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We analyze massive p-pair production in hadron-hadron collisions using the parton model,
and obtain expressions for general differential cross sections, do/d Q, in the p-pair momen-
tum. We indicate ways in which the parton distributions in both longitudinal and transverse
momenta may be probed in detail. Finally, we apply our results to the data by using parton
distribution functions with threshold behavior (~ = 1/x-1) implied by the interchange model
for large-angle scattering. Our results are that (1) the calculated cross section is only five
percent of the observed cross section at Brookhaven energies; (2) inclusion of nonpointlike
structure for the partons which enables one to explain the e'-e annihilation data results
in only a marginal improvement in the normalization, but (perhaps accidentally) allows one
to approximately describe the shape of the invariant mass distribution do/dQ .

INTRODUCTION

The ability of the parton model' to "explain" the
apparent scaling of the electroproduction data in
the SI AC-MIT experiments' does not in itself pro-
vide conclusive evidence for such a composite had-
ronic picture. Theories based on vector-meson
dominance' and, indeed, any models with appro-
priate light-cone behavior' are viable alternatives.

The importance of extracting and experimentally
testing predictions of the parton model for other
processes is manifest. Particularly important ex-
amples are electron-positron annihilation, high-
transverse-momentum reactions, ' and massive @,-
pair production. ' ' The existing e -e annihilation
data"*" are not easily interpreted within the par-
ton framework without modifications to the point-
like structure of the partons. " On the other hand,
high-transverse-momentum phenomena seem to
lend considerable support to parton-model ideas. '

Indeed there is a definite consistency between
deep-inelastic and high-p~ processes. The wave
functions' '~ describing the breakup of a hadron

into partons, suggested by the interchange and di-
mensional counting models of high-transverse-
momentum interactions, seem to be in remarkable
agreement with the deep-inelastic data. Of partic-
ular importance is the very different behavior of
parton vs antiparton distribution functions. This
difference leads to substantial alterations in the
expectations of the parton model for the, as yet,
incompletely measured cross section for massive
p, -pair production. A rough treatment of these al-
terations was given in Ref. 14. In this paper we
shall employ the more precise distribution func-
tions of Ref. 13 to analyze the p. -pair production
data in detail.

We shall also prepare a largely kinematical mod-
ification of the traditional analysis which is vital
in making reliable parton-model predictions at
subasymptotic energies. We give a method for
taking account of the phase-space limitations of the
p-pair invariant mass squared up to order v s. At
the energies of the Brookhaven-Columbia experi-
ment" the modifications are substantial.

Finally, we shall discuss the importance of mea-
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suring the longitudinal and transverse momentum
distributions of the p, pair. In particular, a defi-
nite correlation between the transverse and longi-
tudinal momentum distributions is expected as the
edge of phase space is approached.

P,

P+

P

I. KINEMATICS AND CROSS-SECTION FORMULAS FIG. 1. Kinematics for pp —p+p +anything.

We first discuss the necessary corrections to
and amplifications of the asymptotic cross-section
formulas contained in the literature. ' It is conve-
nient and perhaps interesting to use a slightly dif-
ferent technique for deriving the results. Neither
naive parton-model calculations nor the relatively
more complicated Sudakov analysis" need be em-
ployed.

The invariant cross section for production of a
massive p pair (Fig. 1) may be written as

1 4m(y' d4q
[ y(s ~ 2 M 2)]1/2 3q2 (2~)4 P (Pll P» q) t

where we have neglected the lepton masses, and
where p„p„and Q are the two initial hadron mo-
menta and final massive p, -pair total momentum

W"'( p„p„q) =(2~)'2Z, 2Z, d'x e-" '"

(1.2)

According to the parton-model picture originally
proposed by Drell and Yan' the massive photon
a,rises via parton-antiparton annihilation (Fig. 2).
For general interest and in order to be certain of
including nonasymptotic phase-space effects we
will recalculate the annihilation diagram in a spe-
cial frame.

Denote the parton-hadron forward scattering am-
plitude, averaged over hadron spins, by T,(P;, k;)
for a parton of type a. Note that T, is a matrix in
the parton spinor indices. The contribution of Fig.
2 to W~' is

A.W"'(p» p» q) =g '
4 )d k, d k25 (k, +km —q)Tr[T, (p» k', )y "T,(p» k, )y'—],

a

(1 3)

where the parton charge is given by A.,e. The
summation extends over all species, a, of partons
and antipartons. The index a refers to the anti-
particle of a. We perform the integrations of (1.3)
in the special frame:

M'-
P~= P+4, 0.. )P-

P2 P+
p OJ j p4P

x,P+ „,k, ~, x,P-
~x,P ~x,P

As in Ref. 16, we write a dispersion relation for

T (P k)= do
( p —k ) (7) +16'

