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Abstract. We compute the cross section for exclusive double-diffractive γγ production at the Tevatron,
pp̄ → p + γγ + p̄, and the LHC. We evaluate both the gg and qq̄ t-channel exchange contributions to the
process. The observation of exclusive γγ production at the Tevatron will provide a check on the model
predictions and offer an opportunity to confirm the expectations for exclusive double-diffractive Higgs
production at the LHC.

1 Introduction

The experimental study of the central exclusive double-
diffractive production processes at the Tevatron is inter-
esting in its own right, since it is an ideal way to improve
our understanding of diffractive processes and the dynam-
ics of the pomeron exchange. Moreover such observations
can provide a valuable check of the theoretical models and
experimental methods which may be used to search for
new physics at LHC [2]. Of particular interest is exclu-
sive Higgs boson production, pp → p + H + p [7]. The
+ signs are used to denote the presence of large rapidity
gaps; here we will simply describe such processes as “exclu-
sive”, with “double-diffractive” production being implied.
The predictions for exclusive production are obtained by
calculating the diagram of Fig. 1 using perturbative QCD.
In addition we have to calculate the probability that the
rapidity gaps are not populated by secondaries from the
underlying event.

Fig. 1. Schematic diagram for exclusive Higgs production at
the LHC, pp → p + H + p. The exclusive production of the
states shown in the brackets are possible “standard candles”,
where the model predictions may, in principle, be checked by
measurements at the Tevatron. Here we are concerned with
the last process, pp̄ → p + γγ + p̄. Predictions already exist for
the exclusive production of Higgs bosons [1–3], χc,χb [4,5] and
dijets [1, 2, 6]
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However it is not easy to find an exclusive process which
may be observed at the Tevatron and so act as a “standard
candle” for the theoretical predictions for exclusive Higgs
production. Let us consider the possibilities. These are
shown in brackets in Fig. 1.

Recently the first “preliminary” result on exclusive χc

production has been reported [8]. Although it is consistent
with perturbative QCD expectations [4,5], the mass of the
χc boson, which drives the scale of the process, is too low
to justify just the use of perturbative QCD1.

One possible process with a larger scale is the exclusive
production of a pair of high ET jets, pp̄ → p+jj+ p̄ [1,2,6].
In principle, this process appears to be an ideal “standard
candle”. The expected cross section is rather large, and we
can study its behaviour as a function of the mass of the dijet
system. Unfortunately in the present CDF environment,
the background from the “inelastic pomeron–pomeron col-
lisions” contribution is large as well. Theoretically the ex-
clusive dijets should be observed as a narrow peak, sitting
well above the background, in the distribution of the ratio

Rjj = Edijet/EPP (1)

at Rjj = 1, where EPP is the energy of the incoming
pomeron–pomeron system. In practice the peak is smeared
out due to hadronisation and the jet-searching algorithm.
For jets with ET = 10 GeV and a jet cone R < 0.7, more
than 1 GeV will be lost outside the cone, leading to
(i) a decrease of the measured jet energy of about 1–2 GeV2,

1 Even lower scales correspond to the fixed-target central
double-diffractive meson resonance production observed by the
WA102 collaboration at CERN [9]. Therefore, it is intriguing
that the qualitative features of the observed pt and azimuthal
angular distributions appear to be in good agreement with the
perturbatively based expectations [10].

2 Note that the jet ET were not corrected in the preliminary
data presented in [8, 11].
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Fig. 2. aExclusive γγ production driven by two-gluon t-channel
exchange, and the backgrounds arising from b γγ produced in
a pomeron–pomeron initiated subprocess, accompanied by soft
undetected hadrons and c from γγ production via t-channel
quark–antiquark exchange. All permutations of the particle
lines are implied

and
(ii) a rather wide peak (∆Rjj ∼ ±0.1) in the Rjj distri-
bution. The estimates based on [2] give an exclusive cross
section for dijet production with ET > 25 GeV (and CDF
cuts) of about 40 pb, which is very close to the recent CDF
measurement [8, 11],

σ(Rjj > 0.8, ET > 25 GeV)

= 34 ± 5(stat) ± 10(syst) pb . (2)

Bearing in mind the large uncertainties (in both the the-
oretical calculations and in experimental identification of
low ET jets) at low scales, the predictions [2,12] for ET >
7, 10 GeV are also in agreement with the corresponding
CDF measurements [8,11,13]. However there is no “visible”
peak in the CDF data for Rjj close to 1. The contribution
from other channels (called “central inelastic” in [2]) is too
large and matches with the expected peak smoothly3.

