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How Transparent are Hadrons to Pions?
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The scattering of hadrons at high energies can be described by a distribution function of cross
sections, which incorporates the phenomena of color transparency and color opacity. We infer here a
cross-section distribution for pionic projectiles on nucleons consistent with the data on the moments
of the distribution. Using this distributi. on we calculate the probability for a pion to be in a pointlike
configuration and compare with predictions based on a combination of perturbative @CD and @CD
sum rules. Comparison with the corresponding distribution for nucleon-nucleon scattering shows
that color transparency efT'ects should be more pronounced for a meson beam.

PACS numbers: 13.85.Lg, 12.40.Pp, 24.85.+p, 25.80.Hp

At high energies, the substructure of hadrons leads to
cross-section fIuctuations in hadronic collisions. In scat-
tering, the instantaneous hadronic configurations can be
considered frozen, and the scattering process should be
calculated first for the particular configuration, and then
averaged over all configurations. The cross section o. has
to be replaced by a distribution of cross sections P(a),
whose mean is the experimentally determined cross sec-
tion. In Refs. [1—3] we showed how moments of P(~)
can be extracted from experimental data on diffractive
dissociation of hadrons and inelastic shadowing correc-
tions to total cross sections. In particular, we found that
the distribution function for pion-nucleon collisions has a
much larger width than that for nucleon-nucleon scatter-
ing. Furthermore, quark-counting rules suggest a differ-
ent asymptotic behavior of P(o)for ~ Nth. an for N-N-
at small cross sections. As suggested in [2] this behavior
implies a much higher probability for the pion than a nu-
cleon to be in a "pointlike configuration, " in which the
constituents are much closer together than on average.
In the following, we present quantitative estimates for
this probability and discuss the form of the cross-section
distribution function for pion-nucleon collisions.

The criterion that a pion configuration remain "frozen"
between collisions is that the expansion length scale,

2E /AM2, be large compared to the target dirnen-
sions. Here AM2 is a measure of how far off shell on av-
erage the quark-gluon configuration is in the pion. The
typical scale for LM is the inverse slope of the corre-
sponding Regge trajectory, 1/nz 1.1 GeV2, or, equiv-
alently, the difference of mass squared of the pion and
the nearest excited pion state. Since the slopes of the
meson and baryon trajectories are close, the expansion
scales for baryons and mesons should be roughly equal.

For nucleon-nucleon collisions we find [2] that the vari-
ance

grows logarithmically with energy, at least up to p ~ b
—1

TeV. A typical value for w at around p i b = 200 GeV is
0.25. Prom proton-deuteron diffraction experiments we
find that the cubic moment

(2)

is = 2ai~. Further information about P(o) for o. ~ 0
can be obtained from the fact that the cross section for
a small-size configuration with transverse radius rg is

a r~ for r~ && (o/ir) I,
and that quark-counting rules imply that the distribution
of sizes is given by ~@(rz) ~

rz ' for small r~, then2(Nq —2}

P(o) o. & for o. « o,

where Kq is the number of valence quarks. Thus the
nucleon-nucleon distribution P(o) is o. for small cr

Based on this information we approximated the distribu-
tion function in the form

e
—I(~—~o) /(&«) j"

cr no+ a

The distribution is shown in Fig. 1, for the parameter set
n=6, a=0.1, o.o

——34.8 mb, 0=1.10, %=0.0017 mb, for
which w =0.25 and K = 2.00m; an alternative parame-
ter set, n=10, a=1.0, oo ——6.07 mb, 0=11.0, %=0.0184
mb, yields a nearly identical distribution, not shown
in the figure, for which w =0.25 and K = 1.99m . As
discussed in [2], the rather small value of rg requires
the distribution to fall off sharply at large values of o..
This falloff becomes plausible if one takes into account
that (3) is valid only for small r~, whereas the depen-
dence should be much weaker for larger configurations,
e.g. ,

o. rz with n (( 2, a natural behavior in con-
stituent quark models of hadrons. The resulting effect
for P(cr) can be seen if we assume a particular shape for
the distribution of sizes, e.g. , a Gaussian fallofF as in [1],

896 1993 The American Physical Society



VOLUME 70, NUMBER 7 PH YSICAL REVIEW LETTERS 15 FEBRUARY 1993

0.025

/
002- /

/
/ C

/

0.015—

0.01—
/

/

I
0.005 —

I

I

I

I

Ol

l~
/I

20 40 60 80 100

0.8

b

b 0.6

x
0.4

~O
0.2

'0 20 40 60
~ „(mb)

80 100

FIG. 1. Cross-section distribution functions for NN scat-
tering, Eq. (5), and 7rN scattering, Eq. (8), as functions
of a For . NN scattering (from Ref. [2] with o = 39 mb),
curve a (dash-dotted curve) corresponds to parameters n=6,
a=0.1, oo ——34.8 mb, 0=1.10, N=0.0017 mb, for which

=0.25 and K = 2.00m . For nN, curve . b (solid) corre-
sponds to n=4, op = 5.25 mb, 0=8.4, N=0.0221 mb, for
which w = 0.4 and K = 2.24m; for c (dashed), n=2, ao =
17.4 mb, 0=1.6, N=0, 025 mb, for which u = 0.4 and

= 2.40m; for d (dotted), n=2, ao = 9.6 mb, 0=3.7,
N=0.024 mb, for which w = 0.5 and K = 2.60m .

