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- ABSTRACT

.

We.analyze massive‘u-pair production‘iﬁ,hgdroﬁ—hauron‘colli%_
sions usihg4the_éartoh’model, and obtain expreséions for.generai
Cifferential.éross sections; dc/d4Q, in the u-pair mbmentum...We
ipdicatg ways in Which the parton distribﬁtions in both longitudinal

" and transverse momenta ‘may be probed in detail. Finally, we ébply_"
our results td'fpe data by using pafton diétributioﬁ.funétioné»Wiiﬁ_
threshold behavior (w = %f* 1) 1mP1ied by the interchange model for

large angle scattering. Our results are: (1) the calculated cross

éection_isrohly five percent of the cbserved cross éeciion at Brookhaven.

energies; (2) the'ggggé, if not the‘normalization, ot ihe obéerved g
longitudinal‘@oméntum.distfibufion, do/dQ1‘; is accufately rgbroduéed;
- (3) the shape ot the‘inva:iahﬁ mass' distribution, ﬁo/dQ2, can be
appfoiimatély rgproduced-if the partons are given nonpoin;like.struc:

’ + -
ture as suggested by recent - e e colliding beam experiments.

“structure of the partons.

" ideas.’

2
INTRODUCTION
The ability ot the parton model1 to "explain" the apparent

scaling of the electroproduction data in the SLAC-MIT experiment32

does not in itself provide conclusive evidence for such a composite

hadronic picture. Theories based on vector-meson dominance} and,

4

indeed, any models with appropriate 1ighﬂ'cone behavior” are viable

~alternatives, -

" The importance of extracting andvexperiméntally testing
predictions of the parton model for other processes is manifest.

Particularly important examples are: electron-positron annihilation;5

high transverse momentum réactiéns;6 and massive p-pair production.v-g‘

The existing e+-e- annihil_ation'datalo’l1 is not easily interpreted

" within the parton framework without modifications ﬁo the pointlike

12 On_thevothef hand, high transverse

momentum phenomena seem to lend considerable'éupbprt to parton model

6

> .

Indeed there is a definite consistency between deep inelastic

13,24

and high P, Pprocesses. The wave functions describing the

breakup of a haaron into partohs,’suggested‘by the interchange and

dimensional counting models of high transverse momentum 'interactioné,

seem to be in remarkable agréement with the deep inelastic data. Of

particular importance is the very different behavior of parton vs.
) antiparton distribution functions. Thisrdifference 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 alterations has been given in

Ref. 12. In this paper, we shall employ the more preciée distribution

fqnétions of Ref. 11 to analyze the u-pair production data in detail.
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"We shall also prepare a largely klnematlcai modlfléatlon of
the. tradltlonal analysis whlch is v1tal in making reilable parton
model predictions at subasymptotic energies. We give a method for
taking account of the phase space limitations of -the u-pair invariant
- mass squared up to order \fg. At.the energies of the Brookhaven- V
Columbia experihen§15 the modifications ére’substantiél.

Finally, we shall discuss the importance of measuring the
longitudinal ggé'transverse momentum distributions éf the pipair.

In particular, a dgfinite éorrelation between the transverse and
longitudinal mohentum diétributions is expected as the edge of

phase ‘space ié approached.

I. KINEMATICS AND CROSS SECTION FORMJLAE
We first discuss the neceséary correctiﬁns to and amplifi-
cations of the asymptotic cross section fofmulae contained in the
litergture.7 It is convenient and perhaps interesting to use a
slightly different technique for deriving the results. - Neither naive
parton model calculations nor the relatively more complicated

16 need be employed.

Sudakov analysis
The invariant cross section for production of -a massive

u-péir (Fig. 1) may be written as,

- 2 4
do = 1. 4ma” d7Q

. . Y, pp@) (L1
‘ : - u 1’52 -
-‘/;(S,MLZ,MZ% 32 (2m)* o

where:we have negleéted the lepton masses, and where Pys pz; and Qv~‘

are the two initial hadron momenta and final massive u—pair_total'

momentum

.

6 -iQ-x Y .V
ww(pl,pz,Q) = (2m) 2E12E2 fd’*xe Q <plp2|J (x)J (O)lplp2>

(1.2)

According to the parton model picture originally proposed by Drell

and Y,an'7 the massive photon arises via parton-antiparton -annihilation

(Fig. 2); For.generaliinterest and in order to be certain of

includiﬁg nbnasymptotic phase space effectswe will recalculate the

‘annihilation diagram in a special frame.

Denote the parton-hadron forward scattering amplitude,
averaged over hadron spins, by Ta(pi,ki) for a parton of type a.