An alternative possibility is to measure exclusive γγ
production with high ET photons, pp̄ → p + γγ + p̄ [2,15].
Here there are no problems with hadronisation or with the
identification of the jets. Moreover, we can access much
higher masses of the centrally produced system than in
the χc case. On the other hand the exclusive cross section
is rather small. As usual, the perturbative QCD pomeron is
described by two (Reggeized) gluon exchange. However the
photons cannot be emitted from the gluon lines directly. We
need first to create quarks. Thus a quark loop is required
(see Fig. 2a), which causes an extra coupling αs(ET) in the
amplitude. The prediction of the cross section for exclusive
γγ production, and the possible background contributions,
are the subject of this paper.

In order to isolate the component of exclusive γγ pro-
duction which is driven by two-gluon t-channel exchange,
we need to consider other possible sources of these events.
The possibilities are
(i) inclusive reactions in which the production of a qq̄ pair
is such that the quarks transfer almost the whole of their
energy to the emitted photons (Fig. 2b), so that any addi-

3 We hope that applying the kt jet-searching algorithm, rather
than the jet cone algorithm, would improve the selection of the
exclusive events. This is in accord with the studies in [14].

tional hadrons (coming from the hadronisation of the q and
q̄) are soft, and so may be missed by the Central Detector;
(ii) diagrams with the t-channel quark exchange (Fig. 2c).
We would expect this contribution to be suppressed at high
energies. The quark densities generated from the incoming
valence quarks in a fixed-order graph like Fig. 2c behave as
xiq(xi) ∼ xi, whereas the gluons generated by the fixed-
order diagram of Fig. 2a have distributions that behave as
xig(xi) ∼ constant, modulo log(xi) factors. However the
parton distributions at low x and moderate scales indicate
that the quark densities are comparable to that of the gluon.
On the other hand, the photons can be emitted directly
from a quark line (without an extra loop and its accompa-
nying small αs factor). Moreover the “skewed” factor, Rq,
due to the asymmetric qq̄ t-channel configurations is much
larger for quarks, Rq ∼ 3–4.5, than the corresponding fac-
tor for skewed t-channel gluons [16]. Since the exclusive
cross section is proportional to R4

q [1], this is clearly im-
portant.

2 Exclusive γγ production
via gg t-channel exchange

First, we calculate exclusive γγ production arising from
gluon exchange, as shown in Fig. 2a. We write the cross
section in the factorized form [2]

σg = Lg(M2
γγ , y)σ̂g(M2

γγ) , (3)

where σ̂g is the cross section for the hard gg → γγ sub-
process which produces a γγ system of mass Mγγ , and Lg

is the effective gg luminosity for production of a central
system (γγ in our case) with rapidity y. For the exclu-
sive γγ production shown in Fig. 2a we have, to single log
accuracy [1],

M2
γγ

∂Lg

∂y∂M2
γγ

= Ŝg
2
(

π
(N2

C − 1)b
(4)

×
∫

dq2
t

q4
t

fg(x1, x
′
1, q

2
t , µ2)fg(x2, x

′
2, q

2
t , µ2)

)2

,

where b is the t-slope corresponding to the momentum
transfer distributions of the colliding proton and antiproton

d2σ

dt1dt2
∝ eb(t1+t2) . (5)

We take b = 4 GeV−2. The quantities fg(x, x′, q2
t , µ2) are

the generalised (skewed) unintegrated gluon densities. The
skewed effect arises because the screening gluon (q) carries a
much smaller momentum fraction x′ � x. For small |x−x′|
the skewed unintegrated density can be calculated from
the conventional integrated gluon g(x, q2

t ) [17]. However
the full prescription is rather complicated. For this reason
it is often convenient to use the simplified form [1]

fg(x, x′, q2
t , µ2) = Rg

∂

∂ ln q2
t

[√
Tg(qt, µ)xg(x, q2

t )
]

