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We study the transverse-momentum distributions of lepton pairs produced in hadronic
collisions, in the framework of the massive-quark model. Its expectations are compared
with the available experimental data at energies of Fermilab and CERN SPS. We find
that our results are in fairly good agreement with the data for p and m induced reac-
tions. Predictions for pp collisions and comparison with @CD are also given.

I. INTRODUCTION

The transverse-momentum distribution of a
highly virtual photon y* of mass M produced in
hadronic collisions at high energy is an important
test of theoretical ideas on the production mechan-
ism. In the classical Drell- Yan model' based on
the parton picture, the outgoing y* which materi-
alizes into a lepton pair comes from a quark-
antiquark annihilation and has a small transverse
momentum resulting from the "primordial" trans-
verse momentum of the constituents inside the in-

coming hadrons. In contrast, one observed that
the y*'s are produced with a large transverse
momentum pi (Ref. 2) and this experimental fact
is interpreted in perturbative quantum chromo-
dynamics (QCD) as an evidence for the emission of
hard gluons carrying a large pz which must bal-
ance that of the y ~. First-order QCD calcula-
tions gave a reasonable description of the pi spec-
trum, but these attempts must face at least two
main difficulties. Firstly, since the cross section
diverges like pq for small pq, due to infrared
singularities, one has to regularize with an ad hoc
infrared cutoff before applying this approach for
pz ~ l GeV/c. In this region one should use expli-
cit asymptotic resummation formulas which are
promising; more precisely one must include the ef-
fects of soft-gluon emission, which somehow im-
prove the agreement of the pj distribution with the
data. Secondly, for cross sections integrated over
the pz spectrum, if the structure functions of the

constituents are known from deep-inelastic scatter-
ing data, one can predict the absolute normaliza-
tion of the cross section, but the prediction fails by
roughly a factor of 2, called the X factor. This
discrepancy is due to the importance of next-to-
leading logarithms which have been calculated in
several recent papers. It was found that these
terms are typically as large as 80%, so clearly it
becomes hard to legitimate the validity of pertur-
bative expansion in QCD, unless one can produce a
strong argument to handle higher-order terms as
suggested by large infrared effects. In addition to

. these higher-order contributions, there are also
higher-twist QCD terms, associated with coherence
effects of hadronic bound states, which introduce a
further complication in the detailed interpretation
of the data. A direct consequence of these effects
is the fact that, in the reaction m N~y*X, the
virtual photon y* has a longitudinal polarization
when its longitudinal momentum fraction ap-
proaches + 1. This is in agreement with experi-
mental observation. ' Before claiming one has a
reliable confirmation of the success of QCD from
lepton-pair production data, more progress remains
to be done, in particular, concerning higher-order
corrections and resummation of soft gluons. So we
wish to propose a different theoretical framework
to study this specific aspect of hadronic collisions.
%e shall adopt an approach based on the massive-
quark model (MQM) which was proposed several
years ago." In this physical picture, confinement
of hadronic constituents is built in from the begin-
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ning by imposing that hadronic matter can be
found only in finite space-time regions. This bag
model, which is distinct from the so-called MIT
bag model, ' becomes more specific when com-
bined with geometrodynamical principles and

yields, in particular, the spectrum of hadronic
states lying approximately on linear Regge trajec-
tories. ' Having constructed these states, one is
able to describe their interactions by means of
weak and electromagnetic currents coupled directly
to quarks and to give a satisfactory description of
fundamental processes such as deep-inelastic phe-
nomena. ' ' Some aspects of lepton-pair produc-
tion have also been analyzed recently in the MQM,
but transverse-momentum distributions were ig-
nored.

The paper is organized as follows. In Section II,
we will consider the notion of elongated quark-
antiquark structure which plays a central role in

large-pz physics and we will discuss its main prop-
erties. Section III is devoted to the explicit calcu-
lation of the pr spectrum within the assumptions
of the MQM. Our results will be compared with

experimental data for p and ~ induced reactions
on nuclear targets in Sec. IV. We shall also give
predictions for the reaction pp —+llX at CERN SPS
energies. Comparison with QCD and concluding
remarks will be made in Sec. V.