Note that Ta is a matrix in the parton spinor indices. The contri-

. bution of Fig. 2 to WY is, . ot

.2 ’ :
A .
$13Y _ E a b 4 _
W (Pl:PZ,Q) = (2“)4. fgiz’kl d k2 § (k1 + K2 . Q)
T a _ : _ :

) Sy v _
x [Tr T (Pyok ) ¥ Ta(pz,kz) Y] (1.3)

wﬁere the.partbﬁ-charge is given by Xae. The summation extends over
all speciesﬁ a, of bartons and antipartons. 'Thé index a refers to
the antiparticle of 'a. We perform the integrations of I.3.in tﬁe'
special frame: ‘

4P

2 2
(/; + =, 0 p+ M

W 4t

el
ne
i

Equation I.4 continued on next page -



Equation I.4 continued
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where y 1is the longitudinal momentum fraction of Q in the center

of mass. Though P 1is of order ‘\/S/Z, it should be stressed that
this is not an infinite momentum trame. The parton integration volumé

is, up to order 1/s,
dx, .- ‘ » o
- i 02 2 1\ .
g, - — a%yy dP) o(3> ) (L)
2|x;|
i .
As in Ref. 16, we write a dispersion relation for "I‘a

- - e (p,,k ,0,)
T (p.,k.) = do, a1 31 . T (1.6)
a' v i’"1i 1( -k )2 g. + 3

‘ Py =%/ -0y vie

In the above frame pé(pi,ki,-ci) = % Im Ta( pi’ki)L

2
Py )70
' ' , S (1-x,) .
. L2 2 1-%) 5 1\
s; = (pi ki) = (1_xi)M ________ki __ki_L +o(§./.,
4 =

=6
For x; in the interval (0,1), one may perform the ki2 integra-

tions by picking up the pole in §; 8s shown in Fig. 3. [For x;
outside the interval (0,1) the s; and 1\:]._2 singularities at

ci - ie and u2 - ie both lie in the lower half of the k12 plane.
Thus the contour can be closed in the upper hailf plane giving a

zZero result.] The result can be written as

Hv o 2 2 2
WlpyppQ) = T xl Tox, |41k %) %%
a 161r 0 >

x '64(k1 *ky - Q) Tx_'[pa(pl,kl,ol)v“ pg(pz,k2,62)YV]

(1.8)
where the ki2~ are now evaluated at
_ 2
. : k X
2 2 il i 1)
= M< - - = .
ky % 1-x l—xi»oi.+ 0<s : (_I 9)

In standard fashion, one decomposes each Py into its var_ious possible

tensor forms,
0P, k. ,0,) = V. (k2,008 + V (k20,0
CALS M S | a i P17 T et %

+ (terms wnich leave O<é) corrections to W}JV)

(I.10)

so 'that neglecting the (\-i— ) . corrections,



7=

‘ \ |
A d dx
- E 2 f ! 2 dzkl L ‘d2k2 | do, do,
sy 16t 1- % 1- x2

v,
W (pi,pz,Q)

4 ‘ TERY) U v uv ‘ -
x &7 - .
| (k) + sz Q) 4(py Py * 2Py - 8 PPNVt xV )

x»(V; + xQV_) . (I.11)
a Ta .

In the present frame the above approximation is gauge
invariant to order 1/s. The functions, 'Vé and Va; are simply
related to the distributipn functions measured in deep inelastic

scattering

(]

. X 1 1 ko, 2 v X 2
fa(x) = = fd"i dzkiil_—.' [Va (7r0q) + 3,0, 0y ’°i)] |
8m T X , .

k 2 ‘
[ do; dzxil £,50x, %, 20,) | (1.12)
"where k denotes the hadron type. The deep inelastic structure

function for the colliding hadron-is then given by
X/ _ 1N _ 2 .k - ’
Fo(x=2) Z A ¥, (x) - (1.13)
. . a . :

Using (I.12) and (I.11) we obtain

8

2 o 4
_ 4mol 2 a’eQ .
o = > ey X, sznf, ax, ax, dzku dzku 40, do,

a

x (2% 8k + &, - Q) £,100.k 20)) £ 20k, %00,) (1.14)
. ) a

_ which, in the asymptotic limit s =, reduces in'familiar fashion to

3

(1.15)

Expressing (I.14) in terms of y (the fractional longitudinal

~ momentum of the massive photon relative to that of the incoming

hadron, 1), the variable T Q2/s and QJ! we_have as 8§ + ®

sy o+ (5% + st 00t
Xl = -
2
v (P vt /.Q_Lz/s)ﬁ
X, = : : (1.16)
2 2 v

kytky = 5),

with ~(L-1t)<y<(1-1) and x, end X, in the interval

(o,1).