, (6)
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which holds to 10–20% accuracy.4 The factor Rg accounts
for the single log q2 skewed effect [16]. It is found to be about
1.4 at theTevatron energy.TheSudakov factorTg(qt, µ) [18,
19] is the survival probability that a gluon with transverse
momentum qt does not emit any partons in the evolution
up to the hard scale µ = Mγγ/2

Tg(qt, µ) = exp

(
−
∫ µ2

q2
t

αS(k2
t )

2π
dk2

t

k2
t

×
∫ 1

0

[
Θ(1 − z − ∆)Θ(z − ∆)zPgg(z)

+
∑

q

Pqg(z)

]
dz

)
, (7)

with ∆ = kt/(µ+kt). The square root arises in (6) because
the survival probability is only relevant to the hard gluon.
It is the presence of this Sudakov factor which makes the
integration in (4) infrared stable and perturbative QCD
applicable. We use the MRST99 partons [20] and cut the
loop integral at qt ≥ 0.85 GeV, as in [5].

We also have to compute the probability Ŝg
2

that the
rapidity gaps are not populated by secondaries from soft
rescattering from the colliding proton and antiproton. We
calculate Ŝg

2
using a two-channel eikonal model [21].

To compute the subprocess cross section, σ̂, we use the
known QED results for the γγ → γγ helicity amplitudes
from [22,23]. Note that the incoming active gluons are in a
P -even, Jz = 0 state [2,4,12], where z is the proton beam
direction. Thus we need to compute the Jz = 0 gg → γγ
cross section, rather than the usual cross section averaged
over the gluon polarisations. The results are shown in Fig. 3
for fixed Mγγ = 10 GeV (continuous curve) and for fixed
ETγ = 5 GeV (dashed curve). All four flavours of quark
(u, d, s, c) in the fermion loopwere taken to bemassless. The
vertical dotted lines indicate the angles corresponding to a
rapidity difference between the two photons η1 − η2 = 1, 2
or 3. We see that the logarithmic enhancement of the differ-
ential cross section at |cos θ| → 1 for fixed Mγγ is strongly
suppressed, by the Jacobian, when we select events with
fixed ETγ . The cross section decreases, since the fixed value
of ETγ can only be achieved at small angles by increas-
ing the value of Mγγ , while the cross section behaves as
dσ/dcosθ ∼ 1/M2

γγ . Finally, combining the effective lu-
minosity with the subprocess cross section, we obtain the
predictions for the exclusive γγ cross section which we
present and discuss in Sect 4.

There may be some contribution from the semi-elastic
reaction with forward proton dissociation. Such a contri-
bution was discussed in [5] for exclusive χ production. Pro-
vided the mass of the centrally produced system is not too
large, it was argued that this contribution is small.5 More-
over, the CDF measurement selects events without any

4 In the actual computations we use a more precise form as
given by (26) of [17].

5 This reflects the smallness of the triple-pomeron vertex (see,
for example, [24]) in soft processes. For the Tevatron the yields

η1-η2 = 1      2         3

dσ(γγ)/dcos(θ)  pb

Mγγ=10 GeV

ETγ=5 GeV

cos(θ)

Fig. 3. The behaviour of the differential cross section for the
Jz = 0 hard subprocess gg → γγ in exclusive γγ production,
shown by the continuous curve for fixed Mγγ = 10 GeV and
by the dashed curve for fixed ETγ = 5 GeV. The values of cosθ
corresponding to the rapidity differences of the two emitted
photons η1 − η2 = 1, 2 or 3 are indicated

secondaries in the pseudorapidity interval 3.5 < |η| < 7.5.
This selection strongly suppresses the possibility of for-
ward proton dissociation, and the admixture of processes
with incoming proton dissociation is not expected to exceed
0.1%.

The background from the inclusive qq̄ plus γγ produc-
tion process, shown in Fig. 2b, may be estimated using the
POMWIG Monte Carlo programme [25, 26]. It is not an-
ticipated to be large. For ET > 12 GeV photons, the whole
cross section in the rapidity interval |ηγ | < 2 (∼ 100 fb)
exceeds the exclusive cross section (Fig. 2a) by a factor
of about 50. However the probability not to observe any
hadrons produced via qq̄ hadronisation is very small, so we
hope that this background can be suppressed sufficiently
to see the exclusive signal.