II. THE ELONGATED QUARK-ANTIQUARK
STRUCTURE: DEFINITION
AND BASIC PROPERTIES

M = (2n+l),
R

(2)

so one obtains an infinite set of linear and parallel
Regge trajectories without odd daughters. The
function 5z,(z) is a "fat function" which becomes a

Dirac 5 function in the limit where R goes to in-
finity. A very simple expression for this function
1s

1 sinR z
R2 —

K Z

YP(Q k ) is a normalized spherical harmonic de-

pending on the angular variables of k. Finally,
N„r(M) is a normalization factor depending on the
mass and spin of the qq system. When one couples
this meson to the electromagnetic current, N„r(M)
can be calculated by imposing the normalization of
the meson charge form factor at zero momentum
transfer. In this procedure one must consider two
contributions to the form factor as shown in Fig.
1. The first term [Fig. 1(a)] is the vector-meson

p „I(p,k)=N. I(~)5„2( , (p—,'+p, ')-)

X5~2( —,(pq —
pq ))YP(Q k ), (1)

where p~ =p/2+k, p-=p/2 —k, I is the orbital an-

gular momentum of the qq system, and n is the ra-
dial quantum number. R is related to the radius of
the mesonic bag and from the low-mass meson
families one obtains R =2 GeV .' For large
masses, the spectrum is characterized by the rela-
tion

In high-energy reactions, where high-mass had-

ronic states are produced, the concept of elongated
quark-antiquark structure (S) is very relevant for
the description of the structure of final states' '
and also, as we will see, for the calculation of the

pq spectrum in lepton-pair production. In this sec-
tion we shall briefly recall what is 5 and we shall

discuss its main properties.
Let us first consider the wave function g(p~~~-)

of a qq system of total four-momentum p, where

x~ and x- are the coordinates of the quark q and

of the antiquark q. In the MQM approach one im-

poses on f the three following requirements: (i)
translation invariance, (ii) quark confinement in a
finite space-time "bag" region, and (iii) free quark
motion at short distances. 1t is therefore a func-
tion of x=xq —x- and its Fourier transform, i.e.,q
the wave function in momentum space of mesons
of high mass M is given by

FIG. 1. The two couplings of a meson M to the pho-
ton: (a) the vector-meson coupling with p dominance;

(b) the direct coupling.
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coupling where one uses p dominance and the
second term [Fig. 1(b)] is the direct coupling of the
current to quarks. As a result of this calculation, '

one finds that for a given high-mass value M, all

the meson states such that I & lo with lo ——M/mz,
m& being the p mass, have a small wave function.
In other words, qq states with large angular
momentum are suppressed and this is a natural ex-

pectation if strong interactions have a finite range.
From the meson states such that l & lo, one can
construct the following superposition of wave func-
tions:

model leads in particular to the fact that almost all
pseudoscalar mesons are produced at high energy
from resonance decay, in agreement with experi-
mental data. The iteration of this transition mode
leads to the picture where one gets a linear decay
chain of the initial highly excited state. The tran-
sition amplitude can be calculated explicitly from
the meson wave functions and from the three-
meson vertex. If one considers the special case
where the S is made of light quarks and the pro-
duced low-mass meson Mq is a vector meson, the
decay distribution is characterized by'

lo +1
lp M+o&=

2 g X X Ii (&oW' i (p k)
~0 l=O ~ m= —l

K(x) =nk g(x ——,),(2x —1)(1—x)
(5)

S)—+S2+My, (4)

i.e., a high-mass S produces another high-mass S
and a low-mass meson Mz. This low-mass meson
is a vector meson whose coupling is dominant ac-
cording to the MQM. ' ' This feature of the

where the sum over n must take Eq. (2) into ac-
count.

