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The Drell-Yan mechanism is an important tool for discovering new fundamental constituents
of nature. Thus, we begin this paper with a brief history of the search for discrete fundamental
constituents of matter. It is followed by a quick summary of the quark model, deep inelastic
electron scatterings and the parton model. The search for other processes to apply the parton
model led to the investigation of lepton pair productions. Drell and I showed that the parton
model is applicable to this process provided the pair production is through the annihilation of a
parton from one hadron and an anti-parton from another hadron, and both the pair mass and
the center of mass energy of the colliding hadrons are high. This is now known as Drell-Yan
mechanism. We then give a general review of the developments of the Drell-Yan mechanism for
the last forty years. Our presentation avoids too much details in formulations and focus on general
picture. We conclude that this mechanism is an important tool for discovery of new physics.

1 Introduction

The Drell-Yan mechanism was proposed 46 years
ago in 1970 [1]. This topic is still a very ac-
tive area of research both theoretically and ex-
perimentally. The generalized Drell-Yan mecha-
nism involves two colliding high energy hadrons
with one constituent from one projectile and an-
other one from the other projectile in a hard pro-
cess. As we will show later, this mechanism has
become an important tool for discovery of new
quantum numbers or new particles. Thus, it is
natural to trace the history of human endeavor of
searching for the most fundamental constituents
of matter. Since ancient times, the concepts
of discrete building blocks for matter were sug-
gested by philosophers first and pursued later
by scientists. The word “atom” derives from a
Greek word meaning indivisible. Our current un-
derstanding of the fundamental constituents of
matter has been developed over several hundred
years. Here we mention some of the major mile-
stones:

(1) The Periodic Table. Dmitri
Mendeleev [2] published in 1869 the
first widely recognized periodic table. It
showed that all the material we know
are made of a finite number of elements.
This number is about 100. All elements
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from atomic number 1 (hydrogen) to 118
(ununoctium) have been discovered or
synthesized. The first 94 elements exist
naturally.

The Electron. J. J. Thomson discovered
the electron in 1897 [3].

The Nucleus. In 1909, Hans Geiger
and Ernest Marsden [4] who were col-
leagues of Ernest Rutherford shot alpha par-
ticles at thin sheets of metal and measured
their deflections. A small fraction of the
alpha particles experienced heavy deflec-
tions. Rutherford concluded that the pos-
itive charge of the atom must be concen-
trated in a very tiny volume to produce an
electric field intense enough to deflect the
alpha particles so strongly. This led Ruther-
ford [5] to propose a planetary model of
an atom in which electrons orbit around a
nucleus of positive charge. These positive
charge particles are the protons.

The Neutron. James Chadwick discov-
ered the neutron in 1932 [6].

The Atom. The three particles: the elec-
tron, the proton and the neutron, can ac-
count for all the known atoms in nature.
A nucleus is composed of protons and neu-
trons, and electrons orbit the nucleus.
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(6) The Quark Model. Many new strongly
interacting particles (hadrons) were discov-
ered in the 1950s and 1960s. In an attempt
to sort out the particle’s spectrum, M. Gell-
Mann [7] and Y. Ne’eman [8] showed that
these particles can be fit into an octet
(mesons and baryons) or a decuplet (hy-
perons) representation of a symmetry group
called SU(3). A peculiar feature is that
the simplest representation of the group, a
triplet, was not realized in Nature. Later,
Gell-Mann [9] and Zweig [10] independently
discovered that if one proposes the exis-
tence of three spin % fundamental particles,
which Gell-Mann called quarks, then a me-
son can be treated as a bound state of a
quark and an antiquark, and a baryon can
be treated as a bound state of three quarks.
To accomplish this feat, however, the fun-
damental constituents quarks must possess
very strange properties: their electric charge
must be fractional (1/3 or 2/3 of an elec-
tronic charge), and they must violate spin-
statistics connection. Later, a new quantum
number color [11] was proposed to resolve
these difficulties. This was the birth of the
quark model in 1964. However, it was not
clear at the time of proposal whether these
quarks were real and existed in Nature or
just a mathematical construct for classifica-
tion of hadrons.

2 Deep Inelastic Electron Scat-
tering and the Parton Model

In 1968 SLAC [12] published results of the scat-
tering process

e + N — e + anything (1)
which is depicted in the Fig. 1.

