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ABSTRACT
I discuss events in high energy hadron collisions that contain a hard scattering, in the
sense that very heavy quarks or high PT jets are produced, yet are diffractive, in the
sense that one of the incident hadx'ons is scattered with only a small energy loss.

1. INTRODUCTION

In this talk, I discuss the diffractive production of systems such as very heavy
quarks or jets in hadron-hadron collisions. Our treatment [1] uses both perturbative
QCD, to describe the hard scattering in which the heavy quarks or jets are made, and
Regge theory, to describe the diffraction. Our results apply to processes involving any
kind of hard scattering at the partonic leveL For the sake of definiteness, I discuss the
particular case of very heavy quark production.

Experiments have repeatedly suggested [2] that, in the case of charm, a good way
to find heavy quarks is to look at diffractive events. The charm quark, however, is not
really very heavy (compared to lGeV). One question that I want to raise here is
whether, at the SSC, it would make sense to look for new very heavy particles using a
diffractive trigger.
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The answer to this question depends heavily on the argument [3] that the bulk of
the production of sufficiently heavy quarks is correctly described by the standard
factorization theorem of perturbative QCD.Thus, if there is a significant diffractive
component of very heavy quark production, then it must be true that this diffractive
component is included in the standard perturbative QCD cross section.* That is,
diffractive production is not to be added to perturbative production: it is part of
perturbative production. The issue here is: how big a part is it?

A number of authors have treated diffractive hard scattering recently: Ingelman and
Schlein described jet production [4], then Fritzsch and Streng discussed heavy quark
production [5]. Streng has discussed Pomeron-Pomeron collisions [6]. In the paper
on which this talk is based [1], we develop in some detail the basic physical picture
contained in the paper of Ingelman and Schlein. Our new contributions consist of: (i) a
clearer statement of the theoretical formulas; (ii) consideration of the degree of validity
of the theoretical formulas; (iii) a treatment of the constraints on the gluon distribution
in a Pomeron at small and large x; (iv) identification of some important open problems;
(v) examination of whether the nr.tio of hard events to all events can be improved by
requiring a diffracitve trigger. We emphasize along with [4,5] that measurements of
diffractive hard scattering cross sections will provide short distance measurements of
the gluon content of the Pomeron.

2. KINEMATICS

Let us consider diffractive heavy quark production, as illustrated in fig. 1:

A + B -» (QQ) + X + C , (2.1)

where C is the label for hadron B in the final state and Q represents a heavy quark of
mass MQ. By a diffractive event, we mean an event in which hadron B goes through
the collision nearly unscathed. It is deflected through a small angle, while retaining
most of its incident energy. One can also consider diffractive excitation, in which
hadron C is a different particle from hadron B.

In this respect, we differ with the paper of Fritzsch and Streng [5] referred to below.
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Figure 1. Diffractive production of very heavy quarks.

I should point out that, although hadron B is diffractively scattered, the system
(QQ ) + X cannot be a low mass, diffractively excited version of hadron A. The
invariant mass M of this system must necessarily be very large: M > 2 M Q » 1 GeV.
This situation contrasts with the situation for the production of low mass quark flavors.

We let the incoming hadrons A and B approach each other along the z-direcn'on, so
that in light-cone coordinates their momenta are

= (PA+ . PA". PT) = (P. ™A2 /2P, 0) ,

= (mB2/2P,P,0),
(2.2)

where P=(s/2)1/2 and p±=(p°+p3)/V2. Particle B is scattered into particle C, of
momentum p c ^ ( [me2 +q2 ]/2(l-z)P, [l-z]P, -q). The momentum transfer from the
diffracted hadron is then

= (mB2 /2P - [mc2 +q2 ]/2(l-z)P, zP, q). (2-3)

For a diffractive event, we demand that the invariant momentum transfer t=q2 be
no more than a few hundred MeV2 and that the momentum fraction z lost by the hadron
obey z « l . Under these conditions, t ~ -q 2 . Normally we will integrate over t, so
the important variable is z. It is the momentum fraction carried by what we shall
interpret as a Pomeron in fig. 1. The invariant mass squared of the system (00 ) + X is

= ( P A + < 0 2 (2-4)

M2 is large, but is much less than s.
We have defined the kinematics of the diffraction in terms of the diffracted hadron.