In the above frame

p, (P;, k;, cr;) = —lmT, (P;, k;)
1

(p--0-) = a-t t

s; —= (p; —k;)'

(1 —x), 1, 1' k, ' ——k, '+O
S

q =[(q +s & +qi ) Qi J&]

where y is the longitudinal momentum fraction of
Q in the center-of-mass system. Though P is of
order (s/2)'I', it should be stressed that this is
not an infinite-momentum frame. The parton in-
tegration volume is, up to order 1/s,

d'k = — ' d'k d(k ')+04 dx; 1

P)

k(g ntk(

Q ~~+ ~ Q

kz~ g kz

FIG. 2. Parton-antipar ton annihilation diagram.
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For x, in the interval (0, 1), one may perform the
k; ' integrations by picking up the pole in s; as
shown in Fig. 3. [For x; outside the interval (0, 1)
the s; and k, ' singularities at o.; —ie and p, —lc

both lie in the lower half of the k; ' plane. Thus
the contour can be closed in the upper half plane
giving a zero result. ] The result can be written as

A.~ dxi dx 2(P, P, Q ~ 16„
g 0 1 2

d k, d'k~ do', do, 5 (k, +k~ —Q) Tr[ p, (P» k„o',)y"p—, (P„k» o2)y'],

where the k; ' are now evaluated at

(1.9)

In standard fashion, one decomposes each p, into its various possible tensor forms,

p, (P;, k;, o;) = V, (k; ', o;)P; + V, (k; ', o;)g; +[terms which leave O(1/s) corrections to W"'],

so that, neglecting the O(1/s) corrections,
2

I 2

x 5~(k) +k, —Q)4(P,"P2+P2P', —g"'P, ~ P2)(V, +x, V, )(V—, +x,V,—).

(1.10)

fn the present frame the above approximation is gauge invariant to order 1/s. The functions V, and V,
are simply related to the distribution functions measured in deep-inelastic scattering

f, x)]=, id', . d'k;, ] V, ]ir;', v;) . x(V', ]I;', v )]

(1.12)

where k denotes the hadron type. The deep-inelastic structure function for the colliding hadron is then
given by

E2(x=1/(u) =Q &, 'xf', (x) .
a

Using (1.12) and (1.11) we obtain

4n. n '

a

which, in the asymptotic limit s- ~, reduces in familiar fashion to

dx, dx, 5(x,x, —Q'/s)x, f ', (x, )x,f '—, (x,).d(x 4rrn2 A., 2

a

d Q, dx, dx, d'k, d'k„do, dc, (2v)'5(k, +k, —Q)f,'(x„k„',o, )f '-, (x„k, ', o,),

(1.13)

(1.14)

Expressing (1.14) in terms of y (the fractional longitudinal momentum of the massive photon relative to
tha, t of the incoming hadron, 1), the variable T= Q'/s and Q„we have as s-~

+y+(y +4Y +4Q~ /s)
x]

2

—y+ (y + 4T+ 4Qi /s)X2=
2

k, ~+k2~ =Q~,

with —(1 —r)& y& (1 —v) and x, and x~ in the interval (0, 1):
dO' 8va'

d&Q d
= I 2 4 4~ 2 i i).i2 3Q2 a d kx ddt)f2a(x» k~, (r|)f a (x2~ Q& k&~ o2) (1.17)
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Finally from (1.14) we can obtain the important subasymptotic corrections to the expression for do'/dQ .
These may be incorporated to order I/Ms by replacing the 5 function of (1.15) by the full expression for
s5((k, +k,)' —Q') and exposing the k,~, k,~, o'„and o, integrations

x k k
s5((k, + k, )' —q') = 5 x,x,(1 —2M'/s)+ (x, +x2) M'/s —, (1.18)

The frame (1.4) thus allows us to ascertain that
the naive result in (1.15) will only apply so long as
1/(1 —x, ) and 1/(1 —x,) are not of order fs . In
fact, we find from (1.18) that the maximum Q' val-
ue occurs for x, = x, = 1 —M/Ms, o, = o, = M' (the
dispersion integral thresholds), and k, ~ =k» ——0

Q',„—= s —4M' s =—(v s —2M)'.

Thus, we see that the threshold region, Q' near
Q',„, probes parton-distribution functions near
their threshold, x-1, in a particularly sensitive
fashion. We shall have more to say about this
later.

s(x) -=+ s (x) + ps' (x)

= 0.2(l —x)'/x,

r p(x) = 1.888(1 —x)'/x 'i',

r~(x) = l.028(l —x)"/x "' .

