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Direct-photon pair production in high-energy hadron collisions is considered. After discussing
general aspects of such reactions and giving a brief historical survey of the subject, we present some
calculations on the contributions from g7 and gg collisions (the latter via the quark box) to the yy
continuum, and on possible resonant contributions. Finally, an estimation of the indirect-photon
background (mainly due to 7° and 7 decay, and to quark bremsstrahlung) is given for colliding-beam
conditions at high energy; assuming both photons to be measured at 90° with equal and opposite mo-
menta, and (within experimental limits) unaccompanied by any hadrons or additional photons, it is

shown that this background can be sharply reduced.

I. INTRODUCTION
A. General aspects

Direct-photon pair production in hadron collisions is
quite similar, in many respects, to lepton pair production,
which has been extensively studied by high-energy physi-
cists for many years. Both processes should provide, in
the first place, a check of the quark model, since the pri-
mary mechanism involved—provided the photons or lep-
tons are emitted at sufficiently high transverse
momentum—should in both cases be that of a quark-
antiquark collision [Figs. 1(a) and 1(b)]. One however no-
tices that, compared to /+/~ production (Drell-Yan pro-
cess'), photon pair production has the additional property
of allowing one to check the quark propagator. Another
difference is that whereas in Fig. 1(b) the squares of the
quark charges are involved, it is the fourth power of those
charges that enters the computation of the graph of Fig.
1(a).

Higher-order QCD corrections to be computed for Fig.
1(a) (see Sec. II) are partly similar and partly different, as
compared to those pertaining to Fig. 1(b). In particular,
the Feynman graph of Fig. 2 is specific to photon pair
production; as we shall see, its contribution may become
important, even predominant, under certain conditions.
Thus the type of process considered here may also become
an excellent tool for checking higher-order quantum chro-
modynamics.

(b)

FIG. 1. Feynman diagrams for (a) photon pair and (b) lepton
pair production through quark-antiquark collisions.

30

On the other hand, it should be possible to use both
photon pair and lepton pair production for investigating
the existence of new resonant structures, as shall be dis-
cussed (for photon pairs) in Sec. III. As regards [+~
production, one notices that it was through that kind of
process that the J/¢ and the Y were discovered.>?
Whereas resonances decaying into lepton pairs are expect-
ed to have the quantum numbers of the photon (J =1,
P=-—-1, C=-1), two-photon final states may proceed,
according to Yang’s selection rules,* from a much larger
variety of resonant structures, involving quantum num-
bers O0t+,0—*+,2++ 2=+ 3++  Those structures
may either belong to known quarkonium families (as
would be the case for the 7, for instance) or be new ones
(such as massive gluonia, or possible quarkonium states
made of scalar-quark pairs).

Lepton pair and photon pair production have still
something else in common. Both are the reverse processes
of well-known and widely studied types of reactions:
e*e™ annihilation and yy collisions, respectively, both of
which are produced in electron-positron storage rings or
colliders. Insofar as a given process and the reverse one
may be considered as competing with each other for the
investigation of a particular phenomenon (search for a
new resonant structure, for instance), one should notice
the following: While, generally speaking, lepton pair pro-
duction is a much more complicated process than e e~
annihilation, the mechanisms involved in photon pair pro-

FIG. 2. Feynman diagram for photon pair production
through gluon-gluon scattering via a quark box (additional con-
tributing diagrams are obtained by permuting the external legs).
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duction are, in principle, of no greater complexity than
the yy collision mechanism with electron-positron collid-
ing beams.

We conclude that, from various points of view, photon
pair production is at least as interesting a process as lep-
ton pair production. The reason why the former is still
much less popular than the latter is an obvious experimen-
tal one: While event rates should be about the same for
both types of reactions (as we shall see), background prob-
lems appear to be much more complex in photon pair pro-
duction, due to the occurrence of indirect photons
proceeding in particular from 7%s and other neutral
mesons. From a recent measurement performed at the
CERN ISR’ it appears however that those background
problems can, at least to some extent, be kept under con-
trol. On the other hand, in Sec. IV, we shall make a de-
tailed discussion and an estimation of the indirect-photon
background in photon pair production for colliding-beam
conditions at high energy.