However, in a typical experiment at the SSC, this hadron will not be observed. The
fact that this hadron carried a momentum fraction (1-z) close to 1 will be signaled by
the existence of a large rapidity gap between the incident beam and the other hadrons in
the final state. It is possible to measure z directly using the particles in the system
(QQ)+x.



Because of the errors on measurements of transverse momentum, we do not expect
that the momentum transfer t, which is typically only 0.2 GeV2 in a diffractive process,
is measurable unless the diffracted hadron C is actually detected. Therefore, we will
normally need to integrate over t

3. REGGE THEORY AND DIFFRACTIVE HARD SCATTERING

Consider first the ordinary high-mass diffiactive process A+B —> C+X, where we
have eliminated the requirement of a heavy quark pair. In the region where z is small
and Mx2=zs is large, this cross-section is represented as the discontinuity of the
Reggeon graph shown in fig. 2.
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Figure 2. Oidinary single diffractive scattering.

The zigzag line in fig. 2 represents the exchange of a Pomeron. In QCD, the Pomeron
presumably arises from high energy limit of the exchange of complicated gluon ladders,
as suggested in the right hand side of the figure. The Reggeon graph gives

dodiff/dtdz = |pBP(t)|2

where [7]

ato£(AP) =

(3.1)

(3.2)

Now let us consider th • case that heavy quarks are produced. In the usual case,
without the diffractive trigger, the cross-section is

dchard[a+b (3.3)

Here a and b label the partons, typically gluons, that take part in the hard scattering.
The hard scattering cross section dCTh,rd[a+b —» (QQ )+X] is to be computed
perturbatively in powers of <xs(n), \L~MQ , with the lowest order graphs consisting of
the usual gluon-fusion graphs.



In order to obtain a leading twist contribution to the diffractive cross-section to
make heavy quarks, we demand that the parton b that enters the hard scattering be
found as a constituent of the Pomeron that was exchanged from the diffractively
scattered hadron B, as illustrated in fig. 3.

Figure 3. Reggeon graph for diffractive heavy quark production.

The cross-section corresponding to tig. 3 is obtained by substituting do^'tA+P —»
(00 )+X] from the hard scattering equation (3.3) for c t o t(AP) in the diffraction
formula (3.1):

dC5diff[A+B-^C+(QQ)+X]/dtdz = (l/167c) |pBp(0!2 zl-2a(t) (3.4)

x X Jdx a fa/A(xa;H) I d(xb/z) fb/P(xb/z, t; |i) d<Thard[a+b -> (QQ )+X].

a,b

The hard scattering cross-section dch a r d is the same as in eq. (3.3). The function
fbyp(xb/z, t; |i) is the distribution of partons in a Pomeron, defined in the usual manner
of a parton distribution; xb/z is the ratio of the minus momentum, xj,P, carried by the
parton to the minus momentum, zP, carried by the Pomeron. The distribution
fb/p(xb/z, t; ji) obeys the same Altarelli-Parisi equation in u. as the usual parton
distributions.

The formula (3.4) represents the class of graphs shown in fig. 3. There are,
however, graphs with extra Pomerons. An example is shown in fig. 4. Such non-
factoring contributions need not cancel, as they do in the case of totally inclusive hard
scattering cross sections, because we are imposing a restriction on the allowed final
states. Thus we cannot expect the diffractive cross-section to satisfy eq. (3.3) exactly,
but only at the level at which multiple Pomeron exchange is ignored.
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Figure 4. Graph with an extra Pomeron

In the calculations that follow, I shall use the following values for the various
Regge parameters. The Pomeron-proton coupling is [8]

= 6 mb1/2 expf (5 GeV-2) t / 2 ] . (3.5)

The triple-Pomeron coupling has been estimated by [9] to have the value, nearly
independent of t,

0.36 mb1/2

For 'lie Pomeron trajectory, we take

(3.6)

(3.7)

neglecting the t dependence.

