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1, INTRODUCTTON

The study of high mass lepton pair prod Lion ariginercd as a
by-product of the search for new particles. In 1969, the Columoia-BNL
group searching for the intermediate vector bosem coserved ! the pro-

duction of direct u+u_ pair; with masses of up to about 5 GeV which could
not have been cxplained by cxperimental hackground., An explanation of
the production provess was proposed in 1970 by Drell .nd Yan? in terms
of the quark parton model. Their approach has been, in gaeueral, success=-
ful, and it is now customary to call production of massive lepton palrs
the Drell-Yan process. Today the lepton pair continuum is no more an
unwanted background masking the production of resonances. It is a
topical subject providing the sensitive testing ground for the various
models of strong interaction dynamics. In the parton model, and recent—
ly in Quantum Chromodynamics (QCD), onc can calculate a number of
predictions for this process which can be tested with high accuracy.

In the first part of these lectures I will define the Drell-Yan
mechanism in terms of the parton model and degcribe the modificatir
expected from QCD description oi the p.~cess. In Sections 3 to S
I will review the present status of the data concentrating on the topics
relevant to tests of the theory and in Sections 6 to 8 T will summarize
the problems of the phenomenology of the data. For the discussion of
otiicr aspects of lepton pair production and earlier results, the reader

is referred to other reviews. 3»%

2. THE DRELL-YAN MECHANISM

2.1 Definitions and Variables:

The model proposed by Drell and Yan? to describe massive lepton

pair production ia depicted in Figure 1. To this .andel a quark from one
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1. The Drell-Yan diagram.



of the incoming hadrons annihilates with the corresponding antiquark
from the second hadron producing a virtual photon of mass M, which thea
decays into a pair of leptons. For simplicity one usually neglects the
transverse momenta of the quarks inside the hadrons and the masses

involved. The cross section 1s then described by:

fdx dx, Z [%/A 1) Eli/B<xz)+ qult.(xl)c‘_'i/a(xz)]

tlavors
x o (agag 1) 6 = (et ) ) )
1(q1q1 Y ) a kl:; ’

where functions G(x) represent the probabilities of tinding the quark

or antiguark with a fraction % of the parent particle momentum.

k = xP
The variables describing the virtual photon are related to the overall
center of mass energy squared s and the fractional momenta of the
qunrks by:

) (lf +kb) = sxx,
*p = ZpL//; = X -x,

It is often convenient to intraduce the scaling vaciable 1, 1= Hz/s =
X)X, representing the fraction of the total c¢.m. eneryy used in the
formation of the virtual photon. The quark variables nay then be
expressed in terms of the lepton pair quantities by the following set

of relatjons;




where y is the rapidity of the virtual photon.

2.2 Light Cone Variables:

In general the quarks may have a non-zero transverse momenttm
inside the parent hadrons and may be far off mass shell. In such a
situation the calculation of the kinematical quantities should then be
performed using light cone variables. The four vector of the incaming
hadron PA with mass M, the aunihilating quark k;, and the recoil system

1a with mass m are then defined as follows:

4xp » ¥PT &xp

22 2 2 2
e (e B B
a

-

i% + mz 2 + m2
o= (“"‘)P*a(l-x)p' “kps “"‘”‘Z‘(l—x)p)

They fulfill the energy-momentum conservation requirement:

Calculaticns using the light cone variables are usually quite complica-
ted and in general yield results which arc the same as when using the

on-mass-shell kinematics. There are, however, certain regions of phase
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space (e.g., 'he large transverse womentum rogion) where the use of the

of f-mass~shell kinematics significantly affeces the results, ¥

2.3 Subprocess Cross Section:

The cross section for the subprocess of the quark-antiguark
ann{hilation may be written in analogy to the clectrom-positron

annihilation®

9 (g = 7 ©

where a is the electromagnetic coupling constant, ¢y Tepresents the
quark charge and n is the number cf colours. Since the factor l/n is
the same for all the qa annihilation terms, the magnitude of the lepton

pair production eross section is & sensitive test of the idea of colour.

2.4 Differential Cross Sectionms:

The differential forms of Equation (1) with number of colours set

to three are usually written as:

2
d
e I IO @
M 9M
ar
2 2
do ana
— = F(r (&)
szdxF th‘ ( ' J‘F)

Here the scaling functions F(t) and F(T. XF) are formed entirely from

the dimensionless varilables.

