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Diffraction and the gluon mass
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We recently proposed a QCD Pomeron described by the exchange of two nonperturbative gluons
characterized by a dynamically generated gluon mass. It is shown here that data on elastic scattering,
exclusive p production in deep inelastic scattering, and the J/g-nucleon total cross section can be
successfully described in terms of a single gluon mass m~ 0.37 GeV. We observe that the total
cross sections of hadrons with small radii, such as J/g, have a marked dependence on the efFective
gluon mass.

PACS number(s): 12.38.Lg, 12.38.+k, 12.40.Gg, 13.85.Dz

I. INTRODUCTION

Diffractive phenomena are described by the exchange
of the Pomeron. In the framework of QCD the Pomeron
is understood as the exchange of two (or more) gluons [1].
Because the exchange of two perturbative gluons cannot
reproduce the experimental results, the Pomeron is con-
structed using two nonperturbative gluons whose prop-
erties are dictated by the expected structure of the QCD
vacuum. This was discussed by Landshoff and Nacht-
mann [2] (LN). The nonperturbative gluons should not
propagate over long distances; i.e., there is a finite corre-
lation length for the gluon field in the vacuum which can
be understood in terms of gluon condensates [2]. It is in-
teresting to note that in his original paper Low [1] made
use of a gluon mass to simulate the confinement property
of QCD. It is clear, however, that a bare mass cannot
be introduced in QCD. The correlation length quoted in
Refs. [1,2] should be determined from first principles.

Recently we proposed a QCD Pomeron model of this
type using a solution of the Schwinger-Dyson equation
for the gluon propagators which contains a dynamically
generated gluon mass [3]. We showed that such a model
describes elastic proton-proton scattering [4]. This so-
lution, unlike other nonperturbative propagators [5], is
obtained in a gauge invariant way [3] and satisfies one
of the basic constraints on the nonperturbative Pomeron
model [2], namely that it should be finite at k2 = 0.
A relation between the Pomeron and an effective gluon
mass was obtained in Ref. [4] which is consistent with
analytical [3) and lattice [6] calculations.

The phenomenology of this model is very rich. In this
paper we show how it successfully accommodates the
data on p meson production in deep inelastic scattering
and the J/@-nucleon total cross section in terms of the
same gluon mass derived from elastic scattering. It has

II. LN MODEL AND THE QUARK-POMERON
COUPLING

In the LN model Pomeron exchange between quarks
has a structure similar to a photon exchange diagram
with the amplitude

ipe (uy„u) (uy" u),

where Pe is the strength of the Pomeron coupling to
quar ks:

P2= dk D(k)
36m2 (2)

where g /4' is the strength of the nonperturbative cou-
pling. Its experimental value is Pe ——4 GeV 2 [4]. No-
tice that for an infrared-finite propagator the integral in
Eq. (2) converges. This convergence is required in or-
der to reproduce the additive quark rule for total cross
sections and to understand the different coupling of the
Pomeron to heavy quarks, as discussed in detail by Land-
shoff and Nachtmann [2]. In the following we will use a
massive gluonic propagator to compute Pa.

The possibility that the gluon has a dynamically gen-

been realized for some time that exclusive p meson pro-
duction in deep inelastic scattering is an interesting lab-
oratory for studying the nonperturbative Pomeron (i.e. ,
the gluon mass) [7, 8]. Our results will illustrate that also
the J/@-nucleon total cross section [9] exhibits an espe-
cially strong dependence on the dynamical gluon mass.
The existence of a massive gluon propagator has deep
phenomenological implications [10], and we here obtain
an independent determination of the gluon mass within
the context of a fully consistent description of diffractive
scattering.
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crated mass has been advocated by Cornwall in a series of
papers [3, ll]. He has constructed a gauge invariant trun-
cation of the gluonic Schwinger-Dyson equation whose
solution, through expansion or numerical techniques, is
shown to be massive. More importantly, the numerical
solution is well fitted by a trial function which exhibits
the correct renormalization group behavior for the gluon
propagator. In the Feynman gauge this solution is given
by D„=—ig„D(k ), where, in Euclidean space, [3]

i0

D —1(k2) k2 + 2(k2) bg2 l
+ ( )

A2 (3)
cu 0

with the momentum-dependent dynamical mass given by
[12]

m'(k') = m,'
k+4,

1n
(4)

