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We study the production of photon pairs at future hadron colliders from quark-antiquark annihi-
lation and gluon fusion via quark loops. We show that gluon fusion is just as important as quark-
antiquark annihilation for photon pairs of invariant mass less than 200 GeV, and that the gluon-
fusion cross section is twice as large for a light top quark as for a heavy top quark. Photon pairs are
an irreducible background to the two-photon decay mode of the Higgs boson, which is important if
the Higgs boson is of intermediate mass (mH & 2M~) and mH & 2m„ i.e., if its decay to top quarks is
kinematically forbidden. If that is the case, we show that the top-quark contribution to the gluon-
fusion process is small and, if mH =2m„ is even destructive. We also show that a judicious choice
of cuts can improve the signal-to-background ratio.

I. INTRODUCTION

Future hadron colliders are being planned with an eye
towards the discovery of the Higgs boson. The U.S. Su-
perconducting Super Collider (SSC) (&s =40 TeV) will
be capable of searching for a Higgs boson as heavy as
nearly 1 TeV (Ref. 1). Because of its lower energy, the
CERN Large Hadron Collider (LHC) (&s = 17 TeV) will
have a somewhat smaller discovery range; nevertheless, it
will be able to explore masses of several hundreds of GeV
(Ref. 2). These machines will take advantage of the fact
that a heavy Higgs boson (mH & 2Mtt ) decays almost ex-
clusively to F- and Z-boson pairs, which should provide
an observable signal.

If the Higgs boson is less massive than two times the
W-boson mass, its decay modes make its discovery at a
hadron collider much less certain. An intermediate-mass
Higgs boson (50 GeV 5 mH & 2Mtt, ) decays predominant-
ly to the heaviest available fermion-antifermion pair. If
mH & 2m„ the top-quark decay mode will dominate; oth-
erwise, the Higgs boson will decay most frequently to
bottom quarks. In either case there is an enormous back-
ground from ordinary QCD heavy-quark production,
which masks the signal.

The difficulty with discovering an intermediate-mass
Higgs boson at a hadron collider is therefore not the rate
of production, but rather the signal-to-background ratio.
Indeed, one expects roughly 10 events/yr at the SSC, as-
suming a luminosity of 10 /cm sec. Now the partial de-
cay width of the intermediate-mass Higgs boson to bot-
tom quarks is rather small, on the order of 10 MeV, be-
cause of the small coupling involved [(g/2)mb/Mtt, ].
Therefore, if the decay to top quarks is kinematically for-
bidden, one may entertain the possibility of searching for
the Higgs boson in one of its rare decay modes. Decays
to T+r (Refs. 4—7), yy (Refs. 4—9},By (Refs. 6 and 7)
(6=toponium), Zy (Refs. 10, 6, and 7), ZZ', and WW'
(Refs. 11, 6, and 7} (the asterisks indicate a virtual parti-

cle) have been considered in the literature.
The two-photon decay mode" of the intermediate-

mass Higgs boson, which proceeds via F-boson and top-
quark loops, is particularly promising because of the
cleanliness of the final state. The branching ratio is rath-
er small, less then 10; however, this still leaves about
10 events/yr. The important question is therefore
whether the signal is observable above the continuum
background.

In this paper we calculate the irreducible two-photon
background in proton-proton collisions. This back-
ground is due to quark-antiquark annihilation [Fig. 1(a)]
and gluon fusion [Fig. 1(b)]. The former process is well
known, and we have nothing new to add to its calcula-
tion. Gluon fusion has also been considered in the litera-
ture, at future hadron colliders ' as well as at lower en-
ergies. ' ' However, no analysis thus far has included
the contribution of the top quark to the gluon-fusion
cross section. As we shall see, the top quark can poten-
tially double the cross section, so it is important to in-
clude its contribution.

We will show that in the intermediate-mass Higgs-
boson range, gluon fusion is as important as quark-
antiquark annihilation for photon pair production at fu-
ture hadron colliders. ' This is somewhat surprising
since gluon fusion is suppressed by two powers of a, with
respect to quark-antiquark annihilation. This is largely
compensated for by the large gluon luminosity at future
hadron colliders. Furthermore, the gluon-fusion ampli-
tude is larger than one might expect, as we will demon-
strate.