2 -
F(0) = ; e fan v, [cqt/,\(x])amm(xz)+<qi-»qj\] B = x,xp)

2 H 7 5 -
Flo,xp) = e 9 e [Gq]/A(xl)('i‘]i/B(x2) RGP R IEIEEES



In the case of proton-peoton collisions, one can write the function

F(7) explicitly, neglecting charmed and heavier quarks:

F(tr) = -r_[dxldx2 (1 - xlxz) l %[u.»‘x.(xl)'—'ﬂ(x?.) + GA(xl)uB(xz)]

1 - - 1 - -
+5[dA(x1)dB(x2)+dA(y'l)dB’xi.')] ’ _Q[SA(X))SB(XZ)+SA(XI)SB(XZ)}}' (4)

where u(x), d(x) and s(x) ave the probabjlity distributions for finding
the up, down and strange quark respectively with fraction x of the
parent proton momentum. It is the premise of the parton modei that
these funcrions are the same as measured in deep inelastic lepton
interactions. Ir contrast, however, to electron proton scattering,

they appear 1n this formulae in quadratic form,

2.5 Drell-Yan Process_in QCD:

Quantum Chromodynamics introduces modifications to the parton
model in form of the possible emission of gluons. The first nrder
diagrams in the strong coupling constant e which contribute to the
Drell-Yan process are shown in Figure 2. Of course, there are many
higher order diagrams which contribute less to the cross section due to
the higher powers of as. These are usually neglected in the phenomeno-
logical calculations. The first order diagrams correspond to the
"Compton' and "Annihi{lation” processes respectively, where the gluon
plays the role analogous to the photor in quantum electrodynamics. The
subprocess variabies, defined In Figure 2, are related to the overall
¢,m. variables through the following set of relations:

8 = X,X_S

172
t = x1t+(l-x1)M2
G = xpu + (1 —XZ)HZ
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Here agaln transverse momentum of the quarks and the masses involved
had been neglected., Both the "Compton'' and "Annihilation"” cruss see-
tions can be calculated in the field theory 7,8 and expressed In terms

of the subprocess variables:

a2 (amnihtlacion) _ 8 2 2 2M% + @+ §2

232 527 %5 P ()
aM de & tu

dzu {Compton) - L n2 a "21 (6)
dM“dt

Both formulae (5) and (6) are divergent for the small values of tora
and therefore are diffjcult to use in phenomenological applications.
Politzer? and Sachrajda10 have proposed a perturbative approach which
includes the first order diagrams in the leading log 02 approximation.
Here Q2 represents the big, scale breaking dimensional quantity and 1is
usually ideutifled with HZ for che Drell-Yan process,* For the qq anni-
hilatlons, Politzer found that the divergent parts of the contributions
due to the soft pluon emission have a factorizable form, and that they
can be absorbed into the incoming particle wave function. Slmilar results
were obtained hy Sachrajda for the quark-quark, quark-gluon and gluon-
gluan subprocesses. The structure functions of the parent particles
beccme Q2 dependent, but they are again the same as in deep inclastic
lepton scattering. As the result the parton model description of the
Drell-Yan pruocess is recovered but with additional scale violating com—

ponent (Figure 3).

* For the details of the perturbative approach Lo OCD, see $. J. Brodsky's
lectures at this schoal.
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3. Tllustration of the diagrams contributing to the renermalization

group improved quark and antiquark distributioms.
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There are several steps in this approach for which the theoretical
understanding 1s not yet complete.

1. Diagrams of higher order in ag contributing to the process
also have similar types of divergencies in the cross sections. Although
some secord order terms have already been calculated, it is so far not
proven that all those divergencies may be treated in the same way as in
the case of the first order diagrams.

2. Nom~leading terms, neglected in First approximation, may
have substantial concributions to the cross section thus modifying
the results.

3. The identifice.rion of the scale breaking variable Q2 with
Mz may not be correct in the kinematical regions of phase space with
two or more large dimensional variables e.g., for large mass lepton
pairs produced at high transverse momentum.

4. Although in deep inelastic lepton scattering the photon
is space-like (QZ< 0) while in the Drell-Yan process it is time-like

= Q2 is needed in the factorization

2
(@®>0), the identification v

2
qDIS

procedure in order to deal with the same quark structure functions in

both processes.

Despite those theoretical caveats, the procedure is remarkably
simple and, as will be shown in the next sections, it deseribes most
of the general features of the current cxperimental data.

There were recently published several papers applying the QCD

phenomenslogy ta the Drell-Yan process.** % 13 In general they follow the
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prescription given » ove and differ only in the procedures for extract-
ing scale breaking quark distributicn§ needed as input to Egs. (7) and
{4}, The accuracy of these structure functions represents a limiting
factor in the phenomenology of lepteon pair productions. I will return

to this problem in Section 8.