3 Exclusive γγ production
via qq̄ t-channel exchange

Here we discuss the qq̄ t-channel exchange contribution
to exclusive γγ production, as shown in Fig. 2c. This con-
tribution has some novel features and so we discuss its
computation in detail.

At first sight it appears that the contributions of the qq̄
exchange graphs, Fig. 2c, may be neglected immediately,
since the amplitudes are suppressed by the power factor
1/s in comparison with the gg exchange graphs. To be more
precise, the suppression is given by x ∼ exp(−∆ηgap). How-
ever, as mentioned in the Introduction, we must take care.

of exclusive and inclusive events are expected to be comparable
at M ∼ 15 GeV, when gaps |∆ηgap| > 3 are imposed in the
inclusive case.
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First, the amplitude for the main process, Fig. 2a, contains
a factor of αs(ET) arising from the quark loop. Second the
qq̄-exchange contribution to the cross section is enhanced
by the skewed effect, R4

q ∼ 200 [16]. Third, at the relatively
low scales (a few GeV2), relevant for the exclusive produc-
tion of a system of mass M ∼ 10–30 GeV at the Tevatron,
the global (CTEQ [27], MRST [28]) parton analyses find
valence-like gluons (xg decreases as x → 0, contrary to
naive perturbative QCD expectations) but pomeron-like
unpolarised singlet quarks (xq ∼ x−λ with λ > 0). For
these reasons the qq̄-exchange contribution, Fig. 2c, must
be evaluated.

In analogy with the computation of the gluon-exchange
contribution, (3), we write the quark contribution as the
product of the quark luminosity factor, Lq, and the hard
subprocess cross section, σ̂(qq̄ → γγ):

σq = Lq(M2
γγ , y)σ̂q(M2

γγ) . (8)

We discuss the computation of these factors in turn.

3.1 qq̄ luminosity

To determine the luminosity, we first consider the leading-
order qq̄ exchange diagram, Fig. 4a, in the high energy
limit. Note that s-channel helicity conservation, λ = λ′,
holds for this process [29, 30]. This may be seen from the
Born graph, Fig. 4b, corresponding to the upper part of the
diagram. Due to helicity conservation at each vertex, a fast
incoming quark of λ = +1/2, say, produces a gluon with
Jg

z = +1, which then creates a quark with λ′ = +1/2. This
property allows us to close the external lines in Fig. 4a, and
to calculate the numerator of the amplitude as

Tr[/paγµ/qγν/pbγν/q′γµ] = 4Tr[/pa /q /pb /q′] = 8sq2
t . (9)

Here we consider the forward amplitude with p′
at = 0, and

therefore qt = q′
t. Note that only the transverse component,

qt, survives, since any longitudinal component of q or q′
“annihilates” with pa or pb in (9); see [29, 30] for details.
That is the lowest-order luminosity amplitude averaged
over the incoming quark polarisations and colour indices is6

Fig. 4. a The LO qq̄ exchange diagram; b the helicity struc-
ture of the upper part of diagram a; c the inclusion of the
hard subprocess

6 Here we consider the positive signature (singlet quark)
exchange, where the real part of the amplitude is small,
|Re Aq/Im Aq| � 1.

Im Aq =
16π3

NC

(
CF

2π
αs

)2 dq2
t

q2
t

, (10)

where CF αs/2π represents the lowest-order unintegrated
quark distribution, given by the splitting function Pqq(z) in
the limit z → 0.After evolution of the parton densities, each
factor CF αs/2π should be replaced by the unintegrated
distribution fq/x. Now consider the inclusion of the hard
subprocess, Fig. 4c, in which two photons of mass Mγγ are
produced. The luminosity Lq in (8), corresponding to qq̄
exchange with active quarks of a given flavour, is given by

∂Lq

∂y∂lnM2
γγ

(11)

= Ŝ2
q

(
2π

NCb

∫
dq2

t

q2
t M2

γγ

fq(x1, q
2
t , µ2)fq(x2, q

2
t , µ2)

)2

.