B. History

Whereas there exists a vast theoretical and experimental
literature on lepton pair production, direct-photon pair
production has been studied until now by a small number
of authors. In their fundamental paper of 1971 on hard-
collision processes, Berman, Bjorken, and Kogut6 men-
tioned gg—yy as one of the elementary reactions to be
considered. Many years later (from 1978 on), some au-
thors started studying various applications of that elemen-
tary process. Soh, Pac, Lee, and Choi’ suggested that it
might be possible to derive the ratio a; /a from an experi-
mental comparison between yg and yy production in had-
ron collisions. Krawczyk and Ochs,® considering yy as
well as e e~ and 7°7° production in 7*p collisions, pro-
vided several interesting predictions, in particular, regard-
ing the differences between yields obtained in 7p and
7~ p collisions. Hemmi® suggested that a hint might be
obtained on the quark mass (via the quark-propagator ef-
fect) by measuring the production cross section and the
photons’ angular distribution in AB—yyX. Combridge'®
and, independently, the authors of this paper,!! studied
the contribution of the subprocess gg— ¥y, involving the
quark-box diagram (Fig. 2) to direct-photon pair produc-
tion. Contogouris, Marleau, and Pire!? studied the ratio
of vy to 7°7° production at high p; in pp collisions. In
the first experiment on direct-photon pair production, re-
cently performed by Kourkoumelis et al.,’ the reaction
pp—vyX was studied at Vs =63 GeV; the ratio
yy/ete~ was found to be in rough agreement with
theoretical predictions. Most recently, Field provided a
survey on large-p. single- and double-photon production
in pp, pp, and 7p collisions.'?

II. CONTINUUM CONTRIBUTION

A. Contributions of g7 —yy

Considering the type of process represented in Figs. 1(a)
and 1(b), with a pair of particles (photons or leptons) mea-
sured at large, equal, and opposite transverse momentum
pr, we shall use the general notation

do
dprd0do’

]

c )

Je=9'=9o°

where 6,0’ are the emission angles of both particles mea-
sured in the overall c.m. frame (or, as well, in their own
c.m. frame).

Ignoring intrinsic parton momenta and QCD higher-
order corrections, one gets'* for the process described by
Fig. 1(a)
= AB—yyX_ 2% — -

9 (q7) =V E [qA(x)qB(x)+qA (x)gp(x)]

q=u,d,s

XFaA=TY | (2.1)

where x =2p7/V's, s being the total c.m. energy squared;
q4 (gp) is the distribution function defining the quark
content of particle 4 (B); g4 () are the analogous func-
tions for antiquarks; & is defined for a two-body reaction
as

do
d (cosf)

c

6=90°

For the process considered here one gets (taking ac-
count of charge and color)

2, 4
mae,

FEATY =
12p2

(2.2)

where e, is the charge of a given quark.
For comparison, we now consider the Drell-Yan pro-
cess, as shown in Fig. 1(b). In analogy with (2.1), one gets

— AB—1tI—X
(qq)
=\2/{' S [94(x)gp(x)+4(x)gp(x)]d @11,
s q=u,d,s
(2.3)
where
2,2
- - a’e,
ga—rti- T2 2.4)
24pr
One gets the ratio
— AB—vyyX
re Z
T _AB—ItIX
(qq)
S e la4(x)qp(x)+34(x)gp(x)]
=2 q=u,d,s
S e’ 194(x)qp(x)+G4(x)gp(x)]
q=u,d,s
(2.5)

It is easily seen that this ratio must lie, in any case, be-
tween = and . More precisely, according to the most
usual models for quark distribution functions
(# =d =5=s for the proton and #=d =5=s for =), as
one goes from the range where sea quarks dominate
(x <<0.1) to that dominated by valence quarks (x >>0.1),
R varies from £ to ~98- in pp, pp, m~p, and 7~ n collisions;
from % to i—: in pn and pn collisions; and from Zto %— in
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7p and w*n collisions. In conclusion, ¥y production
due to the g7 mechanism should always be slightly inferi-
or to Drell-Yan /%]~ production (at the same values of s
and pr, in the configuration considered).

First-order QCD corrections, as shown in Fig. 3, have
not yet been computed. However Contogouris, Marleau,
and Pire!? have shown that, in the soft-gluon approxima-
tion, a correction factor given by

1+ (a,/27)Crr?

with Cr=% in color SU(3), should be applied to the re-
sult of the zeroth-order calculation. Such a correction,
which according to those authors happens to be the same
as for the Drell-Yan process, amounts (with a;~0.25) to
an enhancement of about 50%.

B. Contribution of gg-—yy

Considering the Feynman graph of Fig. 2 and factoriz-
ing as in Sec. IT A, one obtains

5&5?”’% ‘/_Zx_s g4(x)gp(x)o 8T | (2.6)

where g, (gp) is the distribution function describing the

gluon content of particle 4 (B), and where one obtains for

G877 the expression'®

25 malta,?