3. PARTICLE TYPE DEPENDENCE

3.1 Tarpet Dependence:

Since the density of the heavy nuclear target is much higher than
that of the hydrogen, the nuclear t .rgets are often used to study the
low cross section processes. It is then an experimental problem of how
to extract the cross gection of a given process on nucleus from the
measurements involving heavy nuclei. It has becn observed in several
different experiments, that the cross section has to a good anproxima—

tion a power law behavior as function of the nuclear number A
(8)

In coherent processes e.g., diffractive production. where one expects
shadowing effects to exist, the value cf a= 2/3 1s both observed exper-
imentally and expected from Glauber theory. On the other hand for hard
scatteriny processes involzing partons, one does not expuct any shadow-
ing to occur. The incoming set of partons should see the target as an
ensemble of point-1like constituents with their number proportional to
the number of nucleons, i.e,, a=1

The dependence of the parameter a on the mass of the u+u- pairs
produced in pN cellisions is shown in Figure 4. At low mass the value
of a is close to a=2/3. It rises with increasing mass and attains

plateau consistent with a=1 for M> 3 GeV. Similar behavicur can be
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seen in Figure 5a for the pion induced reactivns. The points measured by
the Chicago-Iilinois~Princeton group ' have suffiriently large nrrors
to be consistent with the recent vesult of the CERN WAJ experimeat, 'S
tiving a value of a=1.02 ¢ ,02 for u+u— mass above 4 GeV. It is impor-
tant, however, to remember that a variation of 0.10 in the a dependence
corresponds to the difference of ~70% {n the ahsolute cross section
on single nucleon extracted from the measurcment on a tungsten target.

As can be seen in Figures 5b and 5¢, the parameter a has no
obvious Pp OT g dependence for the high u+u_ mass indicating that the
normalization of the cress section is independent of the kinematics.

There is a natural interpretation of the observed effects: At low
lepton palr mass the Drell-Yan process represents only a small fractien
of the total cross scction. Other coherent mechanisms and absorptive
effects contribute substanilally to the cross scction, thus masking the
characteristic features of the hard process. At higher mass, however,
those other processes may be assumed to be negligible and the Drell-Yan
mechanism dominates. The study of the target mass dependence defines,
therefore, the region of applicability of the Drell-Yan description of
wapgsjve lepton pair production. Only the region where a=1, L.n., for
M> 4 GeV, can be used for tests of the partor model and QCD calcula-
tions of the Drell-Yan process.

3.2 Beam Dependence:

One of the first qualitative successes of the parton model descrlp-
tion of the Drell-Yan process was the observation of the effects oxpect—
ed for varjous incoming beams. For the isoscalar nuclear targets one
usually neglects the contribution of the sca component to the annihila-

tion process. With such assumption the relative yield of lepton pairs
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depends only on the quark content of the beam. Figure 6 shows the
+. -
ratio R; of muon pair production in # N and = N interactions as a
+ - 14515
function of mass of the v y palr. In the region where the sea of
the pion may be neglected 1i.e., at large values of x (which correspond
to high mass), the value of Rl should approach the ratlo of the charges

squared of the annihilating antiquarks.

2

o™ > vt 3 '

R, = < = 2
= = P

1 o(n N u+u X) at high x el 4
u

The data In Figure b show a clear trend confirming such expectations.
The value of Rl‘ expected from the contribution of the sea tg be equal
to 1 at low x, decreases with increasin_ mass and is compatible with
1/4 at large x. Tie energy dependence af the decrease reflects
variation of the range of x contributing to fixed values of u+u~.

Yore dramr*tic effects are expected for rhe ratio of pion and proton
interactions producing lepton pafrs. In pN collisions the annihilating
sed antiquark is confiied to emill values of x, Theretore the cross

section is expectued to Jecrcas

sharply with increasing mass. On the
other hand, the incoming pion has a vilence antiquark thus providing
a larger x (or mass) range for the Drell-Yan process.

The ratio ¢f the muon pair production by the pion and proton beams
is shown in Figure 7. It exceeds the value of 100 for masses above

10 GeV res’ecting the difference of the antiquark x distributions.
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4. _MASS SPECTRA

4.1 pN Interactlovns:

The u+u— mass distribution shown in Figure 8 represents one of the
wost impressive measurements of the high energy experiments of the last
few years. The Columbia-Fermilab-Stony Bruok results span almost ten
orders of magnituvde of the cross se:tion and extend to mass of about
20 GeV. The mass resolution allows for clear separation of wvector
mwesons from the Drell-Yan continuum. Several groups have measured this
specttum at various energles. Taoe zompilation of results presented in
form of the scaling function F(1) is shown in Figure 9. The Fermilab
data are well parameterized ? by the formula

s 49 - ang 26Ty

while the CHFMNP group !® at the ISR obtained the best fit to the data
with

10
3 _da 5.23 (1-/1)

T

« 107 (cnfoev?) . (10)

It is evident from Figure 9 that the tests of scaling over the
large energy range are very difficult. Low energy data are limited to
the mass range below 3 GeV, where other than Drell-Yan processes
contribute. On the other hand the ISR measurements are concentrated
at small values of . The bast test of scaling existiag so far is
shown in Figure 10, where the 200, 300 and 400 GeV/c pN results of the
CFS group '7 are presented. The agreement with scaling, to within the
20% errors of the ratios, 1is not in contradiction with the expecta-

tions of QCD, that scale breakinrp should occur. The measurements of

-20-
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the CFS eollaboration were done at yx O where, for the pp intcractions,
the x values ot the annfhilating quarks are approximately cqual to /Tt
Since the pattern of scale hresking of mass distributjons fnllows that
of the structure functiors, one expects no scaling violations for

/T = 0.2 and the decrease of F{1) wlth {ncreasing cncrgy for /1> 0.2,

The data In Figure 10 agree with such behavior.