(2.2)

(2.3)

The valence quark distributions, u~(x) and u~(x),
are extracted from the SLAC-MIT data' by sub-
tracting out the sea and Regge contributions, while
demanding the satisfaction of the standard quan-
tum-number sum rules:

II. PROBING THE DETAILED BEHAVIOR
OF QUARK DISTRIBUTION FUNCTIONS (2.4)

u z(x) =u &(x) + s(x) +r q(x),

u~(x) =u~(x) + s(x) +r~(x),

u q(x) =up(x) = s(x),

u~(x) =u7, (x) = s'(x) .

(2.1)

We have incorporated the usual restrictions of du-
ality. The distributions s(x) and r(x) are associ-
ated with the higher quark number, nonvalence
states within the proton. The results of the theo-
retically motivated wave-function extraction are

The Columbia-Brookhaven collaboration has re-
ported data on JL(, -pair production between 22 and
29.5 GeV/c laboratory momentum, with Q'& 1
(GeV/c)'. " However, there are as yet no data at
sufficiently high energy, for the same 7 range, to
provide an adequate test of the scaling behavior of
d(x/dq '.

What can be done is to compare the parton model
to the shape of the experimental distribution in
do/dQ' over the limited range of available ener-
gies. Such fits have been given in the past. How-
ever, the parton-distribution functions employed
are now known to be too naive. "'' We shall re-
peat this type of analysis employing distribution
functions" based on an examination of deep-in-
elastic scattering data and on theoretical consid-
erations from the parton interchange model for
large-angle scattering.

The distribution functions in the quark model are
written in terms of valence u, Regge x, and sea s,
components

It is found that

u~(x) = 0.7(1 —x)u p(x) . (2.5)

(a)

s. -cut
I

2
k;-plane

I tea at
k =p

I
contour ~n k;

Deformed integration
~ contour

2
k; —plane

2
k;=p

FIG. 3. (a) The A; -plane singularities of 7.' (s;,k; )
when 0&x; &1, and the k& integration contour. (b) The
deformed contour.

For x& 0.35, uq(x) is proportional to (1 —x)' as ex-
pected from the Drell-Yan-West (DYW) relation, "
and as x-0, u6(x) vanishes, as expected theoreti-
cally. '3

The above results may be partially understood
as follows. (See Refs. 13 and 14 for details. ) The
higher threshold damping of the sea and Regge
components, s(x) and r(x), is that expected for a
state of the proton with at least one extra qq pair
in addition to the usual. three valence quarks. Such
a state's contribution to the form factor of the pro-
ton at large momentum transfer is, in simple the-
ories, proportional to I/f " ', where n is the num-
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ber of quarks and antiquarks. The DYW relation
then associates a threshold damping of (1 —x)'" '
with this state. The present case has n =5 (qqqqq).
The 1/x and 1/x'" behaviors near x=0 of s and r
respectively are simply the standard Pomeron and

Regge behaviors. The relation between ut and u&
indicates a certain amount of (P-X quark pairing
within the proton which results in F',"/F,'~- —,

' as
x- 1.

The neutrino data from Gargamelle'9 imply ad-
ditional constraints for the fractional momentum
carried by the various quarks

4.0--

U(p

~

~

(u 6+ud +u&+u&)dx = 0.49 a 0.07,

(2.6)
f(u e+u~+ uy) dx

0 10 0f(M (p+u y+u~+u~+ up +up)dx

l.o

These sum rules are also satisfied by the quark
distributions of Ref. 13. Figure 4 displays the
quark distribution functions.

For asymptotic energies, the p. -pair production
cross section measures a, quadratic sum of quark
distribution functions (see 1.17)

0 0.2 0.4 0.6 0.8 )-0

FIG. 4. The parton-distribution functions of Ref. 13.

a =- PZ, 'f, (x„k,)f .-(x„Q,-k, )
a

= —", s(x, )~ &(x,)o k +( 9[u~(x, )+r~(x, )]+—,'[uq(x, )+rq(x, )]]q s(x, )o

+s(x, )p (-,'[u~(x, )+r~(x,)]+-', [u6(x, )+r~(x,)]]o, -„,, (2.7)

where

y + (y 2+ 4&)l/2

2

For y = 1 —T e(1+ T) -and 7= 1 —e', we obtain a
special case of (2.8)

(2.8')

-y+(y + 4T)X2=
2 )

with
~
y~& 1 —7 . The subscripts denote transverse-

momentum dependence.
A number of limits are of particular interest.