Such a coherent mesonic state, called an elongat-
ed quark-antiquark structure (S) characterized by
the direction fLO, describes a universal cylindric
structure produced in all high-energy collisions. S
is not stable and shortly after it is produced it will

decay into states whose properties are determined

by the three-meson vertex which appeared already
in Fig. 1(a). The dominant decay mode is' '

nk is a normalization factor determined from the
decay width, and x=2EM /M, where E~ is the
energy of the vector meson Mv and M is the mass
of the initial S. Here, unlike in Ref. 19, we are
neglecting the transverse momentum of the vector
meson Mz with respect to the direction of the ini-
tial S. This approximation will be justified in our
case since according to Ref. 19 the average pi of
the produced vector meson is (pi ) -0.45 GeV.
The quark of the S which has emitted a vector
meson will, in general, change direction and so will
the S. Therefore, at any step in the decay chain
there is a nonvanishing "tilting" probability that
the S rotates by an angle 8 and continues its
canonical linear decay chain in the new direction.
The probability for tilting an S of large mass M by
an angle 8 has been calculated in Ref. 19 and reads
in the rest frame of the S,

dX (Ml ) 1 1

d cosg mM (3—2 cosg) [1—cosg+ (m~ /M )(2—cosg )]

2m 4
1

M [1—cosg+(m~ /M2)(2 —cosg)]~

where (MI') is the total width of the S and we shall take as in Ref. 19 (MI ) 4, GeV 2 ~hen the angle 8 is
different from zero the first te~ dominate over the second one for large values of M and it goes like
1/M .

The decay and the tilt of S are the main dynamical inputs one invokes, in the framework of the MQM, to
describe the origin of jets in e+e annihilation' or multiparticle events at large pz, together with the fact
that the S decay is dominated by vector-meson emission. For studying transverse-momentum distributions
in lepton-pair production, we will use the same ingredients in addition to the probability for producing an 5
which is related to the structure functions measured in deep-ineLastic scattering. I.et us emphasize that here
again we will not consider the emission of pseudoscalar mesons by an S because it would lead to a Drell-
Yan cross section roughly one order of magnitude lower than experimentally observed.
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Let us consider the process

hihz~( l +l )+X (7)

where a massive lepton pair ( l+I ) of mass M is produced with transverse momentum pi and rapidity y.
The cross section (der/dM dy dpi )

~ ~ for this reaction, at a fixed value of y, is calculated in the MQM by
means of the two diagrams depicted in Fig. 2. The two hadrons h i and hz are emitting a quark and an an-
tiquark which make the initial S. This S will decay according to (4) but, as mentioned above, it has a cer-
tain probability to tilt by an angle 8~, this probability being large when the mass of the S is small [see Eq.
(6)]. The quark q and the antiquark q of the S before tilting carry the longitudinal-momentum fractions x,
and x2 and the transverse momenta pq and p-. After tilting the S has a last decay step where it produces
the timelike photon giving the observed lepton pair ( l+l ) and a vector meson which is assumed to have
no transverse momentum and a longitudinal-momentum fraction x. Two diagrams appear in Fig. 2 because
for symmetry reasons one should be able to permute the vector meson and the photon.

According to the MQM rules the diagram in Fig. 2(a) gives the following contribution to the cross section
at a fixed value of the rapidity y of the photon y= 2 in[(gp + Ql )/(Qo —QL )],

g 2

dM dy dp~'
[F (M,y,pi)+(q~)]A, 'Fi„(M ),

where

F (M,y,pi)= ge/ f dxidp f '(xi,p ) f dx2dp f '(x2,p--)—
f

)& f E(x) f d cos4*,5' '(Q —(pi+pi)) .
X d cos8*

(8)

The first factor in Eq. (8) is very general of in-

clusive production of the ( t +( ) pair through a
virtual photon. Before we discuss, in more detail,
the function F in Eq. (9) an—d how to calculate it,
let us first make some comments on the normaliza-
tion of the cross section which is completely fixed
by A,