The unintegrated quark distributions, fq, are determined
from the conventional quark densities by the relation

fq(x, q2
t , µ2) = Rq

∂

∂lnq2
t

(
xq(x, q2

t )
√

Tq(qt, µ)
)

, (12)

in analogy with (6). Here the Sudakov factor is

Tq(qt, µ) = exp

(
−
∫ µ2

q2
t

αS(k2
t )

2π
dk2

t

k2
t

∫ 1−∆

0
Pqq(z)dz

)
,

(13)
which ensures no gluon emissions in the quark evolution
from qt up to the hard scale µ. The q2

t in (9) is the reason
why the 1/q4

t in the analogous equation (4) becomes 1/q2
t

in (10) and in (11). The factor 2 in brackets reflects the
fact that the hard subprocess may be initiated by either
the t-channel quark with momentum q or q′. The origin
of the 1/M2

γγ arises from the 1/s suppression of the qq̄-
exchange amplitude in comparison with the two-gluon-
exchange amplitude, together with the 1/x1x2 factors from
the fq/x noted above.

Strictly speaking the survival factor of the rapidity gaps,
Ŝ2

q , in (11) may be different from the survival factor Ŝ2
g

in (4) for the gg exchange process, due to the different
impact parameter profiles of the quarks and gluons inside
the incoming protons [21, 31]. To account for the differ-
ent profiles we may use different slopes b in (4) and (11).
However it turns out [5] that for realistic values of b = 4–
6 GeV−2, the product Ŝ2/b2 is almost constant. The value
is Ŝ2/b2 = 3× 10−3 and 1.5× 10−3 GeV4 for the Tevatron
and the LHC respectively.

Another difference may arise since each eigenstate of
the multichannel eikonal model, with its own absorptive
cross section, may have its own parton composition [31].
However we do not expect this difference to be significant
for low x partons.

3.2 The subprocess cross section

After the luminosity of (11) is calculated, the remainder
of Fig. 4c, corresponding to the amplitude of the hard sub-
process, contains the quark propagator 1//k, the vertices of
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Fig. 5. The extra subamplitude we have to cal-
culate for the qq̄ subprocess for γγ production

the photon emissions, and an additional quark propagator,
say 1//q′, shown in the schematic diagram of Fig. 5. The
structure of the subamplitude is of the form

M̂λ1λ2 =
/ε1 /k(t) /ε2

k2
(t)

+
/ε2 /k(u) /ε1

k2
(u)

, (14)

where the additional quark propagator has been omitted
for the moment. The two terms correspond to the t- and
u-channel contributions, and so we have denoted the re-
spective quark 4-momenta by k(t) and k(u). The diagrams
of Fig. 4c and Fig. 5 show the t-channel contribution with
k ≡ k(t), whereas the u-channel amplitude corresponds to
the permutation of the two photons. Note that k(t) = q′−P1
and k(u) = q′ − P2, where Pi are the momenta of the
photons, i = 1, 2. For the photon helicities, we take the
polarisation vectors

−ε ±
1 , ε ∓

2 = i(±x′ + iy′)/
√

2 , (15)

where the x′, y′ plane is perpendicular to the photon mo-
mentum in the γγ rest frame. In the massless quark limit,
the amplitudes M̂++ and M̂−− vanish (see, for exam-
ple, [32]), and so we need only consider M̂±∓. Using /ε+1 /ε−

2 =
0, we find

M̂+− = /ε1 2(q′ · ε2)

(
1

k2
(t)

+
1

k2
(u)

)
, (16)

since k(t) = q′ − P1 and ε2 · P1 = 0 in the γγ rest frame.
Finally we have to convolute /ε1 with the quark propagator
/q′
t/q′2, and so the spin structure of the subprocess amplitude

for the diagram of Fig. 5 is given by

M+− = 2(q′
t · ε1)(q′ · ε2)

(
1

k2
(t)

+
1

k2
(u)

)(
1
q′2

)
. (17)

From the formal point of view, the result (17) may be
regarded as the on-mass-shell amplitude for qq̄ → γγ an-
nihilation averaged over the quark colours and helicities,
together with a specific averaging over the transverse mo-
mentum, q′

t, of the incoming quark, which we specify below.
We now justify this statement. First, at LO, q′

t in (11) is
much less than the photon transverse momenta Pt. In this
limit the incoming quarks may be treated as on-mass-shell
fermions. Second, the colour factor was already included
in the colour singlet luminosity (11), so we must average
over the colours of the quarks. Next, we have used un-
polarised quark densities, so we need to average over the
helicities of the quarks. The final “averaging” over q′

t is more
subtle. Recall that in the calculation of the luminosity am-
plitude (10), only the transverse momentum component qt
survives in the t-channel quark propagator. (This is not
the case for the usual on-mass-shell qq̄ → γγ amplitude.)