» 2
2 A :
dc . _ 4T a 2 1 2
Z E e [dﬁ By 8%y - T/) 1T () 28 )
a

[T

PR

U VPN




do_ - ~ 1 E gma .2
2 " :
dyd QLQT (y2 + 4T + 4?13/8)% 5 3Q2 &

x [a*x, o, 40, £, e o)) faz(xz,Q_L- K, 0,) 0 (L.17)
Finally ffom (I.14) we can obtain the imborfgnt'subasymptotic
corrections fo ihe expression for d&/sz. These méy be incorporated
to order l/\/g' by replacing the-d—funétion of {I.15) by the full
expreésion for 'sﬁ([kl + k2]2 - Q%) and exposing the Xy kZJf
cl, and 02 integrations -

sé([kl + k2]2‘__Q2) = § xliz(l ;>2M2/s) + (x1 + xZ)M?/s

) 2 L2
I e D ku/s_kzi/s_T (1.18)
(1 - X, )8 (1- x2)s -1 - X 1- X, S

" The frame (I.4) thus allows us to ascertain that the naive result in
(I.15) wiil only apply so long as 1/(1 - xl) and 1/(1 - x2)‘ are
not of order \ﬁ;_vln fact, we find from (I.18) that the maximum

2 .. Lo = v = - =
Q" value occurs for X = 32 =1 - M/\fgi,. °l =0, " M? ( the

. . . ) > > -
dispersion integral thresholds), and kll = k21. 0

Coy = s-aVs = (s - 2w
Thus, we.see that the threshold region, Q2 near Q;a#’ probes'

parton distribution tf'unctions near their threshold, X~ 1, ina

particularly sensitive fasnion. We shall have more to say sbout

~.

RSN

this later.
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'II.A PROBING THE DETAILED BEHAVIOR OF QUARK DISTRIBUTION FUNCTIONS
The Columbia-Brookhaven collaboration has reported data on
p-pair productién between 22 and 29.5 GeV/c laboratory momentum, with
Q2 > 1 (GeV/c)Z.15 HbWever, there is as yet no data at sufficiently

high energy, for the same T 7range, to provide an adequate test of

the écaling behavior of dc/sz.

‘What can be done is to compare the parton model to the shape
of the experimental distribution in »dc/sz over the limited range
of available energies. Such fits have been given in the past.
However, the parton distribution functions employed are now known to

be too naive.lB’

14 _We‘shall repeat this type of analysis employing
distribution function513 based on an examination of'deep inelastic
scattering data apd on theoretical considerations from the parton
1hterchange model for large angle scattering.

‘ane distribution functions in the gquark model are written in

terms of valence {i, Regge r, and sea s, components

A

up(x) = vﬁp(x) + st) + rp(x?
un(x) = Gn(x) + s(x) + rn(x)
_ - _ (I1.1)
u(x) = u(x) = s(x)
P n :
u, (x) ',=_ u(x) = s'(x)

We have incorporated the usual restrictions of duality. ‘The distri- -

butions s(x) end r(x) are associated with the higher quark number,

~ nonvalence states within the proton. The resultc of the theoretically

motivated wave function extraction are
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”E(x) = f% s(x) + %-s’(x) = O.2(i - x)7/x

rp(x) = 1,888(1 - x)7/x% - ‘ - _ ' (11.2)
.. 7 3

r(x) = 1.028(1 - x) /%

The valence quark distributions, ﬁp(x) and ﬁn(x), are extracted
from the SLAC-MIT‘data2 by subtracting out the sea and Regge contri-
butions, while demanding the’sétisfaction of the standard quantum

nunber sum rules:

f(ﬁp * ré)dx x. 2 (1I1.3)

[(ﬁn erdex s 1. (11.4)
It is found that

a(x) = 0.7%1 - x)G(x) . S ILs)

For x > 0.35, 161 (x) is proportlonal to (1 - x)3 as expected
from the Drell-Yan-West relation. (DYW), and as x + 0, i (x)
' &anishes, as expected thebretically.l3
_ The above results may be partially understood as followsf

(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
. fér a state of.the'proton_With.at least one éxtra qq pair in »

aadition to the usual three valence quarks. Sugh a state's contri-
| bution to ‘the form factor of the proton ét large momentum transfer
'is, in simple theorieé, proportional to l/tn-l, whgre ‘n 1is the

number of quarks énd antiquarks. The DYW relation then associates a

C-12-

threshold damping of (1 - x)2n-3 with this state. The present case
has n =5 (qqqag). The 1/x and l/xé behaviors near x = 0 of
s and r respectively are simply the standard pomeron and Regge
behaviors. The rglatidn between ﬁp and ﬁn indicates a certain
Vamount-of P-n quark pairing within the proton which_results in
F2en/F2ep *'%-bas x> 1.