0.)
0 ).0

In the above equations mg is the gluon mass, and 6 =
(33 —2ny)/48vr is the leading order coeKcient of the
P function of the renormalization group equatioii, where
nf is the number of flavors taken as 3. We are includ-
ing the eKect of fermion loops in b. The coupling g is
frozen and therefore g D(k ) is formally independent of
g. Consistency with the numerical solution requires that
g be in the range 1.5—2. The solution is valid only for
m~ ) A/2 [3]. By relating the gluon mass to the gluon
condensate, Cornwall estimated that mg = 0.5+0.2 GeV
for A@~D ——0.3 GeV. This constraint combined with the
value of the Pomeron coupling to quarks, see Eq. (2), fixes
the nonperturbative propagator [2, 7]. Figure 1 shows the
determination of Po as a function of the gluon mass using
Eq. (3) for three different values of A. For A = 300 MeV
and m~ = 380 MeV we obtain Po 2 GeV i. This value
of the gluon mass is consistent with mg 370 MeV ob-
tained from fits to the pp total cross section. We find that
a gluon mass m~ = (1.2—2)Acl~D is in agreement with ex-
periment. For easy comparison with previous works [4, 3]

I

m& (GeV)

FIG. 1. Pomeron coupling to quarks (Po) as a function of
the gluon mass m~ for diferent values of A: A = 300 MeV
(solid curve), A = 200 MeV (dashed curve), and A = 150 MeV
(dotted curve).

we choose A = 0.3 GeV, and will show that a variety of
experimental data require a gluon mass mg —0 37 GeV.

III. EXCLUSIVE p PRODUCTION IN DEEP
INELASTIC SCATTERING

The Pomeron-quark coupling decreases when either or
both of the quark legs in the Pomeron-quark-quark ver-
tex move far off shell [7]. This off-shell coupling can be
measured in the exclusive deep inelastic scattering (DIS)
process p'p-+pp [7]. The amplitude for this process is
given by [8]

—Z mp
37r

n2(Q2) —4k'+ t 2 2

Q. ,)(,k. Q.n

where n, (Q ) is the strong running coupling constant
and n = g2/4m. Also, q, P, and P' are the four-
momenta of the photon and incoming and outgoing pro-
tons, Q2 = —q2, t = (P —P'), and m~ is the p me-
son mass. P, will describe the transverse or longitudi. nal
vector meson polarizations, with PT ——2m and PI, ——

zzu2 (t+ m + Qz)/2m~/Qz, where io = (P + q)
In Ref. [8] the nonperturbative propagator is given by
the ansatz

where po is a mass scale. This function is required to
match the perturbative 1/k propagator at a given Qo.
This determines Qo and n~. In contrast the @CD moti-
vated propagator of Eq. (4) is valid for the entire range of
momentum with g = 1.5. As the coupling g is 6.ozen at

k'+m',
small k, we will assume g (k ) g /(1+ bg ln» '),
i.e. , for k ~ 0, g (k ) approaches the frozen value of
g, and we recover the perturbative coupling at high mo-
mentum.

The differential cross section is given by [8]
3P, (n„D(k ) = exp

I

——
2v'2~Vo 4 Voi

(6) ~A[2i Z [3'(t)] (7)
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where a ~ is the electromagnetic coupling constant, 4
gives the strength of the qqp vertex, Eq(t) is the proton
elastic form factor,

4m~ —2.79' 1
F~(t) =

4m2 —t (1 —t/0. 71)' ' (8

where m„ is the proton mass and Z is equal to

2)
(9)

k~o)
where too~ 1/n' and n' = (2 GeV) . Equation (9)
introduces the Pomeron exchange dependence on energy.
We must stress that the two-gluon exchange gives only
the constant part of the cross section; i.e., it reproduces a
Pomeron trajectory 1+Ot. The existence of higher-order
corrections in the form of a ladderlike gluon structure in
the t channel will give the Regge trajectory 1+0.08+m't.
Because at t = 0 the energy dependence is very small we
can compare the value of Po calculated in the previous
section directly to the experimental one.

The total cross section for p*p —+ pp which is the sum
of the transverse and longitudinal parts o.

q q ~
——o 7 + eoL,

is shown in Fig. 2 for A = 0.3 GeV, (to) = 12 GeV and
e = 0.85. We conclude that mg ——0.37 GeV describes the
data. Notice that there is a strong variation of the cross
section with the gluon mass and that, once A is fixed,
this is a truly one-parameter G.t. For very low values
of Q nonperturbative effects of the quarks involved in
the process are important and the disagreement with the
data is expected [7, 8].