' and Fi(M } as in Ref. 17. The factor A,

can be evaluated by assuming Pomeron dominance
in the hadronic tensor O'„„. It is also related to
the ratio R in e+e annihilation and in the
MQM' one has A, '=m/4, whereas in the parton
model A, '=1. As we have seen above (see Fig. 1),
the coupling of a real photon to the qq pair in-

volves two terms. This is also the case for a time-
like photon, so the usual direct coupling which oc-
curs in Fig. 2 will be multiplied by the amplitude

h2

X)Xp
C3

pq, pq

X) X2S
(3 O

Pq, Pq

A(M )=1+iX,——ln
M
Mp

where Mp is a parameter related to a subtraction in
the dispersion relation used to calculate the above
amplitude. The function Fi (M) which appears in
the cross section [Eq. (8)] is the modulus square of

(b}
FIG. 2. Two lines joining two circles represents an

elongated qq structure (S). Two lines with an arrow on
them represents the emission of a vector meson. The
vertex where 0* appears represents the tilt of the S. (a)
Corresponds to the emission of the vector meson by the
quark. {b) Respectively, the antiquark.
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A(M },

Fq(M )=A, + 1 ——ln
M
Mp

2

(10)

hadrons. A reasonable choice from present
knowledge of hadron structure is

1 1x~=-x~=-
q S ~ q 1O

%e have chosen Mp ——5 GeV for best agreement
with the data, but if you put a smaller value, i.e.,
Mp ——2 GeV, in the range of mass of lepton pair
we are interested in, the cross section will change
at most by 20%%uo, which is the uncertainty in the
normalization of the experimental data.

Let us now come back to I'~q defined by Eq. (9).
For the structure functions f ;"we assume the fol-
lowing parametrization:

PIPf,"(x,p; ) =+e ' f;"(x) (i =q, q ),

where the f;"(x) are the structure functions extract-
ed from the MQM analysis of deep-inelastic
scattering" "that we shall give in A ppendix A .

In (1 1) we have assumed a simple form for the
transverse-momentum distribution of partons in-
side the S. The S being a universal hadronic struc-
ture, the mean transverse momentum can be ex-
tracted from the Monte Carlo analysis of the S de-

cay in e +e annihilation. It is found that this
mean value grows linearly with the logarithm of
the center-of-mass energy of the initial qq pair. So
for the reaction (7) with total squared energy s we
have

h1 h2
(p; ) =a +b ln(x~ 'x-'s)

where xq and x are the average energy fractions
q

carried by q and q which depend on the parent

1
—

1x~ —— x~ ——
10 ~ q 5

2( Qo +QI. )

V s (2 —x +x cos0*) ( 14)

Finally, it remains to integrate over x and cos8* in
a certain kinematic domain obtained from the re-
quirements 0 &x ~ 2 ( 1. After some calculations
Eq. (9) becomes

x q =xq =
3

From e +e annihilation b is equal to 0.15 GeV.
The intrinsic average transverse momentum a is
taken equal to 0.29 GeV, a value which is indepen-
dent of the initial hadrons. The determination of
p which appears in Eq. (11) follows immediately
from the knowledge of Eq. (12).

The tilting probability dX/d cos8* is normalized
in such a way that by integrating the cross section
over p& one recovers the well-known scaling law
for M (do/dM).

The explicit expression of the Dirac function
5' '(Q —(p ~ +pz )), where Q is the four-momen-
tum of the massive photon and p ~ (p2) is the
four-momentum of the quark (antiquark), will be
given in Appendix B. This quadridimensional
Dirac function allows us to eliminate some of the
integrations which appear in (9). From Eqs. (87)
and (88), we can integrate over p~ and p and from
(86) and (89) over x

~
and xz, whose values are

+~~(M y,p~ )=+I,—K(x) f d cos8*
max~ x d cos0* [( 1 x)+ —,x sin 8*]s

X )X2SX
Xexp —pA p~ +— sm 0* Io(

~

pA(x, xmas)'~ x sin8*p~
~

)