The neutrino dat-a19 imply additional constraints for the

‘fractional momentum carried by the various quarks

(u_+u_+u +uddx = 0.49 + 0.07

.n

(u+-u +u)dx/[(u +u U tu oty +u )dx =
f{)ax P o5 o 7 Ay

= 0.10 *+ 0.03 .
(IL.6)

These sum rules are also satisfied by the quark distributiéné of
Ref, 1§.. Figure 4 displays the quark distribution functions.
For asymptotic energies, the u-pair production cross

section measures a quadratic sum of quark distribution functions

(see I.17)

[~
1]

' Z.Aa’? £,(x k) f;(xz,q - k)

a

- 125 s ), s( + lrﬁ (I ) +> (x, )] +
5 slxg K, X )Q_L-k_L 3[‘7:1 X )+l

\OJ\

o+ fﬁp(xl) + 1 (x )l¥k )erkl‘+ E(X;)k %[ﬁn(xz) +r (xz)]

A

it 1 |
g[u (x,) + ¢ (x2)] ’ (11.7)
fore
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2 %
_ =y +(y° o+ 4T)
2

. 5 )
_y + (3 r 4 .
where Xl —_— and x2 with

lyl <1 - 1. The subscripts denote transverse momentum defendence.
A number of limits are of particular interest. (Ref. 14

contains some of these results.) Consider y =1- 1T - €1 + T)

(i.e., near one of its kinematical limits). Then x, = 1 - e,

1
Because of the strong threshold damping of s(x), the surviving terms

in 4 yield,
~ |1 A - -
A = [§ un(l —e)+ é'“p(l - e)] s(1) = e s(t) .
' (11.8)
For y =0 and T>1, x) =x,*T with the result,
= olg 4 oeolse: 410
4 = 2[9 u(t) +3 up(r)]S(r) « (1-71)" . (11.9)

For y=1-T1T-€(1+7T) and T=1-¢€', we obtain a

special case of (II.8)

A ee? | _ (II.8')

"

So far we have not commented on the 61_ dependence of the
cross section. In éeneral, the transverse momentum dependence of
the parton distribution wave functions is not theoretically. deter-
mined. However, near thé threshold region of'an& given component
of ohe'of the.'ua(x), spgciflc forms of ';l. dependence can be
theoretically motivated. The argument begins witn the interchaﬁge
theory wave function expressicn for tBe giveh component, call it

¢ o2 kl * 9
u(x), in the region x=+1, k° » e (see 1.9). In

addition the minimal quark number state of limited average core

mass squared, 9, is expected to dominate. One obtains

=14~

c 2 - 1 c kl? + o = 2 I
w(x,x%,0) & == W\ T O (11.10)

where wc is the wave tunction describing the breakup of the hadron
into parton a and core o. For example, the natural variable k2
reduces to a correlated combination of ki? and 1 - x. The value
‘of - ¢ 1is, of course, uncertain, but probably of the order of

1 GeV2. The contribution of this component of the partoﬁ}s wave

function to the proton's spin éveraged form factor at momentum

transfer t = -ql? may be written as6

. 2 -
k“+0
e 2 dx .2 cf L -
Flg) = | =59 ViTox 0

2 _
k, -(1-x)x + 0
x w°<£* A , & (11.11)
l1-x

" Taking

y o= : ' . (1I.12)
l -x .

for large values of k2, we tind that near x =1,

2pc-1
wi(x,k,) = (1 - x)
L 2 pc
(kj_ +q)
(11.13)
c, 2 2.7 P 2
F(q_L) (q_l_) log a

13

According to the naive wave function theory recerntly developed™  we

have the following assigrnments for P,
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s(x) < p, = 4 (5 quark minimal sea state) -
r(x) “ p, = 4 (5 quark minimal sea state) .
(II.14)
ﬁn(x) P, = 5/2 (p-n quark pair member)
'ﬁb(x) ' p, = 2 (unpaired p quark)

Thus, in the specific situations of (II.8, II.8', and II.9) one should
see correlated 51 dependence érising from the kl transverse

momentum convolution resulting trom a qq quark collision
. o . v
do . ' dky : 1
2 Z -
a“Q, - 2, [
o -
L2 ®l@ - s (@

(II.15)

-
For large enough Ql. this contribution will no longer dominate;
instead, standard high transverse momehtum processes will take over,

which for this case yield20

4o 1 . ‘
« ) : (11.16)
_d?QldydT E_I ‘

+

vHowever, the relatively small difference between (I1I.16) and (II.15)
plué a very much stronger bhaée space suppression, for y or = heér
1, a33001ated with (II.16) make it likely that the form (II 15) will
be readlly observable

Finally, we note #hai there are interesiing alterations in
the above predictions if one of_the colliding hadrons is a meson
rather than a proton. As én example consider n énd T beems.
211 the formulae previcusly given apply except for medifications to

(I1.1) and (I1.7). For nf ‘distribution functions.we expect

_16-

0 = V) 8T
u (x) = v"(x) + sﬂ(x) (11.17)
n ’ ) .
T m T ™ T
u = u. = u =y = 8 .
- N A
b

The 7 distribution functions are given by a-q parton reflection.

As in the case of the‘proton, vTT "has a Regge component and a

valence componeht,
v = 4 +r . - (11.18)

The lack of pion deep inelastic scattering data prevents a detailed

extraction of these distribution functions. However, tnreshold

" behaviors may be detérmined on theoretical grounds.