IV. J/Q-NUCLEON SCATTERING
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FIG. 2. Total cross section for exclusive p production as
a function of the gluon mass mg: ms = 0.3 GeV (dashed
curve), mg = 0.37 GeV (solid curve), and mg = 0.4 GeV
(dotted curve). Data from Ref. [16].

Meson-nucleon scattering within the two-gluon model
has been previously discussed [9, 13]. It provides yet
another test of our model. The cross section of heavy
mesons strongly depends on the gluon mass. We will
show that in our picture of the Pomeron the famil-

I

iar relation between cross section and efFective radii of
hadrons [14] breaks down for heavy particles such as J/@.
This can be tested experimentally.

The amplitude of meson-nucleon scattering is given
by [9, 13]

A = i sn —d kD(k )D((2Q —k) )2 fM(Q ) —f~((Q —k) ) 3 f~(Q ) —f~
~

Q ——Q k+ —k
9 2 4

where s is the square of the center-of-mass energy and fM
and f~ are respectively the meson and nucleon form fac-
tors. The total cross section is related to this amplitude
by

ImA(s, t = 0)0~

and, for simplicity, we will use a form factor in the pole
approximation:

f*(k') =
(1+ ' k2)

We previously remarked that the leading two-gluon ex-
change cannot describe the growth with energy of the
cross section. We compute the coeKcient of the term

s ' in the total cross section. For example, a recent
Regge fit for the vr p and K p total cross sections [15]
gives

p ' 13.63s + 36.02s

K p 11.82s + 26.36s

Our model is expected to accommodate the values 13.63
and 11.82 in the above fit. Computing the ratio of cross
sections we expect a factor of approximately 1/3 for the
so osos coeflicients of g~z/o„The to.tal . J/g —p cross
section is 4 mb.

The ratios of cross sections are functions of the prop-
agators and form factors. We used the following mean
squared radii [14]: (r„) = 0.67 fm, (r ) = 0.44 fm,
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V. CONCLUSIONS
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(r~) = 0.35 fm, (r@) = 0.04 fm, and also from a
nonrelativistic quark model calculation (r+) = 0.06 fm .
The ratios crlcz/o „and oy„/o „given by Eqs. (10)
and (11) are shown in Fig. 3 as a function of the gluon
mass. Whereas the ratio crJc„/cr & is practically constant,
cry&/cr z exhibits an appreciable variation with m, g. This
can be easily understood by recalling that, for a pertur-
bative propagator with zero gluon mass and the form
factor given by Eq. (12), the cross section dependence
on hadron radius, e.g. , for the collision of two identical
mesons, is given by [9, 13]

FIG. 3. Ratios of total cross sections: crrc„/cr „(dashed
curve), cry', /o „with (r+) = 0.04 fm (solid curve), and

(r+) = 0.06 fm (dotted curve). The curves were determined
for A = 0.3 Gev.

The LN model describes the Pomeron as the exchange
of two nonperturbative gluons. In our study this non-
perturbative gluon has a propagator given by a 6t to
the numerical solution of a gauge invariant set of the
Schwinger-Dyson gluonic equations of QCD. At low k2

the propagator shows the presence of a dynamically gen-
erated gluon mass, and at high k has the correct QCD
asymptotic behavior. In an earlier work we computed the
elastic cross section for pp scattering, finding agreement
with experiment for mg 0 37 GeV when A = 0.3 GeV.
This value is also consistent with Cornwall s determina-
tion of mg through the gluon condensate. Here we com-
puted the Pomeron coupling to quarks, the exclusive p
production in deep inelastic scattering, the ratio of total
cross section of J/g-p to z-p scattering, and determined
the behavior 3.958 for the Pomeron contribution to
J/g-p scattering. All the results are consistent with a
gluon mass of 0.37 GeV when AggD ——0.3 GeV.

The fact that for hadrons with very small (r2) the de-
pendence on the gluon mass is stronger can possibly be
tested experimentally. In our model there is no longer
a direct relationship between total cross sections and
hadronic radii [14].

The advantage of our scheme is that it is based on
QCD, and once AcfOD is precisely determined, the gluon
mass is the only free parameter. The value of the strong
coupling constant at low energy is Axed for consistency
with the gluon propagator solution. No ad hoc choice of g
is necessary. Finally, all the processes studied up to now
are consistent with a unique value for the gluon mass.

64
oM ~~ (rM)'

27
(14)
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