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ABSTRACT

Hadronic collision models based on QCD predict
remarkably large cross sections for diffractive
scattering of hadrons on a nuclear target. The
diffraction arises from the overall transparency
of a nucleus to the portion of the projectile
wavefunction having small transverse separation
between its constituents. Correspondingly, the
typical transverse momentum within the diffractive
system is significantly enhanced. This QCD-based
picture leads to large cross sections for diffractive

charm production.
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Diffractive dissociation, as explained in the classic
‘papers of Feinberg and Pomeranchuk® and Good and Walkerz,
is a distinctive quantum effect which makes up a significant
part of the total hadron-hadron cross section at high.energy.
In a typical dissociation event, the target recoils intact
with small momentum transfer, while the projectile is
excited to a state with particles havinéﬁlow transverse
momentum. The diffraction excitation arises from the
variability of the absorption amplitude as a function of
the internal coordinates of the projectile wavefunction.
We wish to focus attention on the enhanced possibility of
studying hadronic wavefunctions by diffractive dissociation
on nuclear targets. 1In a QCD-based picture of hadron-
hadron total cross sections3'4, the components of a color
singlet projectile wavefunction with small transverse
separation pass freely through the nucleus while the large

transverse separation components are nearly totally absorbed.

In short, a large target will act as a filter, removing from
the beam all but the short-range components of the projectile
wavefunction. The cross section for diffractive production
of inelastic states is then equal to the elastic scattering
cross section of the projectile on the target, multiplied
by the probability that sufficiently small transverse
separation configurations are present in the wavefunction.
The relevant portions of the wavefunction can be
calculated in QCD, because the short distance behavior is

6,7 The QCD wavefunction is

in the perturbative domain.
represented in terms of Fock components defined at equal

time on the light cone; internal coordinates are the



transverse position r, ; and the light cone momentum fraction

(ko + kgl L1
X, = 5 F p. of each constituent, where p is the projectile
0 3
momentum in a frame with pl = p2 = 0. For the interaction

between hadrons we make use of the gluon exchange model of
Low and NussinovB. An immediate consequence4 of the model is

that the interaction depends strongly on the configuration of

the constituents of the hadron. For the Fock components with
many constituents, it is very improbable for all the
transverse separations to be small. Only the valence Fock

configuration has a wavefunction E(X'EL) which is large as

r - 0’6,7

noninteracting.

and hence a wavefunction component which is totally

At high energy the S-matrix may be written as a function
of impact parameter b, and internal projectile coordinates

= (xi, ). The projectile wavefunction y is normalized,

i
j-dg lw(g)[z = 1. After filtering by the target, the

surviving hadron wavefunction is

Defining S(b) = ./ég [w(g){z S(b,g), the expectation value

of 8 for the incoming hadron, we decompose y' as

P'(b,g) = S(b)w(g) + [S(b,g) - S(b)Iv(g) (2)



'

' The first term is simply the survival amplitude of the
incident state, while the second term is a superposition of
excited hadron states orthogonal to the incident state.

If for certain values of ¢ there is weak absorption,

S(b,g) = 1, then the cross section for producing such ¢'s

is given by -

a2 = [ @ -5mN? (v = o lu| (3)

where 0ol is the elastic scattering cross section. Thus the
diffractive cross section ratio (oel)—ldc/dg directly measures
the original wavefunction.

As an example consider a pion projectile. We treat
the interaction of the gg Fock component, and assume that
the higher Fock components are completely absorbed. The
asymptotic form of the gg Fock state wavefunction can be

6

calculated in perturbative QCD. With the normalization

taken from the 1 -+ pyv decay rate, the wavefunction at

r =0 is given b
1 g Y

w(x,EL=O) = 1/4ﬂ\/3 x(1 - x) £ (4)

with fTT = 93 MeV. The associated cross section is then

- ﬂ 2.2 _ 2 '
= O lannx (1 X) (5)



If the'typical ;L which survived the nuclear filtering were
‘small enough the g and g would materialize as jets in the
final state. 1In the center of mass of the gq jet the‘x
variable would be related to the jet angle 6 (relative to
the incoming beam direction) by x = (1 + cos 6)/2, and the
internal momentum Ei_of the g (or g) would determine the mass
of the diffractive system through M2 = %i/x(l - x). However,
we shall see that the nuclear filter does not generally
produce states with large enough gl.that a jet structure can
be expected to appear.

To make a quantitative estimate for nuclear targets we
shall assume that the absorption is strong for impact parameters

1/3

less than the nuclear radius, i.e. S(b) = 0 for b < R = 1.2A .