Taking the meson to be hadron 1 travelling in the positive

z direction, the analog of (II.7) is,

+ 12 g
| A" = 5 s (x k S(XZ)Q X, .
‘s (x {4[ (x,) + r(x )] i{a (x,) + r (x )]1
| %L 91 p "R p 2 9 ‘ J

Q El
_ - , }
w1 (x,) + e ﬂ' Zax)+{ u>+r<x]

[ 1/ x% K g S\X | g IQ ¥

' : (II 19)

The corresponding result for T  is obtained by p-n  quark

reflection.

The simple wave function thecries lead to the folliowing

. Ul . w
expectations for v and s
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T
> = - = ;
s(x) P 3 (4 quark qgqq minimal mesonic

LT : n 1
2(x) = p° 3 sea" state) (II.20)

c

un(x) - p 1 (qq valence state) .

For meson-proton eollisions, producing a massive u-pair, the limifs
y+1l-1-¢g(l+ T) and y+-(1-1)+e(l+ 1) exhibit quite
different behavior. The first 1imit probes x; % 1, where 4" terms
are emphasized, while the second probes x5 X 1, where “terms are
prominent. From (II.19) and (II.20) we have - |

€

E{Z%‘[ﬁnm cr(ns i) yr- o)
X .

14

o «_<

£

]
ST

14

of &~

s 1) ' y=-1-1).
(II.21)

which for T + 1 - ¢' reduces to

'
€€ 4

(1-1)

B
«
124

(I1.21')

«
4

-(1- 1) . ‘

We have given the associated. qL. dependences in the limit Q 2 >>'M?.

1

The e, E" dependences are valid regardless of the QJ. value, In

particular, these dependences hold for A integrated over dzai;
The analagous results for m would be, ‘ '

-18-

£ L {40 + 4 (o) + sw(0)]

.Yy

1]

(1-r1)

e3 g.[ﬁ”(n +oMT) + s“(T)]Q_L-- v

24

-(1-1)
(1r.22)
which for T > 1 - €' becomes

[ .

o
m

(1-1)

N
<
n

Eo

U < B ' (I1.22')

O~
I-P,\Iw

™

H

y=-(1-1) .

\ .

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

At y =0, T*1 we obtain similarly

. 5
ML LM e gy e (3T
A §U(T) un(‘r) . sz
' L
o (;1.23)
- 4 '

Aﬂ -> éfﬁn(T) ap(T) « £}7;Eéil_

4

: + -
Again the 1 - 1 dependence and the numericai ratio of A" /Aw

is valid independent of ai_'and would test the quark model wave-

function extraction of Ref. 11 in a very clean fashion. We should
also ncte that for the 7 induced collisions discussed aBove, the
§i dependences given will survive even for very large §J~ since

the direct annihilation processes being considered are the primary
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contributions in the interchange theory. In contrast, for proton-

- proton collisions at very large E&g one of the inipial protons tends

to brehmstrahlung a pion which then undérgoes a high transverse
momentum annihilatipn process resulting in a weakgr ai'.daﬁpihg.
However, this brehmstrahlung process is very much.suppressedé near
the phase space béundaries. Thus, the w meson_anaiog will almost-
certainly be small compéred to the direct produﬁtion procesées in thé
regions considerea.v . |
' The results tor a K or K beam further illustrate the

experimental possibilities. For example, consider the y = O,

T + 1 case. The factor A becomes

AK - %S“(T) ﬁp(T) + %_ ﬁ‘"('l') E(T) « (1 _'. T)8 (II.24)

while

A - .f.;.ﬁ‘f(r) (1) « (1 - -;)4" . | (11.25)

We have used K-meson quark distribution functions obtained by SU(3)

symnetry from the pion ones.

It is perﬁéps overly optimistic, in view of the present state
.of the data, to hope for mgasuremenﬂs capable of distinguishing these
various funcjigngl,beﬁaviors-from one another. However, eventual
observation wéﬁld ﬁroVide a’ striking confirmation Qf.the overall -

consistency of the parton model. We stress again-that even should

the model fail for small 61 or for the integral ovér all E{L (for .

reascns which may be associated with the difficulties in explaining

*e” annihilation experiments), the model might still hold for

e
[

N # 0 and should be tested there as well.
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III. COMPARISON WITH EXPERIMENT

In this section we shall present quantitative comparisons

- -with the massive ‘u-pair production data of the Brookhaven-Columbia

collaboration (BC).lB"Before any comparison is possible, considera-

 tion mist be given to the fact that the energies are not asymptotic

-

end to the experimental aperature limitations.

The highest energy used by the BC group is at Ej . = 29.5.