X g eI f» '(x, )f '(x2),
f

where

1 ——(1+cos8*} + 1 ——(1—cos8~)
2 . . 2

Io is the zeroth-order Bessel function of imaginary

argument. x „is the maximal energy fraction
carried by the vector meson in the last step of the
S decay,

(Qo+ iQL, i
)

xmax = l
v s
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The diagram in Fig. 2(b) gives a contribution to
(M,y,pt) analogous to Eq. (15), but the values

of x& and x2 are in this case

Qo+Qz,
+1,2 v s 2—x+x cos8*

We have now everything to compute the pz spec-
trum for the reaction of Eq. (7). Of course, the ex-
pression for I" is no—t a simple one and to evaluate

the cross section we will have to perform the last
two integrations by computer.

IV. RESULTS AND COMPARISON
VATH EXPERIMENTAL DATA

We have compared our results with experimental
data obtained from proton beams on platinum tar- .

gets [Columbia —Fermilab —Stony Brook (CFS)
collaboration] and negative pions on platinum tar-

gets ' (CERN NA3 collaboration). The fact that
the target is a complex nuclei requires the use of
the structure functions of both protons and neu-

trons with the appropriate ratio.
In the case of the CFS experiment we have cal-

culated the invariant cross section at a fixed rapidi-

ty y (Ref. 22) by integrating Eq. (8) over several
mass bins divided by the factor n.. In Fig. 3 we
show our pj spectrum for (y ) =0.03 and p~,b

——400
GeV/c. The agreement of the theoretical curves
with the data for each mass bin (from 5 to 12
GeV) is very good both in shape and normalization
for the whole pz range. Figures 4 and S exhibit
the same comparison at different p~,b and (y ) and
show an equally good agreement between theory
and experiment for small and intermediate p~. For
large pz the cross section behaves like a Gaussian.
However, the main decay mode of the S we have
considered [Eq. (4)] in this paper is only dominant
for small pz (pz & 3—4 GeV/c). For higher pq,
which has not yet been investigated experimentally,
one should also consider the mechanism S~S1
+ S2 where an elongated qq structure S gives rise

to two heavy objects S1 and S2. This new decay
mode will lead to a higher cross section for high pz
as in the case of e+e annihilation (see Ref. 19).

In the case of the NA3 collaboration the cross-
section data shown in Fig. 6 are for (1/pz)d o'/
dM dye, where one has integrated over the rapidity
range of the experiment —0.4&y &1.2. To com-
pare with these data we have calculated the expres-
sion

' 5&8& 6 GeV
& 6&8& 7 GeV

8 GeV
96eV
126e V

10

5 GeV
6 GBV
7 GeV
8 GeV
9GeV

= 0.21

f4

w 1Q2

O

X3

r 102

b, m
CL

D M
LIJ

10

2
Pg (GeV/c)

FIG. 3. The invariant cross section vs p& at p~,q
——400

GeV/c and (y) =0.03 (data from Ref. 2).

pi (Gev/c)

FIG. 4. The invariant cross section vs p& at p~,b ——300
GeV/c and (y ) =0.2 (data from Ref. 2).
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4J
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&H& 5GeV
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&8&7 GeV
(H& 8GeV

&y&= oa

2' d 0
3

where 6M is the mass interval and we have
checked that the integration in the above rapidity
range of the cross section d o/dM dy is well ap-
proximated by its value at y=O. As shown in Fig.
6 the theory is in fairly good agreement with the
data on a rather large p& interval. However, the
theoretical curves are slightly above the data
points, but for a better comparison it would be
more suitable to have the invariant cross section
Ed rr/dp ~» in small rapidity bins as in the case
of the CFS collaboration. In Fig. 7(a) we plot the

I
'

I '
I

'
I

c 280 Gev/c
O 2006ev/c
o 'I 80 G e V/c

2

p, (GeV/c)

FIG. 5. The invariant cross section vs p~ at p~,b
——200

GeV/c and (y ) =0.4 (data from Ref. 2).