Then the wavefunction of the diffractive excitation is

w'(x,r_L) = S(b,rJ_)lb(x,r-L) b <R (6)
We shall now relate S(b,;L) to the pi-nucleon total cross
section. In vector exchange models such as the Low-Nussinov
model, the derived cross section depends only on Fl_distribution
and not on the x distribution4, so we have dropped the x
variable. We shall also find for large nuclei that S(b,;l)

is damped rapidly with increasing gi_and we may neglect the

;i—dependence of ¥ in computing the momentum spectrum. The

cross section is then given approximately by



1

do

2
dxd
xd"'r

) (7)

2 2 2
= TR |V(x,r =0)|° s (r
L | AT

where Si(FL) is the mean 82 for the nucleus. Transforming

Y' to momentum space, the cross section is

=2
: s-(k.)
do 2 2 AL
—— = aR" |¢(x,r =0) | (8)
dxd’x 1 (2m 2 =
A
- ik, *r 2
where S_(k ) = e L L8 (r ) 4°r .
A 1 A 1 1
We now estimate SA(rL)' In the Low-Nussinov model the

S-matrix for scattering on a single nucleon has the following
limit as r, - 0,

. 2
SnN(b'ri) = 1 - u(b)rl_ (9)

The expression for u(b) is complicated and, in any case, its
exact normalization can only be determined by reference to
an observed cross section. We use the total pi-nucleon cross
section to estimate the integrated u(b),

T _ 2 _ 2 2

ON 2 [ d°b(1 ReS) = 2<r-L>TT d"bu (b) (10)
We can then treat the scattering from nuclei with an

eikonalized pi-nucleon scattering operator,



S, = exp —J(dzdzb'u(b - b')p(b');f]

24

2
r
- 4 T
exp —— ‘/éz 9 nPo . (11)
2<r-">
oo

.

We evaluate this expression using the vector dominance model

of the pion radius, <ri? = 4/mz. With=the further estimates

of nuclear target parameters p_ = 0.16/fm3, -[dZD = p, 4/3 R,

and pi-nucleon total cross section OgN ~ 25mb, we obtain an

estimate

XV
SA(b,r ) ¥ exp |- —— GeVv , (12)
+ 20

independent 0of b < R. Combinincg this with egs. (4) and (8),

this yields a cross section in the momentum representation of

2
2= mr? [ ax |v(x,0) |2 17 1/§0ﬂ 7| S¥PY” _17?%'_—7
d EL (2m) A GeV A GeV
= 50mb GeV % exp [-10x2/a%/3 cev?] . (13)
F the 1 . 1/3 - .
or e largest nuclei, A ~ 6, and the KL of the q and q is

. 2
quite large, <kl> = 0.6 GeV2. One expects that this large <kl>
will be reflected in a P, spectrum for the hadrons which materi-

alize that is considerably harder than the typical spectrum for



diffractive hadron-nucleon collisions, <p2> = 0.1 Gevz. The

integrated diffractive excitation cross section from eq. (13) is

o, = 1l6mb al/3 (14)

which should be compared with the diffractive cross section
due to single 7N collisions on the periphery of the nucleus,
The latter may be estimated in terms of the exponential tail

of the nuclear density distribution, p(r) ~ e—r/a

, with
a v 0.55 fm. The single-collision cross section, oii) is
roughly given by
o1 = 21Ra (15)
TA
and the diffractive component is
0diff
diff N
o a 27Ra T . (16)
N
Taking oi;ff ~ 3mb, we find

Odiff
TA

= 5 mb Al/3

(17)
considerably smaller than the transmitted component. Thus,

if the absorptive interaction is color sensitive, the diffractive
cross section on nuclear targets should be dominated by the
overall transparency of the nucleus to small rJ_components of

the pion wavefunction. A conventional geometrical picture

of hadron-hadron scattering, in which the absorption is



'proportional to the hadronic density overlap, would not
predict this dramatic effect.
The masses typical of the diffractive excitation are

determined by the relation

2
2 L 2 ~
with a¥/3 = 6, <k?> = 0.6 Gev?, and we have
M® ~ 3 Gev? s (19)

The diffractive condition, that the nucleus remains unexcited,
requires that the momentum transfer to the nucleus be smaller
than the inverse nuclear radius. In terms of the mass of
the diffractive excitation this condition i59 M2R/plab <1,
which is easily satisfied with present high energy accelerators.
Because substantial masses can be coherently produced
by diffractive excitation, it is clear that the rJ_filtering
may play an important role in the production of diffractive
states containing charm. It has been suggestedlO that the
proton contains heavy quarks in some of its intrinsic Fock
states. If these states were characterized by small transverse
dimensionlo, then they would be able to pass through the
nucleus without interaction, and eq. (3) could be used as a

guide to the magnitude of the expected cross section.
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Integrating eq. (3) over all & for such states we then

obtain

Odiff _
charm c %el, (21)

where P is the probability of an intrinsic charm Fock state
in the projectile hadron. It has been estimatedll that for

2/3

nucleons Pc = 2%; with o© = TR = 50 A mb we obtain

el

Giff _ 2/3
Ccharm ~ 1 mb A

(22)
for nuclear targets. 1In collisions with a single nucleon,
diffractive charm production may also be significant though
we see no reason for it to be dominant as in the case of

a nuclear target. Naively employing eqg. 21 for charm

. . diff - ,
production on a nucleon target yields O Charm 0.1 mb, i.e.
of the same order as the cross section observed at the ISRlZ.