GeV or s = 57.2 GeV2. The range of T at asymptotic energies is
0 <1 <1; however, the inclusive cross section must include the

production of at least two baryons, so that

E = (Vs -mP o (III.1)
e 572 GV this sives 02 = 42 '
For s = 57.2 GeV", this gives Yoy = 323 (GeV/e )", and so

Tmax = 0.565. Clearly the effect ié substantia1.21

In Section I we developed the techniques needed to account

for the subasymptotic complication to order ’V s. Qualitatively, as
Q2 *> Qiéx’ the G-functioh constraint discussed below EQ. (1.17)

restricts the distribution function integrals over d2ki B dci, and

.

ax; to'a smaller and smaller region»of”thg full phase space volume.
In particular, o, is torced to remain near its minimum value

ci ~ M? and kii_ is forced near zero. These restrictions mean

" that 6nly a portion of the full diétfibution function integral

£(x)  = fdzkldo f(x,k_L.z,O) . . _.(III.2)

“will contribute. The phase space limitation of the full é&-function

was implemented in a computer program where the specific choice



21~

22~
with _ .
t(xx%0) = §¥§f§$9;;§%§%f 0(x) (II1.3) ' . x Zm? X T
‘ o ' (k) + k) o x,(s - af) - -x, I-x, 1-x I-x
was usedT ThlS particular factorized form tor f(x,k J_,c) is _ ' v
significant only inasmuch as it'is a convenient -and reascnable - B . | .(III.6)
method for'qﬁantifying the phase space limitation. The powers n ’ A comparison with the @ata of the Brookhaven-Columbia
are chosen in accordance with the Fheoretical results of Section II. gxperiment for. Elaﬁ B GeV/c. (s =972 GeV2) te shom in o
The-constraints dictated by théAexPerimentai apparatus : . Fig. 5. The dotted curve is tﬁe prediétion of the model without th?
precluded the detectién of many events leading to é lepton pair of threshola effects due to the kinematlc limltation in Q2. fhe solid
squared mass. sz Only events with longitudinal momemtum : curve iIs the prediction withvthreshold effects. Both curves include
a > 12 Gev/e in the iab and with la '/lal < ;%. were observed. - the Drell-Yan accommodation to the experimental aperature
We follow the procedure of Drell and Yan7 for taking this cﬁt into (qui 212 GeV/e in the lab). Also shown are th? nodel predictions
ac?ount by introducing a O-function in the dxldi2 integrations. at energies typleal of the ISR at GERN, s =500 GeVz and
Thus, the differential cross section for comparison withi 8 = 2500 GeVz., At these energles, the threshold effect 1s negligibly
experiment is, . | emall, -
» _ The iotal cross section as a function of energy is shown in
do - 4TQ 1 TW.(T) ' ) _ (111.4)' Fig. 6. The dashed curve is the model prediction without threshold
(dczz 37 @ F |

: effects and the solid curve is the prediction with threshold effects.
wher .
€ The cross section lies between five and six times lower than the

(1) f [ @G 2Mq ) experimental measurements. Giving the quarks "color", in an SU(3)
E 1 - :
’ ‘ color group,22 which_seems to be required to explain the vo + 2y
) decay rate, decreases the éross section everywhere by a factor of
xd% 5( - )m Z:A2 2) ' . ' '
21 1 ) 1l three, making the overall normaligation even worse. It is apparent
that inclusion of the threshold effect greatly increases the energy
+ 2 aependence of the total crocss section over the range of Brockhaven
x f_(x5k, ") (111.5) _
a. . . energies, although the increase is still not quite as sharp as the

experiment indicates.
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- One may ask if the distribution functions used here may be
modified in some way such that the .fit to dc/dmuﬁ is improved. In
particular, the detailed éhapé of the parton prediction i; very
sensitive to the functional form chosen for the seé distribution
s{x). of course,»any modification must be consistent with positivity
of the @ components, the electroproduction aata (II;B), the neutrino
data (II.6), the ﬁsual quantum number sum rules (11.5), and the
requirements that. s(x) « %- as x = 0, and that s(x) = (1 - x)7 ;
és x*1, | |

We hgve»experimented with functional forms_for the sea of

the form

s(x) = an(l - x)?/x . b#xn(l - x)7iv. (111.7)

a_, bn. The best fit consistent with

for various values of n, n

the constraints listed above occurs for n = 4, a, = 0.15,
bn = 75, For any given form of s(x) the remaining distribution
function components may be recomputed from the deep inelastic data

and the sum rules following the methods of Ref. 13; for the above

. . 7, : 7
chplce we obtain rp(g) f 2.420(1 - x) /\/E} rn(x) = 1.555(1 - x) /\/;,

~

and the. @ curves plotted in Fig. 7. The changes in up(x) and
..uﬁ(x)' are for the present purpose relatively insignificant. The
most significané change occurs in s(x}, which becomes much larger
than'theAdlﬂ.’ééaidistfibu%ﬁon for .x > 0.3. The resultant curve
for ‘dci/dmml is syown as the dashed line in Fig. 8. . The trace-éfv
a shoulder.appears.for ™ between 2 and 4 QeV/cZ(‘ Ho&ever,
‘although the improvement is substantial,-it is not large enough to

reproduce the pronounced shoulder of the data.