3
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O
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x 4, . 1 & H & 5 GeV

6 &M& 6GeV-
H & 8.5GeV-

I

0.4 0.6 0.8 1.0
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I I I

(b)

CJ
Q

C
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~~10

1O-'.—
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2.0—I
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n. $.0—

II ~~
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2 4 6 8 $0 12 14 $6

1O'
0

u

2
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FIG. 6. The cross section (1/pj )(d2g/dM dp&) vs p~
at phb ——1SO GeV/e (data from Ref. 21).

M (GeV)
FIG. 7. (a) The mean-squared transverse momentum

(pj ) in rrN collisions at p~,b ——150, 200, and 2I)0 GeV/c
(data from Ref. 21) versus the variable V r =M/V s.
(b) The mean-squared transverse momentum (p, ) in

pX co11isions (CPS) at p~,b
——200, 300, and 400 GeV/c

(data from Ref. 2) versus the lepton-pair mass.
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mean-squared transverse momentum (pi ) vs the
lepton-pair mass at three different energies for

N collisions. The observed rise is well repro-
duced by our model in the limited range of v r
Due to the complicated expression of I' —given in

Eq. (15), we could not anticipate the linear rise we
have obtained up to v r-0.7 or so. The only
thing we can say is that if (pi ) were flat at fixed
energy this would mean that the cross section fac-
torizes as f(pi) Xg (M). In our case obviously we

do not have this factorization property. As expect-
ed the curves in Fig. 7(a) fall to zero as Wr +1-
This is a kinematical constraint because when we
reach the phase-space boundary M —v s, the max-
imum pi value must be very small as (pi ). In
Fig. 7(b) we plot the mean-squared transverse
momentum (pi ) vs the lepton-pair mass for pN
collisions (CFS data) at three different energies.
We find in this case that our theoretical curves,
flatter than in the previous case, are in acceptable
agreement with the data at 200 GeV/c. However,
we do not reproduce the pi, b dependence of (pi )
at fixed r since the 300 and 400 GeV/c data are
above our curves. For 400 GeV/c this reflects the
fact that in the pi distribution shown in Fig. 3, we
are missing the experimental points for pz & 3
GeV/c. The difference of behavior of (pi ) in

N and pN collisions is due to the different
shapes of the pi distributions which are related to
the mean transverse momentum of the partons in-

side the elongated qq structure [see Eq. (12)].
There are also some CERN ISR data on the pq

distribution which are of course less accurate than
the fixed target data previously mentioned. At
these very high energies, we predict from Eq. (12)
a lower slope of the pi spectrum in agreement with
experimental observation.

approximately constant with the mass M and with
the rapidity y of the lepton pair over the kinematic
region investigated so far. For very large values of
the lepton-pair mass when we reach the boundary
of the phase space, it is essential to use the exact
kinematic for the soft-gluon transverse momentum.
As a consequence, QCD predicts in this region, not
yet explored by experiments, a fast rise, typically
from 2.5 to 4 for 0.7 &r &0.9 in rrp collisions as
shown in Fig. 8. In the MQM, the E factor is
given by Eq. (10), so the M dependence is loga-
rithmic and it does not exhibit a sudden rise in the
limit r~ 1 whatever the value of M, as shown in

Fig. 8. Moreover, E is universal and it does not
depend on the initial hadrons. The two models can
be certainly discriminated for large values of r,
namely for r & 0.8, but we do not know if, in a
near future, experiments will be able to allow a
conclusive test from this E factor.

