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Photoproduction of J (P) particles and rising photon-nucleon cross sections
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The existence of vector mesons with masses above 3 GeV suggests study of their contributions to the
Compton sum rule. The Compton sum rule is used to place upper limits on photoproduction cross sections for
such recently discovered and yet to be found J~ = 1 particles. We are led to the result that the total proton
photoabsorption cross section and forward Compton-scattering cross section will rise in the range of energies
(above —50 GeV) available for photon experiments at the Fermilab accelerator. Discussion is given on
the implications of such a rising photon-proton cross section for vector-meson dominance (VMD), the quark
model, generalized VMD, and the new duality, and for scaling breaking.

I. INTRODUCTION

The discovery of the J(g)(3.1) particle' led to
considerable theoretical activity seeking an ex-
planation for its unusual properties and for those
of the heavier g's. ' Particularly, the J (() and
('(3.7) were found to have extremely narrow
widths but their couplings to charged lepton pairs
are comparable to those of the lower-mass well-
known vector mesons. A natural resurgence of
older' SU(4) symmetry work and the associated
charm quantum number resulted; simultaneously,
many new explanations for these particles ap-
peared in the literature. It is premature to at-
tempt a critical review of the various somewhat
loosely structured ideas and specific models
concerned with these unexpected new members
of the particle family. Nevertheless, there are
existing experimental data and some well-estab-
lished theoretical ideas which are of interest and

can be emphasized.
To put things in perspective, a brief review

of those of our earlier considerations' which do
not overlap the work contained in a recent review
paper' seems appropriate. The obvious reaction
to consider for the investigation of the strong-
interaction properties of the J(g), g', and P"
seemed to be photoproduction. ' ' We therefore
first studied phenomenologically the vector-
meson-photon (V-y) coupling constants. Instead
of the perfect SU(4) symmetry relation,
yq ".y~ "y~ '.yJg, ) 2=9:I:2:8, we found that the
experimental data satisfied a modified relation'

2 2 2 2 lm . m m
vp

' v: yy 'yJ(g)
PB p m p PlJ($)

where the electromagnetic current is given through
vector-meson dominance (VMD) by Jg
= —P~m~'(2y„) 'V„, with V=p, &u, q, and J (P).

The particular form of symmetry breaking
indicated by Eq. (1) could not be simply explained
by generalizing earlier considerations' on SU(3)
symmetry-breaking effects in the V-y couplings.

An analogy between the behavior of the J (P)
and the y meson has often been made, ' since
in the quark model for SU(4), the two are charmed
and strange quark-antiquark pairs, respectively.
This prompted us to examine the evidence on
quark-line and quantum-number suppression of
production and decay of the narrow resonances,
particularly the y meson, in order to gain a
quantitative impression of the validity of the
Zweig rule. " We tabulated' the experimental
ratios of various p, cu, and y production cross
sections for n P- Vn, m'p- Vm'p, m'p- V4'+,
etc., as a function of beam momentum. Strong
suppression, by factors ranging from 25 to 300,
are evident for y production compared with p
and cu production. This suppression, in the
quark-model context, is due to interruption of
quark-line flow. The ratios fluctuate considerably,
so extraction of relations with predictive power
is not possible; however, we do note that the
cross section for (d production is typically a
factor of two down compared with p production,
but we will not pursue this here. K -induced
reactions which can proceed without quark-
line-flow interruption show p, ~, and y produc-
tion cross sections to be of the same order of
magnitude.

Drawing an analogy for the exceedingly narrow
J (P), $', and others which may be found, one
concludes that they must possess internal
quantum numbers carried probably by constituents
which are different from those making up the low-
mass conventional mesons and baryons. Produc-
tion of the J ($) and P' is therefore drastically
suppressed in conventional accelerator reactions.
Their appearance in electron-positron annihilation
at energies very close to the observed increase
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FIG. 1. Comparison of forward Jg) photoproduction
data (see Ref. 14) with naive Pomeron-dominance ex-
pectations. The dashed lines represent exp(4 tm~)
extrapolated back from the Fermilab limits with no add-
itional threshold dependence added. If exp(2.9 t,-„)
(see Ref. 14) is used, the curves will be higher for
lower values of E.

in the ratio R((e'e -hadrons)/(e'e —p'p, ))
strongly suggests the opening of a threshold for
particles with new quantum numbers. Our con-
cern in this paper will be mainly with how these
new particles are coupled with the photon.