This is very similar to the Rutherford scatter-
ing discussed earlier. The key difference is that
the target, a proton or neutron, is allowed to be-
come any final state consistent with conservation
laws. The results have two important features.
The size of the cross sections is comparable with
that for a point-like target; and the cross sections
exhibit a scaling property known as Bjorken scal-
ing (There are two structure functions for the
e-N scattering and they depend on two Lorentz
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invariant kinematic variables . Bjorken scaling
means that in large momentum transfers, these
structure functions become a function of the ra-
tio of the two variables). Both features were
predicted before the experiments were carried
out [13-14].

Feynman [15] and Bjorken [16] interpreted the
Bjorken scaling as the point-like nature of the
nucleon’s constituents. In procees (1), they were
incoherently scattered by the incident electron.
Feynman named the point-like constituents par-
tons. This is the parton model. Feyman left
open the possibility that the partons need not be
the quarks. However, theorists quickly identify
the partons with quarks (in the late 1960s and
early 1970s QCD did not exist, and so gluons
did not enter the picture). A nucleon consists
of three “valence” quarks which carry the nu-
cleon’s quantum numbers and a “sea” of quark-
antiquark pairs. This identification led to many
predictions for electron and neutrino (and an-
tineutrino) scatterings from a nucleon [17]. The
parton model accomplishes two things: First,
Bjorken scaling follows naturally from the point-
like constituents of the nucleon and the incoher-
ent scattering from the incident electron; second,
parton model identifies the structure functions as
the fractional longitudinal momentum distribu-
tion functions of the nucleon, this interpretation
gives a very physical meaning to otherwise math-
ematical objects.

3 Lepton Pair Production

In late 1960s Christenson et. al. [18] studied the
reaction

p+U —putp” +X (2)
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Fig. 2:

at BNL for proton energies 22-29 GeV, and the
muon pair mass 1-6.7 GeV.

Drell and I got interested in this process in
part because we would like to know if the par-
ton model idea can be applied here. The key
idea in our approach was the impulse approxi-
mation. First, we picked an appropriate infinite
momentum frame to exploit the time dilation.
In this frame, if we were able to establish that
the time duration of the external probe 7p,.pe is
much shorter than the lifetimes of the relevant
intermediate states Tint. states, 1-€-

(3)

Then the constituents could be treated as free
during the interaction. Thus, the cross section
in the impulse approximation is a product of the
probability to find the particular parton configu-
ration and the cross section for the free partons.
Consider the lepton pair production from two
initial hadrons

Tprobe <K Tint.statess

PL+ Py~ 0T+ X (4)

We recall that in the parton model for deep
inelastic electron scattering, the point-like con-
stituents of the proton are scattered incoherently
by the incident electron. It is then reasonable to
assume that the lepton pair in the above pro-
cess is produced by the annihilation of one par-
ton from one of the incident hadron and an anti-
parton from the second incident hadron.

The pair production by the parton-antiparton
annihilation satisfies the criteria of impulse ap-
proximation [1] (see Fig. 2).

It is easily shown that the fractional longitudi-
nal momenta of the annihilating partons satisfy

2
T=T1T2 = —
S

()

where Q2 and s are, respectively, the pair mass
squared and the square of the C.M. energy of
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energy of the initial hadrons. The rapidity of

the pair is given by

z1

1
y= iln (6)

Z2
The predictions stated in our original paper [1]
are

(1) The magnitude and shape of the cross sec-
tion are determined by the parton and an-
tiparton distributions measured in deep in-
elastic lepton scatterings;

dra? 1

do
= (ﬁc

m VEpx1 fo(z1)z2 fp(a2)

(7)
where a color factor N, is included in antic-
ipating QCD;

3Q°

% depends only on

the scaling variable 7 = %2;

The cross section Q*

If a photon, pion, kaon, or antiproton is used
as the projectile, its structure functions can
be measured by lepton pair production [19].
This is the only way we know of to study the
parton structure of a particle unavailable as
a target for lepton scatterings;

The transverse momentum of the pair
should be small (~ 300-500 MeV);

In the rest frame of the lepton pair, the an-
gular distribution is 1 + cos? § with respect
to the hadron collision axis, typical of the
spin % pair production from a transversely
polarized virtual photon;

(6)

The same model can be easily modified to
account for W boson productions.