(Reference 14 contains some of these results. )
Consider y= 1 —T —e(1+ T) (i.e., near one of its ki-
nematicai limits). Then x, —= 1 —e. Because of the
strong threshold damping of s(x), the surviving
terms in 4 yield

& —= [-,'u~(l —e)+-,'u~(1 —e)]s(v)

So far we have not commented on the Q~ depen-
dence of the cross section. In general, the trans-
verse-momentum dependence of the parton-distri-
bution wave functions is not theoretically deter-
mined. However, near the threshold region of any
given component of one of the u, (x), specific forms
of k~ dependence can be theoretically motivated.
The argument begins with the interchange theory
wave-function expression for the given component,
call it u'(x), in the region x —1, 0'- (k~'+ o)/(1 —x)- ~ [see (1.9)]. In addition the minimal quark
number state of limited average core mass
squared, o, is expec ted to dominate. One obtains

~ e's(7') .

For y=0 and 7-1, x, =x, —v, with the result

(2 8) k 2 2
C( /P )~ yC

x 1 —x '
J

(2.10)

A = 2[ g'u~(T)+ g'u~(r)]s(r)

(2.9)

where g' is the wave function describing the
breakup of the hadron into parton a and core 0.
For example, the natural variable k2 reduces to a
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correlated combination of k~ and 1-x. The value
of 0 is, of course, uncertain, but probably of the
order of 1 GeV'. The contribution of this compo-
nent of the parton's wave function to the proton's
spin averaged form factor at momentum transfer
t =-q~' may be written as d0' 1

d Qd dgdr Qd
(2.16)

For large enough Q this contribution will no long-
er dominate; instead, standard high-transverse-
momentum processes will take over, which for
this case yield'

Taking

(d *+ir) r'
(2.12)

for large values of k', we find that near x=1,

(1. —x) c
u(x, )t, )

(2.13)
&'(qi') "(q.') "»q. ' .

However, the relatively small difference between
(2.16) and (2.15) plus a very much stronger phase-
space suppression, for y or r near unity, associ-
ated with (2.16) make it likely that the form (2.15)
will be readily observable.

Finally, we note that there are interesting alter-
ations in the above predictions if one of the collid-
ing hadrons is a meson rather than a proton. As
an example consider n' and m beams. All the for-
mulas previously given apply except for modifica-
tions to (2.1) and (2.7). For )) distribution func-
tions we expect

According to the naive wave-function theory re-
cently developed"'" we have the following assign-
ments for p, :

u», (x) = v'(x)+s'(x),

u~(x) = v" (x)+s'(x), (2.17)

s(x)—P, = 4 (5-quark minimal sea state),

r(x) —p, =4 (5-quark minimal sea state),

u„(x)—p, = —,
'

((P -X quark pair member),

u~(x) —P, = 2 (unpaired (P quark) .

(2.14)

r r 7) 71up=u~=u), =up =s

The n distribution functions are given by q-q par-
ton reflection. As in the case of the proton, v' has
a Regge component and a valence component,

Thus, in the specific situations of (2.8), (2.8 ),
and (2.9) one should see correlated Q dependence
arising from the k~ transverse momentum convo-
lution resulting from a qq quark collision

(2.15)

v =u +r (2.18)

The lack of pion deep-inelastic scattering data
prevents a detailed extraction of these distribution
functions. However, threshold behaviors may be
determined on theoretical grounds.

Taking the meson to be hadron 1 traveling in the
positive z direction, the analog of (2.7) is

= '9' s'(x, )), s(x, )Q ), +s'(x, )& l-', [u»(x, )+r»(x, )]+&[uz(x,)+r~(x, )]}Q

+ [u"(x,)+r"(x, )]k [-', s(x,)+-,' [u~(x, )+»~(x, )]JQ (2.19)

The corresponding result for n is obtained by
6'-2 quark reflection.

The simple wave-function theories lead to the
following expectations"' "for v' and s":
s (x)—P'=3

r'(x) —p' = 3

u'(x) —P' = 1

(4-quark qqqq minimal mesonic
"sea" state)

(qq valence state).
(2.20)

For meson-proton collisions, producing a massive

i» pair, the limits y - 1 —7 —e (1+ r) and y - -(1 —r)
+ e(1+ 7) exhibit quite different behavior. The first
limit probes x, =l, where u' terms are empha-
sized, while the second probes x, =1, where u~
terms are prominent. From (2.19) and (2.20) we
have

—,'[& (r)+& ( ) 5r(+)s], ry=(1 —7)@49 9t

+ 7t' (2.21a)

I @, 9 s (r), y = -(1 —7')
d.
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which for 7-1 —&' reduces to - —,'s'(7)u d, (r) + -', u'(~)s(~)

y=(l —r)
~~+ (2.21b) while

~ (1 —7)', (2.24)

f36 5

y=-(1 —r).