FEOTY =22
2592 p;?

2.7)

which takes account of color and of charge factors (the
quark box is assumed to involve u, d, s, and ¢ quarks).

If we compare yy production through the gg and the
qq mechanisms, respectively, we get

R’E————Eggg)_wa
5-(@_)’*7’775
I g4(x)gp(x) '
q_?dseq“[q,«i(X)Q_B(X)+‘7A(X)‘JB(’C)]

(2.8)

FIG. 3. Feynman diagrams for computing first-order QCD
corrections to the basic diagram of Fig. 1 (additional contribut-
ing diagrams are obtained by left-right symmetry).

It is then seen that, in the range of very small x
values—where the gluon content of a hadron should be
considerably larger than its quark or antiquark content—
the ratio R’ might become of the order of 1 or even
larger. This somewhat surprising fact has already been
emphasized in Refs. 10 and 11.

Again according to Contogouris, Marleau, and Pire,?
the first-order QCD correction to the graph of Fig. 2, as
computed in the soft-gluon approximation, gives rise to a
correction factor of

1+(ay/2m)N, 7

with N.=3 in color SUQ3); i.e. (with a;~0.25) to an
enhancement of about 110%.

III. RESONANT CONTRIBUTIONS

Since most resonant structures coupled to two photons
in accordance with Yang’s selection rules* may be expect-
ed as well to be coupled to two gluons,!® it seems quite ob-
vious to assume that their production mechanism in had-
ron collisions should be that of the “gluon fusion model”
of Einhorn and Ellis,'” as shown in Fig. 4. Using again
factorization, one here obtains

— — 2 ~ —R—
UfiRB) WX=—\/'§“8A(x)gB(x)agg Royy (3.1)

where (in a narrow-resonance approximation, i.e., for
I'r <<Mpy, calling ' and My the total width and the
mass, respectively, of the resonance) the last factor is
given by

FEER—YY m(2Jr+1) T(R —gg)IT'(R—yy)
~ 64py? I'r

X8(Mp —2p7)fr()]g=s0 (3.2)

where Jr is the resonance’s spin, and the angular-
distribution function fz(6) is normalized in such a way
that

] fr(@)sinodo=1;

e.g., when Ji =0, fr(0)=+.
It seems reasonable to assume that, in most cases, the
two-gluon channel would be the main decay channel of

FIG. 4. Feynman diagram for photon pair production
through gluon-gluon scattering via a resonance.



the resonance considered, so that we may take

I'(R —gg)~Tg. Then one gets
7H2Jg +1)

~gg—>R—>yy
g o~ )
64PT

XT'(R —>’}’7/)8(MR ——-2pT)[fR(6)]g=90° .

(3.3)

Now it appears obvious that, if such resonant structures
ever show up in yy production, it will be in the small-x
range where the gluon content of hadrons should be high.
On the other hand we have seen in Sec. II B that, when x
becomes small enough, the ¥y continuum might become
dominated by the gg contribution. It thus seems interest-
ing to compare (3.1) with (2.6), i.e., in fact (3.3) with (2.7).
One gets the ratio

— AB—yyX
O (R)

RII
— AB—>vyyX
T (gg)

81m(2Jg + 1) T(R —>vYy)

5002a?

S(Mg —2pr)[fr(0)]o=90° -

(3.4)

Using a conventional procedure, we shall replace
8(Mg —2p7) by 2Apr)~!, calling Ap; the experimental
momentum resolution of either photon (we assume here
colliding-beam conditions, i.e., the laboratory frame is the
overall c.m. frame). Then

81m(2Jg + 1)I(R —>yy

(3.5)
100a’a,2Apy

)
[fr(0)]g=00 -

"

If now we make the following assumptions regarding
the various parameters involved, (i) Jz=O0, thus
fr(O)=1%, (i) T(R—yy)=1 keV, (i) Ap; (GeV)=0.1
[pr (GeV)]'/%, and in addition (iv) a;=0.25, (v) Mg=10
GeV, thus Ap;~0.22 GeV, we get R"'~1.5.

We therefore conclude that, keeping x sufficiently
small, there is some hope of seeing at least some resonant
structures coupled to two photons, as they might show up
above the nonresonant background.

That conclusion is confirmed by the curve shown in
Figs. 5 and 6, where it has been assumed that a resonant
structure might occur at any value of My =2p;, and
where the corresponding & value has been computed ac-
cording to the above-made assumptions (i)—(iii). Under
those assun\;p‘tions, it appears, in particular, that in pp col-
lisions at Vs =540 GeV, a resonant contribution would
remain larger than the total contribution of the ¥ contin-
uum (due to the g7 plus the gg mechanism) up to Mz ~12
GeV.

