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We study, within the framework of the constituent-interchange model, the contribution of the subprocess
meson+ quark~massive photon+ quark to the production of massive lepton pairs and of large-p, leptons.
Special attention is paid to the problem of gauge invariance. Our numerical results indicate that this
subprocess may give, for the massive-pair production, a greater contribution than that coming from the Drell-
Yan mechanism in the range 1 ~ Q' ( 9 GeV . Its contribution to the large-p, lepton production may become
observable for p, + 3-4 GeV/c. We also argue that the best way to study the origin of lepton pairs of
momentum Q consists in looking at der/dQ dQ; a calculation of der/dQ, within our model agrees well with
the' available data.

I. INTRODUCTION

A great number of experimental results are by
now available in the field of lepton production in
high-energy hadronic collisions. Most of them
come from the observation of a single lepton pro-
duced with a large P, (0.54 (P,( 5.4 GeV/c), in
proton-proton collisions' or in proton-nucleus col-
lisions. ' Some experiments have also studied the
production of lepton pairs with a large invariant
mass. The earliest one' gives the cross section
da/dM, „ in the ra.nge 1aM...-c 6 GeV/c', where
as the others" have mainly studied the Z(4) re-
gion (M...- = 3.1 GeV/c').

The comparison of the experimental results with
theoretical predictions' ' shows that the most simple
models cannot account for all the data. The most
popular is that of Drell and Yan, ' who proposed a
scheme in which a massive photon is produced
through a qq annihilation, with the quark and the
antiquark coming from the incident hadrons. This
picture leads to a cross section which "scales, "
do/dQ' = (1/Q')f(Q'/s), where Ws is the c.m. energy
of the incident hadrons and Q' =M, +,-'. Many calcu-
lations' led always to numerical results lower than
the data. A "renormalization" of the data, recent-
ly proposed by Farrar" to take nuclear effects into
account, brings theories closer to experiments.
But a factor-of-10 disparity still exists between
theoretical predictions and data for M... ~4.0
GeV/c'.

When only a single lepton is detected, the Drell-
Yan model leads to a prediction which is one or
two orders of magnitude below the data. ' Since
the inclusive single-lepton cross section is pro-
portional to that of the pion over a large range of
P„ it is also tempting to consider the lepton as
a decay product of a vector meson. ' But the p, &,
and y production at high p, seems to be too weak
to fit the data, "' and explanations founded on the

J (4) contribution"'" appear to be inconsistent with
a recent experiment. '

Thus the production of leptons is still an open
question, and it is necessary to study other mech-
anisms which may contribute to it; it is also im-
portant to propose experimental ways which could
allow us to distinguish them from the Drell- Yan
and vector-meson-dominance (VMD) pictures.

Many reactions involving large-p, or large-in-
variant-mass production have received an explan-
ation within models where hadron constituents
(partonp) undergo a "hard scattering" in which
large momenta are exchanged. '"" These models
give, for hadron production, results in good agree-
ment with experiment. For instance, the sub-
process ~+q-n+q leads to a good fit of the CERN
ISR data for the production of n with large p, (see
below) .

In this paper we shall study, within the frame-
work of "hard-scattering" models, the subprocess
(M stands for meson)

M+q y+ q,

in which a massive photon is produced which sub-
sequently decays into a pair of leptons. We ex-
pect, according to counting-rules arguments, " that
this subprocess has a non-negligible contibution to
the lepton production cross section.

The bound state M will be described by a covari-
ant w'ave function, and particular attention will be
paid to the problem of gauge invariance. Arbitrary
constants arising from the meson wave function
will be determined by fitting the ISR data for the
inclusive z production with the subprocess m+q —m

+q. Our results are the following:
(i) The massive-pair-production cross section

"scales":
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Z „= „,h(x, )
Qa'

lK, I'

with

2lx, l

xJ (3)

The numerical results indicate that the scaling
law (3) may become observable for K, ~4 GeV/c
and small x„superseding the K, ' behavior ob-
served for K, ~ 4 GeV/c.

We dwell on the fact that subprocess (1) may be
experimentally distinguished from that of Drell
and Yan by measuring the transverse momentum
of the massive lepton pair. In the. Drell- Yan
picture, the photon is emitted with a transverse
momentum ~Q, ~

s 0.7 GeV/c, whereas process (1)
leads to a power-law behavior of the cross section

The numerical results indicate that the contribu-
tion of subprocess (1) may be greater, for Q' ~ 9
GeV', than that calculated in the Drell- Yan model.

(ii) For large-p, processes, we find (K is the
lepton momentum)

of their cross sections":

Q (Q') "(1——
)

For the subprocess (1), they get n = 1 and p = 3, in
disagreement with our result k = 2. This discrep-
ancy, as a matter of fact, illustrates that "spin
complications" may change the counting rules.
Indeed, Sachrajda and Hlankenbecler used a XQ'
model with scalar quarks, whereas we use a
quark-gluon model with spinor quarks.

The plan of this paper is the following. In Sec.
II, we calculate the Horn terms of subprocess (1)
with a quark-gluon field theory, with particular
attention paid to the problem of gauge invariance.
In Sec. III, we study, within the same framework,
the contribution of subprocess m+q- m'+q to the
inclusive production of pions. Sections IV and V
are devoted to our results on massive-lepton-
pair production and on large-p, single-lepton pro-
duction. In Sec. VI, we give and discuss the cross
section dv/dQ'Q, dQ,

~

for the production of a lepton
pair with large Q, in proton-proton and meson-
proton collisions. Section VII is a conclusion.