We have given the associated Q dependences in
the limit Q&'» M'. The &, e' dependences are val-
id regardless of the Q~ value. In particular, these
dependences hold for b' integrated over d'Q~. The
analogous results for n' would be

, 9[4u~(7)+4r~(7) y 5s(7)], y=(1-w)
J

Q 7t (2.22a)
-Iu ( )+ ( )+ ( )1,, y=-(1 —~)

which for 7-1 —e becomes

(2.22b)

a" --,' u'(7)up(~)

~ (1 —~)' . (2.25)

We have used K-meson quark distribution functions
obtained by SU(3) symmetry from the pion ones.

It is perhaps overly optimistic, in view of the
present state of the data, to hope for measure-
ments capable of distinguishing these various
functional behaviors from one another. However,
eventual observation would provide a striking con-
firmation of the over-a11 consistency of the parton
model. We stress again that even should the model
fail for small Q~ or for the integral over all Q~
(for reasons which may be associated with the dif-
ficulties in explaining e e annihilation experi-
ments), the model might still hold for Q g0 and
should be tested there as well.

Note that in the latter case the ratio of ~" in the
two limits is well determined in the quark model
and would test the fractional quark charge values.

At y=0, 7-1we obtain similarly

1 —7'
--', u" (7)u„(7) ~

(2.23)

Again the 1 —7 dependence and the numerical ratio
of b" /E' are valid independent of Q~ and would
tes t the quark-model wave-func tion extraction of
Ref. 11 in a very clean fashion. We should also
note that for the m-induced collisions discussed
above, the Q~ dependences given will survive even
for very large Q~ since the direct annihilation
processes being considered are the primary con-
tributions in the interchange theory. In contrast,
for proton-proton collisions at very large Q~, one
of the initial protons tends to create a pion by a
bremsstrahlung process; the pion then undergoes
a high-transverse-momentum annihilation process
resulting in a weaker Q~ damping. However, this
bremsstrahlung process is very much suppressed'
near the phase-space boundaries. Thus, the n-
meson analog will almost certainly be small com-
pared to the direct production processes in the re-
gions considered.

The results for a E' or E beam further illus-
trate the experimental possibilities. For example,
consider the y = 0, ~- 1 case. The factor & be-
comes

III. COMPARISON WITH EXPERIMENT

q'„, „. , =(Ws-2M)' . (3.1)

For s =57.2 GeV', this gives Q'„,.„=32.3 (Geg/c)',
and so v;„.„=0.565. Clearly the effect is substan-
tial 21

In Sec. I we developed the techniques needed to
account for the subasymptotic kinematic complica-
tions to order vs. Qualitatively, a.s Q'- Q'„,„. „, the
5-function constraint discussed below Eq. (1.17)
restricts the distribution-function integrals over
d'k&~, do&, and dx& to a smaller and smaller re-
gion of the full phase-space volume. In particular,
v, is forced to remain near its minimum value
cr, -M' and k, ~ is forced near zero. These re-
strictions mean that only a portion of the full dis-
tribution-function integral

f (x) = J d'k, d of (x, 0, ', a) (3.2)

will contribute. The phase-space limitation of the

In this section we shall present quantitative com-
parisons with the massive p, -pair production data
of the Brookhaven-Columbia (BC) collaboration. "
Before any comparison is possible, consideration
must be given to the fact that the energies are not
asymptotic and to the experimental aperture lim-
itations.

The highest energy used by the BC group is at
E~,b =29.5 GeV or s =57.2 GeV'. The range of &

at asymptotic energies is 0& v & 1; however, the
inclusive cross section must include the production
of at least two baryons, so that
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full 4 function was implemented in a computer
program where the specific choice

(3.3)

was used. This particular factorized form for
f (x, k, a') is significant only inasmuch as it is a
convenient and reasonable method for quantifying
the phase-space limitation. One should be cautious
in accepting this as a complete treatment of the
threshold region because other diagrams more
complicated than the one considered might become
important. The powers rs are chosen in accordance
with the theoretical results of Sec. II.

do 4ze' 1—,rWs(r), (3.4)

The constraints dictated by the experimental
apparatus precluded the detection of many events
lea.ding to a lepton pair of s(luared mass Q'. Only
events with longitudinal momentum qf ~ 12 GeV/c
in the lab and with JQd ]/)Q] - —,', were observed.
We follow the procedure of Drell and Yan' for
taking this cut into account by introducing a e
function in the dx, dx, integrations.