As a consequence of s-channel helicity conservation for the
incoming proton, the projection of the total angular mo-
mentum of the produced γγ system on the beam (z) axis
satisfies Jγγ

z = 0. Recall that we are considering forward
proton scattering. On the other hand, due to quark helic-
ity conservation, we have Jqq̄

z = ±1. So we require quark
orbital angular momentum to satisfy Lz = ±1, which re-
veals itself through q′

t. In the limit q′
t → 0, there is no way

to generate |Lz| = 1. Angular momentum conservation
kills everything which does not depend on q′

t. Therefore
the effective amplitude should be written as a difference
of two matrix elements which correspond to subprocesses
with different quark beam directions originating from their
transverse momenta. This leads to

1
NC

∑
i,k

δik
1
2

∑
λ,λ′

δλ,−λ′ 1
2

[
Mλλ′

ik (q′
t) − Mλλ′

ik (−q′
t)
]

,

(18)
where i, k and λ, λ′ are the quark colour and helicity indices
respectively. For simplicity, elsewhere in the paper these
indices have been omitted. At first sight, this expression
still appears to vanish once we integrate over the azimuthal
angle of q′

t. Indeed this is true for a point-like amplitude
M; for example for forward central exclusive production of
a Z boson. However for our non-local amplitude, there is a
correlation between the direction of the quark q′

t and the
photon Pt. Thus a contribution of O(q′2

t /P 2
t ) survives after

the azimuthal angular averaging of (q′
t · ε1)(q′ · ε2) in (17).

This q′2
t cancels the factor 1/q′2 � 1/q′2

t in (17), coming
from the quark propagator, and so finally we obtain the
effective qq̄ → gg hard subprocess cross section7

dσ̂eff

dt
= 16π

(
e2
qα

M2
γγ

)2(
cos θ

sin θ

)4

. (19)

7 The behaviour dσ̂/dt ∝ (1/M4
γγ)(cosθ/sinθ)4 may be ex-

plained without an explicit calculation, instead using arguments
based on the rotation properties of the amplitude and the
Wigner d-functions. Indeed, for spinless particles, dσ/dt ∝ r4

T ,
where the radius of interaction rT ∼ 1/Ptγ ∼ 1/sinθ. This is
easy to check in λφ3 theory. Next we have to satisfy a set of
selection rules. We consider the photon helicity amplitude with
(λ1, λ2) = (+, −) (or (−, +)), which has projection |Jz′ | = 2 of
the total γγ angular momentum on the photon axis z′. Simul-
taneously the projection of the total γγ angular momentum on
the quark axis, zq, is Jzq = ±1. The probability amplitude for
such a configuration is given by sinθcosθ. On the other hand
the projection on the incoming proton direction (z) is Jz = 0.
This can only be possible due to the precession of the quark
axis zq around the proton axis z with |Lz| = 1. The probabil-
ity amplitude to have |Lz| = 1 is proportional to qtrT, that
is to the ratio of the quark and photon transverse momenta
qt/Ptγ ∼ 1/sinθ. Finally we need to take the right sign of Lz,
and to sum the contribution of the “t” and “u” channel dia-
grams. Since the “u” channel is obtained by replacing Pt by
−Pt, this gives another factor cosθ (as in the difference of the
two d-functions d1

1,1 − d1
1,−1 = cosθ). Thus we obtain an addi-

tional factor in the amplitude of (cosθ/sinθ)sinθcosθ = cos2θ.
The behaviour dσ̂/dt ∝ 1/M4

γγ comes just from dimensional
counting. Therefore, including the first kinematical factor of
1/sin4θ, we obtain dσ̂/dt ∝ (1/M4

γγ) (cosθ/sinθ)4.
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Here eq is the electric charge of the quark and θ is the
scattering angle in the γγ rest frame.