The remainder of the paper is organized as follows. In
Sec. II we calculate the hadronic cross section for photon
pair production from quark-antiquark annihilation and
gluon fusion, the latter for a variety of top-quark masses.
In Sec. III we discuss the interference of the gluon-fusion
process with the production of the Higgs boson from
gluon fusion followed by two-photon decay. In Secs. IV
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where m is the mass of the fermion in the loop. The am-
plitudes are normalized such that the spin- and color-
averaged differential cross section for photon pair pro-
duction from gluon fusion is (z =cos8)
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FIG. 1. Photon pair production from (a) quark-antiquark an-

nihilation and (b) gluon fusion via a virtual quark loop. There
are six box diagrams, corresponding to the 3! permutations of
the external legs, of which three are independent.

and V we present the angular and rapidity distributions
of the photon pairs. In Sec. VI we discuss photon pair
production at large invariant masses, ranging from 100
GeV to 1 TeV. Finally, in Sec. VII we discuss the impli-
cations of our results for the discovery of the
intermediate-mass Higgs boson via its two-photon decay
mode.

II. CROSS SECTIONS

Photon pair production from gluon fusion [Fig. 1(b)] is
identical, up to color factors, to the scattering of light by
light. The latter process was first calculated exactly in
1951 by Karplus and Neuman using the usual Feynman
techniques. ' Some years later, in 1964, it was calculated
by De Tollis, using the Mandelstam representation and
dispersion relations. ' This proves to be a very powerful
technique for this process, and yields relatively simple
helicity amplitudes. The history of this subject and its
applications to a variety of processes, as well as the heli-
city amplitudes which we will use in this paper, are given
in a review article by Constantini, De Tollis, and Pis-
toni. '

There are five independent helicity amplitudes,
M& & & &, which may be chosen to be M++++,

1 2 3 4

M+ —+ — M+ ——+ i%+++—,and M++ . The helici-
ties A, A, 2 are for the incoming photons and A, 3, A,4 for the
outgoing photons. The remaining helicity amplitudes
may be obtained from parity and permutation symmetry.

Of these five helicity amplitudes, three are related by
crossing; hence it is sufficient to give just three. These are
given in Eq. (93) of Ref. 19, and the various relations to
obtain the other 13 helicity amplitudes are given in Eq.
(92); see also Eq. (4) of this paper. Note that r, s, and t in
that paper are defined in terms of the usual Mandelstam

ReM, 1+ t uln t
s u

I t2+u2+—
2 $2

ln —+m 82 t 2

u u

IniM++++ ———ir[ 8( t ) —8( u )]
r

t —u t +u t2 2

+ ln-
s s2 u

(3)

M+++ ———1, M++ ———1 .

The remaining 13 amplitudes may be obtained from these
by using the relations

M+++ —=M++ —+ ™+—++ ™—+++

M+ +(s, t, u)=M++++(t, s, u),

M+ + (s, t, u) =M++++(u, t,s),
(4)

and parity.
The five light flavors of quarks contribute to the ampli-

where q is the charge of the fermion in the loop and the
sum is over the 16 helicity amplitudes. This normaliza-
tion of the amplitudes differs from the usual one by a fac-
tor of 1/(2n ).

The helicity amplitudes of Ref. 19 are quite compact
and simple to program. They are expressed in terms of
certain special functions, also given in that paper. The
only special function not given in closed form is the
Spence (or dilogarithm) function of a complex argu-
ment. Fortunately, a compact and rapidly converging
series for this function is given in Appendix A of Ref. 21.

As a totally independent check on the helicity ampli-
tudes of Ref. 19, we used the program FORMFACTOR to
calculate the amplitudes numerically. We were able to
confirm the validity of the helicity amplitudes to a high
degree of accuracy. Gauge invariance provided a very
nontrivial check on the numerical computations, and as-
sured us of the convergence of the integrations being per-
forrned.

Since the helicity amplitudes are expressed in terms of
the ratios r, s, and t defined in Eq. (1), they are inadequate
in the limit m &&s,

~

t ~, ~

u
~

due to roundoff errors.
One must instead employ analytic expressions for the am-
plitudes in the m ~0 limit. These are given in Ref. 13;
we have checked them, and reproduce them here for later
reference. Expressed in terms of the usual Mandelstam
variables s, t, and u, they are
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tude an amount proportional to the square of their
charge, the sum of which is —",. If the top quark is light
compared to the photon pair invariant mass, it contrib-
utes another —, to this sum. Therefore the ratio of the
cross sections with and without a light top quark includ-
ed is ( —,", ), i.e., roughly a factor of 2.

