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Double Drell-Van annihilations in hadron collisions: Novel tests of the constituent-picture
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The production in hadron collisions of a pair of virtual photons, each having a large invariant mass, proceeds via

two mechanisms: (a) two independent Drell-Yan-type annihilations of quark pairs in a single interaction and (b) the

pair annihilation process qq —+y*y*. We argue that both mechanisms allow intriguing tests of constituent structure

and its associated scaling laws and we show that, despite their a production rate, events of this type are accessible

with existing m and proton beams.

The Drell-Yan process, ' which decribes the
production of large mass lepton pairs in hadron
interactions as due to the annihilation of quarks
into virtual photons, has been a valuable testing
ground for ideas regarding the properties and
the dynamics (e.g., quantum chromodynamics) of
hadron constituents. It is the purpose of this
note to point out that observation of the process
pp- y*y*X-(4 leptons) X'probes the parton pic-
ture and its scaling properties in novel and
penetr3ting ways. ' We demonstrate that the
process is observable with existing high-inten-
sity w or proton beams, even though the cross
section is of order a.

Two competing mechanisms are responsible
for producing two high-mass photons in a hadron
collision. They are shown in Figs. 1(a) and 1(b)
where the kinematics is defined. The first mech-
anism produces the photon pair via two Drell-Yan-
type annihilations occurring in a single collision.
The rate of this process clearly depends on the
joint distribution q(x, x') for finding two quarks
with fractional momenta x, x' inside a hadron.
Observation of this process could provide us
with a first experimental glimpse at q(x, x')
which provides the computational basis for re-
combination-model' calculations. The pair-
annihilation process of Fig. 1(b), which as we

will show closely competes in rate with the
double annihilation of Fig. 1(a), allows the direct
observation of a parton subprocess. Its obser-
vation would allow us to do two-jet physics, with
an obvious experimental advantage: the jets are
virtual photons. We now proceed to estimate the
cross section for both processes. Introducing
the notation (y is the center-of-mass rapidity)

and

(
cked do'
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one can show that the double-annihilation cross
section of Fig. 1(a) is given by

do/drrt d'm' ~ e, 'e;. '
(d j'd )(d fd ')=~

with

8m' 1
9 ms'

where s is the c.m. energy squared. The sum-
mation is over quark types; e» is the charge of
the quark i. Since for illustrative purposes we
have taken y =y' =0,

Equation (1) nicely displays the scaling proper-
ties of the process. The factor mB in the de-
nominator of Eq. (1) represents the hadronic
total cross section, which is the estimate of. the
size of a hadron. ' The reason for this factor is

that, given that one of the gg annihilations occurs,
the probability of the other annihilation is pro-
portional to the flux of accompanying quarks;
these are confined to the hadrons, and their flux
is thus inversely proportional to the area of a
hadron. A more accurate estimate of this flux
factor could be made only if the hadron structure
were better known. (The cross section of an
analogous process, the annihilation of a hydro-
gen atom on an Bntihydrogen atom, can be accu-
rately calculated in the impulse approximation be-
cause one knows the atomic wave function, as
well as the PP and e e' cross sections. ) As an
example of the possible 13rge effects of structure
effects, suppose that in a baryon two of the val-
ence quarks are close together in space ("di-
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(b)

FIG. 1. Production of two high-mass virtual photons
by (a3 double and (b3 single quark-antiquark annihilation.

quarks"; the string model suggests this). Then
in -', of Drell-Yan gg annihilations in PP collis-
ions boih the g and the g are member s of a di-
quark and there is a large probability of a second
annihilation, because of the small size of the
diquarks.

The cross section for the process of Fig. 1(b) is
given by

e, 4 —(tu —m'm ") —+-
dt

&
3 s' t u

(Plt + Nl

j

to determine the diagram of Fig. 1(a) in a PP
interaction. However, mP and PP interactions
involve the joint distribution of a valence and a
sea quark in a nucleon. This distribution can be
taken from phenomenological analyses using the
recombination model, ' and probably an adequate
guess ls

qN, (x, x') = a'q„(x) q, (x') (1 —x- x') .
The factor (1-x- x')' is required by phase space.
The constant a' can be inferred from the condi-
tion

j -x~
dx q„",(x, x') =q, (x') .