Q'dc 1 Q'
k x,—for Q &Q

dQ2dg, I Q, l' (4)
II. THE SUSPROCESSN +q~y+q

which allows the production of large-Q, lepton
pairs. It may also be distinguished from the vec-
tor-dominance model in that no bumps appear in
do/dQ' for Q'=m~' and in Edv/K at K=m~/2
(for large mv).

(iii) Another interesting feature of the cross
section Q'do/dQ'dQ„, calculated from subprocess
(1), is its flat behavior in ~Q, ~, at fixed Q', as
long as ~Q,

~

~ -', Q'. Such a flat behavior seems to
be observed in the experiment of Christenson
et al.'

Other subprocesses may also contribute to the
lepton production, but we expect, according to
counting- rules arguments, contributions smaller
than that coming from subprocess (1). The only
subprocess which might be competitive is the fu-
sion one, q+q-M+y. It has been studied by Eso-
bar, "who found that its contribution to the lepton
production at large K, is negligible. However,
Escobar has only calculated the lepton production
coming from the decays of photons with small
mass (Q')'~' and large transverse momentum Q,.
It seems also that he did not allow the mass (Q )' '
to rea. ch the kinematical limit 2m, (m, is the
lepton mass), which leads to a term proportional
to log(m, ') in the cross section. On the other
hand, in this paper we integrate over all the al-
lowed range for (Q')'~'.

Sachrajda and Blankenbecler have classified the
different subprocesses according to the behavior

In this section we calculate the amplitude
M + q -y+ q, where M is a qq pseudoscalar bound
sta.te (Fig. 1). We have the usual definition
s = (K+p)', t = (K- K')', u = (K' —p)' with s + f +u
=K", where the quark and meson ma, sses are
neglected.

We use a quark-gluon field theory, known to lead
to the counting rules, "and we assume that the
Born terms are dominant in the asymptotic region
where 0, t, and gg are large. Thus we have to
consider the four Feynman graphs of Fig. 2. Graph
2(c) represents the Drell-Yan mechanism and
graph 2(d) is a final-state correction to it. The
only difference from the original Drell- Yan pic-
ture is that the massive photon may be produced
with a large K', . These corrections to the Drell-
Yan picture have already been considered, "so, in
this paper, we sha, ll study a completely different
production mechanism described by graphs 2(a)
and 2(b). Owing to the bound state M, graphs 2(a)
and 2(b) are generally not gauge-invariant. They
become gauge-invariant only in the limit where the
qq bound state is described by the product of free
quark and antiquark wave functions, that is, in the
limit where we do not take into account the internal
motion and the off-mass-shell effects due to the
binding. Therefore, we guess that in the case
where the binding effects are negligible we shall
have a gauge-invariant result. An example of such
a situation happens when 0, t", and zs are large;
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X(K, k) = (kIf.'+If) 'y'(-'a 0-) 'G(k, K), (8)

FIG. 1. The subprocess M+ q E+l + q.

x lu(p, o), (6a)

1 „ q(K k)
6ffb u(p ~v )2 d k lg g gl Y (lK p k)2

x I'u(p, o), (6b)

where I' is a Dirac matrix coming from the quark-
gluon coupling. If the binding effects are negligible
in the asymptotic region, we can make the substi-
tution

f X(K, k)
d k( ~K k)2~( +~K), d kg(K, k),

(7a)

1 „1(K,k)
gk+ $ —g' (pK+ p —k)

1 „1
—,'g'- ff" y (p+-,'K)' d'k y(K, k),

and thus recover the free-quark case. But the
crucial point is the form of the covariant wave
function. If we describe, for instance, the meson

Q+& yK'
-((-

po PP

FIG. 2. The Born terms of su5process M+ q —@+q.

this is precisely the kinematical region explored
in the large-p, or large-Q' phenomena, . Let us
examine this point in detail.

If X(K, k) is the covariant wave function of M with
total momentum K and relative momentum 0, we
get from graphs 2(a) and 2(b)

X(K, k)
SR,"=u(p', o')y"

~, ~, I" d'k (, '
),

with G(k, K) ~ (k' —o.'+i&)" and n ~2, substitution
(7) is not allowed, as shown in Appendix A, and
m" =m,"+m~ is not gauge-invariant. The physical
reason for this phenomenon is the Lorentz dilata-
tion of k introduced by the propagators of (8) when
K becomes large. This dilatation does not permit
us to neglect the relative momentum. But if the
wave function of M is

q(K, k) =gy'G(k, K),

xu(p, o)2G(0), (10)

with G(0) = f d'k G(k, K). We have included the
quark-gluon coupling constants in G(0). Expression
(10) is exactly gauge-invariant (we have set the
meson, quark, and gluon masses equal to zero).

Let us note that we did not assume that the qq
wave function was a solution of the Bethe-Salpeter
equation deduced within the framework of a quark-
gluon field theory. We used such a theory only to
describe reactions with large .nomenta exchanged.
Quark confinement, internal motion, etc. , may
proceed from another scheme which has no con-
sequences for our calculations. Indeed, the effect
of the wave function amounts to that of a multipli-
cative parameter.