4.2 _nN interactions:

Until recently the spectra of lepton pairs produced {n mp colli-
siong were available mostly at low wasses. The Rochester-BNL collabor-
ation !6 have estimated the relative contribution of the Drell-Yan
mechanism to the obser'ed u+u— mase distributiona produced in 16 and 22
GeV/c v p interactions. As can be seen In Figure 11, the competing
processes contribute over 502 of the measured spectrum below 3 GeV/cz
making any tests of scaling without detailed knowledge of those
mechanisms impossible.

This summer, however, first results became available from the new
experiments both at Fermilab !" and CERN.!S As can be seen in Figure 12
the cross section measured is much larger than that for the proton
induced reactions. This effect was already seen {n Figure 7. It
reflects the differcnce of the pion and protou structure functions. The
plon induced data are summarized iu Figure 13, The shape of the dis-
tribution measured by various experiments is similar. The diserepancy
in the relative normalizatiens can be attributed mainly to the
different target mass dcpendence used by the experimenters in order to
extract the cross section ou single nucleomns.

The data at 20D and 280 GeV/c wern, however, measured in the samc

experiment, thus elimfnating most of the relative normalization
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proolems. Withia thel~ 15% errors they slow gond scaling over

large t range except {n the npsilon reglon.

5. MOMENTUM SPE

TRA_OF LEPTON PAIRS

5.1 Longitudinal Momentum DHstributions:

The differerce of the shapes of the antiquark structure functions
of plon and proton are also reflected In the longitudinal momentum
distributions of tune lepton pairs., Ln Figure 14 are presented the Xp
disrributions measured by the Chicugo-Illinois~Princeton collaboration.}*
The data are parametrized as

E ﬁ‘xir - "(1~xp)s , an

with the parameter 8 fitted in the range 0.2 < Xp $ 1.0.
There are two obvious observations to be made:
1) the value of 8 is wuch smaller for the pion data than
for the proton induced results, and
11) there is a strong decrease of the value of 8 with
increasing mass of the lepton pair.
Similar behavior was also seen in other a)q:-(-:rimer\ts.””le Both of those
observations reflect the fact that the x distribution of the annihila-
ting valence quarks in the pilon is harder than that of the quarks in
the proton.

The small asymmetry around xp= 0 in pN reactions 17°18  may be
explained by the asymmetry of the quark content of the beam and target
systems. The 1soscalar targets have equal number of protons and
neutrons 1.e., equal number of up and down quarks, while the incoming
proton has two up and culy one down valence quark. The weights given
by the squares of the corresponding quark charges in the formula (4)

introduce the asymmetry in the longitudinal momentum distribution.

-28-
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5.2 Transverse Momentum Distributions:

In the simple Drell-Yan mechanism, the transverse momentum ol the
virtual photon is related to the transverse momentur of the annihilating
quarks. In the pucton model such trausverse momentum is related through
the uncertainty principle to the size of the parent hadron and is
expected to be of the order of about 300 MeV/c. IF was, therefore,

a surprise when the observed transverse womentum of the lepton pairs
was found to be large at large masses and to increase with s.

The example of the pi distribution of the dimuon is shown!® in

Pigure 15. The data deviate strongly from the exponential behavior

both in terms of Pr and of p%, and are well parametrized?s!9 by the

formula:
-6
3 P-\2
e 22 .. 1+(—T> . a2
dp” P

The parameter Py is very little dependent on mass and Xp» but 1t does
depend on energy.

The changes of the shape of the P distributions are prabably best
v-nible in plots of the average transverse momentum, <pT), versus the
12035 of the leptou pair. The compilation of the available data for the
p.'oton beams is shown in Figure 16. The data points raise frow about
600 MeV/c at low u+u- mass to values exceeding 1.0 GeV/c at higher
masses. For M>4 GeV the average transverse momentum secms to saturate.
There is, however, quite strong energy Jependence uvf the developed
plateau. This is 1llustrated in Figure 17, where for the mass range of
6< M(u+u_)< 8 GeV the average transverse momentum at 200, 300 and 400
GeV/c 17 is compared with preliminary ISR tesults of the CERN-Harvard-

Frascat{-MIT-Nap" P{sa Collaboration.!® The linecar (pT) dependence on
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The c.m. energy a:

<pp > = 0.6+ 0.022 /s (13)

is compatible"’zo with the expectations of the QCD. It is worth noting
thar if this behaviour continues at higher energles, the average
transverse momentum of the lepton pairs at e.g., ¥s = 800 GeV would be
of the order of 18 Ge¥/c, thus introducing serious background to the
search of the intermediate vector boson.