When using the valence-quark distributions of
Eq. (6), Eq. (11) cannot be imposed exactly; we

note, however, that a' =-, when x' approaches
zero. This region should dominate the normali-
zation requirement of Eq. (11).

We believe that these distributions allow us to
make a reliable estimate of the cross sections.
In PP interactions the calculation only involves
q" and is therefore unambiguous at the valence-
quark level, giving

s, t, u are the usual Mandelstam variables of

the subprocess. Transformation to the frame of

the colliding hadrons using quark structure func-

tions is straightforward.
It is clear that only the appearance of the joint

quark distributions q(x, x') prevents us from

routinely performing these calculations. But

our ignorance of q(x, x') does not prevent us
from making a betted than "order-of-magnitude
estimate" of the rate, by the following argument.
Let us denote by g„„ the joint distribution of two

valence quarks in a hadron. Imposing the con-
straints that

(7)

7 (1-x-x')'~'
2w (xx')'~'

3 (1-x-x')'~'
Std( t x ) i l)l/22 7T (SX

(8)

At the valence-quark level Eq. (8) is sufficient

q„„(x,x') =q (x', x), (6)

r
(1 -x)"

dx'q„(» x') =q„(x) =a — —, (6)
0

1
dx q, (x) =1,

0

we obtain a definite result for, q(x, x') in the limit
that hadrons are made up of (identical) valence
quarks only. Taking n in Eq. (6) to be 1, 3 for a
m meson and a nucleon, respectively, we have

ckx 1 ~ do'

dw dm' mft2 cbndm' P( " (12)

where

p(x„x„x,', x,') = g e; 'ef'q(x„x,')q(x„x',). (13)

A conservative estimate, neglecting all graphs
involving sea quarks only, yields p =0.1 cor-

It is clear that for m& ~|t the process under can-
sideration will be difficult to distinguish from
pair production of resonances p, p, g, ... followed
by two leptonic decays. Although observations of
these processes would be very interesting, the
physics involved is different and a straightforward
perturbative estimate is difficult because of formid-
able problems such as how, for example, charmed
quarks form colorless ('s. Avoiding the g region,
let us choose m =m'=4 GeV and v a =27 GeV;
therefore, x, =x,'=x, =x,'=0.15. For PP inter-
actions the structure function of Eq. (12) has
the value p= 10, corresponding to a cross sec-
tion of 10 "-10 "mb/GeV. The low intensity
of secondary P beams makes observation diffi-
cult. One comes, however, to the opposite con-
clusion when considering high-intensity m or P
beams. At the level of valence quarks inside a
r meson,

p' =(~2) '( —,')'q„', (x„x,', )q„",(x„x,') .
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responding to a cross section of 10 "mb/GeV.
In PP interactions p is proportional to the square
of pf, and is therefore suppressed; but the many
combinatorie possibilities of valence quarks in
one proton annihilating on sea quarks in the other
make up for this effect yielding

~~ 5pwv

consequently~

Z p}b' (16)

We therefore obtain a yield of about 5xi0 "mb/
GeV for pp interactions.

The graph of Fig. 1(b) yields competitive cross
sections. Again choosing m=m' =4 GeV, using
standard technology for the structure functions,
we obtain cross sections which are a factor 2-10
larger than our results quoted for the graph of
Fig. 1(a). It is important to reiterate however
that we evaluated the double-annihilation process
of Fig. 1(a) in the limit that no more than one sea
quark participates in the process. Processes in-
volving two sea quarks are dynamically suppressed;
there are so many of them, however, that
they may add up to cross-section levels in ex-
cess of our previous calculation. Bough esti-
mates, although not as straightforward or reli-
able as the computation of diagrams involving at
least three valence quarks, show that this is
indeed the ca.se and-in that sense the predictions
of Eqs. (15) and (16) are not reliable. Conserva-
tive conclusions regarding tetralepton rates
would be that both production mechanisms closely
compete and yield cross sections for masses
larger than m

&
in excess of 10 "mb/GeV, what-

ever the incident beam (see Table I).
These cross sections, though small, are

accessible with present high intensity v and P
beams. The Fermilab w-meson beam (5 x10'
particles per pulse with 6 pulses per minute) in

a year of running on a tungsten target would be
sensitive to cross sections at the level of 10 "
mb assuming an 4' dependence of the cross
section. In a nuclear-ta, rget experiment using
the full proton beam, one could not only gain in
cross secti.on as discussed before, but a flux
increase by factors 10'-10' can be expected. For
the combined production mechanisms our expecta-
tions therefore range from several (order 10)
events in a mN to order 10' events in an X& exper-
iment.

