
they might be at higher energies, and nuclear ef-
fects and n-P charge exchange effects would not
be expected to be important as they might be at
lower energies.

%bile the hadron intensities and attenuation
lengths and the muon intensities which are cal-
culated are found to be in agreement with obser-
vations within experimental error, the calculated
muon charge ratio of 1.53 is far larger than the
measured value' of 1.30 +0.03. The calculated
value is determined primarily by the ratio of the
charged-pion weight functions of Table I where
W(n')/W(w ) = 1.80, as K-meson decays contri-
bute only about 11/& of the muon flux. %e note
from Fig. 1 that the pion charge ratio used in the
calculations from the fitted data is appreciably
smaller than the ratios derived from the unfitted
data and we then regard our calculated value of
the muon charge ratio of 1.53 as a conservative
minimum; using the unfitted pion data, we get a
muon charge ratio of about 1.64.

The calculated neutron-proton ratio at atmos-
pheric depths from 600 to 800 g/cm' is 0.41. The
measured neutral-to-charged hadron ratio in
this range of energy and altitude' is about 0.70
+0.05 where there should be little contribution
to the neutral flux besides neutrons but mesons
should contribute substantially to the charged
flux. The measured ratio is then a minimum

while the calculated ratio is taken, conservative-
ly, from fitted neutron cross sections which tend
to be larger than the reported measurements as
shown in Fig. 1.

It then seems impossible to reconcile the mea-
sured and calculated charge ratios for either the
muon flux or the hadron flux; in each case there
are more positive particles predicted than are
measured. The experiments are straightforward
and seem unimpeachable and the calculated re-
sults derive from the input data and well-defined,
conservative, assumptions in a straight-forward
way. I then conclude that the origin of the dif-
ferences must be found in a breakdown of the
basic assumptions used in the calculation. I
list what seem to me to be the least unattractive
possibilities: (a) The cosmic-ray neutron-proton
ratio at energies near 1000 QeV per nucleon
must be near 25:75 rather than 11:89and hence a
large fraction, about 20%, of the charge one flux
must be deuterons. (b) At energies near 1000
GeV, there is very extensive charge exchange in
P-n interactions so that the average total charge
in the forward hemisphere in the center-of-mass
system is much less than 1 and this effect extends
into the fragmentation region. (c) Effects such
as described in (b) might follow from coherent
three-body effects (nuclear effects) which we can-
not now anticipate.
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In an experiment at the Argonne National Laboratory zero-gradient synchrotron we
have determined the forward differential cross sections for the double-charge-exchange
reactions m p-&+7, / p —m.+g, and g p-g+" for incident beam momenta up to 5
GeV/c. The production angle and momentum of the forward-going positive particle (n+
or &+) were measured with a high-resolution focusing wire-spark-chamber spectrom-
eter and the two-body final states were selected by the missing-mass technique.

Our current understanding of high-energy had-
ron collisions is based on the idea that particle
exchange provides the dominant force for inter-
actions above a few GeV/c incident momentum.
In time, the theoretical or phenomenological mod-
els which have embodied this primitive notion
have grown steadily more ornate to allow greater
freedom in fitting the expanding experimental
data. Consequently, these models have become
less testable by direct experiment and there have
been no new guides to lead our physical intuition.

As a partial solution to this problem we have
continued an earlier study' of the double-charge-
exchange (DCX) reactions v p-K'Z, K p- v'Z,
and K p -K'" . The significance of these three
reactions is that none of them can take place by
the single exchange of any singly charged parti-
cle. Thus in the absence of normally large ex-
change forces we have a sensitive test for the ex-
istence of any of the three possible competing
processes: (1) double particle exchange, (2) ex-
otic single particle exchange, (3) intermediate s
channel resonance formation. In addition, by ex-
amining the energy behavior of the DCX cross
sections we can hope to identify the dominant con-
tribution in the asymptotically high-energy re-
gime. This has been expected to be the double—
particle-exchange diagrams which would yield
differential cross sections with an s "to s ' be-
havior. '

The three reactions listed above also have some
common properties which should set further lim-
its on viable theoretical descriptions. For ex-

ample, v p-K+X and K p-n+Z are related by
line crossing, so that these cross sections should
be identical if induced by single exotic exchange
and at least similar if induced by double particle
exchange. K p —v'Z and K p

-K'" have the
same quantum numbers in the s channel, so that
energy-dependent structure due to ~* resonances
should be expected in both reactions for the same
incident momenta.

From our previous work we had experience
with the experimental difficulties which beset
measurements of the DCX reactions. Since the
cross sections are all very small, an intense
beam of incident particles is required on the hy-
drogen target. With available n/K ratios of the
order of 200, the largest number of events could
be obtained for the reaction & p-K'Z, so that
the experimental design concentrated on the de-
tection of this particular channel. This required
that a final-state K be identified against an over-
whelming background of pions and protons. At
5 GeV/c, for every K' from the reaction n p-K'Z there were 1000 r and 200 protons within
the missing-mass resolution of the experimental
apparatus. To obtain sufficient rejection ratios
against competing particle species, four Cheren-
kov counters were constructed to identify the pos-
itive particle in the final state. An unavoidable
consequence was that the mass of the Cherenkov
radiator to count kaons also produced substantial
Coulomb scattering of the detected particle. Fi-
nally, since the cross section for the reaction
& p -E'A'& rises steeply at the A'& threshold,
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