If the top quark is heavy compared with the photon
pair invariant mass, it will make a negligible contribution
to the gluon-fusion amplitude due to the decoupling of
heavy particles. In fact, we know on dimensional
grounds that the amplitude decreases like l /m, in the

large-top-mass limit, since the only gauge-invariant
operators are of dimension four (formed from the product
of the field-strength tensors F„ofeach external gauge
boson) and higher. However, if the top mass is on the or-
der of the photon pair invariant mass, we cannot draw
any conclusions about its contribution to the gluon-fusion
amplitude without a detailed calculation.

The photon-pair cross section in pp collisions over an
invariant-mass range relevant to the intermediate-mass
Higgs boson is shown in Figs. 2 (SSC) and 3 (LHC) for a
variety of top-quark masses. Qualitatively, we see that
gluon fusion is an equally copious source of photon pairs
as quark-antiquark annihilation, regardless of the top-
quark mass.

The curve for m, =100 GeV is almost identical to the
curve for heavier top quarks over the invariant-mass
range displayed. It therefore represents the m, &&M limit
(M is the photon pair invariant mass) in which the top
quark makes no contribution to the gluon-fusion cross
section. The m, =25 GeV curve represents the small m,
limit at large invariant masses; we see that it is roughly
twice as large as the m, =100 GeV curve at M =200
GeV, as we expect (see the discussion earlier in this sec-
tion).

The dependence of the cross section on the top-quark
mass when m, -M is remarkable. We see that there is a
small dip in the cross section at M =2m, . The top quark
therefore interferes destructively with the five light
flavors at this invariant mass. Amazingly, this is exactly
what we want phenomenologically, because mH =2m,
maximizes the Higgs-boson production cross section
(which also proceeds via gluon fusion) given the con-
straint mH & 2m, (to eliminate the top-quark decay
mode).

The spin- and color-averaged cross section for photon
pair production from quark-antiquark annihilation is
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FIG. 2. Invariant-mass distribution of photon pairs produced
at the SSC via quark-antiquark annihilation and gluon fusion,
for a variety of top-quark masses. There is a cut on the scatter-
ing angle in the photon pair center-of-mass system, 8*, of
cos8 &O.S. The distribution functions of Duke and Owens (a)
set 1 and (b) set 2 were used.
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FIG. 3. Same as Fig. 2, but for the LHC. Only the results for
the Duke-Owens set 1 distribution functions are given.
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where q is the charge of the quark. This process is
strongly peaked in the forward-backward direction due to
the t- and u-channel poles. Since the Higgs-boson decay
to two photons is isotropic, we can suppress this back-
ground by imposing a cut on the scattering angle in the
photon pair center-of-mass frame 8*. We have chosen
cosO' & 0.5, following a recent analysis of the two-photon
decay mode of the Higgs boson. Since the gluon-fusion
amplitude has no t- or u-channel poles, the cross section
is less strongly peaked in the forward-backward direc-
tion; however, it is enhanced there, as we will show in
Sec. IV. The cut on the scattering angle is therefore im-
portant to suppress this background as well.

Since the gluon-fusion and quark-antiquark annihila-
tion processes are initiated by different partons, we inves-
tigated the dependence of the cross sections on different
sets of distribution functions. We used Duke and
Owens ' set 1 (A=200 MeV) and set 2 (A=400 MeV) for
the comparison, ' the results are shown in Fig. 2. Both the
gluon-fusion and the quark-antiquark annihilation cross
sections are larger for set 2, the latter by roughly a factor
of 2. However, the ratio of the two processes is less sensi-
tive to the choice af distribution functions, although
gluon fusion is relatively less important for set 2.

This behavior is easily understood qualitatively. Since
set 2 corresponds to a larger A, the QCD evolution of the
distribution functions to large Q yields a greater density
of g1uons and sea quarks at small x; hence the increased
cross sections (we are using Q =M ). The gluon-fusion
cross section is also augmented by the increased value of
a, associated with a larger A.