2/3

Note that the A (not A!) dependence predicted for the

diffractive production helps resolve the discrepancy between

FNALl3 and ISR measurements.

While the nuclear target filtering creates diffractive
produétion of large M2 final states, it is clear that the
softness of the filter places an effective cutoff on the
masses. The cross section for asymptotically large M2 and

2

ki_can however be estimated by gluon exchanges between target

and projectile. For diffraction, the Low-Nussinov model
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requires two-gluon exchange between the projectile and each
struck nucleon. The predicted high ki:behavior (modulo
logarithms) of do/dki is l/ki for pion beams, l/ki for
proton beams, and l/ki for photon beams.l4 Each is a single
power of ki more suppressed than the high—ki_tail of the
intrinsic projectile wavefunction because of color cancellations.
In the regime where the jet structure is visible, the pion-
induced jets will have an angular distribution in the jet
c.m frame of do/dM2 d cos & 7 sinze, reflecting the x dependence
of eqg. 4.

In conclusion, we emphasize that all our results rely
crucially upon the assumption that the absorptive amplitude
is color sensitive, as in the Low-Nussinov model, so that
Fock states of small intrinsic size interact weakly. The
diffractive excitation spectrum then provides an unusual
measure of the short-range constituent structure of hadrons.

We thank L. Castillejo, Y. Frishman, T. Huang, G. P.

Lepage, C. Peterson, J. Pumplin, L. Van Hove, and W. I.
Weisberger for helpful discussions. We acknowledge the
hospitality of the Institute for Theoretical Physics, and
support by the National Science Foundation under grant
numbers PHY 77-27084, PHY 79-22045 (GB), and PHY 79-06376
(ASG) , and the Department of Energy under contract numbers
DE AS03-76SF00034 PA191 (JFG) and DEAC 03-7600515 (SJB),

and the A. P. Sloan Foundation (JFG).



Tt

88

12

REFERENCES AND FOOTNOTES

Permanent address: Physics Department, Michigan State
University, East Lansing, Michigan 48824

Permanent address: Stanford Linear Accelerator Center,
Stanford University, Stanford, California 94305

Permanent address: Institute for Tﬁgoretical Physics,
State University of New York, Stony Brook, New York 11794
Permanent address: Physics Department, University of
California, Davis, California 95616

E. L. Feinberg and I. Ia. Pomeranchuk, Suppl. Nuovo
Cimento III, 652 (1956).

M. L. Good and W. D. Walker, Phys. Rev. 120, 1857 (1960).
F. E. Low, Phys. Rev. D12, 163 (1975) and S. Nussinov,
Phys. Rev. D14, 246 (1976).

J. F. Gunion and D. E. Soper, Phys. Rev. D15, 2617 (1977).
A QCD-motivated discussion of diffractive excitation in
hadron-hadron collisions has béen given by J. Pumplin and
E. Lehman, Zeit. f. Phys. C, to be published. See also

H. Miettinen and J. Pumplin, Phys. Rev. Letters 42, 204 (1979).
G. P. Lepage and S. J. Brodsky, Phys. Rev. D22, 2157 (1980).
S. J. Brodsky, Y. Frishman, G. P. Lepage, S. Sachrajda.
Phys. Lett. 91B, 239 (1980).

T. M. Yan, Cornell University preprint.



13

9. This condition also insures that the gg separation remains
less than 2/M while the quarks traverse the nucleus,
sufficient to maintain S(b,{L) near 1 for M < 2 GeV.

10. S. J. Brodsky, P. Hoyer, C. Peterson and N. Sakai, Phys.
Lett. 93B, 451 (1980); and S. J. Brodsky, C. Peterson
and N. Sakai, SLAC-PUB 2660 (1980). |

11. J. F. Donoghue and E. Golowich, Phys. Rev. D15, 3425 (1977).

12. B. C. Barish, et al., Proceedings of the XX International
Conference on High Energy Physics, Madiéon, AIP #68, (1980);
and A. Kernan, Proceedings of Photon-Lepton Conference,
Fermilab (1979).

13. H. Wachsmuth, Proceedings of Photon-Lepton Conference,
Fermilab (1979).

14. The l/M4 spectrum for photon-induced jets was found by
S. F. King, A. Donnachie and J. Randa, Nucl. Phys. Bl67,
98 (1980); J. Randa, Phys. Rev. D22, 1583 (1980) obtains
a spectrum close to l/M6 for pion-induced jets; We thank

T. DeGrand for calling this reference to our attention.