During this work, we shall use the amplitude
(10) to describe the process M+@-y+q in the as-
ymptotic region of large s, t, and u. However,
we see that the second term in the square bracket
has a pole at t =-E", which corresponds to a
quark on its mass shell. For this value of f, , our
result is no longer correct. Indeed, when t =-K",
the integration over k in (6) replaces the pole by
an enhancement of the amplitude, but the result
depends strongly on the form of the wave function
and substitution (7) is no longer allowed. More-
over, the model we use may be justified when the
particles are far from their mass shell, but we do
not know what occurs when we are in the vicinity of
a pole. All that we can say is that an enhancement
of the amplitude must occur in the region f, =—K".
In order to describe this enhancement in a gauge-
invariant way, we assume that it has a width 2d
and, for ~K"+t

~

—d, we replace (10) by

with G(k, K) ~ (k' —o.'+fe)" and n ~3, substitution
(7) is allowed (see Appendix A), and we get for the
dominant contribution of graphs 2(a) and 2(b) (here
and in the following we take I =1; analogous re-
sults are obtained with vector gluons)

2y gybe 2g9yb(KI y+pz a+pe)
e(K"+f)
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5g" = (p' ') + u(P o)e(K" +t)2G(0)sd 4d 7

which extrapolates (10) in a smooth way. The pa-
' rameter d depends on the radius of the wave function

and on the behavior of the quark propagator close
to the pole. It expresses the fact that we cannot
neglect some masses in this kinematical region
and it must have the value of a characteristic
(mass)' of the qq bound state.

The other arbitrary parameter is G(0). We shall
fix its value by calculating the subprocess M+q

+q within the same model and by fitting the
ISR results.

III PRODUCTION OF 7f AT LARGE p~ IN

N+q~ n'0 +q

In this section, we study the contribution of the
subprocess

(12)

to the inclusive meson production in proton-proton
collision, and we shall assume that it is dominant
at low x,. The counting rules" lead indeed to a

&&5(s+f +u). (13)

We have now to do the convolution" of do'~""""'
with the structure functions G„&&(x) and G, &&(x),
which describe the probabilities of finding a meson
(a quark) of momentum x in the incident proton.
Let P, and P, be the momenta of the colliding pro-
tons and p be that of the w', with s=(P, +P,)',
f=(P~ —p) ) s=x)x2s) f =xzf) andx)=2~p)~/Ws)
we get for a m' produced at 90'

(p,) ' behavior of the cross section in a,greement
with the ISR results. " The fusion process" also
leads to a (p,)

' behavior and its contribution may
be as important as that considered here. However,
we only need a rough estimate of ~G(0) ~'z and by
neglecting the fusion process the results cannot
be changed by a factor of more than 2.

The amplitude M+q - z'+q is calculated from
the Feynman graphs of Fig. 3, which are analogous
to graphs 2(a) and 2(b). We get

do' "-"'" 12G(0)l' (s+t) 1 2 '
dp (4m)' 0' s

dv 3 12G(0) I

dp (4n)'s' dx, dx, 5(x,x, ——,'x,(x, +x,))G,(x,) G~(,(x,)+ G,,),(x,)+ G,),(x, )

1 1 4x» (x, ——,'x, ) ———
xJ.

(14)

where G, (x) is the momentum distribution of an
5I(P pseudoscalar state in a proton (see Appendix
8). The structure functions G, »(x) may be ex-
tracted from the e-proton and e-neutron deep-in-
elastic scattering data. We take here those de-
duced by Qunion. " In order to determine G, (x),
we assume that the quarks of the sea are produced.
through "hadronic bremsstrahlung, ""

G„(~(z)G,)„(x—/z),G,",',(x) = Q (15)
X

and that the sum over M may be limited to the
pseudoscalar mesons. The fact that we omit other
contributions in (15) is roughly counterbalanced by
also neglecting these contributions in subprocesses
(1) and (12).

The "Regge" and diffractive components of
G~& (x) given by Gunion,

Gy), (x) = Gg i,(x) + Gg i,(x)

-188(' ')' 02('
vx

'
x (16)

are related to G, (x) through (15). We describe the
. pseudoscalar structure function by G, & ~(x) = 6(1 —x)x

with f dx G,»(x) =1, thereby taking only the val-
ence quarks into account. We shall not try to find
for G, (x) an expression which verifies (15) for each
x, but we write

G, (x) = aL) + a~
(1 —x)' (1 —x)'

x " x

=G, (x)+GP(x),

where the behavior as x tends to zero (one) is justi-
fied" by "Regge arguments" (counting rules), and
we fix aD and a~ through the condition

FIG. 3. The Born terms of subprocess M+ q M + q.

f
1

dxxGgi (x) =6
0

1

dzzG(z)f O'Z)zz , (Z)

(18)
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dx x G / (x) = 3 dz 8 G, (z) dy & Ga I ~(3')

In this way we get

a~ = 0.41,
aD=0.1.

(19)

(20)

From these numbers, we find that the part of the
proton momentum carried away by a 7t is

dx G, (x)x = 0.04.
We now adjust the parameter ~2G(0)

~

in order
to fit the results of Biisser et al." For ~2G(0) ~'

=1.5 & 10' GeV' we have an excellent agreement
with the experimental data which is shown in Fig.
4

In a recent experiment at Fermilab, "the ratio
R = ~ p -m'X/pp - ~ 'X was found to be close to
unity. This fact may be called an indication that
the subprocess M+q -M+q is not dominant com-
pared to others such as q+q-M+ jet or q+qq
-q+qq. " We want to point out here that constitu-
ent-model predictions for pion-beam experiments
are highly model-dependent. To illustrate this
point, we have calculated the contribution of the
subprocess M+q -M+q to the inclusive cross

section pp - n'X and to the ratio 8 within three
models: the spinor quark model used in this
paper, a 44 model, and a model in which the
scaled squared amplitude