Finally, let us discuss the relative size of the gluon-
fusion and quark-antiquark cross sections qualitatively.
(We shall neglect the top quark in the following discus-
sion). The ratio of the two cross sections is roughly

For comparison, consider the gluon-fusion and quark-
antiquark amplitudes at right angles (O*=n/2), i.e.,
t =u = ——,'s. There are four nonvanishing helicity ampli-
tudes for quark-antiquark annihilation, each equal to 2 at
right angles. There are 16 helicity amplitudes for gluon
fusion. Using Eqs. (3) and (4), we find that their values at
right angles are

I++ =If+++ =M++ + =I+
M +++ 1

M++++ ——1+ =3.4
4

M+ + ——M+ +
——1 —3 ln2+ —', ln 2+in(3 —5 ln2)

=0.12—1.46i

~(gg

rr)
(8)

which is what we found in our more detailed calculations.
Therefore, the reasons that gluon fusion can compete

with quark-antiquark annihilation as a source of photon
pairs, despite its suppression by a„are, in order of im-
portance, (i) the large gluon luminosity, (ii) the surpris-
ingly large amplitudes, especially M++++, and (iii) the
advantage of coherently summing all flavors of quarks in
the loop [the second factor in Eq. (6)].

with the remaining eight given by parity. A11 of these
amplitudes must be multiplied by 1/(2n ). Therefore,
most of the helicity amplitudes have a magnitude of
roughly 1/(2m ). This is surprisingly large, because loop
diagrams usually have factors of 1/(8m ) (or smaller) as-
sociated with them. Furthermore, the amplitude

M++++ is larger still, due to the m term (which is rem-
iniscent of the K factor in QCD). This helicity amplitude
(and its parity conjugate) alone makes up about half of
the total cross section for gluon fusion at right angles.

Putting it all together, we find that the ratio of the
gluon-fusion and quark-antiquark annihilation cross sec-
tion at 8*=m. /2 is roughly

The first factor is from color averaging. The second is
from the quark charges; the sum of the squares of the
charges is —", for gluon fusion, while for quark-antiquark
annihilation only the charge —', quarks are important (the
cross section is proportional to q ), which squared gives

9 The third factor is the coupl ing of the g1uons to the
quarks; the factor of —,

' is from the trace of the color ma-
trices in the loop: TrT"T = ,'o" (Ref. 26). Th—e fourth
factor is the ratio of the gluon-gluon luminosity to the
luminosity of charge —, quark-antiquark collisions. This
is a large factor, roughly 100 in the intermediate-mass
Higgs-boson mass range at SSC energies. The last factor
is the ratio of the sum of the squared amplitudes, devoid
of coupling constants. The gluon-fusion amplitudes are
suppressed since they are one loop; however, they are
larger than one might anticipate, as we will now dis-
cuss.

III. INTERFERENCE

As we discussed in the introduction, photon pair pro-
duction from gluon fusion is a background to the two-
photon decay mode of the intermediate-mass Higgs bo-
son. Since the Higgs boson itself is produced from gluon
fusion (via a top-quark loop), the Higgs-boson 'signal
has the same initial and final state as the gluon-fusion
background, as is illustrated in Fig. 4. The two processes
are, therefore, subject to interference.

The Higgs-boson production and decay process is only
sizable near the Higgs-boson pole, where is it
enhanced —after all, it is a two-loop process, compared
with the gluon-fusion background, which is one-loop.
Normally the interference between a resonance and a
continuum process is unimportant, because on resonance
the two are out of phase. Furthermore, off resonance the
interference is proportional to s —m&, which is antisym-
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metric about the resonance point s =m&. The interfer-
ence therefore vanishes when integrated over an
invariant-mass bin centered on the resonance.

The above argument assumes that the two processes
are in phase off resonance. This would be the case if both
processes were 2~2 tree diagrams, for example. Howev-
er, the processes we are considering are loop diagrams,
which have both real and imaginary parts. Let M, be the
continuum gluon-fusion amplitude, and Mzs/(s —m&
+i I'ttmtt }be the Higgs-boson production and decay am-

plitude, with the Higgs resonance made explicit. The in-
terference is then

FIG. 4. Higgs-boson production from gluon fusion via a
top-quark loop followed by two-photon decay. The decay
proceeds via a 8'-boson and a top-quark loop.

2
z z z z [(ReM, ReMz+ImM, ImMz}(s —mtt}+(ReM~ImMz —IrnM&ReMz)i ttmtt] .