From this general suppression of y-production
cross sections it has been deduced that y photo-
production (plus VMD) provides direct information
on Pomeron exchange. " In fact, analyses of
various data yield considerable similarity between
the Pomeron amplitude deduced from K'P elastic
scattering with that extracted from various (in-
cluding y) photoproduction reactions (assuming
VMD). " In turn, the Pomeron contribution to
K'P scattering has been shown consistent with
that which remains in pion-nucleon scattering
when resonances are removed. " A crude test
can be made (up to ln's factors perhaps) for
Pomeron dominance in y photoproduction by
assuming that the amplitude is a single exponen-
tial in t with der/dt ~, , =— constant from essen-
tially threshold, so that the energy behavior
of the cross section near threshold is determined
by the t;, effect. The general features, includ-
ing the rise of the cross section from threshold
of the yP-yp reaction, are in reasonable agree-
ment with this naive picture.

This prescription does not translate all that
successfully to photoproduction of the J (g). This
naive view of Pomeron dominance leads one to
expect that the measured values'4 of do/dt ~, =,
for yP- J(g)P might well follow the threshold
energy behavior predicted by exp (bt;„). Figure 1
shows this not to be the case, except perhaps for

the grossest features. The preferred band ex-
trapolates down from the Fermilab datum point"
at 100 GeV photon energy to lie consistently above
the new data of Ref. 14. We note in passing that
the values given in Ref. 14 for differential cross
sections at t=0 and t'=0 do exhibit the systematic
regularity, as a function of s in the threshold
region,

@x dv = constant = 3.9+ 0.5 nb/GeV' .
dt t=o dt t =o

This is a compact way of detailing the shortcom-
ings of the naive Pomeron-exchange description
which is illustrated differently by Fig. 1. %e
shall pursue, in view of this failure, a more
general approach to J (g) and heavier vector-
particle photoproduction.

In the next section we discuss the photoproduc-
tion of vector-meson states and their relation
with the total photoabsorption cross section. Our
main observation from which several interesting
consequences follow may be stated: If at any
energy the nucleon photoabsorption cross section
is known along with the photoproduction cross
sections of the well-known vector mesons p, ~,
q, and p', then the Compton sum rule can be
used to provide an upper bound at that energy on
the photoproduction cross sections for all other
J =1 hadronic states including the J (P),
etc., and the possible continuum contributions
which may couple to the photon. Specifically,
we find that a straightforward extrapolation of
the SLAC photoabsorption measurements to
higher energies as given by the experimenters
results in saturation of the Compton sum rule in
the Fermilab energy range by the p, e, y, and
p' mesons. The final section has conclusions
and discussion of our prediction: The forward
proton Compton and total photoabsorption cross
sections will exhibit a leveling off and rise in
Fermilab experiments. Also discussed are the
implications for the generalized vector-meson
dominance treatment of deep-inelastic electro-
production and its scaling behavior due to this
rising photoproduction cross section.

II. PHOTOPRODUCTION OF J (P) AND THE COMPTON

SUM RULE

Conventional hadron reactions with single J (P)
production or J (g) pair production are expected
to be strongly suppressed. Photoproduction at
present appears to be the best alternative to
e'-e colliding-beam experiments for observation
of these particles in usual accelerator reactions.
Should the reaction be diffractive as expected,
s-channel helicity conservation and exponential
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t falloff will be found. Indeed, measurements
have recently been performed and hadronlike
cross se"tions for total J (P)-proton scattering
have been deduced. " " In this section we shall
use the Compton sum rule to examine if saturation
occurs and turn the sum rule around to set upper
limits on the J (g) photoproduction or that of a,ny
other 1 hadron states which may couple to the
photon (in addition to p, &u, 9r, and p'). The in-
put needed to achieve this objective are standard
VMD and quark-model results which we sum-
marize briefly in the following.

