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ABSTRACT

The polarization properties and longitudinal momentum distribution
of massive lepton pairs produced in hadronic collisions are shown to
depend in detail on the internal dynamics of the incident hadrons. TFor
meson-induced reactions, we use QCD perturbation theory to predict that
at small transverse momentum of the pair, the decay angular distribution
in the pair rest frame will change from predominantly 14—cos26 to
sin26 as the longitudinal momentum fraction of the pair Xp > +1. The
two angular distributions are associated respectively with (1--x)2 and
Q—z(l-x)o components of the valence quark structure function of the

meson.
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The Drell-Yan processl A+B > 20X measures the ability of colliding
hadrons to reconfigure their momentum into the local production of a
massive lepton pair with four-momentum Qu. As the edge of phase space
is approached (i.e., T = Qz/s + 1 or Xp = QL/QEax‘+ 1), an annihilating
quark q or anti-quark q in the subprocess qq =+ y* + 2% is taken far off-
shell, and consequently the far off-shell short distance internal dynamics
of the hadronic wave function is probed. The Drell-Yan process can thus
be used to determine the structure functions of hadrons not normally
accessible in deep inelastic scattering and to measure other important
aspects of the dynamics (e.g., spin properties) of the hadronic con-
stituents at short distance.

In this letter, we report an analysis of meson-induced massive lepton
pair production MB > £+£_X in the context of perturbative quantum chromo-
dynamics (QCD). We go beyond the usual treatments by including explicit
effects associated with the meson bound state.2 We assume that in the
low momentum transfer domain, the meson wave function describes a qq
bound state, and that at large momentum transfer, the momentum dependence
of the meson wave function is controlled by the Bethe-Salpeter kernel --
and thus by single gluon exchange in the asymptotic freedom limit. This
idea is sketched in Fig. 1. The same model3 yields the standard pre-~
dictionsB’4 for the power behavior of meson and baryon form factors at
large Q2, and for baryon valence structure functions, all consistent
with experiment. Our focus here is on the consequences of the QCD
description of internal hadron dynamics; logarithmic corrections due to

QCD radiative processes can be treated in the conventional manner.
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The most striking testable consequences of this QCD picture for
‘MB *:E+R—X are its predictions for the valence quark structure function
of the meson and for the polarization of the virtual photon y* > 2+2—.
The structure function has both a scaling5 (1-—x)2 and a non—scaling6
Q-z(l--x)0 component, with specified relative magnitude. Each is associated

with a different angular distribution in the lepton pair rest frame. For

Mq ~ 2+£_X, we obtain
do « (1-—x)2 (14—cosze) +--% —=— sin"6 . (1)

Here x is the momentum fraction (light-cone variable) of the annihilating
a from the meson, ;g-is the average of its squared transverse momentum,
and cos§ = ﬁz- ﬁ“ is defined in the lepton pair rest frame. Identifi-
cation of the non-scaling piece in the data can be made in several
different ways: the x dependence of the cross section at fixed Qz,s;

the angular (8) dependence at fixed x,Qz,s; and s dependence at fixed
QZ/S-

The dominant contribution to m N > u+u—X at large Q2 arises from the
annihilation uu -+ y* -+ u+u—, where the antiquark 4 comes from the m and
u from the nucleon. We concentrate on the kinematic region where only
the u is far off-shell (i.e., Xp > 1). It is sufficent to treat the u
quark as nearly free and on-shell. Thus, the incident nucleon structure
is not indicated in the lowest order diagrams shown in Fig. 1 for
T q > y*q. Both diagrams in Fig. 1 are required by gauge invariance,
although in a physical (axial) gauge, the scaling contributions as
Q2 + « can be identified solely with Fig. 1(a). We partition the incident

meson momentum p equally between the constituent q and q; this simplifying

approximation can be discarded as it does not affect our conclusions.



A

The kinematics of the annihilating antiquark are specified with
. . _, 0,3 0, 3 , 2 _ .2
lllghgmcone variables X, = (pa4-pa)/(p +p7), and kTa' Setting p; =m,
where m denotes the bare quark mass, we use energy and momentum con-
servation to derive

=2 2 2
2 kTa + x m" - xa(l-xa)mn
p, = - . (2)
(1-x.)