~

sA ~' =f(t/0), is assumed
to be a constant. For v s = 23.5 GeV and x, = 0.4,
we get inclusive cross sections in the ratio
7.6/1/1 and for the R values we get 0.6, 15.5, and
1. We see that the cross sections are not too
model-dependent, but that the ratio R is very sen-
sitive to the model used for the calculations. This
is due to the fact that pion beam kinematics fixes
the value x, = 1 in (14) [we have G(x, ) = 5(1 —x, )],
where strong differences between models may ex-
ist. In the reaction pp- p'X, these differences
are reduced by the integration over x, . The model
used in this paper, leading to R = 0.6 at x, =0.4, is
not in disagreement with experiment. We have not
taken into account the fragmentation (q+M -q+M~
-q+M+X), but a recent analysis of correlation
data" indicates that the direct production of mes-
ons is comparable (or higher) to the production of
mesons through a fragmentation mechanism. Thus
we believe that our conclusions should be unchanged
when introducing the fragmentation mechanism.

IV. THE PRODUCTION OF MASSIVE LEPTON PAIRS

We now have everything we need to calculate
da/dQ'. Let us define

10 - x
C3

and

a, a'

f""= 4(K'K'"+K"K"—g'"-'K")

(see Fig. 1). The cross section for the subprocess
of Fig. 1 is

(,) (4 no')'

2s(2v)'
„'"5'(P+K- K,- K —P')

10
dK+ dK dp'

(21)

which can be rewritten

2'
do "'=, dQ'd'K'd'p'8( p")5(Q' —K")6(p")

s(2m)'
-36

I

0.2 0.3 0.4

Tpv~
x 5'(p+K- p' —K')

q4 (22)

2 p~X= ~
FIG. 4. Fit to the large-P~ pion production data at

curve (a) vs =23.5 GeV; curve (b) Vs =30.6 GeV; curve (c)
Ms=44. 8 GeV; curve (d) v s =52.7 GeV. The experimental
points are those of Busser et a/. , Ref. 22.

where

dK+ dK-Z' d(K'- K.—K )f„„
J +

= -'m(K'"K'" —g'"K") .

Using gauge invariance, we get

(23)
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dg(s)

dQ' 3 (2m)' &
d K'd P'e(P")&(P")~(Q'- K")

a'((+x-sc'-(')(- .") .

(24)

The integrals over the 5 functions in (24) may be
easily calculated with the result

d'K' d'P'8(P") 5(Q' —K")5(P")5'(P+K- P' —K')

m

2 q-1

(25)

where we have defined (T =u/s and r =Q'/Q. At this
stage of the calculation we can introduce, in a
straightforward way, a longitudinal or transverse
cutoff over the massive-pair momentum, which
changes the integration limits in (25). Finally, we

get (without cutoff)

do (s) ~2 7. 2 0—
s «(-7'"„),

dQ' 12m Q'

with

T" =,[4r —8r 'c+ r(5o'+ 2a —3)
212G 0) I'

(2T-- I —o)'

—(1+ g+ g'+(y')]

(26)

do "' (1 —T)'
dQ' Q' (28)

This result is different from that of Sachrajda and
Blankenbecler. Here we have an illustration of
how "spin complications" may change the counting
rules of Ref. 16.

The convolution of dv/dQ' with G„»(x,) and

G, & (x,) gives (see Appendix B)

dg o.'2 12G(0)1'
dQ' 3z Q' ,

' „'(l(x,x, -r)G, (x,)
(XgX2 j

&& [G~q, (x,) + G~(,(x,) + G,q, (x, )]

dvI 7', 0, — (29)

where we have assumed that the incident hadrons
were protons. We have defined ~=Q'/s. Let us
note that, we have taken colorless quarks with frac-
tional charges.

We present numerical results for two values of

=--2~~2G(0(~~'I((, o, —). P7(

We recall that in (27), (27 —1 —v) must be replaced
by d/s ~12~ 1-cl- d-/s

In the limits where ~-1, it is easy to verify that

s: s =57 GeV', for which exist experimental re-
sults, ' and s =2500 GeV', which is a typical ISR
value. To compare with the data, we have to intro-
duce a longitudinal cutoff present in the experiment
(K', ~((~12 GeV/c). Our results, for d=0.5, 1, and
2 GeV', are shown in Fig. 5. We observe that the
variation of «/d(Q')' »' as a function of d is rough-
ly linear. The parameter d, following the assump-
tion of Sec. II, must have the value of a character-
istic (mass)' of the qq bound state. It may be
close, for instance, to the central (mass)' of the
35-piet or to the inverse of the Hegge slope (which
can be connected to the radius of the qq wave func-
tion"); the value d=1-2 GeV' appears to be rea-
sonable.

Our calculation shows that the contribution of the
subprocess M+ q -y+ q may be important for
Q's9. For larger Q', we note a steep decrease
of der/d(Q')'~' connected to the very weak probabil-
ity of finding a pseudoscalar with xy close to 1 in
the proton. We also present, as a comparison, the
contribution of the Drell- Yan mechanism, calculat-
ed with the structure functions of Gunion, for color-
colorless quarks.

The results for s =2500 GeV'- are given in Fig.
6. We observe that for small v, the mechanism
M+q -y+q may be more important than that of
Drell and Yan. We also show the sensitiveness of
do/d(Q')' 'toa transverse cutoff of 1GeV/c onthe
pair momentum, a cutoff which leaves the Drell-
Yan contribution unchanged. We have thus an ex-
perimental way to distinguish the contribution of
the Drell- Yan scheme from that of the M+q-y+q
scheme.