4. DISTRIBUTION OF PARTONS IN THE POMERON

Although the distribution of partons in a Pomeron, f(,/p(x/z, t, \i), is a non-
perturbative quantity, we can find some information on its functional form. First,
momentum conservation forces fjj/p(x/z) to be zero if x/z >1. Also, we expect the
Pomercn to be a mostly gluonic state, with a few sea quarks. Other features are
discussed below.

a. Momentum sum rule

The normalization we have used for the Pomeron in eq. (3.4) is the same as in
eqs. (3.1) and (3.2), where it has the standard particle normalization. Thus it would
appear that the distribution of partons in a Pomeron satisfies the momentum sum-rule



(4.1)

or J d£ t, fg/p(^, t; p.) =1, if gluons dominate. We will assume here (along with
previous work [4,5]) that the sum rule (4.11 holds. However, we note that no
derivation has been given, and that the required Q-.rivation may be a rather subtle matter.

b. Small x/z

Regge theory may used to predict the small-x behavior of parton distributions. If
the x -» 0 behavior of a distribution function ft>/H(x) *s dominated by a simple
Pomeron pole, P, then the distribution has the following form for small x:

fb/H(x; JO ~ gb/P(H) x-«(°) p P H ( 0 ) , (4.2)

where a(0) is the intercept of the Pomeron trajectory. The measured behavior of
f|j/jj(x) at small x allows one to determine the parton- Pomeron coupling constant
Sb/p(M-)- F° r m e gluon (or sea quark) distribution, one might expect the leading
trajectory to be the Pomeron. That is, the gluon distribution function behaves like 1/x at
small x. This behavior is indicated diagramatically in fig. 5.
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Figure 5. Small x behavior of gluon distribution function.

Regge factorization now gives us the small-x behavior of the gluon distribution in
the Pomeron in terms of the measured parton-Pomeron coupling:

(x/z)-«GppP(t) . (4.3)

The derivation of eq. (1.3) assumes that the trajectory that dominates the small-x
behavior of the gluon distribution function is the same as the trajectory that dominates
the total cross-section for hadron-hadron scattering. This trajectory should be the well-
known Pomeron. However, it is not at all clear that this assumption is correct now that
we are working with a hard scattering. A problem arises because a simple x - 1 behavior
of the parton distribution functions in not consistent with the Altarelli-Parisi evolution
equation and positivity of the parton distributions. In ref. [10], one of us has suggested
that the assumption of simple x"1 behavior is wrong and that the x -> 0 behavior of
parton distribution functions is dominated by a trajectory with intercept a substantially



greater than one; this trajectory we may label the "bure Pomeron." See the talk of
Collins for further discussion of this issue. For our present purposes, we will ignore
this problem.

c. x/z near 1

Let us now turn to the x/z -» 1 limit of the distribution of gluons in the Pomeron
fg/p(x/z, t; (i). The behavior of parton distributions as fractional momenta approach
unity is normally estimated by counting rules [11]. In the cast of the Pomeron, one
can consider the Pomeron to be like a two gluon bound state. One can then make a
simple power counting estimate of fg/p(x/z), based on the graph shown in fig. 6,
using lightlike axial gauge, A+=0, and taking the incoming gluons to carry transverse
polarization, negligible transverse and -momenta, and finite fractions of the Pomeron's
+momentum.

y
Figure 6. Estimate of x/z —> 1 behavior of the

distribution of gluons in a Pomeron.

The result of this power counting is

- (l-x/z)l/(kTmin)2 , (4.4)

where Jor^, =1 GeV is an infrared cutoff imposed by hand on the integration over the
transverse momentum of the observed gluon. The infrared cutoff presumably comes
from higher order graphs.