Thus, the differential cross section for com-
parison with experiment is

I 1

)X (x)= dx, dx8(x, — """)d'k, d'k, ll((k, +k, )' — ))) xxx, P k'f(„xk)f, (x„,k', '—,),
o o

(3.5)

with

(k, + k, )' = x,x, (s-2M')

here may be modified in some way such that the
fit to do/dm„& is improved. In particular, the
detailed shape of the parton prediction is very
sensitive to the functional form chosen for the sea

1-x~ 1-x, 1-x, 1-x,

(3.5)

A comparison with the data of the Brookhaven-
Columbia experiment for E„b=29.5 GeV (s
=57.2 GeV') is shown in Fig. 5. The lower dashed
curve is the prediction of the model without the
threshold effects due to the kinematic limitation
in Q'. The lower solid curve is the prediction with
threshold effects. Both curves include the Drel. l-
Yan accommodation to the experimental aperture
(q~„„„~12 GeV/c in the lab). Also shown are the
model predictions at energies typical of the ISR
at CERN, s =900 GeV' and s =2500 GeV'. At these
energies, the threshold effect is negligibly small.

The total cross section as a function of energy
is shown in Fig. 6. The dashed curve is the model
prediction without threshold effects and the solid
curve is the prediction with threshold effects. The
cross section lies between five and six times
lower than the experimental measurements. Giv-
ing the (Iuarks "color, " in an SU(3) color group, "
which seems to be required to explain the w - 2y
decay rate, decreases the cross section every-
where by a factor of 3, making the over-all nor-
malization even worse. It is apparent that in-
clusion of the threshold effect greatly increases
the energy dependence of the total cross section
over the range of Brookhaven energies, although
the increase is still not quite as sharp as the ex-
periment indicates.

One may ask if the distribution functions used
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FIG. 5. The comparison with data. The lower dashed
curve indicates the prediction ignoring the kinematical
limitation in m&&. The lower solid curve is the predic-
tion with our accommodation. Also shown are predictions
for typical ISR energies.



distribution s(x). Of course, any modification
must be consistent with positivity of the 6 com-
ponents, the electroproduction data (2.3), the
neutrino data (2.6), the usual quantum-number
sum rules (2.5), and the requirements that s(x)
~ 1/x as x- 0, and that s(x) ~ (1—x)' as x- 1.

We have experimented with functional forms for
the sea of the form

IO

s(x) =a„(1-x)'/x+b„x" (1—x)' (3.7)

for various values of n, a„, 6„. The best fit con-
sistent with the constraints listed above occurs
for v=4, a„=0.15, b„=75. For any given form of
s(x) the remaining distribution-function compon-
ents may be recomputed from the deep-inelastic
data and the sum rules foll.owing the methods of
Ref. 13; for the above choice we obtain

r(p(x) = 2.420(l-x)'/v x,

r~(x) = 1.555 (1-x)'/~~x

O

IO

dx 2x [uq + ug] = 0.052 + 0.024,

dx 3 x [uq+uy+ 4uz, +4u&, ] = 0.14+ 0.10.
(3 3)

and the u curves plotted in Fig. 7. The changes in
ue(x) and uo (x) are for the present purpose rel-
atively insignificant. The most significant change
occurs in s(x), which becomes much larger than
the old sea distribution for x& 0.3. The resultant
curve for do/dm» is shown as the dashed line in
Fig. 8. The trace of a shoulder appears for m»
between 2 and 4 GeV/c'. However, a, lthough the
improvement is substantial, it is not large enough
to reproduce the pronounced shoulder of the data.

It does not appear possible that allowable mod-
ifications to the sea distribution (with consequent
modifications to the other distribution components)
as in (3.7) can generate either the shape or the
normalization of the experimental points. The
constraints on the parton model imposed by the
data from electr oprodu ction, neutr ino scattering,
and large-angle scattering are quite severe, and
leave little room for freedom. In particular, these
data imply that for x& 0.2 the distributions for the
sea partons become very small relative to the
valence partons.

The most recent neutrino data from FNAL lead
to the following additional sum rules" which con-
strain the sea distributions s and s' still further:
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FIG. 6. The total cross section. The dashed curve is
the prediction ignoring the kinematical limitation and the
solid curve is the prediction taking it into account.

Reference 23 included the possibility of "charmed"
quarks and antiquarks, 6" and 6", in the sea. If,
for simplicity, we assume that u&, =u&, =0, then
the sea distributions strongly violate SU(3) sym-
metry,

0.0
0 0.2 0.4 0.6

X

0.8 I.O

FIG. 7. 'The parton-distribution functions generated by
improving the "sea" as much as is allowed by the data
from experiments other than p, -pair production.
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s(x) =-,' s(x),

s'(x) = 4s(x),
(3.9)

1
&;(Q') =;(Q') = (3.11)

and the fit to the data becomes a little worse. The
results are shown in Fig. 8 as the dot-dashed
curve. Of course, if the charmed quarks are in-
cluded in the sum rules, both SU(3) and SU(4) are
broken more gently. However, the results are
essentially unchanged.