We conclude this section with a result on the
production of real photons. The calculation pro-
ceeds following the usual steps and we find that a
good fit to our numerical result is given, at Ws
= 23.5 GeV, by

E'dc/dK'=l. 3 x10 "(1—x,)'/lK', l' (cm' GeV 'c') .
This result is close (smaller by a factor of 2.3) to
that obtained by Escobar" for the production of
real photons in the fusion process.

V. THE PRODUCTION OF LARGE-pi LEPTONS

Since the calculation of the cross section
.Ev/dKd, is tedious, we describe here only the

main points and invite the reader to refer to
Appendix C for more details.

We have to pay special attention to the region
where K"= 4m, ' (m, is the lepton mass). Indeed,
for K"=4m, ', the leptons produced by the decay
of the photon are collinear and we have K'"=2K,"
= 2K'. Therefore, the lepton tensor becomes
t""=K'"K'"-g""K"and by gauge invariance we
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0
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-36
10

1 2
I I I I

3 4 5 6
M=(Q )' (Gev)

I

7

i i
3

M =(Q') i" (GeV)

FIG. 5. The cross section do/dM at s = 57 GeV for
curve (a) d=0.5 GeV; curve (b) d=1 GeV; curve (c)
d =2 GeV2. Curve (d) is the Drell-Yan contribution. The
experimental points are those of Christenson et al. ,
H,ef. 3. The open circles are the "renormalized" data
{see Ref. 10).

get

(30)

FIG. 6. The cross section der/dM at s =2500 GeV2

for curve (a) d=0.5 GeV; curbe (b) d=1 GeV; curve
(c) d =2 GeV~; curve (d) d = 1 GeV and a transverse cut-
off of 1 GeV/c on the pair momentum. Curve (e) is the
Drell- Yan contribution.

where K'„K,= ~K, i
are defined in the cms; Q'

=K" a,nd P' is the angle defined in Fig. 7.
The functions 0 put limits on the integration do-

main of Q' in (32). For instance, we have

s(K'. —K.) m, '
v's —K,—K, x(l —2)

for x = 2K/Ms not close to 1.

leading to a logarithmic dependence on I,' of the
cross section.

The cross section is given by

d( (s)

S 27i

T Qvt
x g(y+t +t7 K")

Oz

do (s)
+

dK 8(27')'s~/2K
dQ'dP'8(C —Q') 8(Q' —I, ')

0+ K,
(s —Q )K.

(31)

We calculate (31) in the center of mass of the sub-
process

[ov]

J
+] /

I

'III

I

/

X 4 (32)
FIG. 7. Kinematics of the large-iKii lepton pair

production.
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The integration over Q' in the region Q „' cannot
be done with a computer, owing to the Q'/Q' be-
havior of the integrand. Therefore, we expand
T'"t,„ in a power series of Q' and m, ', keeping
only the lowest orders. The terms proportional to
(Q') or (m, ')' cancel out and we get after integra-
tion E.dv"'/dK ~ln(m ')

The convolution of E.do"'/dK. with the structure
functions gives

da'xE
'dK, (33)

where we have assumed that the incident hadrons
were protons. For a lepton at 90', it is easy to
check from formula (33) and formula (C8) of Ap-
pendix C that we get the "scaling law"

h(x, ) .dT

lK, I

(34)

We now present our numerical results. We ex-
pect a difference between the cross sections for
electron or muon production. This difference, as
explained above, comes from the low-Q' integra-
tion region and is proportional to

fS lft

dQ — dQ',
@m&n «) @min (&&

where we have chosen m' =20m„'. For Q' am',
the difference (35) is negligible [the lepton (mass)'
becomes negligible compared to Q' and the other
variables] and for Q' & m' our expansion of T""t„„
is valid, thus allowing an analytic integration.

(35)

E, = 2 dx, dx, G, (x, ) t G~),(x,) + Gat(~(x, ) + G,(~(x,)]

We define

E.d o(s )/dK. —E.do( p)/d, K,
E.do(p)/dK,

(36)

10

Figure 8 shows the result of our calculations for
g = 564 GeV' and d = 2 GeV 2. The ratio 6 is negli-
gible for K„~1GeV/c, but it steeply increases
as K„decreases and may become observable for
K„&1 GeV/c. At K.,=l GeV/c, we have

=2.3 x10 3~ cm2 GeV-2d(7 p

QK,

However, we cannot give 6 for K„&1GeV/c,
owing to the limitation of our asymptotic model valid
only for large K„or Q'.

ln Figs. 9 and 10, we compare our results with
ISR and Fermilab data. We remind the reader that
the normalization of E,dv/dK, has been obtained by
fitting large-p, pion production data and by using
the structure functions extracted by Gunion from
the e-N deep-inelastic reactions. Therefore, the
normalization only depends on the parameter d,
which may be reasonably chosen in the range
1-2 GeV'; moreover, we observe in Figs. 9 and
10 that this dependence is weak. With these as-
sumptions, we get a numerical result indicating

0,1

"35

0.05

0.01

2. 2.5

Ki (GeV/c )

FIG. 8. The ratio E at s =564 GeV for d=2 GeV .

10
"36

I

1.5
I

2. 2.5 3.

K~ (GeV/c )

3.5

FIG. 9. Cross section for thelarge-~K~~ leptonpro-
duction at i s =52.7 GeV for curve (a) d =1.GeV; curve
(b) d =2 GeU2. The experimental points are those of
Busser et a/. , Ref. 1.
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VI. PRODUCTION OF MASSIVE PAIRS WITH

LARGE TRANSVERSE MOMENTUM

"54

3. 3.5

K (GeVg c)

A very important feature of the experiments
where a massive lepton pair is detected with a
large total transverse momentum is the prossibil-
ity of probing a kinematical region which cannot be
reached in large-p, hadron production. Indeed,
the massive photon may be far from its mass
shell, thus allowing a more complete exploration
of hard-scattering dynamics.