Figures 5 and 6 also confirm that ¥y production due to
the gg mechanism always remains slightly smaller than
1*1~ production through the Drell-Yan process; and that
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FIG. 5. Various contributions to 7”~7"X at Vs =60 GeV.
Solid curves, g7 contribution; long-dashed curve, gg contribu-
tion; dot-dash curve, contribution of a hypothetical resonant
structure of arbitrary mass (we let that mass, My =2py, vary
continuously). For comparison, 3%~/ "!™ is also shown (short-
dashed) curve.
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FIG. 6. Same as Fig. 5, for 7~77¥ at Vs =540 GeV.
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the gg mechanism dominates over the g mechanism in
some small-x range, i.e., up to pr~3.5 GeV in pp col-
lisions at Vs =60 GeV, and up to pr~7 GeV in pp col-
lisions at 540 GeV.

For the various distribution functions we here used the
scale-violating parametrization of Baier, Engels, and
Petersson,'® with the following ingredients: Q?=%p;%
Q0?>=5 GeV% A=0.3 GeV. In the expression for the
running coupling constant,

ay=12m/(251nQ?%/A?) ,

the same definition of Q2 and the same value of A were
used. We are of course aware that, as emphasized by
Field,"® predictions provided by any model for very
small-x values (such as occur in Fig. 6) should be con-
sidered as rough ones.

Let us finally remark that, given the decrease with pr
of the yields computed, and considering the luminosities
of the colliding-beam devices concerned (ISR, CERN col-
lider), it would not make much sense to extend our predic-
tions (in both Figs. 5 and 6) beyond pr~10 GeV.

IV. A BACKGROUND STUDY
FOR vy PRODUCTION AT COLLIDER ENERGIES

In this section a quantitative study will be made of the
contamination of direct ¥y production by indirect pho-
tons proceeding from various sources, under the same
conditions as considered in Secs. II and III. After dis-
cussing indirect-photon sources and defining an appropri-
ate formalism for computing the corresponding contam-
ination, we shall give numerical predictions for the
noise/signal ratio under the additional assumption that
(within certain experimental limits) both photons mea-
sured are unaccompanied by any hadrons or additional
photons. Among the mechanisms involved in that back-
ground computation, we shall consider, in addition to jet
production and fragmentation, a possible contribution
from the Brodsky-Lepage mechanism where particle pairs
are directly created in a hard collision.

A. Indirect-photon sources

1. Neutral pions

It is well known that the main source of indirect pho-
tons are neutral pions, since the latter decay into two pho-
tons with a branching ratio of 99%, and since those two
decay photons may be mistaken for a single one in various
configurations, which are the following.

(i) In the configuration schematically represented in
Fig. 7(i) a neutral pion decays so unsymmetrically that the
energy of one of the photons becomes too small to allow it
to be detected. A calculation (simply based on kinematics
and on the fact that the angular distribution of the decay
photons is isotropic in the 7%s rest frame) shows that the
proportion of neutral pions decaying in such a way that
one decay photon has its energy lower than some limit
AE™ is 2AE'")/E .. A reasonable experimental value for
that limit should be AEY'~200—300 MeV.

(ii) Another configuration to be considered [Fig. 7(ii)] is
the one where the angle between the decay photons is so

\’ -
() ——T-T:—ngv\ﬂ.
Y -
o
(o]
Gi) =
\
V PR U————
QU ASY.Y.)
y ——

FIG. 7. Various experimental configurations where a 7° may
be mistaken for a photon. (i) One of the decay photons has very
little energy. (ii) The angular separation between the photons is
so large that only one of them falls into the acceptance of the
apparatus. (iii) The angular separation is so small that the pho-
tons “merge.”

large that one of them falls within the acceptance of the
apparatus, while the other one does not. Actually the
kinematics of the two-body decay is such that a large an-
gular separation between the photons corresponds to a
large difference in their energies. Therefore configuration
(ii) overlaps with (i), i.e., its contribution to the indirect-
photon background is already partly taken into account
by considering (i). The rest of that contribution can be
suppressed by dividing the experimental acceptance into a
restricted fiducial volume plus an adjacent angular range
where any additional photon would be vetoed. The exten-
sion of that angular range should be given by

AO~m ,/(E,AE")'/?

where E, is the energy of the photon measured; typically,
for E, =5 GeV and AE"’ =250 MeV, one gets AG~7".