¢
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1% does not appear possible that allowable modifications to
the sea distribution (with consequent modifications to the Other

distribution compenents) as in (III.7) can generate either the shape

or the normalization of the expefimental points. The constraints on

the parton model imposed by the data from electroproduction,

neutrino scattering, and large angle scattering are gquite severe,

and leave little room for freedom. In particular, {hese aaia imply

that for i > 0.2 the distribupions for thg'sea partons become very

small relative to the valence partohs. .
The most recent neutrino data lead to the following additional

sum rules18 which constrain the sea distributions s and s' still

- further

jdx 2x[u_ . u_] = 0.052 + 0.024
. P  n o -
» (111.8)
' 2x : )
dx ~==juy, +u +4u  + 4u = 0.14 £ 0.10
3 A X P At
Reference 18 included the possibility of "charmed" quarks and anti-

quarks, 'p' and p', in the sea. 'If, for simplicity, we assume that

=

_ =0, then the sea distributions strongly violate 'Sﬁ(B)
p ! . .

‘ symmetry

I

s(x) = % 35(x)

. » ' (II1.9)
s'(x) =~ 4s8(x)

and the fit to the data becomes a 1little worse. The results are shown

in Fig. 8 as the dot-dashed curve. Of course, if the charmed quarks.

- are included in the sum rules, both SU(3) and Su(4) are broken

more gently. However, the resylts are essentially unchanged.



dramatic departure froﬁ the parton predictions at Q2
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Clearly the pronounced shoulder in the dcr/dmuu distribution
is not predicted. Previously, use of naive distribution functions7
indicated the pﬁssibility ot a weak fail off for dc/dmuu with
increasing 'muu, aé'gharacterized by the shoulder. However, it 1s
clear that the more realistic distribution functions, tor which
antiquarks have higher threshold damping than quarks, combined with
the threshold effect have eiiminated'this possibi]ity.> ‘

Inclusion of a pomeron contribution as suggested by Landshoff
and Polkinghorneg’,z4 wili not alter this conclusion. For small T,
the pomeron contfibution has the same 1 behavior as the parton-
antipartoﬁ procéss, while it vanishgs still more rapidly as T grows
large. We have chosen to ignore it in the present analysis thpﬁgh
one should keep in mind that its.presence may, in part, explain the
definite discrepancy betwéen the experimental data and the parton
Pprediction in the small T rggion.

The possibilities that either two photon processes25 or
radiative corrections26 may be significant have been ruled out. At
Brookhaven energies such terms can change ldo/dm " by less than
0.1% _ _

Inspection of Figs. 5 and g show that the'data 5egins a
=+ 10 (GeV/c)Z.

The same effect occurs at E
_ . A 1ab

= 22,.25, and 28.5 Gev, alﬁays near
the same point in Qz. It is interesting to note that in thé electron
positron coliiding beam experiment, the cross section begins a éhafp
rise over the‘partcn celored-quark prediction also at 7

Q2 = 10 (GeV/c)2 10,11

values of Q

_portion of the dc/dmuu

26~

West has receﬁtly 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 electroproduction data

is preserved.12 The parton-photon interaction vertex is modired to

Aoyt o+ A e[ Mr Q%) + 10 Q1 F,NQ )] (1I1.10)

~where Hy is the anomalous magnetic moment in units of twice the

parton mass., The form factors are given by

F.20%) = F.AP) - 1 . (II11.11)
. 2 1 - Q°/n2

West finds agreement with both the electroproduction and annihilation

data for values,

A - 8-10 GeV
(III.12)

Mo o~ 0.10.2 GVl |

Substituting the new vertex in the calculation for the u-pair production

cross section (Eqns. (I.lO)lthrougn (I.14)) yields the change,

(II1.13)

do -+ do 1+ & Q
1-¢° /A

“his multiplicative factor has a s1gn1f1cdnt rise with Q for

2 .s ; :
< AT, We have divided the data by this parton siructure

factor to show a curve which might presumably represent the "scaling"
distribution. The shaded area in Fig. 8
& fo

represents the possible limits for the choice of parameters in (1II.12)

It is worth noting that although the normalization is wrcng, the
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shape of the distribution as generated by the‘modified sea distribu-~
tioﬁ (II1.7) is not so different from the shape of the "scaiing"
portion of the experimental curve. The shoulder is still not fully

reproduced, however.

Finally we can give reasonably exact results for the longi--

tudinal momentum distribution of the p-pair in proton-proton scattering.

Neglecting terms of order Q 2/s, the cross section is,
. L

2

' ~ 4T -1 : 2 :
w ¥ 42 }: Ao Tolx,) £ (x) ayde
. {\/yZ + 4t a |
‘with |
ty + y2 + 4T ;
x1,2 = = - (II1.14).

2
The cross section is plotted as a function of 'y for ditferent

vaiues of T 1in Fig. 9.