Let us examine this point by studying the cross
section for the production of massive pairs
do/dQ'dQ, dx, where Q' is the (mass)' of the pair,
Q, is its transverse momentum, and x=Q, /P (P
is the momentum of an incident hadron in the total
center of mass). The experimental knowledge of
do/dQ'dg, dx would be very valuable to determine
the various subprocesses which contribute to the
pair production. For instance, in the Drell- Yan
picture, a strong cutoff in Q, is expected, what-
ever Q' may be; in the VMD model, we must ob-
seve bumps in Q' at the meson masses.

We now study the contribution of subprocess (1),
FIG. 10. Cross section for the large-~Kj

~
lepton pro-

duction at v s =23.7 GeV for curve (a) d =1 GeV; curve
(b) d =2 GeV2. &he experimental points are those of
Appel et al. , Ref. 2.

that the contribution of subprocess (1) may be-
come important for K„&3-4 GeV/c. The way to
see if such a contribution appears for K„&4
GeV/c would be to fit the data with the expression
E.do/dK. ~h(x, )/l K.„l" and to observe if the ex
ponent n changes from the value n & 8 for
K.,&4 GeV/c (the present experimental status)
to the value n = 6 for K„&4 GeV/c, predicted by
the scaling law (34).

do' Q ].
dQ'dQ, dx 3(2w)'0 (4T+x,'+x')' '

&& 6(s+ t+u —Q')
Q2 (37)

where x, =2~Q, ~/Ws and x=2Q, /vs; s is the
square of the total energy in the c.m. of the had-
ron-hadron system. I et P(P, 0, 0, P) and
P(P, 0, 0, P) be the mo—mentum of the incident had-
zoll s alld let K and p be givell by K xjP p x2P
The convolution of (37) with the proton structure
functions leads to

dQ'dQ, dx 3(2m)'s' (4T+x, '+x')' ' , ', G, (x,) [G~q~(x, ) + G~(,(x, ) +
G(, ( )x]

IXI

x6(r+x,x, (x, +x, )(7+—-,'x,'+ ~x')"'+ (x, —x, ) zx)( T ) (38)

with T", given by (27). To take the case where
%=X,P and p=x,P into account, we do the substitu-
tion x —x in (38). Figure 11 shows some numer-
ical results for Q'do/dQ'dQ, dx obtained with
Q' = 1, 10, 50, and 100' GeV ' at x = 0.0 and Ws = 52.7
GeV (the cross section does not vary for more
than 20%%uo for 0.0~x~0.08). It is interesting to note
that for large Q', the cross section does not de-
crease steeply with ~Q, ~; the expected ~Q, ~

'
f(x„r) behavior only settles for ~Q, ~'=-,'Q'. This

variation with Q of the slope in ~QJ is interesting
feature of subprocess (1) which can be experiment-
ally tested.

Up to now, no experimental results exist for
do/dQ'dQ, dx. However, Christenson et al. ' give
the cross section do/dQ, for Q' & 1 GeV' and 0.25

Q, ~ 1.75 GeV/c. The interesting feature of this
result is the flat behavior of the cross section up
to Q, = 1GeV/c and then its steep decrease The.
contribution of subprocess (1) to do/dQ, is obtained
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FIG. 12. The cross section de/d Q~ at s = 57 GeV
for curve (a) Q =0.25 GeV; curve (b) Q ~ =1GeV;
curve {c)Q . 2=2 GeV~. The experimental points are
those of Christenson et al. , Ref. 3. The open circles
are the "renormalized" data.

FIG. ].].. The cross section Q do/dQ d Qj dx at x =0.0
and ~@=52.7 GeV for Q = 1, 10, 50, and 100 GeV

by integrating (38) in Q' and x with the appropriate
cutoff. In the experiment of Ref. 3, the detected
dimuons have a laboratory longitudinal momentum
greater than 12 GeV/c and a mass greater than
1 GeV. Our results are shown in Fig. 12. The
plateau up to Q, = 1 GeV/c is correctly reproduced
and then the cross section steeply decreases. The
agreement with the experiment is still more strik-
ing if we take the "renormalization" of the data
proposed by Farrar" into account.

However, we remind the reader that the experi-
mental cross section is deduced from the data by
a Monte Carlo calculation, and that the result de-
pends on the model chosen to describe the dimuons
production. Thus important stystematic errors
may be present in the result of Christenson et al.
With these reservations in mind, the agreement
between theories and experiments leads us to con-
clude that, in this kinematical region, the mas-
sive-pair production is dominated by the contribu-
tion of subprocess (1). The important point in
our calculation is the cutoff at Q,„'= 1 GeV', lead-
ing to a flat cross section for Q~' s —',Q'. This be-
havior of the cross section has already been noted
in Fig. 11.

In the case of a nucleon-nucleon collision, dy-

namics of the subprocess is screened by the con-
volution (38). Therefore, the best way to disen-
tangle the subprocess cross section from the nu-
cleon structure function consists in performing
experiments with pion beam. In such a case,
G, (x,) must be replaced by 5(1 -x,), leading to the
simple expression (for a m'-proton collision)

Q'do 4 o, ' 1

dQ'dq„dx 9 3(2w)'s' (4~+ x,'+x')' '

with

x,'[1 —.'x —(r+ —;,'+!x')"'] (

—~+(~+4x, +-,x ) —,x1 2 1 2 1/2 1

1 ——',x —(v + —'x, '+ —,'x')" '

(39)

Qi' = Q'(4r + 2x —1) . (4O)

It provides an observable effect, as shown in Fig.
13, and illustrates the fact that the best way to
study the hard-scattering subprocesses consists in
looking at da/dQ'dg, dx in pion-beam experiments.