(i) For vector-meson (V) photoproduction"

(yv'/4v) '(I +) rv) rc(rVP),

(2)

where the superscript 0 is used to denote quan-
tities evaluated at t=0, which is nearly physical
(6=0') for very high energies. The ratio of real
to imaginary parts at t=0 for VP scattering is
denoted by g~, a is the fine-structure constant,
and the subscript T denotes total cross section.

(ii) The Compton sum rule relating the total
photon-proton scattering to vector-meson photo-
production is

(3)

We further define

where D and I' are pseudoscalar charmed mesons
predicted by SU(4) symmetry resulting from the
addition of a fourth charmed quark to the usual
three-quark scheme. ' These relations involve
only the assumption of additive quark counting
and spin independence. The additional require-
ments often used, such as the Pomeranchuk
theorem for the I =1 amplitude or the isospin
independence of nonstrange noncharmed quark-
quark scattering, are not needed. Since or(J(g)P)
is bigger than zero, "Eq. (7) leads to bounds on
the sums rjr(DN) +cfr(DN) and cr(FN) +err(FN) With.
o'r (J((I()P)= 1 mb, "we have, invoking the approx-
imate validity of the Pomeranchuk theorem at
Fermilab energies, or(D'N)= Dr(D N)= 12-13 mb
and Dr(F'N)= 6-7 mb. If SU(4) turns out to be
approximately valid, these numbers can serve
as tests of the additive quark model in this
scheme.

The general situation with regard to determina-
tions of the couplings y„'/4rr is summarized
nicely by Wolf. " The Orsay-storage-rings mea-
surements of yv'/4rr (V= p, crr, y) turn out to agree
very adequately with results obtainable from
experimental values of dc'(yp- VP)/dt plus the
quark model. However, the same basic calcula-
tion with the further assumption that p, u, y
production dominates the intermediate states (in
fact, the p' contribution itself is -65/p of the
sum rule) between the incident and outgoing
forward photon leads to much smaller, unac-
ceptable values. Thus, other vector mesons
including the 4 (g), g', etc., and perhaps J = 1
continuum contributions must enter into the sum
rule. With the Orsay z„'/4rr values" and the
total yp cross section'

crr(yP) = (98.7+ 3.6)+(65.0+ 10.1)E~ '~', (9)

and

v„, -=g —
(4 )

'v, (rp( (4)

(5)

then for E&= 9.3 GeV, crr(yp) =120 p, b; cr,„, defined
in Eq. (4) is

cr,„, =[ (74.8+ 6.3)~+(9.1+1.0)

+ (6.0+0.3)~+(11.7+ 2.7)rrr ] p b
(iii) The additive-quark-model relations for

SU(4) are

cJr(pP) = cfr(~P) = —,'l~r(rr'P) +err(~ f )],

orbs)=~r(K'P)+or(K n) -o (~'pr)

= rxr(K'n) +rxr(K P) —crr(rr P),

vr(J(g)P) =or(D'P) +or(D n) —r ( crP)rr

=cJ&(D'n) +err(D P) —or(7r P)

= gr(F'p) +err(F p) —gr(yp)

=(rr(F'n)+or(F n) —err(rplr)

(7)

(8)

= 101.6*6.8 p.b,
where q~' has been neglected.

The difference, Eq. (5), at 9.3 GeV is

5=18.4+ 6.8 pb=0. 93+ 0.34 pb' '/GeV. (10a)

If we use the yv'/4rr values given by Martin
et al. ,

"this difference reduces to

5'=14.3 pb =0.72 pb'~'/GeV.