To calculate the observable cross section we have to in-
clude the contributions of the active quarks and antiquarks
of all flavours. However the luminosity (11) is written for the
cross section for one type of quark. To sum up all the quark
contributions we must sum the qq̄ luminosity amplitudes
(given by the square root of the right hand side of (11))
multiplied by the amplitudes of the hard subprocess (and
not the cross sections). Finally we have accounted for the
identity of the photons and summed over the (+, −) and
(−, +) photon helicity configurations in the cross section.

4 Discussion of results

Using the formalism described above, we have calculated
the cross section of exclusive γγ production for theTevatron
(
√

s = 1.96 TeV) and the LHC energy (
√

s = 14 TeV). In
Fig. 6 we present the cross section integrated over the kine-
matic domain in which the emitted photons have transverse
energy ET > Ecut and centre of mass rapidity, for both
photons, either |ηγ | < 1 or |ηγ | < 2. Clearly the dominant
contribution comes from gg t-channel exchange. In spite
of the large enhancement coming from the skewed quark
factor, R4

q ∼ 200, the contribution which originates from
qq̄ exchange is more than two orders of magnitude lower;
and it falls more steeply with increasing ET due to the
factor 1/M4

γγ in the luminosity. Such a small qq̄ exchange
contribution to exclusive γγ production is explained, first,

|η|<2

|η|<1

Ecut GeV

Tevatron

σγγ(ET>Ecut)  fb

gg→γγ

gg/qq
_
 interf.

qq
_
→γγ

γγ→γγ

σγγ(ET>Ecut)  fb

Ecut GeV

LHC

gg→γγ

gg/qq
_
 interf.

qq
_
→γγ

γγ→γγ

Fig. 6. The contributions to the cross section for exclusive γγ
production from gg and qq̄ exchange at the Tevatron and the
LHC. Also shown is the contribution from the QED subpro-
cess γγ → γγ. For each component we show the cross section
restricting the emitted photons to have ET > Ecut and to lie
in the centre of mass rapidity interval |ηγ | < 1 (or |ηγ | < 2)

by the (q′2
t /M2

γγ) suppression coming from angular momen-
tum conservation, and, secondly, by the cos4θ behaviour
of the subprocess cross section. The cross section vanishes
at 90 degrees, while the ηγ cuts select events with small
cosθ. Calculating the interference between the gg and qq̄
exchange amplitudes, we account for the helicity structure
of the hard subprocess amplitudes and for the complex
phase of the gg → γγ amplitude.

The results shown in Fig. 6 are obtained using MRST
partons [20]. The predictions differ by up to about 20% if
CTEQ partons [27] are used; the cross section being a little
larger at the Tevatron and a little smaller at the LHC.

Recall that both the luminosities Lg and Lq were cal-
culated for forward outgoing protons, that is in the limit
of vanishing p′

at and p′
bt. This is a very good approxima-

tion for the qq̄-exchange contribution, since the additional
suppression factor (q′2

t /M2
γγ), which is implicit in (11), in

comparison with (4), makes the qt integral logarithmic. In
addition, the Sudakov factor Tq in (12) pushes the domi-
nant q2

t region, in the integral, closer to the factorisation
scale µ2. This justifies the use of the massless quark ap-
proximation to calculate the effective cross section (19).
Since the colour charge of the quark is smaller than that of
the gluon, and the dominant q2

t interval is closer to µ2, the
suppression of the qq̄-exchange contribution of the cross
section arising from Tq (∼ 0.6–0.8) is much weaker than
the suppression of the gg-exchange component due to Tg.

The corrections due to non-zero p′
it of the outgoing

protons, which are the order of (p′
it/qt)2 ∼ 1/q2

t b, are quite
small. For the gg-exchange contribution, the saddle point
of the integral (4) is in the region q2

t ∼ 1–1.5 GeV2 for the
Tevatron energy, and q2

t ∼ 1.5–3 GeV2 for the LHC energy,
depending on the value of ET. Thus the violation of the
Jz = 0 selection rule may be as large as (p′2

it/q2
t )2 ∼ 10%.

It is interesting to note that the fraction of qq̄ induced
events at the LHC is larger than that at the Tevatron. This
is because the quark densities at relatively large scales grow
faster, with decreasing x, than the gluon densities at lower
scales and low x.