We can now directly observe, for instance, the
enhancement of T"„, which occurs when the follow-
ing relation is verified:
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10

"35

less steeply decreasing function k(x, ) as x, -1,
may become important and hide the

I
K, I

' be
havior. But the best way to study the origin of
leptons in hadronic collisions consists in looking
at dv/dQ'dg, dx. Indirect information on this cross
section is given by the experiment of Christenson
et al. , ' which measures the cross section dc/dQ, .
We have calculated in our model

I l

2 3
Q (GeV/c )

FIG. 13. The cross section Q2do/dQ~dg„dx in a a+-
proton collision at E~+ =150 GeV and for d=2 GeT2;
curve (a) x=0.4 and Q =25 GeV; curve (b) x =0.2 and

Q = 50 GeV; curve (c) x =0.0 and Q =80 GeV .

VII. CONCLUSION

In this work, we have studied the contribution
of the subprocess m+ q y+ q to lepton pair pro-
duction in hardonic collisions.

Our numerical results indicate that this sub-
process gives an important contribution to do'/dQ',
the cross section for massive-pair production;
this contribution may be greater than that coming
from the Drell-Yan mechanism in the range l —Q'
~ 9 GeV'. When only a single lepton with large
E~ is detected, we found that subprocess m+ q -y
+q gives for K, =4 GeV/c an observable contribu-
tion which may become dominant for K, )4 GeV/c.

The subprocess m+ q-y+ q leads to scaling laws
for the cross sections which may be experimentally
tested. We expect, for instance, that, at the ISR energy
(v s = 50GeV) (or small»i), Edo/dK= (I/i KiI")k(» )
(with n=6) for IK, I

)4 GeV/c. However, at Fer-
milab energy (Ws= 20GeV) (or large xi), other subpro-
cesses" with higher values of the exponent n, but with a

by introducing the various cutoff present in the ex-
periment. The agreement obtained between theories
and experiments led us to the conclusion that the sub-
process m+ q —y+ q may explain the experimental
cross sectiondo/dQ' for smallQ'. A more complete
study of subprocess n + q -y+ q should include graphs
(c) and (d) of Fig. 2, that is, the Drell-Yan mech-
anism. But let us notice that here, contrary to the
original Drell-Van picture, the massive photon
may be produced with a large transverse momen-
tum. Let us emphasize the fact that the scheme
we propose here enables us to get gauge-invari-
ant amplitudes. The procedures which enlarge
the Drell-Yan scheme by introducing a transverse
momentum distribution in the nucleon structure
function are incorrect; they, lead to nongauge-in-
variant results by neglecting terms O(k, '/Q') which
become important for values of the transverse
quark momentum Ik,

I
equal to or higher than
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APPENDIX A

In this appendix, we discuss gauge invarianee and
wave functions in the limit where s, t, u -~. First-
ly, let us study the wave function given by expres-
sion (8),

(-,'a+ k+ m)y'(-,'g- k —m)
X( i ) [(1K+k)2 2][(lg k)2 2] ( ) ) &

(Al)

where m is the quark mass and K'=M'. Its sub-
stitution in (6b) leads us to study terms such as

a'u
[(2K+k —K')' —m'][i2K+ p —k)'J[(kK+ k)' m'][(aK- k-)'- m'][k' —o"]' (A2)
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Its dominant contribution is

~ ~ ~

dxldx2(1 —xl —x2) 8(l —xl —x2)
~ ( —x +X.)[-'~'(x, —x.)'+(m' —4M')(x, +x, )+n'(1 —x, —x,)]'[(1—x +x )P K —2P P' —P'K(1 x ~x )]

(A3)

For the amplitude (6a), we get the corresponding expression

zm' dx, dx, (1 —x, —x2) 8(1 —x, —x2)
p K, (l-x, +x,)[-.'i}f'(X,-X,)'+(m'--,'kf')(x, +x,)+n'(l-x, -x,)]''

To compare with the quasifree case, we define

(A4)

x(o) = de
[(LK k)2 m2][(lK+k)2 m2](k2 n2)2

dxldx2(1 Xl X2)8(1 xl X2)
[-,'M'(x, x,)'+ (m'- —,'I')(x, +x,)+ n'(1- x, —x,)]'

'

The result expected in the quasif ree case is

1
.K x(0), (A6)

and thai

~

~

~

d 4k in'
(k' —n'+ic)' 2n' ' (A12)

1 xo.
p K(p K 2p p'- p'—K)" (A7)

We observe that expressions (A2), (A3), and (A5)
look like those of the quasifree case. They would
be even closer to (A6) and (A7) if we were to im-
pose n' «gyes', M', a condition which favors the
small 4' or the xy xp 0 contributions in the inte-
g rais.