5 or 5' is the unaccounted for cross section at
E& =9.3 GeV for photoproduction of all 1 states
(continuum and resonances) which couple to the
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TABLE I. Parameters describing the total cross section a'r ——a+bp~, b
"+c ln (p„b/50} for

x'p, Z p, and K n. (Oz in mb and p&,b in GeV/&. )

xp'
K'pb

K+n'

K p

22.88 + 0.18

28.12+ 0.08

16.70+ 0.14

16.99+ 0.45

19.98+ 0.07

19.73 + 0.08

2.82 + 1.67

9.14 +0.49

0.133+0.051

0, 135+0.146

10.69 + 1.28

16.47 + 3.69.

0.604+ 0.300

0.559 + 0.034

-0.598+ 0.066

-0.581+ 0.181

0.865+ 0.065

4.67 + 1.20

0.378+ 0.052

0.347 + 0.012

0.398+ 0.038

0.279+ 0.050

These values represent a fit with Fermilab data weighted to emphasize the increasing
cross section over the falling trend represented by Serpukhov measurements.

Fits with the rising cross section in our required energy range could be readily obtained
by lowering the scale energy in the ln term. For example, 0(K+n) is satisfactorily represent-
ed (X probability &20%) by 0(K+n) =17.1 mb+ 0.93 mb ln p&,b or &(K+n) =17.3 mb+ 0.115 mb
In (p, „/2).

photon when p, e, y, and p' are removed. With
tm;, = —0.786 GeV', b =5 GeV ' for the forward
diffractive slope for (I() photoproduction, and
converting the entire amount of 6, Eq. (10a), into
single 1 meson production, we get

o(yp-1 p)= b '(do'/dt)exp(bt;„)
~ 0.095+ 0.070 p.b

and or(1 P) ~25.2a 9.4 mb, where, for definiteness
we used y„'/4s =3.25, the J (P)-y coupling constant
for this "1 "-photon coupling. If O', Eq. (10b), is
used, one gets o(yp- 1 p) ~0.056 itb.

These upper limits are all considerably larger
than the measured values for J (P) or g' photo-
production near (above) 9.3 GeV, or, the & (g)
and P' contribute negligibly to the Compton sum
rule at 9.3 GeV. Does this situation change as
photon energy is increased'P In the SLAC energy
range the measured photoabsorption cross sec-
tion is falling relatively rapidly compared with
the photoproduction data available at similar
energies. Therefore, a more stringent bound
than that at 9.3 GeV will certainly be found at the
highest SLAC energies and particularly beyond
the SLAG range if we use the analytical form,
Eq. (9), given by the experimenters to extrapolate
into the Fermilab energy range where these ex-
periments are yet to be done. The quantity 6 of
Eq. (5) is seen to be decreasing with increasing
energy, implying that the cross section available
for missing 1 states including 1 continuum is
decreasing. To calculate 5 when insufficient
data exist at these high photon energies we do
the following.

(a) Since photoproduction cross sections of
vector mesons do not exist at Fermilab energies,
we use the quark-model relations given in Eqs.

(6) and (7). For this purpose we fitted the exist-
ing m'P, K P, and K n total cross-section data
from laboratory momentum p, near 5 GeV/c to
200 GeV/c with the form"

or=a+bp, "+c ln'(p, /50) .

Although the terms appearing in this expansion
are very familiar, we emphasize that the only
validity we claim for Eq. (11) is the smooth
representation of fluctuating data it generates
for use in Eqs. (6) and (7). The values obtained
for the parameters in Eq. (11) are listed in
Table I.

(b) The photon-proton total cross section is
represented by Eq. (9) which is valid into the
Serpukhov energy range. " For comparison
purposes we also use the slightly different form
published by the same authors"

or(yP) = (94.1+ 3.5)+(79.0+ 10.0)E& '~'. (12)

These parametrizations, Eq. (9) and Eq. (12),
will be extended beyond the range of currently
available Compton data. We feel justified in doing
this as even a crude estimate of the amount of
J' (g) and heavier meson photoproduction is worth
obtaining, and, furthermore, theoretical analyses"
already exist which require the validity of the
forms Eqs. (9) and (12) out to Ez =~. Conflicts
with the sum rule could indicate too where devia-
tions from the forms (9) and (12) will occur.