(s —m')'+r' m'

The first term, proportional to s —m&, integrates to zero,
as we discussed. The second term does not, however.
Thus, if ImM

&
or ImMz &0 (assuming ReM

&
and

ReMz&0), then there is nontrivial interference. This
effect has been studied for a related process: Higgs-boson
production from gluon fusion followed by decay into
heavy quarks (which has a direct QCD background}. 30

Loop diagrams have nonzero imaginary parts only if
cutting the diagram yields a kinematically allowed pro-
cess. Thus the coupling of the Higgs boson to two pho-
tons has a nonzero imaginary part only if mz & 2M~ or
mz & 2m, ; similarly, the coupling to two gluons has an
imaginary part only if m& & 2m, . However, we are in-
terested in the scenario in which the Higgs boson cannot
decay to W-boson or top-quark pairs. Therefore the am-
plitude for the production and two-photon decay of the
Higgs boson is a real number multiplied by a Breit-
Wigner resonance (i.e., Mz is real in our 'example).

By the same reasoning, the top-quark loop in the
gluon-fusion background process produces no imaginary
part at s =m&. The five light flavors potentially do, how-
ever. Since the Higgs production amplitude is J =0, the
only nonvanishing helicity amplitudes are those in which
the initial helicities are equal and the final helicities are
equal. Inspection of The M++++ and M++ ampli-
tudes for the gluon-fusion background process with mass-
less quarks [Eq. (3)] shows that they are purely real. This
is because the cut diagram, quark-antiquark production
from gluon fusion, vanishes in the massless limit if the
gluons have the same helicities.

Therefore, we see that both the signal and the back-
ground are purely real in the case of interest, and that the
interference integrates to zero over an invariant-mass bin
centered on the Higgs resonance.

IV. ANGULAR DISTRIBUTION

Since the Higgs boson is spinless, its decay to two pho-
tons is isotropic in its rest frame. Photon pair production
from quark-antiquark annihilation is, on the other hand,

M+ + ~0, (10}

M 1 —ln —+—,
' ln —+i m 1 —ln—$ l 2 S . $

i ' i

with the remaining five amplitudes (not counting the par-
ity conjugates) equal to —1 at all angles. Thus the most
singular term in the cross section is proportional to
ln ~t~ ast~0.

In Fig. 5 we show the photon-pair angular cross sec-
tion as a function of the cosine of the scattering angle in
the photon-pair center-of-mass frame, at an invariant
mass of 120 GeV. The quark-antiquark annihilation
cross section is more strongly peaked in the forward
direction than that of gluon fusion, as we expect. Howev-
er, both are relatively fiat out to z =0.8 (8'=37'). The
gluon-fusion cross section is shown for two different top-
quark masses. Clearly the shape of the angular distribu-
tion is not very sensitive to the top-quark mass.

Since the Higgs-boson decay to photon pairs is isotro-
pic in the Higgs-boson rest frame, an angular cut of
z &zo retains a fraction zo of the decay events. Because
the background processes are rather flat out to z =0.8,
this is roughly the optimal cut to yield the largest signal-

strongly forward-backward peaked; the cross section is
proportional to 1/t as t ~0 due to the t-channel quark-
exchange diagram in Fig. 1(a). Therefore, by restricting
our attention to scattering away from the beam direction,
we can enhance the signal-to-background ratio for
Higgs-boson production and decay to two photons.

Since photon pair production from gluon fusion has no
i- or u-channel poles, it is less singular in the forward-
backward direction than quark-antiquark annihilation.
Nevertheless, the cross section is enhanced at small an-
gles. This is evidenced by the helicity amplitudes in the
massless quark limit, Eqs. (3) and (4). As t ~0, these am-
plitudes go to

2
—ln —+-'ln'—

2 i 2 i
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FIG. 5. Angular distribution of photon pairs produced at the
SSC via quark-antiquark annihilation and gluon fusion at an in-
variant mass of 120 GeV. The scattering angle 8 is in the pho-
ton pair center-of-mass system. Duke-Owens set 1 distribution
functions were used in the calculation.

to-background ratio while maintaining a maximal num-
ber of events. Thus the cut we imposed earlier, following
Ref. 7, of z &0.5 is probably too conservative. However,
this does not effect the conclusions of Ref. 7 qualitatively.