Before doing the calculations with the expression
(9) for X, let us comment on its spin wave func-
tion. It may be obtained either from the spin wave
function of expression (Al),

dn'o(n')
G(k, K)~ (, 2 . )„, (A13)

would lead to an enhancement of P, instead of a
pole; the width of this enhancement is of the order
of magnitude of the (mass)' which appears in this
problem i.e., m', M', f dn2o(n')n'

v2

Therefore, we recover the quasifree case and
gauge invariance. Let us now study the kinemati-
cal region where K'p —K'p' —2pp' = Q +t = 0. The
dominant contribution I,' has a pole. This is due
to the simple form (9) we took for the calculations;
a more sophisticated form,

(-,'a'+ 0+m) y'(-,'g'- k —m) = —g'y'm,

or by noting that in the free-quark case

(A8)

APPENDIX B

C 070 u ~K700 PK70" y P 7

ty, ff'

where c(o, g') is the appropriate Clebsch-Gordan
coefficient to get a pseudoscalar state. Let us now
substitute the wave function (9) in (6a) and (6b).
It is easy to verify that the dominant contributions
are

In this appendix, we give some details on how
the various structure functions appear in convolu-
tion (14) and (29). We consider only the case of
incident protons and define by G, (x) the probability
of finding an (Std') system in a proton. We assume
that (R is for Regge and D for diffractive)

Go~r = Gm~= Gx~ =G»R R R R

in'
2n p &'

I 1 1
2n' (K p —2p p'-p'K) p K '

(A10)

(Al 1)

G(p(p = Gdx= G(p,-= 2G
R E R R

and G,-, = G, , whatever q and q may be. The prob-
abilities of creating a m' through graphs of Figs.
3(a) and 3(b) are then
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1 2

[(G(p~(p + G~(p)G(pt p+ (Gp~+ Ggzg)G~(p+ (G(p)-, + Gg)()G), (p]
2

(B2)

1
I (Ga(p + Gma )G Qvp+ +a'm + G~)Gag p+ (Ga'f+ G ~)G&i p~

v2
The v 2 comes from the v' wave function; the sum of (B2) and (B3) leads to

—,
'

(G z + —,G2 ) (G(p ~ p+ G x»+ G)„&d ) .

For the production of a massive photon, we have the probabilities

~Q (G(p(p G (p( p+ G(paP ~g p+ Ga pGz g p)+ ~Q (Gg@G (pt p+ G~gp ~(p+ G~)G2 t p) = 6", (G (pg p+ G~ t p+ G)g p) .

An analogous calculation for 6, leads to the final result

(G", +G', )(G„,+G~,p+G„,).

(Bs)

(B5)

(B6)

%'e have to multiply by 2 to take into account the configurations where the qq system is emitted by the pro-
jectile and by the target.

APPENDIX C

The starting point for the calculation of the subprocess cross section is the expression

dip o( dK dp
~Q( K K K )) T t)2)s

s(2v)' 2E 2E' ' K' (G 1)

which may be rewritten

s 2 d K T"'t
E — = „d4K' 54(K' -K —K )5(s+t+u —K")

s(2v)'

PU

d'K't)((K' —K,)' —m, ')t)(s+ t+u —K") (G2)

We have neglected all hadronic and quark masses; m, is the leptonic mass. We calculate (G2) in the center of mass
of the subsystem, and the integrals over the 5 function become

dQ'5(K" —Q') f d K'il(Q' —2K' K )5(5+Q' —2&sK' )

d ' s — ' dQ~ 6 '- K,'+ „K,cose'

2'r

dQ' dp'8((s —q')
I K, l

—12) s q' —(0+ ~I)')K' I) .

(G3)

+7r/2
The angles 8' and (t)' are defined in Fig. 7. By symmetry, we get f d(t)'=2 f &

d(t)'. The tensor product
T""t„,depends on the variables (see Fig. 1) S =0, T = (K-K,)', U= (P —K.)', and u= (p —K')', the variable
9 may be rewritten with the angular variables defined in Fig. 7:

2 (2 g
2

u =
2

(1 —cos8' cos8,) + sin8' sin8, sin(t)' . (G4)

The expression of the tensor product is
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8 l2G(0) I'

(C5)

F(S, T, U, u) =u'(~Q'+m, ')+u'[-2Q +Q'(T+ 2S —5m, ')+(T+ U)' —Sm, ]

+u[Q'+Q (2U-3T- S+8m, )+Q'( 3T-+ US-4TU- TS+ &S'+2Sm, ')+2US(T+ U) —S m, ']

+Q (-4U+2T+S —4m, 2)+Q (-4U +2T +3TS + 2S )

+ Q'[S' U+ ST(T + S) + 2S '+ 3S m, ]+ S' U'+ m, 'S' .

To study the limit Q'-4m, ', it is necessary to
replace in (C5) T and U by (T —m, ') and (U —m, ')
[these m,

' have been neglected in (C5)] and to
notice that, in this limit, u-2U+2m and S --2
(T+ U). Then we can verify that

The cross section may finally be written

T '"t,„q2, 2 —2Q'T", , (C6)
X —

2 d T "g (C8)

T""t,„~m, 'n(S, T, U, sing')

+Q'b(S, T, U, sing'}. (C"t)

as expected from the colinearity of the leptons
[T„"=T'/0 is given in (27)]. For Q' close to 4m, ',
we expand for fixed S, T, and U, T""t„„in a power
series of m, ' and Q'. A cancellation occurs among
the terms proportional to (m, ')' and among those
proportional to (Q')o, leading to the behavior

where T'"t,„ is given by (C5) and T=Q'/S. Let us
notice that the tensor product, except for the
factor ~2G(0) ~', is dimensionless. If we have, in
convolution (33), E=x,P and p = x,P with P(P, 0, 0, P)
and P(P, O, O, -P), S, T, and Ubecome

S xyx2s p T = —&x,x» U = —2x,x, (C9)

for a lepton detected at 90' with x,=2 ~K.~/vs and
s =4I"
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