Clearly the pronounced shoulder in the do/dm&&
distribution is not predicted. Previously, use of
naive distribution functions indicated the possibil-
ity of a weak falloff for do'/dm» with increasing
m», as characterized by the shoulder. However,
it is clear that the more realistic distribution
functions, for which antiquarks have higher thresh-
old damping than quarks, combined with the thresh-
old effect have eliminated this possibility.

Inclusion of a Pomeron contribution as suggested
by I.andshoff and Polkinghorne" will not alter
this conclusion. For small 7, the Pomeron con-
tribution has the same w behavior as the parton-
antiparton process, while it vanishes still more
rapidly as 7 grows large. We have chosen to ig-
nore it in the present analysis though one should
keep in mind that its presence may, in part, ex-
plain the definite discrepancy between the experi-
mental data and the parton prediction in the small-
y region.

The possibilities that either two-photon pro-
cesses" or radiative corrections" may be sig-
nificant have been ruled out. At Brookhaven en-
ergies such terms can change do'/dm&& by less
than 0.1%.

Inspection of Figs. 5 and 8 shows that the data
begin a dramatic departure from the parton pre-
dictions at Q'=10 (GeV/c)'. The same effect
occurs at E„„=22, 25, and 28.5 GeV, always near
the same point in Q'. It is interesting to note that
in the electron-positron colliding beam experi-
ment, the cross section begins a sharp rise over
the parton colored-quark prediction also at Q'
-10 (GeV/c)' "'"

West has recently suggested that such a rise
may be explained by endowing the parton with a
form factor and an anomalous magnetic moment
in such a way that agreement with the electro-
production data is preserved. " The parton-photon
interaction vertex is modified to

~.e7"- ~.eh'"&;(Q')+i&'"Q. u. &;(9')], (3 1o)

where p, , is the anomalous magnetic moment in
units of twice the parton mass. The form factors
are given by
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FIG. 8. More comparisons with the data. The solid
curve comes from the unmodified distribution functions
used in Fig. 5. The dashed curve is the result using
the "improved" sea distribution. The dot-dashed curve
is the result using both the new sea and the strong SU(3)
breaking implied by the neutrino data. The shaded area
is the result of renormalizing the data by factoring out
the parton form factor and anomalous magnetic moment
as suggested by West (Ref. 12).

West finds agreement with both the electroproduc-
tion and annihilation data for values

A= 8-10 GeV,

p, , = 0.1-0.2 GeV
(3.12)

Substituting the new vertex in the calculation for
the ij, -pair production cross section [Eqs. (1.10)
through (1.14)] yields the change

AO' l(X 2 ~ 1+ (3.13)

This multiplicative factor has a significant rise
with Q' for values of Q'&A'. We have divided the
data by this parton structure factor to show a
curve which might presumably represent the "scal-
ing" portion of the d&x/dm» distribution. The
shaded area in Fig. 8 represents the possible
limits for the choice of parameters in (3.12). It
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is worth noting that although the normalization is
wrong, the shape of the distribution as generated
by the modified sea, distribution (3.7) is not so dif-
ferent from the shape of the "scaling" portion of
the experimental curve. The shoulder is still not
fully reproduced, however.

Finally, we can give reasonably exact results
for the longitudinal momentum distribution of the
IU, pair in proton-proton scattering. Neglecting
terms of order Q, '/s, the cross section is

IO

IO

0

with

a

(2.14)

IO

The cross section is plotted as a function of y for
different values of & in Fig. 9.

We can make a comparison with the BC experi-
ment by integrating over 7 for the experimental
aperture Q' & 1 (GeV/c)'. The kinematical limita-
tion on Q', is unimportant since less than 1/o of
the cross section comes from the region 7 & 0.3.
The results are shown as the solid curve in Fig.
10. We have used the distributions of (2.2) with-
out modifications for the sea. The dot-dashed
curve shows the distribution renormalized by a
constant factor to the experimental curve. Thus
it can be seen that the shape of the parton pre-
diction agrees closely with experiment over four
decades. The dashed curve is the parton predic-
tion using the crude distributions of Drell and
Yan. ' Again, the fit is remarkable, even though
their distributions are identical for all species of
partons and antipartons. Of course, the major
contribution to the cross section in Fig. 10 comes
from the small-w region, where Pomeron 1/x
behavior dominates and the approximations made
by Drell and Yan are not critical. It would be
possible to resolve the details of the parton dis-
tributions by taking cuts in the data for larger
Q' (i.e., v), as discussed in Sec. II.