To complete the discussion of the sources of exclusive
γγ events we consider contributions originating from large-
distance processes. First we have the QED process shown
in Fig. 7a. The effective γγ luminosity reads

∂Lγγ

∂y∂lnM2
γγ

= Ŝ2
γ

(α

π

)2
∫

q2
min

dq2
1

q2
1

F 2
N (q2

1)
∫

q2
min

dq2
2

q2
2

F 2
N (q2

2) ,

(20)

Fig. 7.Large-distance contributions to exclusive γγ production:
a the QED induced process, and b the pomeron–pomeron
fusion process
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with q2
min,i = x2

i m
2
p, wheremp is themass of the proton.The

momentum fractions carried by the incoming photons are

x1,2 = (Mγγ/
√

s)e±y . (21)

TheFN are the usual dipole form factors of the proton.They
provide the upper cut-off on the integrals. To calculate the
γγ → γγ amplitudes we use [22, 23]. We include fermion
loops for the quarks, electron, muon and tau. Since the
γγ luminosity comes from large impact parameters, that
is very low q2

i , the survival factor Ŝ2
γ ∼ 1; see [33]. The

resulting exclusiveQEDcontribution to theγγ cross section
is shown in Fig. 68.

Next we consider the same process but with the t-
channel photons replaced by pomerons; see Fig. 7b. We
use this diagram to compute the low qt (< 0.85 GeV) con-
tribution to the luminosity in (4), which was excluded from
the perturbative calculation. We put the same limit on the
virtuality of the t-channel left quark line in Fig. 7b. This
cut-off strongly reduces the size of the pomeron–pomeron
→ γγ amplitude. Unlike exclusive χc production, where
the perturbative and non-perturbative contributions are
comparable [5], here the γγ yield from Fig. 7b is less than
a few percent of the perturbative gg → γγ cross section. As
noted in [5], there is no interference between the real ampli-
tudes of the diagrams in Fig. 7 and the imaginary amplitude
corresponding to Fig. 2a; here we refer to the luminosity
amplitudes, since for the Jz = 0 case the fermion loop
contribution is real. Strictly speaking this is only true for
the process Fig. 7b if we assume that the non-perturbative
pomeron interacts with the quark via a photon-like vertex
γµ, which provides s-channel quark helicity conservation.
For the case of γ-exchange, Fig. 7a, there may be some
|Jz| = 2 contribution where the γγ → γγ amplitude has
its own imaginary part. However this contribution, coming
from large impact parameters bt, corresponds to very low
pit of the forward protons and thus essentially does not
interfere with the main amplitude, Fig. 2a.

5 Conclusions

The double-diffractive exclusive production of a massive
system (such as a Higgs boson) is a good way to search,
and to study, new physics at the LHC. The existence of
rapidity gaps on either side of the system means that the
event rate will be suppressed. The observation of the ex-
clusive production of a pair of high ET photons at the
Tevatron offers the possibility to check the exclusive pre-
diction of these types of process. As can be seen from Fig. 6,
the dominant contribution to the exclusive diffractive pro-
duction of such a pair of photons is driven by the same
two-gluon-exchange mechanism, that is by the same ef-
fective gg luminosity, Lg, as is exclusive diffractive Higgs
boson production. Therefore, indeed, this process can be
used as a “standard candle” to check and to monitor the

8 For large ET, ET > 110 GeV, the QED contribution starts
to dominate. However the cross section is very small, about
3 × 10−4 fb for |ηγ | < 2 at the LHC.

exclusive gg luminosity, Lg, that has been used for the
prediction of the Higgs cross section.

The uncertainty of the predictions comes from the par-
ton distributions used to calculate the luminosities, the
model dependent calculation of the survival factors Ŝ2 and
the lack of knowledge of the NLO corrections to the hard
subprocess. The first two have been discussed above and
in [34]. Since we would like to use exclusive γγ as a “stan-
dard candle” to monitor the exclusive gg luminosity, Lg, it
is important to calculate the NLO correction to gg → γγ
amplitudes accounting for the presence of the additional t-
channel gluon (shown on the left in Fig. 2a) which provides
the effective infrared cut-off for the NLO loop contribution.
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