V. RAPIDITY DISTRIBUTION

d20.

dM dy

t

o gf; —e~ f, —e ~, (11)s, ,
' V's ' &s

where s is the square of the hadronic energy, & is the sub-
process cross section evaluated at s =M, and f, (x ) is the
relevant parton distribution function; the sum runs over
the contributing combinations. Since the quark-
antiquark annihilation and gluon-fusion processes are ini-
tiated by different partons, we expect their rapidity distri-
butions to be different.

In Fig. 6 we give the rapidity distribution of the pho-
ton pair center-of-mass frame with respect to the labora-

Since our goal is to separate the two-photon decay
mode of the Higgs boson from the quark-antiquark an-
nihilation and gluon-fusion continuum processes, we are
led to investigate differential cross sections with the hope
of finding a qualitative difference between the signal and
the background. In the previous section we considered
the angular distribution of the photons in the photon pair
center-of-mass frame. In this section we investigate the
rapidity distribution, i.e., the differential probability that
the photon pair center-of-mass frame is boosted with
respect to the laboratory frame.

The shape of the rapidity distribution (at fixed invari-
ant mass M) depends only on the parton distribution
functions. It is given by

FIG. 6. Rapidity distribution of photon pairs produced at
the SSC via quark-antiquark annihilation and gluon fusion at an
invariant mass of 120 GeV. Only the positive rapidity region is
displayed; the distribution is symmetric about y =0. There is a
cut on the scattering angle in the photon pair center-of-mass
system 8 of cos8 &0.5 Duke-Owens set 1 distribution func-
tions were used in the calculation.

tory frame for photon pairs produced via quark-
antiquark annihilation and gluon fusion at the SSC, the
latter for two choices of the top-quark mass. Since the
distribution is symmetric about y =0, we show only the
positive-rapidity half. The photon pair invariant mass is
120 GeV, and we have continued to make an angular cut
of cos8* &0.5. Since the shape of the rapidity distribu-
tion depends only on the parton distribution functions,
the two gluon-fusion curves differ only by an overall fac-
tor.

As we can see from Fig. 6, the gluon-fusion process is
peaked at small rapidity, while quark-antiquark annihila-
tion is more evenly distributed over the rapidity range.
The gluon distribution function falls off rapidly with x
(roughly like x ~ at the relevant values of x), and hence
the gluon luminosity is peaked at small rapidity. The
quark-antiquark luminosity is a combination of sea-quark
collisions, which favor small rapidity, and sea-
quark —valence-quark collisions, which tend to larger ra-
pidities due to the valence-quark distribution functions,
which are big at large x.

Since the Higgs boson is produced via gluon fusion, it
has the same rapidity distribution as the photon-pair
gluon-fusion process. Therefore, a rapidity cut cannot
improve the signal-to-background ratio for this back-
ground process. However, it can improve the signal-to-
background ratio for the quark-antiquark annihilation
process. Looking at Fig. 6, we see that a cut near y =3
would optimize the signal-to-background ratio while
maintaining a maximal number of events. Therefore the



37 PHOTON PAIR PRODUCTION AND THE INTERMEDI'. TE-MASS. . . 1807

VI. LARGE INVARIANT MASSES

Our interest in photon pair production at future had-
ron colliders stems from our concern with detecting the
intermediate-mass Higgs boson in its two-photon decay
mode. %'e have therefore concentrated on photon pair
invariant masses between 50 and 200 GeV. However,
there may be other processes for which knowledge of the
two-photon background at higher invariant masses is im-

portant. We therefore present these cross sections for
completeness.
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analysis of Ref. 7 could be slightly improved upon by
such a cut, although the qualitative conclusions of that
paper remain valid.

We display the cross section for photon pair produc-
tion from gluon fusion and quark-antiquark annihilation
at large invariant masses in Figs. 7 (SSC) and 8 (LHC).
Since we have continued to use the cut cos8' & 0.5, these
figures are extensions of Figs. 2 and 3. Note that the
gluon-fusion mechanism is less important than quark-
antiquark annihilation as a source of photon pairs as we

go to larger invariant masses. This is due to the gluon
luminosity, which falls off more rapidly than that of
quarks and antiquarks as we probe larger masses.