(iii) Finally the third dangerous configuration is that of
Fig. 7(iii), where the angle between the decay photons be-
comes so small that they “merge,” i.e., they are seen as a
single photon whose apparent energy is the full energy of
the pion. Using elementary kinematics here again, it is
seen that the minimal angular separation between the two
photons is 2m . /E . Since experimentalists would admit
that it is possible to achieve an angular resolution of
25—30 mrad or so, that phenomenon of nonseparability
should be avoidable as long as one looks for photons with
an energy of less than about 10 GeV.

In conclusion we shall take account only of configura-
tion (i).

2. Other mesons

After the neutral pion, the most important source of in-
direct photons, among the other mesons, is provided by
the 7 which decays into two photons with a branching ra-
tio of 39%. The problems occurring with the 7 are the
same as discussed above for the 7°, apart from the follow-
ing quantitative differences due to the change in mass
(my=~4m,). As regards configuration (ii), the angular
veto range needed for its suppression should be about four
times larger than that required in the #° case, e.g., for
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E,=5 GeV and AE”'=250 MeV one should have
A6~30° (we may assume that under colliding-beam col-
lisions, the outgoing photons being measured at about 90°,
it should be possible to use such a wide veto range); on the
other hand the risk of “merger” of the decay photons
[configuration (iii)] here only occurs (again assuming an
angular resolution of 25—30 mrad) at E, >40 GeV. If fi-
nally one here again retains only configuration (i) as pro-
viding an unavoidable background in a direct-photon
measurement, it results—similar to what was found above
for neutral pions—that the groportlon of 7’s contributing
to that background is 2AEY

Account should also be taken of indirect-photon pro-
duction by the 7', decaying into yy with a branching ratio
of 2% and into p with a branching ratio of 30%; and
by the o, decaying into 7%y with a branching ratio of 9%.
One notices that the ' and the w, as well as the 7, tend to
be slightly less abundantly produced in hadron-hadron
collisions than the neutral pion."

Forgetting about the relatively unimportant modes
7'—vy, o—7"y, we shall also neglect the contribution of
the mode 1'—p%, for the following reason: elementary
kinematics show that the minimal energy of the p° should
be

min 2 2 2
Ep z(mp /m,,r )E,.,rz—;E.q: N

since we shall assume further below that an upper limit
AE™ of at most a few GeV can be experimentally im-
posed to the total energy of the hadrons accompanying ei-
ther photon measured, that background will be entirely
excluded.

In conclusion, we will only take account of the neutral
pion and the 7 as mesonic sources of indirect photons.
For simplicity we shall assume, in addition, that the num-
ber of n’s produced in the hadronic collisions considered
is equal to that of #%s. That assumption involves some
overestimation which should compensate, more or less,
for our neglect of the other mesons’ contribution.

do_AB —cyX—yyX’' da'(’zg )—-»ch—»yyX’

)

+
abe (d’py/E, )(d3 v/E3) ,,2;“, (d%p,/E,)\d’p, /E})
dz dz (z,2')1 (z,2") ~
—F(z, "2 by
vzs(sz) f (z z)%a 20
where
z+2' (z—z")pr?
F(z,2')= T e
(2,2) 2Vzz' ex 2222 kr?)

3. Quarks and gluons

In our background calculations we shall include the
contribution from quarks and gluons radiating (or,
equivalently, fragmenting into) photons via QCD. We are
aware that other authors'>!'* would consider such radia-
tive processes as contributing to the signal rather than to
the background. We however feel that those rather in-
direct modes of photon pair production are of little physi-
cal interest (like most bremsstrahlung processes) and
therefore should indeed be treated as parasite effects.

B. Formalism for background calculations

Assuming an experiment where one will measure two
photons emitted at 90° with equal and opposite momenta,
we are led to consider, in the most general way, two types
of indirect-photon background.

(i) Background due to reactions 4B—cyX followed by
¢—V+..., where c is either a parton (quark or gluon) or
a particle (a meson); ¢ is assumed, in first approximation,
to be emitted as well at 90°, and its momentum is defined
by pr/z (with 2pr/V’s <z<1).

(ii) Background due to reactions AB—cdX followed by
c—y+...,d—y+..., where c,d are again partons or
particles, assumed to be emitted at 90°, in first approxima-
tion, their momenta being given, respectively, by
pr/zpr/z' (with 2pr/V's <z,2' < 1).