The average transverse momentum of the muon pairs produced by the
plon beams is compared in Figure 18 with that for the proton induced
reactions. It shows basically the same characteristic behaviour. The
level of the plateau at higher masses is, however, about 200 MeV/c higher
than in the pN collis‘ons again reflerting harder x spectrum of pion

consitutents.

6. QCD PHENOMENOLOCY OF LEPTON PATR PRODUCTION

Until recently mest of the features of the lepton pair data, such as
beam dependence, scaling, longitudinal wmomentum distribution, etc., ware
well described by the Drell-Yan parton model. The need for the departure
from such a simple picture ia, however, indicated by the large transverse
momentum of the lepton pairs. The QCD procedure described in Section 2.5
was uscd by several authors 42751252021 to calculate the first order
diagrams predictions for the Drell-Yan process. The calculations
required as Input the indivfdual quark structure functions, which had to
be extracted from the deep inclastic lepton scattering data. Although
the nucleon structure function uW, 1s qulte well measured, its decomposi-
tion into the quark distributions is, so far, rarher poorfy known.

Nevertheless, the agreement of such calcularions with the measured mass
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spectra and the longitudinal distributions secms to be quite satisfactory,??
thus reproducing the success of the parton model. The transverse momentum
distributions require, however, a more vomplicated approach.

In the perturbative QCD the virtual photon acguires its transverse
momentum through the emission of hard gluons. The first order in us
diar,tams can be valculated according to formulae (5) and (6). Their
contribution to the total P spectrum is shown in Figure 19. In the
region of small transverse momenta, where both "Annihilation" and
"Compton” contributions diverge, one can argue that the non-perturbative,
confinewent phenomena dominate., Nevertheless, even above pp = 1 GeV/c,
the contribution of the first order diagrams is about factor of two
smaller and has the curvature opposite te that of rhe data, This does
not mean, however, that the Q7D is necessarily faiilng to describe tha
Drell-Yan process. There are in the literature several ways of
explaining this problem.

1. "Primordial" transverse momentum. It is proposedf,12,2%
that the intrinsic, non-perturbative, transverse momentum due to the
quark confinement in the original hadron is, for <jme unspecified
reason, large. The observed Pr of the lepton pair is then described by
the incoherent sum of :he primordial compoment and the contribution of
the perrurbative QCD. The confincment transverse romentum is in such
approach, usually parametrized as Gaussian, with tb: average kT varying
from 0.6 to 1.5 GeV/z, depending on the analysis. The results fit the
dacta (see Figure 20), but there is no good explanation of why the
primordial transverse mom2ntum is so large.

2. "Higher twist™ effects. The Constitvent Interchange Model

approach?5+26  {g used to account for the meglected higher order in
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as terms.  This approach siresses the quasi-hound structure of the in-
cowing halrons by emphasizing the meson-quark or diquark-quark subpro-
cess contributiag te the reaction, The model Introduces effective
coupling of mesoms to quarks and unknown distributions of mesons inside
the hadrons, 27 but it successfully fits the data on the lepton pair
production (Figure 21),

3. An interesting, but also difficult, approach had been
chosen by Dokshitser, Dyakonov and Troy:m28 who have calculated the
QCD terms to all orders in aH in the leading log QZ approximation. They
have obtained a solution in the kinematical region of pé >> Mz, though
the identlfication of the scale breaking variable Q2 in the region of
two large dimensional variables (pT and M) is unclear. So far there is
no experimental data available for Py > M.

Independently of the various schemes described above, it is clear
from Figure 19 Lhat the measurements of the lepton pair production at
very large Pr will provide a sensitive test of QCD. In this region
the higher order corrections are expected to be negligible and numerical
comparison of the first order calculations with the data will be
possible.

It is also interusting to note that [n the pN reactions the
"Compton” diagrams dominale at large transverse momentum; i.e., Pr of
the lepton pair is balanced by the recoiling quark (see Figure 2). On
the other hand, for the oN interactions the contribution of the
YAnnihilation™ diaprams is much larger than than of the "Compton”
graphs, requiring recoiling gluon to balance P Therefore the measurc—
ments of hadrons accompanying high mass lepten pairs produced at large

Py may provide an opportunity to study quark and gluon jets.
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7. ANGULAR DISTRIBUTIONS
The general form of the angular distribution for the decay of the

29

virtual photon into lepton pair may be written as:

* 3 2 2 % 2 F
wW(e ,9) = H[Du(l'*cus @ )+ (1—20”)51n 9 +0p, ; sin” 0 cos2¢

1
*
+2 Re P1o sin 2 @ cos @J , (14)

where the density matrix elements p . depend on the choice of the

ij
reference frame and all the variables describing the virtual photon,
i.e., Mz. Xp» Ppr S» Integration over either polar or azimuthal angle

gives:

*
W@ ~1+aq cos’ ® . as
Wy(¢) ~ 1+ 8 cos 2¢ , (16)

where both a and B may vary between -1 and +1.