(c) Information on the p' is becoming available,
and the fact that it is diffraetively produced"
justifies our assumption of constant cross sec-
tion. Therefore we use the photoproduction p'
cross section measured at 9.3 GeV up to Fermilab
energies. The p and ~ contributions dominate
considerably over the p', so that if the p' photo-
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production cross section should turn out to in-
crease at high energies (as those for the p and ~
do by our quark-model calculation), only a small
error will have been made.

These "known" contributions to the Compton
sum rule are illustrated in Fig. 2. The total
y-P cross sections are the solid lines calculated
from Eqs. (9) and (12). These are simply pub-
lished"'" fits to the same data; the uncertainty
on these curves is not indicated, although in the
energy range of the data it is readily calculated
to be about five percent. The deviation at large
energy of the two curves serves to indicate
uncertainty in the large-energy extrapolation.
The dashed lines indicate the contribution to the
right-hand side of the sum rule, Eq. (3), from
the usual vector mesons, p, cu, y, and p',
calculated for Orsay y-V couplings as tabulated
by 9'oU (labeled D) and yv' of Martin et al."
labeled as C. The uncertainties in the curves
are about 5/p, due mainly to errors in y~'/4v.
With curves as drawn (and taken literally), the
difference between a solid line and a dashed line
immediately yields [by VMD, Eq. (3)] upper
limits for

etc., for the unaccounted-for 1" states, by as-
suming a diffractive slope and a 1 -y coupling
constant. More precisely, the difference of a
solid and dashed curve gives the contributions
for all heavier vector mesons and continuum
to the sum rule. The sets of curves cross over
each other at Fermilab energies and possibly
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I"IG. 2. Plots of the total photon-proton cross section
extrapolated from analytical fits to the data below E&
=18 GeV from (A) Ref. 17 and (B) from Ref. 20. Curves
{C) and {D) are the contributions to the Compton sum
rule of the p, u, y, and p' mesons using the (D) Orsay
A&2/4& values from Ref. 17 and {C) the Martin ek al .
values of Ref. 16.

already at the uppermost Serpukhov energies.
However, according to the sum rule, the dashed
curves should always be below the solid curves
representing or(yP). This implies that either
the "theoretical" dashed curve or the extended
experimental solid curve, or both, must change
their trend at Fermilab energies. Some interest-
ing consequences of this observation will be
discussed next.

III. DISCUSSION AND CONCLUSION

A. Rising photon-proton cross sections.

At SLAC and Serpukhov energies, the difference
between o'r(yP) and the contribution of the sum
of the known vector mesons, including p, cu, y,
p', J (g), and P', is large, of the order of 10-15
pb; it decreases rapidly in the Fermilab energy
range, as illustrated in Fig. 2. Independent of
which set of y~'/4w is used, the total photo-
absorption cross section, according to our calcula-
tions, will be saturated, even oversaturated, by
p, ~, y, and p' at Fermilab energies. Taken
literally, this implies that the photoproduction of
high-mass vector mesons will cease and that
the photon will decouple from such states between
-50 and 300 GeV photon energy. The logical solu-
tion removing this discrepancy is that or(yP) de-
parts from its steadily decreasing trend between
2 GeV and Serpukhov energies& levels off, and
begins rising at Fermilab energies. It seems
natural from the photon-hadron analogy that
or(yP) should follow the same pattern as the hadron
total cross sections.

However, if it should turn out that or(yP) fails
to rise in the Fermilab energy range, in addition
to decoupling of high-lying vector states from the
photon, there are other possibilities which might
be responsible for the deviation of the sum rule.
In addition, failure of or(yP) to rise casts serious
doubt upon the validity of VMD and/or the additive
quark model, and upon the notion of nuclear de-
mocracy in the high-energy hadronic world. This
follows since it is generally believed along with
the coexistence of a possible underlying funda-
mental quark structure, that resonances like the
p, co, etc., interacting with protons at very high
energies should not behave drastically differently
than the stable particles, like pions, etc. Rising
total cross section should not be a "local" phe-
nomenon associated only with stable particles.