CONCLUSIONS

It is clear from our analysis that the usual par-
ton-antiparton annihilation process cannot explain
the magnitude of the cross section for p. -pair pro-
duction at Brookhaven energies. If we give the
quarks color and if we believe the results of the
neutrino experiments for the antiquark distribu-
tions, then our predictions fall almost a factor of
20 below the experimental cross section. (The
situation is even getting slightly worse with in-
creasing energy, as shown in Fig. 6.)
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FIG. 9. The longitudinal momentum distribution of the
p pair for various values of 7 as predicted by the model.
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normalized to the total cross section.
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One may speculate that the discrepancy may be
explained by a large diffractive component. '4
But precise quantitative predictions have not yet
been made.

We note here that our fit to the data is signif-
icantly worse than that made by previous authors
using naive versions of the quark-parton model. ' '
The reason is threefold: (1) We have demanded
consistency with the neutrino data; (2) the sea
distributions reflect the severely damped thresh-
old behavior consistent with large-angle scatter-
ing theory; (2) we have taken into account the
kinematic limitations imposed by the subasymp-
totic energy of the BC experiment.

We have seen that the shape of the longitudinal
momentum distribution of the p. pair is (perhaps
accidentally) reproduced by the parton model, at
least for the cut in the data given by the BC ex-
periment.

Furthermore, the approximate shape of the in-
variant mass distribution do/dm~„and, in partic-
ular, the pronounced shoulder beginning at Q'
= 10 (GeV/c)' may be generated by a parton model,
if the partons are given a form factor and an
anomalous magnetic moment. [Even if one does
not believe in such an explanation, the shoulder
may, in fact, be related the unexpected rise above
Q'= 10 (GeV/c)' observed in the electron-positron
annihilation experiments. ] However, since the
parton structure corrections fail to reproduce the
normalization of the Brookhaven data, this must
be regarded as no more than a curiosity.

Nonetheless the parton model may be valid for
a restricted region of phase space, perhaps for
larger transverse momentum, or in the region
near the phase-space boundaries. The observation
of large-Q~ events enhances the likelihood of its
applicability, in view of the successes of high-
transve r se -momentum parton phenomenolo gy even
in hadron physics.

One may speculate further, and wonder whether
the usual quark charge assignments are wrong,

and therefore responsible for the difficulties in
normalization. Perhaps, there is simply a large
nonscaling piece to the cross section which has
not yet disappeared at Brookhaven energies. How-
ever, such a piece would have to be considerably
larger than most parton enthusiasts would be will-
ing to endure.

It is safe to say that the conclusion of our study
is that the usual quark-parton mechanism for p. —

pair production has serious difficulty in explaining
the Brookhaven-Columbia experiment.

In any case, future experiments at higher en-
ergies and with enough resolution to probe all
regions of phase space are eagerly awaited.

1V'o&e added in proof After . the completion of our
work on this paper, we received reports from
Einhorn and Savit" and from Paar and Paschos"
which also studied the difficulties of the parton
model in explaining the Brookhaven data. They
also conclude that the parton predictions fall sig-
nificantly below the data.

We also received a report from Goldman and
Vinciarelli" which considers the possibility that
the shoulder in the p, -pair cross section may be
related to the rise in the e'-e annihilation cross
section. Our approach was to attempt to answer
the question by introducing structure to the par-
tons, while their approach was more general.

Recently, Henyey and Savit" have studied the
diffractive final-state interaction proposed by
Landshoff and Polkinghorne. '" They have shown
that when such a diagram is added to the usual
Drell-Yan mechanism, the cross section dec~eas-
es.
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We reassess interchange-theory predictions for elastic meson-baryon and baryon-baryon
reactions in light of the apparent quark pairing within the proton. The theoretical forms are
compared to existing data.

This paper is intended as a reassessment of
interchange -theory" predictions for elastic
meson-baryon reactions —though some considera, —

tion is also given to baryon-baryon scattering. We
will give the alterations to the original interchange
results that must be incorporated in light of the
apparent quark pairing' within the proton (responsi-
ble for Fz /&2"- —,

' as &u-1). Experimental com-
parisons are made, with particular emphasis upon
90' cross-section ratios for available processes
related by SU(3). The value of precise experimen-
tal measurements of these as a test of the theory

is emphasized. Remarkably, current data, despite
their low energy (P,„. ,-10 GeV/c), are found to be
consistent with interchange-theory predictions,
with one exception.

The theoretical forms for elastic meson-baryon
reactions are easily obtained. We employ covar-
iant formalism and outline a calculation of the
sta, ndard (ut) topology diagra. m (Fig. 1) using a
particularly convenient technique. ' The purpose
of this exercise is to emphasize the "nuclear"-
physics-like result for the scattering amplitude.
We employ a P -~ frame (see Fig. 1),