In both cases the initial reaction is assumed to involve a
hard collision, i.e., ab—cy in case (i), ab—cd in case (ii).
If we neglect, as before (Secs. II and IID), the intrinsic
transverse momentum of the initial partons a,b, we notice
that background (i) is entirely suppressed because of the
correlation z=1, while we also get a very stringent corre-
lation, z =z', for background (ii). This is obviously not
realistic, and therefore we will introduce an intrinsic
transverse momentum ET for either initial parton. We
then obtain, generalizing a treatment given by Gunion and
Petersson,”’ and summing over both types of reactions (i)
and (ii):

le:z—")cyDy/c(Z)ﬁ(Z'— D+ 3 E?zb,z—’;cdDr/c(z)DY/d(z') » @D

cd

a4 and by are, respectively, the distribution functions of @ in 4 and b in B; the superscript (z,z’) means that they are de-
fined as functions of x/V'zz' instead of x, and (in case of scale violation) of Q?/zz’ instead of Q2. Similarly the sub-
script (z,z') of & means that the latter becomes a function of p;2/zz' instead of p;2. Finally, D, ,(z) and D, /4(z') de-
fine the probability of obtaining a photon of momentum py, either through direct fragmentation or decay or through
some cascade process, from a parton or particle ¢ of momentum py/z and from a parton or particle d of momentum
pr/z’, respectively.

The noise/signal ratio thus becomes
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da_AB—-»cYX—»‘}"yX do_él;)—-»cdx—»y‘y)f

+ 2

Y (d°p,/E,)d°p, /E, ) abed (d°py /E,)Nd’p, /E})
- 5 dola
ot (d’py/E,)d’py /EY)
AB—-» X -1 2x dz dz' (2,2')g, (2,2") ~ab—c ' ~ ab—cd '
G b " ] =J 2 2,2') X, a7 b | 3,5 (5 "Dy s(28(1—2")+ 3,5 (77“Dy sc(2)D,y 1(2")
a,b a,b c c,d

(4.2)

In Secs. IV C and IV D we shall compute, using formula (4.2), the contamination due to jet production and fragmenta-
tion on one hand, and the more hypothetical one due to the Brodsky-Lepage mechanism on the other hand.

C. Contamination through jet production and fragmentation

Taking account of the background provided by all two-body parton reactions ab—cy and ab—cd (Fig. 8), formula
(4.2) becomes

— (5 AB1PX | 5 ABoyyXy—1 ZX 2x f
r=(3 {4 +0 )

Zmin Z mm

X l D (g4+74)88+84(gp+qp)15 ®79"Dy(2)8(z'—1)
q

D, (2)8(z'—1)

S (943 +3495)0 99787 +g 4855 B8
q

D,(z)D,(z")

3 (9483 +3498)5 T+ (q495 +749p)5 1
q

+3 3 (94q5+94T 5 +3495+747 5)T 9 79 Dy(2)Dy(2")
q 9'#q

+23

q9

S (94T 5+7 14955 7T +g,48555 4
q'#q

D,(z)D,(z")

+ X (94 +74)85+84(a3+73)15 B %D, (2)Dy(2")
q

+ [ S (9438 +T4q98)T T +g,8F 8T8
q

Dg(z)Dg(z’)] . (43)

r

Here the sums over g and ¢’ include u,d,s flavors. For
sm1p11c1ty of notation, we have written q4,gp, etc., for
q'#%,§%%", etc. On the other hand, the (z,z") dependence
has been extracted from the &’s (it is simply given by a
factor zz'); those differential cross sections are found, for
the various reactions ab—cy considered, to be given

(with charge and color factors included) by

___  Srmoagae,
TE =BT — 48;T2” , (4.4)
2ragae,”
FaE = 9; T (4.5)
T
_ Smag ae,
T8N = —— | (4.6)
1728p?

while, for all reactions ab-—>cd considered, they can be
taken from Ref. 21.

As for the functions D,(z) [or the similar ones Dy(z);
¢,d=gq or g], they can be shown, after some kinematic
manipulations, to be given by

FIG. 8. Diagrams for contamination through jet production
and fragmentation. a,b,c,d are quarks or gluons; M are mesons
(%, 7).
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+D,, 1:(2)0(z —Z) ,

D, (2)=2. sf Dﬂ%<w)

4.7

where the first term on the right-hand side corresponds to
the cascade process ¢ —>7%9)+ * -+ —y+ -+ (the con-
tribution of the % accounting for 0.4 times the #° contri-
bution), while the second one represents the radiative pro-
cess c—>Y+. .. ;Dﬂo e D, are the usual fragmentation
functions.