There are several ways of defining the axes in the rest frame of
the lepton pair. The usual cholce is the Gottfried-Jackson frame,
where O* is the angle between the beam and one of the leptons. This
reference frame is well suited for testing of the Dreli-Yan process
when the direction of the quarks coincides with the direction of the
beam. The primordial transverse momentum of the quarks may, however,
introduce additional smearing effects te the angular distributions, as
the direction of the beam and of the annihilating quarks will no longer
overlap. To deal with this problem ollins and Soper 0 have proposed
a reference frame in which the z axis bisects the angle betwecn the beam
and reverse target momentum directions in the leptoa rest system.  Such

axis should minimize the smearing effects if the primordial transverse
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momentum d!stributfonz of the beam and target quarks are similar.
Experimentally, the Collins-Soper frame Is found to be very close to
the Gottfried-Jackson reference system. Tn the » N interactions at
225 GeV/c the average angular difference between the two 2 axes was
estimated 3! to be about 14°.

The data of the Chicago-Illinois-Princeton Collaborarien 3! are
shown in Figure 22. The angular distribution, integrated aver the polar
angle ¢, 1is considerably different in the region of the Drell-Yan
continuum than for the J/¥ resonance. The data are plotted as function
af the %) of the annihilating valence quark of the pion. In each of the
intervals the form (15) is a good representation of the data, but the
parameteT o shows strong %y and Pr dependence (see Figure 23). The
deviations of o from the value of a=1 indicate existence of the
longitudinal polarization of the virtual photoa.

Two possible origins of the deviations from purely transverse
pularization of the virtual photon has been discussed recently ia the
QCD framework.

1. First order in @, "Compton” subprocesses, in which quark
interacts with spin I gluon, were shown?21532 to lead to sin2®. behavior.
TIn this case a non-trivial azimuthal dependence is also expected, and the
parameter 8 in formula (16) is related?! to a through

1~a
2(3+a)
The solid curve in Figure 23a represcnting the prediction of Ref, 21 is
in good agrecment with the data.

2. Another approach was taken by Berger and B.rcndsky"n who

introduced the corrclations oetween the valenre guarks inm ithe pion
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calculating the "higher twist" terms of Figure 24. The resulting decay
angular distribution is gredicted to vary strongly with Q2 and x5 of the

virtual photon:

G 2 [

2 * *
7~ sin 0 + E (1-x) sin 20 cos ¢ an
Q Q

*
do~ (1—)()2 (1 +cos2 2] )+%

For fixed ‘»lues of Qz the paramster a of F}. (15) is expected to
approach -1 ag x approaches 1. The predictlon is compared with the
data in Figure 23b. 1t is important to note that the “higher twist"
approach predicts Ba 0. Therefore, the study of the experimental ¢
distributions and their correlations with the polar angle 9* behavior
as function of M, x and Py, Ay provide the opportunity to estimate

the relative size of both first order and higher order contributions.

8. STRUCTURE FUNCTIONS AND QUARK DISTRIBUTIONS

8.1 Parton Model:

In the parton model the scaling function F(1) depends on the x
distributions of the individual quarks. In the case of e.g., pN
collisions and neglecting heavy quark contributions, there are six
unknown functions. These are u(x), d(x), s7x), u(x), a(x) and s(x).

The antiquarks come only from the seca while the u and d quarks have both
sea and valence components. Taking inte account the isospin invariance,

the deep inclastic lep'cn scattering measursments provide3* six equations:

vu;P(x) = % x [u(x)+ G(x)] 4 % x [d(x) +8(x)] +% x [s(x)+ E(x)]

WP (x) = g x [d(x)+a(x)]+-gl- x [u(x)+ G(x)]»fé x [s(x)+§(x)]

46~
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WPy = 2 [d(x) + G(x)]

R (18)
vV;p(x) = 2 x [ulx) + a(x)

vH;p(x) = 2 x [G(x) - d(xi

vwgp(x) = 2x [E(x) - u(xﬂ

Therefore, it is possible io principle to extract the individual
distributions and fully describe the Drell-Yan process. The same
arguments may be applied to the QCD type of analysis as describel in
Section 2.5, In practice, however, there is not sufficient overlap

of the available data on deep inclastic lepton scattering (DIS) in the
klnematical region of X and Qz covered by the measurements of the

lepton pairs spectra.