As X, > 1, P, becomes large and far space-like. The squared four momentum

2

carried by the gluon in Fig. 1, k2 = (pl-—¥5p)2 = 15(p§ + mz) - lzmﬂ,
also becomes large as X + 1. Therefore, invoking arguments based on
asymptotic freedom, we suppose that in the range of X, of interest to us,
the single gluon exchange approximation shown in Fig. 1 will yield a good
representation of the asymptotic large momentum behavior of the Bethe-

Salpeter kernel for the qa bound state.7

The invariant amplitude corresponding to Fig. 1 is
a (kz)

M T, ¥, V) :%-—fgz——-ww<6)

Z upy) v, uy, (#/2) v_, (p/2)
A

a 1 u u
a C

p{mW]u%), (3)

o = (L . e - 3
where %; wv_, = (sp +m) v specifies that the ud bound state is a
-+ 3
pseudoscalar.8 The factor wﬂ(r==6) in Eq. (3) represents an integration
over the soft momenta in the pion wave function. We remark that our

expression for the amplitude is precisely correct in the limit of zero

binding energy for the meson. Note also that in our calculation the
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->
quark transverse momentum kT enters explicitly; it is not an arbitrarily

. . . . . N 0w 7 . . -
assigned "intrinsic'" or "primordial” kT associated with the qq binding

-

in the wave function.

For simplicity in what follows, we set m2==0 and mi = (0, and we

, . >2 2 . . .
restrict our attention to kTa << Q7, Using the amplitude in Eq. (3), we
compute an explicit expression for the cross section for 7 N ~» upX.

After integration over the azimuthal angle in the pair rest frame, we
obtain
9% do 2 2

-
« d "k, dx d7k dx G, (x, ko)
sz dzaT de dcos B Ta a Tb q/N"b Tb

2 2
V. (0)
;lz—— [(1-xa)2(14-c0526) + g~:;?-s1n26}

(2)(6i-§&a ka) G(XL x - X, ) G(Q -x X s) .

(4)

Here Gq/N is the quark structure function of the nucleon. We have
discarded contributions which are of order Q_Zk%(l-xa) and Q_'l‘kf;.(l--xa)"1
in the square brackets of Eq. (4).9 The contributions from sea quarks
and antiquarks in the meson and nucleon are also ignored in Eq. (4).

In the Bjorken scaling limit, Q2 + o, at fixed X, the valence quark

structure function can be extracted from Eq. (4):

2> 2
NGEE /d %, q/“(xk) « (1-%)2 . (5)

The corresponding Ei fall-off produces pairs with a Q;A distribution2

(for k%a << Qz).
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We observe the following additional features of Eq. (4):

(i) We can identify a non-scaling contribution to the structure

-

function. After averaging over cos 9, we obtain:

N
-
volifo |

2
Ga/Tr > (1-x)" + . (6)

Q
The non-scaling contribution is independent of x and will dominate the
scaling contribution at fixed Q2(1-x) as Q2 + «, In our model the

relative magnitude of the scaling and non-scaling terms is fixed.9

When the non-scaling term dominates in Eq. (4), the mean ;E; is of order
o%/10g Q7.

(ii) The non-scaling contribution corresponds to a longitudinal
structure function and provides a sin26 angular distribution in the
lepton pair rest frame, in contrast to the conventionalwexpectation of
(14—cosze). At fixed Qz, the sin26 term dominates in the cross section
as Xp 1. The usual rule that annihilating spin -1/2 quarks produce
transversely polarized photons is modified when off-shell constituents
are involved. In our case, the q is kinematically far off-shell since,

as x, + 1, all of the momentum of the recoil spectator quark must be

F
transfered to the annihilation subprocess. In this situation the spin

of the incident meson influences the final angular distribution. 1In a
different language, the bound state effect can be identifigd with a
"high-twist" subprocess, since more than the minimum number of elementary
fields is required.