We show the gluon-fusion cross section for three
different top-quark masses; 25 GeV, 100 GeV, and
infinity, which is equivalent to ignoring the top-quark
contribution. The figures clearly show that the difference
between including a light top quark (25 GeV) and not in-

cluding a top quark in the gluon-fusion cross section is
roughly a factor of 2, as we discussed in Sec. 2. The
m, =100 GeV curve has the usual dip at M =2m„ then
asymptotically approaches the m, =25 GeV curve at
large invariant masses.

Figures 7(a) and 7(b) show the dependence of the cross
sections on the distribution functions, just as Figs. 2(a)
and 2(b) do at smaller invariant masses. We find that the
cross sections are less sensitive to the choice of distribu-
tion functions at larger invariant masses. For example, at
M =1 TeV, the quark-antiquark annihilation cross sec-
tion increases by a factor of 1.6 for Duke and Owens set
2, compared with a factor of 2 at M =200 GeV.

The gluon-fusion cross section actually decreases for
set 2 by a factor of 0.8 at M =1 TeV. Recall that set 2
has a larger value of A, and hence more gluons at small x
and high Q . This leaves a dearth of gluons at larger
values of x, which corresponds to larger invariant masses.
This effect is somewhat compensated for by the increased
value of a, associated with a larger A. Thus the gluon-
fusion cross section at large invariant masses is rather in-
sensitive to the choice of distribution functions.
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FIG. 7. Invariant-mass distribution of photon pairs as in Fig.
2, but for larger invariant masses.

FIG. 8. Invariant-mass distribution of photon pairs as in Fig.
3, but for larger invariant masses.
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VII. CONCLUSIONS

We have shown that photon pairs are produced at fu-
ture hadron colliders just as frequently from gluon fusion
[Fig. 1(b)] as from quark-antiquark annihilation [Fig.
1(a)]. The gluon-fusion cross section is sensitive to the
mass of the top quark, since each flavor contributes via
the loop. W'e have found that the cross section is roughly
twice as large for a light top quark as for a heavy top
quark.

Photon pairs are an irreducible background to the
two-photon decay mode of the intermediate-mass
(mH &2Mu ) Higgs boson. This rare decay mode is only
viable if mH & 2m„ i.e., if the Higgs boson is kinematical-

ly forbidden to decay to top quarks. What we have found
is that if this inequality is satisfied, then the top-quark
contribution to the gluon-fusion continuum background
is small. Furthermore, if mH =2m„ the top-quark con-
tribution interferes destructively with the contribution
from the five light quark flavors. This is not a terribly
large e6'ect, however; it reduces the cross section by
roughly a factor of 0.85. This, in conjunction with the
fact that the production cross section is maximized at
mB =2m„makes this the optimal top-quark mass for
hunting the intermediate-mass Higgs boson via its two-
photon decay mode.

The signal-to-background ratio for the two-photon de-
cay mode of the Higgs boson has been studied recently in
Refs. 5 and 7. In Ref. 5, the gluon-fusion background
was calculated neglecting the top-quark contribution; we
see that this is justified. In Ref. 7 the gluon-fusion back-
ground was approximated by assuming it is roughly equal
to the quark-antiquark annihilation background. Since
we used the same cuts as Ref. 7, we see that this approxi-

mation is quite good, never off by more than a factor of 2.
Therefore, the analyses of Refs. 5 and 7 are reliable, and
we refer the reader there for details. Reference 7 con-
cludes that the two-photon decay mode will be viable in
the region 100 GeV & mH 2M~, as long as mH (2m, .

We have also found as a result of our study that the
signal-to-background ratio can be improved by a judi-
cious choice of cuts, while maintaining a maximal num-
ber of events. In particular, we found that a cut on the
scattering angle in the photon-pair center-of-mass frame,
8', of cos8' &0.8 (8* & 37') serves to eliminate most of
the forward-backward peaking of the quark-antiquark
annihilation and gluon-fusion backgrounds. A cut on the
rapidity of the photon pair center-of-mass frame with
respect to the laboratory frame of roughly y &3 (at
the SSC) serves to further suppress the quark-antiquark
annihilation background.

The implication for detectors is that it is not important
to be able to detect photons at small ang1es or large rapi-
dities. The most important requirement is excellent reso-
lution in the photon pair invariant mass, since the size of
the background is directly proportional to the resolution.
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