8.2 Quark Structure Functions:

The procedure most commonly applied 8,11-13,35 a the QCD

phenomenology comsist of the [ollowing steps:

1. Use the DIS data to extract the parton discributions
at low Q2 and iIn the limited x range where the measurements do overlap
sufficlently.

2. Assume tha behaviour of these distributions in the x
reglon not covered by e.periments.

3. Extrapolate these distributions ta large values of

2
Q" using the QCD evolutior egnativn,
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As an example, one may qu~te the results of the analysis of
Feynman, Field and Fox, 23 2% yho used the quark structure functioms

given in Table I, wicth smooth transition betweer small x and iarge

x reglme.

TABLE I
Valence Quarks

large x small x Sea Quarks

xu(x) a-x? /x (1-x? (1-x1°

4 2 7

xd(x) (1-x) /x (1~x) (-0
xs(x) - - (1- 7'.)8

The resulting fit to the u'u_ mass spectrum, shown in Figure 25,
falls about a factor of two too low, but the data can be fitted well
after the adjustment of poorly known sea distributions.

A more direct approach has been taken by the Columbia-Fermilab-
Stony Brook group, which used experimental measurements of deep
inelastic eclectron and muon scattering Lo extract the sea quark
structure funcrions. Assuming the SU(3) symmetry, i.e., xv(x) =x5(x)=
xs(x) = x§(x), the formula (3) may be expressed by:

dzapN
dMdy

2
s [wzp<x>+ Wyl - % x S(x)} . (19)
SN

y=0

Solving Equation (19) the CFS group has found S(x)= (0.54 * 0.02) x

8.5z 0.1

(1-x) The CTS group has also tried to relax the SU(3)

requirements using the following parametrization of the quark
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distributions for all
d(x)
G(x)

(0

The results of the fit

Ziven in Table II.

QZ values:

= al-x)"
= A(l—x)n+u
= @+ d)/4

s to the final sample of the data 36 ure

TABLE II
Free Fit ax) = d(x)
A .60+ .01 .56 * ,01
n 8.0 * 0.4 9.0 * 0.1
a 3.1+ 0. 0
*2/oF 209/154 2917155

The individual d&
in Figurz 26a with th
Dortmund-Heidelberpg-So
graph is the differenc
of the two sets of da
data arr measured in 1
9?2~ 15 Gev?. on the o
of Q2 and the scale br

tial distortion of the

a points for the sea distribution are compared“
2 obtained in neutrino interactioms by the CERN~
lay group. The most striking fearure of the
, both in shape and in absolute normalizattion,
It should be noted, however, that the CDHS
ther small Qz range with the average value being
wr hand, the CFS data span rather large range
aking effects may, therefore, introduce substan~

shape of the distribution.



! T ¥ o T T T T T —
$ VN —uX (CDHS)
~=~0.8(t-x)%% J
1 E (o) = (b}
3 E 3
ka o, 1
ol E E E
3 F 3
g - - J
T 00l & .
3 3 £ E
* [ PN —= X (CFS) 3 B
F Q2(6ev?) F E
0001 ¢ 20-30 -
E a 28 ~4<230 E 02:15Gev? 3
Eos ol T 3
[ x 120-2a0 o GeN = pAX(GES) ]
L 0.5601-x)° I —— 0.330-48° ]
0.0Q01 L L L 1 L 1 ) { FE—
0 0.2 04 0 0.2 0.4 06
e x x nriald

26. Comparison of the proton sea quark distributions mensured in
neutrino interactions with those obtaivned from dimuon data:
a) analysis of Reference 4,

b) dimuon data "evolved" to QZ= 15 GQVZ.
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As nn example of the size of this effect, the evolution equn‘ions
as implemented by Abbott and Barmett 37 were used to estimate the values
of the CF5S points corresponding to QZ= 15 chz. The results appeared
to be insensitive to the choice of parameterizatlion of the gea distribu-
tion; both (1- x)("5 and (1- x)9 dependence resvlted in the same
{within the errors) changes. The new points srhown in Figure 26b have
the same x dependence ag the CDHS data.

The difference of the normalization of the two sea distributions
obtained from the peutrino interactions snd from the muon pair produc-
tion, remains so far an unresolved problem. A possible explanation has
been proposed by Altarelli, Ellis and Martimelli, 3® who have calculated
in the QCD framework the O(us) radiative corrections to the Drell~Yan
process. These corrections should be applied when using parton distri-
butiong derived from deep inelastic lepton scattering data. The correc-
tions were found to be approximately represented by a scale factor K to
the cross sectiouns estimated using prescriptjon given in Section 2.5.