In the range 4.0 < M = (Qz)l/2

< 8.5 GeV, an effective pion structure
. , 10
function has been extracted by the Chicago-Princeton collaboration

from their data on 7 N -+ u+u_X at 225 GeV/c. They report that xGiXpt(x)
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1.01+ 0.05

=~ 0.5 (1-x%x) for x > 0.3. For similar values of Qz, our

structure function in Eq. (6) can mimic the observed (l-—x)1 behavior

if we choose ;z ~ 1 GeVz. This value of ;z is consistent with measured10
values of <Q%> = <(—1:Ta + ETb)2>’ We remark parenthetically that the
parameter ;z in our formulas is a function of Q2 and x and effectively
includes the mass terms which were dropped when we set m2 and mﬁ = 0.

Shown in Fig. 2(a) is a comparison of our structure function, Eq. (6),

for different values of Qz, with the form Geth

. (x) deduced from the

data, assuming Q2 independence. We urge that the analysis of the data
be repeated with Eq. (6).

In Fig. 2(b) we present our prediction for the polarization para-
meter a in the expression do/dcos6 = I-Facosze. In our model, o =
(I1-r)/(1+r), with
4 k%a

r = —= . (7
Q2 (1-x)) 2

9
Our predictions are presented as a function Xp = (xa-r/xa)/(l-—r).
The angle 6 is referred to the t-channel (or Gottfried-Jackson) system
of axes: cos8 = ﬁu 'ﬁ“. Observed values of a are reported10 only for

data averaged over all x_,, and, as we expect in this case, o ~ 1 for

F
4 <M< 8.5 GeV.

The experimental observation of an effective (l-—x)1 behavior of the
quark structure function of the pion is incompatible with general crossing
arguments for Born diagrams which mandate only even powers of (l1-x) as
x~+1 when a fermion is extracted from a meson.11 The linear behavior

(1 -x) would be expected or spinless quarks. On the other hand, the spin-

1/2 nature of the constituents seems well established by the observation in
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the same experiment of a decay angular distribution of 14—acos26 with
o =~ 1. Our analysis provides a resolution of this apparent paradox.
We suggest that the observed (1--x)1 behavior is an approximation to our
Eq. (6), in which only even powers of (1l -x) appear. The critical test
of this assertion is the identification of the predicted sinze behavior
of the decay angular distribution at large Xpe

Observation of our predicted sin26 non-scaling term in the data
would reinforce the applicability of the Drell-Yan model with spin-1/2
quarks and verify that structure functions can be understood in some
detail in a QCD framework. Failure would mean that there is no funda-
mental explanation for the observed power behavior of structure functions.
The non-scaling and angular dependent effects we derive are in addition
to, but much stronger than analogous effects provided by QCD gluonic
radiative corrections; in particular, our prediction foé the angular
distribution applies at small QT’ where gluonic radiative corrections
do not upset the conventional 1 + cosze expectation.12 The form we
derive for the structure function in Eq. (6) should apply universally;
for example, an analogous structure function should also be observed
in meson induced large P hadronic processes.

In baryon (or antibaryon) induced reactions, BB -+ 22X, the 1 +
cosZG behavior characteristic of spin-1/2 systems is maintained as x -+ 1.
However, non-scaling longitudinal contributions arise near-x = 2/3 if we
take into account the subprocess (qq)i-a - q4—y* with a bosonic diquark
system.14 These effects may be related to the anomalous values of OL/GT

.15 2
observed in deep inelastic electron scattering ~ at moderate values of Q
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FIGURE CAPTIONS
Diagrams for Mq - qy*, Y* d u+u_. Solid single lines represent
quarks. Symbols PysPysPys and P, denote four-momenta of quarks
and k is the four-momentum of the gluon.
(a) The quantity xq"(x) is presented as a function of x for two
values of Q2 near the top and bottom of the range explored experi-

mentally. Here we set xq“(x) = 2xGa/" with Ga/" provided in Eq. (6),

and k% =1 GeVz. The factor 2 is chosen to reproduce approximately

the normalization of the experimentally deduced effective xqﬁ(x)
near x = 0.5. For comparison, we plot as a dashed curve the
experimental form (Ref. 10) 0.5 (1-—x)1'01. The computations in
this paper are applicable only for x > 0.5.

(b) Predicted value of a as a function of Xg for different values

2.1/2
of M (=(Q7) / ) at Plap = 225 GeV/c, with k% =1 GeVz.
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