The lepton pair production considered here is
the first example of a class of hard processes in-
volving two initial hadrons. These processes are
not dominated by short distances or light cone.
So the standard analysis using operator prod-
uct expansion is not applicable. But the par-
ton model works. Soon after our work, Berman,
Bjorken, and Kogut [20] applied similar ideas to
large transverse momentum processes:

hi+ hy — h(largePr) + X (8)

induced by deep inelastic electromagnetic inter-
actions. At that time, it was believed that strong
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interactions severely suppressed large transverse
momenta, therefore, electromagnetic interac-
tions would quickly dominate the large trans-
verse momentum processes. This was the pre-
cursor of the point-like gluon exchanges in QCD.
After the advent of QCD [21], the basic picture
of lepton pair production has been confirmed
theoretically and the details have been greatly
improved [22]. It is no longer a model. That lep-
ton pairs are produced by parton-antiparton an-
nihilation is a consequence of QCD. In QCD, the
partons are quarks, antiquarks, and gluons, and
the number of color N, = 3. The unique prop-
erty of QCD being an asymptotically free gauge
theory makes the parton model almost correct,
namely for deep inelastic processes we have

QCD=parton model + small corrections. (9)

In the modern language, the impulse approx-
imation is replaced by the more precise concept
of factorization which separate the long distance
and short distance physics and the condition (3)
now becomes

Q> > Ajep (10)

where Agcp is a typical momentum scale in
QCD. The constituents are almost free leading
to logarithmic corrections to the structure func-
tions

fi = fl (x,anQ) . (11)

Factorization for the lepton pair production
works in QCD, but in a more complicated man-
ner and it has taken the hard work of many peo-
ple and many years to establish [23,24]. The
main complication arises from the new feature
of initial and final state interactions between the
hadrons [25]. The result is fairly simple to state

dO’AB
dQ?%dy

1 1
= > e[ den
a,b Xa XB

f (§A7 Q2)f (537 QQ)Hab

2 L (12)
where the sum over a and b are over parton
species. The parton distribution functions are
the same as those in deep inelastic lepton scat-
terings with the understanding that Q? is its ab-
solute value. The function H, is the parton level
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hard scattering cross section computable in per-
turbative QCD and is often written as

dé

Hypy= —o—
b dQ2dy

(13)

Beside the logarithmic scaling violation, a
large transverse momentum of the lepton pair
can be produced by recoil of quarks or gluons.
A simple dimensional analysis gives

< k3 >=a+as(QYasf(r,as)  (14)

The constant a is related to the primordial or
intrinsic transverse momentum of the partons.

The full angular distributions in both 6 and ¢
depend on input quark and gluon densities and
are rather complicated [26]. For small k7 the
6 dependence is close to 1 4 cos? §. Recent data
from the CMS Collaboration [27] has studied the
angular distributions for k7 up to 300 GeV. Pro-
nounced dependence on kr of the angular dis-
tributions were found. The situation has been
analyzed theoretically by Peng et al. [28].

Many of the predictions have been tested and
confirmed by many experiments at Fermilab and
CERN and elsewhere [29]. We will not go into
the details. We will only point out that the
model is so successful that its data have become
an integral component of the global fit together
with the deep inelastic lepton scatterings in de-
termining the parton distributions inside a nu-
cleon.

4 The Process as a Tool for

New Discoveries

It seems natural to broaden the definition of
Drell-Yan process to mean a class of high energy
hadron-hadron collisions in which there is a sub-
hard process involving one constituent from each
of the two incident hadrons. New physics always
manifests itself in production of new quantum
numbers or new particle(s), and the ordinary
particles do not carry the new quantum number
of the new physics. To discover new physics in
a hadron-hadron collider therefore requires anni-
hilation of the ordinary particles to create these
new particles. Thus, the Drell-Yan mechanism
is an ideal tool for the new discoveries. Let us
mention three important discoveries in the recent
past which had employed this process to help:
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(1) It was used to design the experiments
at CERN that discovered the W and Z
bosons [30].

The process was also crucial in the discovery
of the top quark at Fermilab [31].

The discovery of the Higgs Boson at CERN
in 2012 [32] was perhaps the most dramatic
example of the utility of the process. The
Higgs Boson is the last particle that appears
in the Standard model to have been found.

5 Conclusions

Since the first experiment at BNL and the naive
model proposed to understand it, both experi-
ments and theory have come a long way. It is in-
teresting to note that our original crude fit [1] did
not remotely resemble the data. We went ahead
to publish our paper because of the model’s sim-
plicity and our belief that future experiments
would be able to definitely confirm or demolish
the model. It is gratifying to see that the suc-
cessor of the naive model , the QCD improved
version, has been confirmed by the experiments
carried out in the last forty years and more. Lep-
ton pair production process has been an impor-
tant and active theoretical arena to understand
various theoretical issues such as infrared diver-
gences, collinear divergences leading to the fac-
torization theorem in QCD for hard processes
involving two initial hadrons. The generalized
Drell-Yan process has been so well understood
theoretically that it has become a powerful tool
for discovering new physics. We can expect to
find new applications of this process in the fu-
ture.
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