The power counting result (4.4) is subject to two subtleties. First, an infrared
cutoff is necessary, so that the (l-x/z)* behavior should not be considered to be a
reliable result of perturbative QCD. The second subtlety arises because the diagram in
fig. 6 is planar , and the sum over cuts of planar diagrams vanishes in the limit that
gives Reggeization of the Pomerons. To couple two Pomerons, perhaps one must use
only non-planar diagrams, which have one more spectator parton. On the other hand, it
is not clear to us that the suppression of planar diagrams is strong enough to matter in
the present application.

• I will use (1—x/z)l for the ~/z -* 1 behavior of the distribution of gluons in a
Pomeron in this talk. We are not, however, convinced of the reliability of this result
Clearly, both theoretical and experimental investigation is needed.



d. Parameterization of the gluon distribution

Let us paramaterize the gluon distribution in the Pomeron, using the information
developed above. We write fg/p© in the form

{ + B } [ 1 - U 1 . (4.5)

where the 1/^ behavior arises from Pomeron dominance at small £ and the power of
[l-£l is estimated from the power counting argument Then the coefficient A of the l/£
behavior is determined from the triple Regge coupling and other factors as discussed
above, and the coefficient B is determined by the momentum sum rule.

The coefficient A is given by eq (4.3) as

A(t; H)=gb/p0i) GPPj,(t) . (4.6)

For the triple-pomeron coupling Gppp(t), we use eq. (3.6), Gppp(t) = 0.36 mb~1/2.
The Regge ansatz (4.2) allows us to estimate the parton-Pomeron coupling gb/p()J.).
We shall consider the most important case, in which the parton b of interest is the
gluon. Then (4.2) gives

> gb/P(n) a sx ->0 . " (4.7)

We use the standard form, roughly equivalent ?o the newest form given in [12], for the
gluon distribution in a proton at low \i:

- 3 ( l - x ) S / x . (4.8)

This satisfies the momentum sum rule Jdx fj,/p(x) = 0.5 since about half of the
momentum of a proton is carried by gluons. We also use Ppp(O) •= 6 mb1 / 2 from eq.
(3.5). Then eq. (4.7) gives

- l / 2 . (4.9)

Finally, insertion of these results into eq. (4.6) gives

A = 0.18. (4.10)

We can now impose the momentum sum rule (4.1), assuming that all of the
momentum of the Pomeron is carried by gluons in older to compute the coefficient B in
eq. (4.5):

B = 5.5 . (4.11)



Thus the gluon distribution in the Pomeron is estimated as

, t; n) = { — — + 5.5 } [ 1-S I 1 • (4-12)

5. PHENOMENOLOGICAL RESULTS

In this section, I use the formulas presented above to estimate the ratio of the toted
hard scattering cross section for producing heavy quarks to the diffractive cross section
for producing heavy quarks.

The hard-diffractive cross section do^fA+B -* C+(QQ )+X]/dtdz, eq. (3.4), is
formed by replacing fg/B(xb; H-) in eq. (3.3) for datot[A+B -» (QQ )+X] by the
quantity

Fgflj(xb, t, z; \i) =(1116%) |PBP(t)|2 z-2«(t) fg^(xb/z, t; V-) . (5.1)

Thus the ratio

r(xb, z) dz = Jdt Fg/B(xb, t, z; [i) dz / fg/B(xb; n) (5.2)

gives an estimate of the fraction of hard events that are diffractive with z lying in the
interval dz. (This is only an estimate, because the cross sections of interest are
expressed as integrals, and we are taking a ratio of the integrands. Also, we consider
only the gluon contributions to the cross sections.)