The various integration limits and the parameter Z are

given by

Pr
pT—i—AE(Y)—{—AE(M ’

Zmin =

z
Wonin = Sup _zAE(h) ’
Pr

’

AEY
Pr

Wonax = Inf z

Pr
pr+AE"

Here AE'" is the experimental upper limit for non-
detection of an accompanying additional photon, as dis-
cussed in Sec. IVA. Similarly AE™ is defined as the ex-
perimental upper limit for nondetection of one or more
accompanying hadrons; whenever this limit is exceeded,
the corresponding event will be rejected.??

Calculations of r have been performed for the same
conditions as considered in Secs. IT and III. Two different
values of (kr2?) and as well of AE” where assumed,
while we took AE"’=0.25 GeV. The quark and gluon
distribution functions were again taken from Ref. 18 with
the same ingredients as before. The fragmentation func-
tions D rym ,D 0/g Were taken from the same authors, but

were made scale invariant by assummg Qo?>= 0. Finally
D, 4D, /s were taken from Nicolaidis® (one notices that
D,/ is negligibly small).

Our results are shown in Figs. 9 and 10. It appears that
r does not depend very strongly either on the theoretical
parameter (kT ) or on the experimental one AE'”. Even
when AE™ cannot be kept lower than 5 GeV and {(k;2)
is taken as high as 1 GeV?, the noise/signal ratio in the
range 5 GeV/c <pr <10 GeV/c remains smaller than
80% for a pp collision at Vs =60 GeV, and smaller than
50% for a pj collision at V's =540 GeV.

Actually, as is shown in Table I, in both cases con-
sidered most of the background is due to the first term of
formula (4.3), involving the hard process gg—¢q7. On the
other hand, it is interesting to notice (see Table II) that,
among the two contributions to that particular term, cor-
responding, respectively, to the fragmentation processes
g—m°(n)+ -+ —>y+--+ and g—y+..., the latter
tends to be the larger one, especially at high py.

Z=

N~ T —
~\___ S ——
0.1 T T T T T T T
3 4 5 6 7 8 9 10
R (GeV/c)

FIG. 9. Noise/signal ratio r, resulting from contamination
through jet production and fragmentation, for the process
pp—yyX at Vs=60 GeV. Solid curve, AE®=5 GeV,
(kz*)=1 GeV; long-dashed curve, AE"=1 GeV, (k;?)=1
GeV; dot-dash curve, AE"=5 GeV, (kr?)=0.25 GeV; dot-
dot-dash curve, AEW=1 GeV, {k;*)=0.25 GeV.

1.5

<

9 10
Pr(GeVrc)

wH
N
[V,
o}
o 8

FIG. 10. Same as Fig. 9, for the process pg—yyX at
Vs =540 GeV.
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TABLE 1. Ratio of the contribution of the first term in for-
mula (4.3), involving the hard process gg—q¥, to the total con-
tamination. We assume AE® =1 GeV, (k;?)=1 GeV2

pp—yyX pp—yyX
pr (GeV/c) Vs =60 GeV Vs =540 GeV
3 0.88 0.85
4 0.94 0.92
5 0.96 0.95
6 0.96 0.96
7 0.97 0.97
8 0.97 0.98
9 0.97 0.98
10 0.97 0.98

D. Contamination due to
the Brodsky-Lepage mechanism

A contribution of the Brodsky-Lepage or ‘“fusion”
mechanism,?* i.e., direct production of particle pairs in a
hard collision, to the contamination of direct-photon pair
measurements is of a more hypothetical nature, since the
existence of such a mechanism has not yet been proven
experimentally. Therefore we are computing it separately.

The processes involved are AB—MyX and
|

(y)
BL_ (= AB—yyX | ~ AB—yyXy—1 8AE
ro=(T () +0 (gg) ) .

TABLE II. Ratio of the contribution of the sequence of pro-
cesses gg —q7¥,q—y + - -+ (bremsstrahlung) to the total contri-
bution of gg—>qy to the contamination. We assume AEW=1
GeV, (k) =1GeVZ

pp—vrX ppP—yvX
pr (GeV/c) Vs =60 GeV Vs =540 GeV
3 0.49 0.55
4 0.60 0.69
5 0.67 0.76
6 0.72 0.83
7 0.75 0.87
8 0.78 0.90
9 0.79 0.92
10 0.80 0.93

AB—>MM'X (M,M'=7° or 1) followed by 2y decay of
the meson(s). Some of the corresponding hard-collision
diagrams are represented in Fig. 11.

It should be noticed that the hard processes gg—My as
well as gg— 7"y are prohibited by conservation laws (C-
parity conservation and isotopic-spin conservation, respec-
tively). On the other hand, the amplitude of gg— MM’
happens to vanish at 6=90".