In the encrgy and wmass range of existiang data, this scale factor K
varies slowly between 1.8 and 2. It is at prcsent not clear, whether
the radiative corrections will fully explain the normalization discrep-
ancies of the seca distributions. The calculations of Reference 38 werc
performed for the differential cross section distribution of the lepton
pairs and are not directly applicable to the comparison of the sea
quark distributions In Figure 26. The sizc of the 0(05) correction
poses, however, the questlon of the relative size and sign of higher
order terms and thelr radiative corrections. The complete phonomenolog~

ical study of the problem has, as yet, not been performed.



8.3 Plon Structure Function:

The measurements of the tepton pairs produred by the pion heam
allow for the determination of he pion structure fanctlon.  For a pion,
it follows from charpe vonjupation and isospin fnvariance that the x
distribution is the sam [or both valence quarks. PFurthermere, in the
kinematical reglon covered by the existlup experimental data, it is
usually assumed that the contrlbutien to the Drell-Yan process from the
plon seca is negligible. In such case, the gencral form given by

Equation (1) reduces to:

% (l)[xu(z)+~x d(‘)]. o)

The differential cross scetion distribution expresscit in terms of the
(ractional momenta ¥ and 73 factorizes into the product of two terms

representing the plon and part of the nucleon structure functions:

u? d;’?ﬁ—- - "”’ (x)) 2y @

where f"(x]) =% ;"(xl) andd MN(KZ) uN(xz) 4 ; X, JN(XZ)

More generally, without neplecting the pion sca, the Fquation (21) may

be written as:

2
2 _d°o /mn_ N
H dxpax, T [ (x1)° *

where S“(xl) 15 the pion sca quark distribut on funetion.
" . 13 -
The pion structurc function ['(x) was obtained 111536 from the
measurcd muon pair data using the above set of cquations with the nu-

cleon structure function parametrized [ollowing the Buras and Gaemers?3

-53.


http://Fqu.it

analysls ol nentrino resnlta, The Chicage-I11inels Poinceton group

deserfhod the data by

fTx) = (.90 ¢ .06) /X (1-x)) 27 .00

The Saclay~lmp rial College-Southampton-Ind i Collaboration used:

') = (2.43:.30) x(1-x)b0 08

while the CERN-NA3 group obtalned good it witl

f10 = (.55 x)h0E 06 () 302 .06

STy = (.09 .06)(1-x)tdt19

The three results are in a disapreement with each other as to the
absolute normalization of the results. After the arbitrary normaltjzc-
tlon of the three {"(x), as shown in Figure 27, Lhe data intg
measvred by these experiments roalesce, indicating that the shape of

the pion structure functlon Is much flatter than that of the proton.
There remains, however, a discrepan~y in the resulting nucleeon structure

functton. Part of this discrepancy may be related to the ditfe.ent

nuclear tarpet dependence nsed by various grou, e Section 3.1) and
result fng different absclute crene rections for the »indured
Drell-Yan process. It is also posnible ttat el ©v o crrrectiung
suggested in Reference 38 for the proton produc - Vs he s non-

nep) igible contribution in ¢ case of N futeroction. More detalled
study of the nuclear target dependence {5 expectd to resolve this

uncertainty.
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27. Plon structure function.
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Tt should be alsc remembered that the correct procedure for
comparing the structure functinns measured un different experiments
should [nclude the effects of scale breaking. This fs illustrated in
Figure 28 where the pion structure function obtalned “mn the low energy
experiment " 1s compared with the 225 GeV/c CIP measurements. The

results seem to be quite different. The Eit to the 22 GeV/c data
M ixy =.69 (1-x)"%7

was then used as input to the evolution equations. The resulting
curve, also shown in Figure 28, gives a good description of the pion

structure function at 225 Gev/c.

9 _OJTLOOK

The topic of massive lepton pair production plays at present a
dual role. On one hand it is one of the most sensitive testing grounds
of the QCD phenomenology allowing for the detailed comparison of the
theoretical calculations with experimental data. On the other hand,
in the framework of the parton model or QCD, it makes possible a study
of the structure functions of unstable hadrons like pions, kaons or
antiprotons. New experiments performed at CERN and Fermilab wili
provide accurate results allowing better determination of pion
structure function. The question of higher order QCD corrections to
the Dreli-Yan process will be well studied in the p induced muon

production. One may expect the coming year to be an exciting one.
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28. Comparison of the plon structure function at 22 GeV/c¢ and

225 GeV/c. The 22 GeV/c were fitted aith £7(x)=0.69 (1-x)"%7 .
The curve describing the 225 faV/c results is the extrapolation of
the 22 GeV/c fit using the evolution equation.
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In the course of preparing these lectures, I have profited greatly
from many conversations with my collecagues at Stanford Linear Accelera~-
tor Center. I would like to thank E. L. Berger, S. Brodsky, R. Field

and W, Ianes for many clarifying discussions.
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