In judging the relative merits of different beam
particle types„one should also consider the pro-
blem of accidental coincidences of two single
Drell-Yan events occurring within the time re-
solution of the detector and not resolvable in
space after reconstruction. To a number of

double Drell- Yan events

corresponds a background-to-signal ratio (&/&)
due to accidental overlap of two conventional
Drell- Yan events:

0'i 1
(B/8) = ' iV, b,t-. (18)

(&/~) p p""
(&/~) p

TABLE I. Summary of rates on a hydrogen target, for
~ =~' =4 GeV and incident energy MS=27 GeV. Cross
sections are in mb/GeU2.

Beam- particle
type

Diagram of
Fig. 1(a)

Diagl am of
Fig. 1(b)

$0 i5

$0 iz

&5xao "
4xzo "
3 x ao-i6
2 x 10 i&

I

Here we introduced the following notation:
(o',,) cross section for single (double) Dreii-Yan
events, o total interaction cross section, Ã&

number of beam particles on target per second,
t total running time, At time resolution, and
v number of resolved spa.tial elements in the
interaction region of the target. If one can re-
solve A., /n longitudinal distance, where &, is
the absorption length, or the target is segmented
in s pieces per absorption length, then v= n. It
is reasonable to assume n =10; therefore, 1/v
= 0.1; a more careful calculation yields 1/v =0.05.
The resulting calculation of (8/8} is shown in Fig.
2 for proton-induced interactions. In agreement
with our previous estimates, we have assumed that
both mechanisms contribute about equally to 02. The
diagram of Fig. 1(b) almost certainly depends on
A a.s A', As the quarks in the diagram of Fig.
l(a) can come from dit'ferent nucleons, the
dependence is somewhere between A4~' and A.'.
It is worthwhile to notice that by using targets
with multiple nuclear composition, one can un-
ambiguously separate the two production mech-
anisms experimentally. The numbers for n beams
are very similar'to those shown in Fig. 2. The
results for the P case can be directly obtained
from those obtained for proton-induced inter-
actions by combining Egs. (12), (I'I), and (18)
and noticing that o =ztB',

~P P'
Np p"
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the events is not even required.
e conclude that observation of double Drell-

Yan events could allow us to study (i) combined
scaling behavior in the three variables yg, yg ',
and Ws, (ii) parton cross sections without the
necessity of identifying .jets in the final state,
(iii) the effective rms of tluarks inside a hadron,
and (iv) possible correlations between nucleons
in nuclei. We also conclude that observation of
tetralepton events is possible in present direct
lepton experiments, whether they are using con-
ventional proton or high-intensity n-meson beams.
Although the experimental signature of these
events would fit into the gold-plated category,
the leptonic decay of m's separated in a.ngle and
rapidity could fake large invariant masses. Ob-
servation in the e'e p.

'
p, mode would be yrefer-

able. This is strictly speaking what we computed
in Eq. (4) for the graph of Fig. 1(b), since we
neglected exchange; i.e., alternative ways of
pairing the leptons. The effect is not going to
qualitatively alter our conclusions and will in
fact depend on the coverage of the experiment.

FIG. 2. Background-to-signal ratio from coincidences
of single Drell-Yan events as a function of &, paramet-
rizing the A.o nuclear dependence of the process of Fig.
1(a). N is the number of events per year. We assumed
Eqs. (17) and (18) with A = 200, 6 t = 10 8 sec, and
1/v= 0.05 corresponding to a spatial resolution of gp of
an absorption length.

Inspecting Fig. 1, one sees that the accidental
rates a,re quite tolerable.

Present experiments and beam intensities can
expect rates of 10'-10' per year. With a little
help of the A. dependence spatial separation of
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