1@(rf)1 r& ' exp ( r&/r2), so—that for Nq ——2,

P(a) 1@(r~)1 e "~ " e ' for a & o.
,

(6)

which falls off sharply with n = 2/o. )) l.
Although the data indicate a rather broad distribution

for the nucleon-nucleon cross section, current data on in-
elastic shad~wing in pion-deuteron scattering indicate an
even larger variance w" = 0.4 for a-N reactions. This re-
sult can be understood as arising from the fewer number
of degrees of freedom in the pion, or a meson in general.
As discussed in [2] it also follows from the factorization
principle and the triple-Pomeron limit, which leads to

gNN 40 mb = 1.6.o-"N 25 mb

Unfortunately, there does not yet exist experimental
information about K", which would be accessible from
measurements of diffractive hadron production in vr-d re-
actions. However, we argue that the relation K

with 6 = 2, derived in [2] for the nucleon, should also
be applicable to the pion. The "rescattering parameter"
b, extracted from experimental p-d diffractive scattering
in [2], is related to the scattering amplitude of the nu-
cleon to inelastic states X, and can be approximated by
b = I + aviv/aiviv. This formula is valid in the inelas-
tic eikonal approximation to the total cross section of
Kaidalov and Ter-Martirosyan [4], when transitions be-
tween different inelastic states are neglected. The result,

FIG. 2. Probabilities of pointlike configurations obtained
by integrating P(a) up to o ~ as a function of o, . Curves
are the same as in Fig. 1.

b = 2, implies that a hadronic projectile h colliding with
a nucleon produces inelastic states X with total cross
section o~N roughly the same as the elastic cross sec-
tion ohN. This approximate result is reasonable at high
energies in constituent quark models of hadrons. How-
ever, one should keep in mind that this estimate of 6 is
only rough; in the following we vary K within reason-
able limits to see the effect of the uncertainties on the
distribution function.

An important difference of the 7t-N distribution com-
pared to the N-N distribution is the limiting behavior
following from the discussion above, which suggests that
for small o, P(o) const. Based on the information
available, we suggest the following shape of the distribu-
tion function [5]:

( ) N —((r —o P ) /(BrxP ) (8)

In Fig. 1 we show several distributions that lead to
0.4—0.5 with different values for K in the range

(2.24—2.60)cu . Note that one expects P(o)to approach.
the limiting value P(0) from above: In addition to the
lowest qq component, other components present lead to a
decrease in P(a) as a ~ 0 at least as fast as a. Assum-
ing that for o o. the higher components are comparable
to the lowest component, we expect P(o)to be signifi-.
cantly larger than P(0). Thus the model corresponding
to the dashed curve c in Fig. 1, with w = 0.4 and
6 = 2.40, appears to be most realistic.

However, even within these uncertainties, Fig. 1 shows
the very different behavior of P (a) compared to P~(a)
for small cross section. To illustrate this point we esti-
mate the probability for a pion to be in a pointlike con-
figuration by calculating the integral fz

" P (a)da as a
function of the upper limit o. . The result is shown in
Fig. 2, where we also compare with the corresponding
curve from integrating P~ (o ). We find that the pion has
a much larger probability to be in pointlike con6gura-
tion than the nucleon. If, to be quantitative, we regard a
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configuration as pointlike if o & 5 mb, the probability is
about 10% for the pion, but only = 2% for the nucleon.
Figure 3, the ratio of the probabilities for the pion and
the nucleon, shows the higher probability for the pion,
especially for very small configurations.

The value of P (o = 0) that follows from our fit is
in reasonable agreement with theoretical estimates. The
physics at small o is dominated by small-size valence qq
Fock state configurations of the pion, measured by the
wave function 4'(x, r~), where x is the light-cone mo-
mentum fraction, and r~ is the transverse size of the
configuration. At small r~, color is highly localized in
the pion. Assuming a. to depend only on r~, as r~ ~ 0,
we may write

P.(~ = 0) = d*l@I* ~i = o) I' ( q ')

With the interpolation formulas, o = (o.)r&s/(r&2), and
neglect of the x dependence of o. as r~ ~ 0, we estimate
P (cr = 0) = (87r~f2/5)(r~2)/(o-) = 0.031 mb '. With
the more realistic Chernyak-Zhitnitski wave function [9]
based on QCD sum rules, we obtain a value 0.037 mb
a factor of 25/21 higher. These estimates are of similar
magnitude to the range of values that follows from our
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FIC. 3. Ratios of the probabilities of pointlike configura-
tions, shown in Fig. 2, for the pion relative to that of the
nucleon. Curves are the same as for the pion distributions in
Fig. l.