We can make a comparison with the BC experiment by integrating

= .

over T for the experimental aperature Q2 > 1 (GeV/c)z. The kine-

matical limitation on Q;axv is unimportant since less than l%‘bf the

cross section comes from the region T > 0.3. " The results are shown

as the solid curve in Fig. 10. We have used the distributions of

(11.2) without 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 prediction

agrees closely with éxperiment over four decades., The dashed curve is the

parton prediction using the crude distributions of Drell and Yan.7

Agein, the fit is remarkable, even though their distributions are

identical for all species of partons and antipartons. Of course,

28
the major contribution to the cross section in Fig. 10 comes from
the small T 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 distributions by

taking cuts in the data for larger 'Q2 (i.e., 1), as discussed in

Section II.

CONCLUSIQNS

It is clear from our analysis that the usual parton-antiparton
annihilation process cannot explain the magnitude of the cross section
for'u-paif production at Brookhaven energies. If we give the quarks
ecolor and if we believe the results of the neutrino experiments for
the antiéuark distributions, then our predictions fall almost a
factor of twenty below thg experimental cross section. (The situation
is evén getting sliéhtly worse with increasing energy, as shown in
Fig. 6.)

It is possible that the discrepancy may be explaine§ by a

9124 put precise quantitative predictions

large diffractive Componentt
have not yet been made.

We note here that our fit to the data'is:significantly worse
than that made by previous aufhors using naive versions of the quark-
parton mode_L.’?"9 The reason is threefold: (1) we have demanded
consistency with the neutrino data; (2) the sea distributions feflect
theéeverelydampea threshold behavior consistent with large angle

scattering theory; (3) we have taken account the kinematic limitations

imposed by the subagymptotic energy of the BC experiment.
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However, we have seen that the shape of the longitudinal

momentum distribution of the p-pair is remarkebly well predicted by

the parton model, at least for the cut in the data given by the BC

experiment.

Furthermore, the approximate shape of the invariant mass

“distribution dcr/dmuu and in particular, the pronounced shoulder

. beginning at Q2 ~ 10 (GeV/c)2 may be generated by a parton modei,

if the partons are given a form factor and an anomalous magnétic
moment. (Even if one does not believe in such éh explanation, the
shoulder may, in fact, be related to the unexpected rise above
Q2 x 10 (GeV/c)2 observed in the electron~-positron annihilation
experiments.)

The?e two (soméwhét) positive results may be indications that
the partpn ﬁodel is valid at least for a restricted region of phase

space, perhaps for larger transverse moemtum. We must stress that

if the parton model for p-pair production is to be valid anywhere,

it would be in the region near the phase space boundaries. The
observation of large QL evenfé enhances the likelihood of its
applicability, in view of the successes of high transverse momentum
parton phenomenology even in hadrqn'physics.

One may speculate turther, and wonder whethérrthé usual:
quafk chargé assignménts afe wrong, and therefore responsible for the
difficulties in nbrmalization. Perhaps, fheré is simpiy a large.

nonscaling piece to the cross section which has not yet disappeared

-at Brookhaven energies. However, such a piece would have to be

considerably larger than most parton enthusiasts would be willing to

endure,
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It is safe to say-that the conclusion of our study is that
the usual quark-parton mechanism for ﬁ—pair production has serious
difficulty in explaining the Brookhaven Columbia experiment.

In any case, fufure experiments at higher energies and with
enough resolution to probe all regions of phase space are eggerly

awaited. -
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FIGURE CAPTIONS
Kinematics for pb > p+u' + anything.
Parton-antiparton annihilation diagram.
(a) The kiz-plane singularities of Ta(si,kiz) when
0< X; < 1, and the k12 integration contour.
(b) The deformed contour.
The partoﬁ distribution tunctions of Ref. 13.
The comparison with .data. The dashed curve indicates the
prediction ignoring the kinematical limitation in ™ The
solid curve is the prediction with our accomodation. Also
shown are predictions for typical ISR energies.
The total cross section. The dashed curve is the prediction
‘ignoring thé kinematical limitation and the sqiid curve is the
predicticn taking it ipto account.,
The parton distribution functioné,generated by improving the

"sea" as much as is allcwed by the data from experiments other

'thaﬁ,u-pair production.



Fig, 8.
Fig. 9.
FIg. 10.
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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 thé "imbroved" sea distri-
bution. hThe dot-dashed curve is the result using both the
new sea and thé strong SU(3) breaking implied by the neutrino
data. The shaded area is the ¥esu1t of renormalizing the
data by factoring out the‘parton form factor and anomalous
magnetic moment as suggested by’West.12

The longitudinal momentum distribution of the u-pair for
various values of 7T as predicted by the model.

The longitudinal momentum distribution of the u-pair as seen
in the lab. The solid curve is our prediction; the dot-
dashed curve is our prediction renormalized to the total
cross section; 10 compare it; shape to the data; the dashed
curve is the Lrell Yan prediction, normalized to the total

cross section.
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