Using our previous results, eqs. (3.5) and (3.7), integrating over t, and
substituting fg^(xb)« 3 (l-xb)5/x from eq (4.8) and fg/ii(xb/z) ={0.18 z/xb+ 5.5 }
[1—xb/z] from eq. (4.12), one obtains

r(xb, z) dz = (xb/z2) (l-xb)-5 { 0.022 (z/xb) + 0.67} [l-xb/z] dz. (5.3)

A sensible measure of the fraction of diffractive events is the integral of r(xb,z)
over z up to some value ^ ^ . Let us recall that z, the fractional momentum transfer
from the diffracted hadron, must be small in order for an event to be distinctively
"diffractive." The results of Cool et al.[9] on ordinary single diffractive scattering
indicate that Reggeon exchanges other than Pomeron exchange become important for
zxO.l. Thus one might choose Zjuax^ 0.1. The kinematics forces xb, the momentum
fraction carried by the gluon in the Pomeron emitted by hadron B, to be smaller than z.
(If the lowest order hard scattering graph is used, x-0 is determined by the -component
of the momentum carried by the heavy quark pair: xb=[M2QQ / s ] I / 2 exp(-yQQ ) .)
Thus the lower endpoit of the z integration is z=xb. Thus we define
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R(xb,znBK)=Jdar(xb,z) . (5.4)
*b

Perfonnijig the z-integral on the result in eq. (5.3) gives

R(xb> ZmaxMO-02 [lntz^/x,,) -l+Xb/Zm^ ]

+0.3 [1 - xb/zmax]2 } (l-xb)-5 . (5.5)

Thus, for instance, in the kinematic region X(,«zmax (but ln(zmax/X(,)«15), one can
expect about 30% of all hard scattering events to be diffractive.

It is of interest to compare this ratio R of hard-diffractive scattering to hard
scattering to the ratio, R ^ , of ordinary diffractive scattering to total scattering. Using
eqs. (3.1), (3.2), (3.5), (3.6), (3.7), amd o-tot=!Ppip(0)|2, one finds that Rsoft=
0.02 Infrmax/Zmin). Taking zmax=0.1 and zmin=l GeV2 / 540 GeV2 =3x10-6, we
obtain Rsoft=0.2 . Thus R is not much larger than R ^ . This result can be rearranged
to say that the ratio of hard events found with a diffractive trigger to all events found
with a diffractiye trigger is not much larger than the ratio of hard events to all events
with no diffractive trigger.

It should be noted that we have discussed events in which the diffracted hadron C
remains the same species of particle as hadron A, for example, a proton. However
there is another interesting class of events in which C is a low mass excited version of
A. In a typical collider experiment, the low mass system C will be lost down the beam
pipe, so that these two cases will be indistinguishable. The observed cross section will
be correspondingly larger than the cross section discussed here.

6. CONCLUSIONS

I have argued that diffractive hard scattering cross section is a part of the ordinary
inclusive hard scattering cross section, eq. (3.3). Using a mixture of Regge
phenomenology and perturbative QCD, one finds that a fairly large fraction of all hard
scattering events should be diffractive.

There is substantial numerical uncertainty in the predictions, mainly due to the fact
that the distribution function for finding a gluon in a Pomeron is largely unknown.
There is, however, an important experimentally testable prediction of the physical
picture: similar fractions of gluon induced hard scattering events should be diffractive in
each type of hard scattering observed. If, say, 30% of jet events with Ei«=90 GeV are
observed to be diffractive at the SSC, then about 30% of events in which top quarks
with 2Mt=80 GeV arc produced should be dif&active.

I have noted a number of open questions and uncertainties in the theory. The
uncertainties are a sign that more theoretical work is needed. The nature of tl,e



questions suggests also the exciting possibility that experimental investigation will lead
to a better understanding of the nature of the Pomeron.

This research has two implications for the experimental program at the SSC. The
first implication is that there is physics to be learned from events that combine a hard
scattering with diffraction. The second implication concerns the possibility of imposing
a diffractive trigger in the event selection for an SSC experiment that is looking for the
production of some new heavy particle. A substantial fraction of background events
will" be cut by such a trigger, both for the "minimum bias" soft background and for die
often troublesome background from hard scatterings such as gluon+gluon —» gluon
jets. One might hope that the fraction of new particle events cut by the trigger would be
smaller. However, the fraction of background rejected is expected to be similar to the
fraction of signal events rejected.
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