Let us now discuss the transverse-momentum
properties of lepton pairs. First-order QCD calcu-
lations do not provide a very good description of
the pr spectrum due to the following reasons.
First, the unregularized cross section, which is in-
frared divergent at small pq, should agree with the
data at high pz. This is not the case because it
gives a result ten times below the data for m. N
collisions. Second, if one regularizes it by intro-
ducing an intrinsic transverse momentum, its aver-

age value has to be rather large, namely of the or-

QCD
2 2GeV 2

MQM
~ ——~,2=~G V'

V. COMPARISON WITH QCD
AND CONCI. UDING REMARKS

Clearly the MQM is one particular model, but so
far the QCD approach is also in rather good agree-
ment with the data. Therefore we feel that it is
worth thinking about how future data can discrim-
inate between these two challenger models. This is
what we shall discuss now. %"e will examine suc-
cessively three specific features of the Drell- Yan
pairs where the two models give distinct predic-
tions, that is the E factor at high lepton masses M,
the rise of (pi ) with M in rr N collisions, and
the pq spectrum in pp collisions.

Concerning the E factor, QCD predicts that it is

2
~ ~

I I I I I I I I I I

0.4 0.8

FIG. 8. The E factor for Irp collisions in QCD (solid
curve, Ref. 8) and MQM (dashed and dot-dashed curves,
Ref. 17).
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der of 1 GeV. For small and intermediate pT, the
data are well understood by resumming large terms
like a,"ln "(M /pr ) (a, being the QCD running

coupling constant) as emphasized by many au-

thors. ' Even without considering fully the non-

leading-logarithm contributions, the use of the
exact kinematics for the gluon transverse-momen-
tum phase space at the leading-logarithm level im-

proves considerably the phenomenological analysis,
bringing theory in good agreement with data as
can be seen in Ref. 26. It is interesting to note
that in this case the parton intrinsic transverse
momentum is reduced to a moderate value, typical-
ly (pT ) -0.3—0.4 GeV . Let us now consider
the high —pT region, i.e., pT &2—3 GeV/c. The
failure of first-order calculations in this region is
certainly due to the fact that the pT values present-

ly accessible to experiments are too small to be
sensitive to hard gluons. Here both accurate data,
soon available, and higher-order hard annihilation
and Compton calculations should help clarify the
situation. This is strongly supported by recent
second-order calculations of hard annihilation
terms which multiply the first order by roughly a
factor 2, in better agreement with data only for

105
4.5(M(5.5 GeV

S =22.5 GeV
5.5(M(7.5 GeV

m X collisions at pT )3 GeV/c.
In the MQM, as we have seen, the relevant con-

cept for the pT dependence of the lepton pair is a
multivector meson emission during the decay of
the elongated quark-antiquark structure (S) which
increases, at each decay step, the transverse
momentum of the initial quark-antiquark pair.
For small and intermediate pz spectrum the agree-
ment is very good. A rather small value of the in-
trinsic transverse momentum ((pT );„„-0.3 GeV)
is required in this analysis.

Concerning the rise of the mean squared trans-
verse momentum with the lepton mass M, the
slope is important for small masses in QCD
whereas it is quite flat in the MQM as shown in
Fig. 9. Nevertheless, present data are not accurate
enough to discriminate between the two models.
At higher lepton masses the behavior is completely
different. The MQM predicts a rise of (pr ) with
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FIG. 9. The mean-squared transverse momentum

(pq ) for m N collisions. Solid curve: QCD prediction
{Ref.26). Dashed curve: MQM prediction.

FIG. 10. Predictions for the invariant cross section
Ed3cr/dp for pp collisions at V s =22.5 GeV and

(y) =O.S. Solid curve: soft QCD contribution (Ref.
26). Dashed line: hard annihilation QCD, first- and
second-order contributions (Ref. 26). Dot-dashed curve:
MQM prediction.
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v r up to v r -0.7 or so, whereas in QCD (pr )
falls down already at ~r )0.5, so new data at
higher masses should definitely discriminate be-
tween the two approaches. Another way to do that
is to look at the pr distributions in pp collisions.
In Fig. 10, we see that the cross section vs p~ de-
creases much faster in soft multigluon emission
than in the MQM. The difference is so important
that experimental data in pp collisions which will

be soon accessible must give the answer.
In conclusion, future Drell-Yan experiments in