B. Generalized vector-meson dominance.

The negligible contributions of the 8 (P) and P'
to the right-hand side of the Compton sum rule,
Eq. (3), leaves an unaccounted for cross section
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of -16% of o&(yP) at 9.3 GeV and a smaller amount
at higher energies. This brings up the question
of how the sum rule will be saturated or, dif-
ferently, what are the other hadron constituents
of the photon? Two suggestions can be drawn
from the literature. (a) Generalized VMD sug-
gests or(yP) is saturated by infinitely many inter-
mediate vector mesons, of both isovector and iso-
scalar types. The individual vector mesons with
mass higher than a certain value will have a tiny
contribution to the sum rule in order for the in-
finite series to converge. In this viewpoint, the
small contributions of J (g) and P' can be under-
stood if these particles are already in the "tail"
of the infinite series. The application of the gen-
eralized VMD to electroproduction processes is
referred to as illustrating a new duality principle;
for elucidation one may refer to Sakurai's" lec-
tures. (b) The unaccounted for cross section may
be due to nonresonant continuum contributions,
for example, the 2m continuum in the isovector
part. ' This will not be pursued further except for
noting that such terms are certainly a part, at
least, of 5, Eq. (5).

A test of this new duality in the sense of com-
plete dominance of the hadronic part of the electro-
magnetic current by vector-meson poles can be
made by examining the quantity 5, Eq. (5), as a
function of photon energy. In the approach of Ref.
25 with a photon-mass dispersion relation, "the
contribution of each vector meson is proportional
to its on-shell total nucleon cross section. There-
fore, at high energies, we expect that 6 is a con-
stant, modulo a logarithmic variation, in energy.
This will be true in the case of the additive quark
relations, if, for example, the y-P cross section
rises as

o&(yp) = br(~'p) +o(—~ p)l .

If 0 turns out to vary with energy significantly,
we believe that the formulation or the ideas of the
new duality need to be modified, e.g., by an ener-
gy-dependent background part, as in (b) mentioned
above.

C. Scaling behavior.

The new duality and a rising photoabsorption
cross section have further implications, as in the
scaling behavior of electroproduction data. A
somewhat simplified argument will illustrate the
main points. We begin by writing

I",((g), Q') =2m„W, (Q', W')

1 11-—uQ'o (Q' W')
417 A (d Tr

where W, is one of two inelastic structure functions
for ep collisions and &xT, (W', Q') is the transverse
polarized virtual photon-proton cross section. The
kinematic factors are standard; q (Q' = —q') is the
virtual-photon momentum, W the virtual-photon-
proton total energy, and ~ is the scaling variable.
They are related by

W' =m„'+Q'((u —1) .

An approximate expression" for O'T, gives

m2
&xr(W', q') = » vr ~~(W'),

mph'

+

where m,„'=0.37 GeV' is some effective threshold.
Now, for Q'»m„', &u»1,

1
&,(M, q ) —

2
— 1 ——nor yp[Q (&s&

—I)] .

We see that scaling is obtained if o~ »- const at
large Q'. However, if vrz~(W')~(lnW'), as ex-
pected from the present analysis and the trend in
hadron reactions, a ln'Q' scaling breaking results.
If o»~ continuously increases logarithmically such
as to saturate the Frois sart bound, then a perma-
nent logarithmic violation of scaling is implied. A
detailed examination of this question should be car-
ried out when a more precise formulation of the
new duality is achieved.

The discovery of the vector mesons with masses
above 3 GeV has forced us to think more sharply
about the 1 states that can couple to the photon.
The Compton sum rule provides the means for de-
termining the cross-section limits for these states
and making predictions on the high-energy behavior
of the. photon-proton cross section. We see three
current interesting ideas being interconnected
through this work; rising cross sections for proton
photoabsorption at Fermilab energies, a test of the
"new" duality for generalized VMD, and a possible
permanent violation of scaling implied by these
first two points. This makes us anticipate with
great interest experiments on vector-meson photo-
production and Compton scattering at Fermilab.
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