Following Bertsch et at. [6], we calculate ilf(x, r&~ ——0)
using the asymptotic QCD wave function of the pion of
Ref. [7] and find

i'(x, r~ = 0) = +487rx(1 —x)f,
where f = 93 MeV is the pion-decay constant; this com-
ponent of the wave function is normalized to reproduce
the width of pion decay into muon and neutrino [8]. Us-
ing this wave function, we have

cross-section distribution functions, 0.017—0.023 mb
with the lower number preferred, as discussed above.

Since color eEects dominate for small transverse sepa-
ration, r~, of the valence qq pair in the pion, we can in
fact apply perturbative QCD directly to calculate o(r.&2)

at r~ && (r&). For small-size configurations, the domi-
nant process in vrK scattering is exchange of two gluons, a
process analogous to the box diagram for p-hadron scat-
tering, where instead of the p —+ qq coupling, the w ~ qq
wave function enters. Taking the leading gluon exchange
diagrams into account in the limit in which the center of
mass energy ~s is large compared with r&, we find the
xN cross section [10],

7t-2

o-(r~) = r~Q, (q )xGpj (x, Q ),~, q,
(12)

where n, (Q2) is the QCD running coupling constant, and

Giv(x, Q ) is the gluon distribution in the nucleon. For
simplicity we give this result, which numerically depends
only weakly on xq/x~, for the case x~ x~ 1/2 in the
pion. Since GIv(x, Q ) can be measured independently,
Eq. (12) is an exact, parameter-free result in the limit
1./s « ri « (ri).

Neglecting, for a first estimate, the dependences
of a., and G~ on r&~, we derive P (o = 0)
6f2/5~. (q')xG~(x, q'). F- ~. = 0.3-0.4, .nd
xGiv(x, Q ) = 2.0—2.5 we estimate from Eq. (11) that
P (o = 0) = 0.027—0.044 mb i with the wave func-
tion (10), and = 0.032—0.053 mb i with the Chernyak-
Zhitnitski wave function, values again comparable to
those extracted from inelastic shadowing corrections to

7rd

The arguments presented here should also apply to a
large extent to other mesons, not only because of the
similar asymptotic behavior for small o, but also because
of the larger w compared to nucleons, For example, the
factorization principle also suggests a large variance for
the kaon: ~~/cuP = o ~~/o ~~ = 1.8.

What do our results imply for experiment? First, they
suggest that the physics of color transparency should be
much more pronounced for pion (or, in general, meson)
induced reactions. Quasielastic wide angle processes off
nuclei, as suggested by Mueller and Brodsky [ll, 12] and
performed by Carroll et aL [13] with protons as projec-
tiles, should occur more frequently with pionic projec-
tiles, since pions could have a factor 5 larger proba-
bility to penetrate the nucleus without any initial state
interactions. Another way to see the effect is in the trans-
parency of the target to a produced pion. Even at rela-
tively small momentum transfers —t 5—10 GeV, the
pion expansion length t 2F /AM~ can be made suf-
ficiently large, at large beam energy and forward angles,
that the produced pion has no time to expand and thus
would exhibit significant transparency. This e6ect could
be visible in high-energy exclusive nuclear pion photo-
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production.
In addition, measurements of diffractive high pq dijet

production in vrA scattering would provide an interest-
ing handle on the dominance of color effects at small dis-
tances. Since the role of color fluctuations increases with
energy, color coherence effects should be clearly revealed
at Fermilab fixed target energies, leading to cross-section
dependences oc A. Equation (12) is valid also for nuclear
targets with Giv(x, Q ) replaced by G~(x, Q2). How-

ever, since the gluon distribution in nuclei is expected to
be shadowed at small x, i.e. , G~(x, Q )/AG~(x, Q ) & 1

for x ( 10, at sufficiently large energies that x in Eq.
(12) is ~ 10, nuclear shadowing would decrease the A
dependence of diffractive high pq dijet production, and
effects of color transparency would be diminished.

Finally, one should note that besides pionic color trans-
parency, cross section fluctuations should also be very
pronounced in color opacity effects, e.g. , in fluctuations
in multiplicity or E& measured in ~-nucleus scattering.
Those implications, discussed in Ref. [1], should be con-
sidered in future work on meson-induced reactions. Mea-
surements of the inelastic shadowing correction to the to-
tal cross section, the number of wounded nucleons, etc. ,
in meson-nucleus scattering, would provide a check on
our distribution.

To summarize, we have outlined a determination of
the cross-section distribution function for vr-K reactions,
based on experimental information about its moments.
Although the available data do not allow a very accu-
rate determination of the distribution function, we can
infer some of its features, e.g. , a very large probability
for a pion to be in a pointlike configuration, lOFo for
o. & 5 mb. In particular, this probability is roughly a
factor of 5 larger than for a nucleon, which should be
seen experimentally in pion-induced color-transparency
experiments. Estimates from experiment are in good
agreement with estimates based on perturbative QCD
and QCD sum rules, illustrating well how phenomena of
color transparency can be calculated directly using mod-
ern methods of QCD.
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