PE, mN, and pp collisions will be able to clearly
discriminate between two different high-energy
models. These models lead to specific predictions
for the E factor which seem rather hard to test ex-

perimentally. They predict different behavior for
the mean squared transverse momentum against
the lepton-pair mass M for large M, which are
worth being carefully analyzed. The crucial test is

certainly the transverse-momentum distribution in

pp collisions.
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APPENDIX A: STRUCTURE FUNCTIONS

We give in this appendix the structure functions
we have used for the calculation of the pz spec-
trum in Eq. (11). We take for nucleons

fg (x)= A F(2, 1,4;1—x)
(1—x)

3x

+C(1—x)

8 (1—x) F(1,2, —,;1—x),
5 Vx

where F(a,b, c;z) is the Gauss hypergeometric
function and

f„,(x)=A F(2, 1,4;1—x)(1—x)
3x

APPENDIX 8: KINEMATICS
OF THE REACTION

We consider an elongated quark-antiquark struc-
ture S made of a quark-antiquark pair whose frac-
tions of longitudinal momentum are xq, x, and

transverse momentum ps, p-. We define the four-q'
momentum of quark and antiquark as

Pq=
Vs Vs
2

+q ~Pqx ~Pqy ~ xq PqL2

with the following values for the parameters:

ap=0. 1623, A =0.06,

H2p ——0.3671, C =0.36,

8p ——0.2, 8 =(1—C)/1. 06 .

Hip=0. 07

Note that this parametrization is a refined version
of the one adopted in Ref. 14 in order to describe
correctly low-Q SLAC data on nuclear targets.

f„(x)=fd(x) = —,ap(1 —x) +682p
s 3 (1—x) ~

Vs
2 ~q»qx»qy

vs
q q

I—=p—
L

(1—x)+ 2Hp

ff(x)=f„"(x)= —,ap(1 —x ) +382p
(1—x)

(1—x)+ —,Hp
X

1 —x'
f~, (x)=f,"„(x)= —,8p—

where s is the center-of-mass energy of the incident
hadrons. In the following we use the notations

vs Vs
Qq

—— xq~ 6—= x—
~ E =Eq+6'—,

P=Pz, +Pj ——pv+p-, M =(x~x-s)'

and for mesons

(1—x)+81p

Making a boost such that the elongated quark-
antiquark structure S is at rest, we obtain for the
quark components (in the approximation
p'pq =pl.uql. )
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(p, +pq-„)~1.
Pqx p Pqx Pqz 2(E +~)

(Pq +P~)PL,

2(Z+I)
(B2)

For the antiquark we change q~q.
Let us suppose that the vector meson is emitted

by the quark longitudinally and it carries a frac-
tion x of its momentum. The resulting com-
ponents of the quark are

Pq' =(1—x)p

eq* ——(1—x)eq .
(B5)

for the antiquark components

(Pq. +P;.)Pi
+ 2(E+M)

After having tilted the S and emitted the vector
meson, we make a boost to put the S in its original
frame. The new components are

M
Pqi. =

M
2

(Pq„+p~)PL,

2(E ~m)
(B3) +p- 1 ——(1—cos8~)x

qx

ps —— x sin8~siny~+p 1 ——(1+cos8~)

(B6)

In the S rest frame we choose PL along the z axis,
and we tilt the S by a set of angles 8~, q~ The.
new components of the quark are

+p- 1 ——(1—cos8~)
2

(B7)

Pq~ = —
PqL s1ne cos+ +Pq~ cosa

P~ PqL sing s1n((P +Pqy cos8

pqz =pqg slI15 +pqL cos8

where
+2 +2 1/2

Pqj. =(Pqx +Pqy )

(B4)

xPs= ——«os8*+
2 2

Ps —(2—x)———Pi cos8* .—p E x
2 2

(BS)

(B9)

If we set Pz ——p ~ +p2, we get an explicit expression
for 5' '(Q —(p & +p2 )) involved in Eq. (9).
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