We therefore stay with the following expression of the
noise/signal ratio due to the Brodsky-Lepage mechanism:

2AE)

X | 3 (9adp+34gp)T9 "7 +0.4 > (qAQTB+€1'Aq5)59‘7_””’+—T“gAgB(agg”’"O"O—f-O-163gg"’77’) ,
T

g=u,d q=u,d,s

where some simplifications were introduced, using the
fact that

AEY /pr<«<1.
We have computed

2
o, MAs0e,

A~ — 2o F., 4.9)
T

where F is an expression related to the distribution am-
plitude of the component quarks of the pion, and which
may be identified with the charged pion’s electromagnetic
form factor; we shall take F,=a/(4p;?) with a=0.4
GeV?2. We also obtain

Tagacge,’
81py?

where ¢,=1 for g=u,d; c;,=4 for g=s; F, is defined
similarly to F,; by analogy (“nonet symmetry”) we take
F,=F,.

As for the calculation of Ggy_,py, it involves a large
number of diagrams, which can be divided into two
groups. Those whose analogs (replacing the initial pho-
tons by gluons) were considered by Brodsky and Lepage**
in their calculation of yy—7°7° [one such typical dia-
gram is shown in Fig. 11(d)]; and those who have no ana-

&~ — - (4.10)

(4.8)

I
logs in ¥y collisions [as shown, for instance, in Fig. 11(e)].
It appears that, at 6=90°, the total amplitude of the
second group of diagrams amounts to zero, so that one
gets the relation (taking account of a charge and color fac-

tor)
Y
Rt

I
i

M <M M M

4

(d) ] g
(e)
FIG. 11. Various typical diagrams for contamination
through the Brodsky-Lepage (fusion) effect. M are mesons
(#°,m).
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2
agg—-»‘n’o‘lro: igi_a 77_’7’01"0 .

(4.1
50 o?

Using nonet symmetry the same expression is obtained for
F8—m, 517> is taken from Ref. 24 as

s 25 ma?
o ﬂDﬂO=T6—2;?Fﬂ.2g2(’n'/2;¢ﬂ-) ,

where one assumes again F,=0.1 GeV/p;>.

As for g%(m/2);¢,), its numerical value is given in Ref.
24 for three different options proposed for the distribution
amplitude ¢,. Choosing the option® ¢,~[x(1—x)]/%
one gets gX(7/2;¢,)~~.

Using the quark and gluon distribution functions from
Ref. 18 as before, one gets the values of 7Bl given in
Table III. It is seen that they are rather small and go rap-
idly to zero with increasing pr.

V. CONCLUSION

Direct-photon pair production has been shown to have
a high potential for new checks of quantum chromo-
dynamics and perhaps a discovery of new particles and
structures. While the yields to be expected for this pro-
cess in high-energy hadron collisions are about the same
as for lepton pair production (Drell-Yan process), its
physical interest appears to be even greater.

The main difficulty (and deterrent for experimentalists)
is that measurements of this.process are expected to in-
volve a huge background due to various sources of in-
direct photons. In this paper we have shown that, under
specific conditions, that background can be reduced to
reasonable proportions. The conditions here envisaged are
the following:

TABLE III. Noise/signal ratio due to the Brodsky-Lepage
(fusion) effect.

pp—rrX pP—vvX
pr (GeV/c) Vs =60 GeV Vs =540 GeV
3 5.0% 4.1%
4 1.9% 1.1%
5 0.9% 0.5%
6 0.5% 0.3%
7 0.3% 0.2%
8 0.2% 0.1%
9 0.1% 0.1%
10 0.1% 0.1%

(a) Use of colliding beams of high-energy hadrons.

(b) Detection of outgoing photons close to 90° (in order
to have a large angular range available for vetoing accom-
panying hadrons or additional photons).

(c) Measurement of two photons with equal and oppo-
site momenta, unaccompanied by any other particles (as
far as this can be experimentally checked).

To a large extent, actually, those conditions were real-
ized in the recent ISR experiment mentioned.’ As our
calculations show, one should be able to obtain a still
better background suppression in a similar experiment
performed at higher energy, e.g., with the CERN collider.

Some 15 years ago, it was proposed to study yy col-
lisions;?¢ in spite of considerable experimental difficulties,
vy collision physics has now become an important and
fascinating area of investigation, providing us with a large
amount of new physical information. The reverse process,
i.e.,, Yy production as considered here, appears fit to be-
come a complementary source of information. We have
no doubt that in some future it will give rise, as well, to an
interesting field of research in high-energy physics.
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