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I. INTRODUCTION

Processes with large rapidity gaps in high energypp ~or
pp̄! collisions are being intensively studied both theoreti-
cally and experimentally; see for example Refs.@1–4#. One
reason is that the requirement of a rapidity gap is a way to
select events induced by QCD Pomeron exchange. Another
reason is that events with a rapidity gap offer the opportunity
to search for new heavy particles, such as Higgs bosons, in
an environment in which the large QCD background is sup-
pressed.

A particularly illuminating ‘‘test’’ process with which to
probe the underlying dynamics is the hadroproduction of a
dijet system separated from the beam remnants by rapidity
gaps1

pp̄→X1 j j 1X̄, ~1!

where the two centrally produced jets each have large trans-
verse energy (ET). The ‘‘plus’’ signs in Eq.~1! indicate the
existence of rapidity gaps. This process has been observed at
the Fermilab Tevatron@2#. Moreover, it can be studied in
more detail and, in particular, at largerET at the CERN
Large Hadron Collider~LHC!. Exclusive dijet production,
pp̄→p1 j j 1 p̄, was originally discussed at the Born level
by Pumplin@3#, and by Berera and Collins@4#. In this paper
we are concerned with QCD effects which give significant
modifications to the Born prediction. Indeed a novel and in-
teresting effect is the strong suppression of the cross section
by double logarithmic QCD form factors which reflect the
fact that the emission of relatively soft gluons in the rapidity
gap intervals is forbidden by the experimental cuts.

The first study@5# of such a suppression was in connec-
tion with the rapidity gap Higgs signal at the LHC. It was
found that the cross section for the exclusive process
pp→p1H1p was suppressed by Sudakov form factors by
about a factor of 1000 in comparison with the Born cross
section. Here we study the analogous effect in dijet produc-
tion. This is an important process for two reasons. First, the
prediction can be directly checked by experiment and, sec-
ond, bb̄ dijet production with rapidity gaps is the main
source of QCD background for an intermediate mass Higgs
boson1rapidity gaps signal. One way in which the dijet pro-
cess differs from Higgs production@5# is that the Sudakov
form factor suppression is partially alleviated by the special
kinematics of the process. Just as the QED radiative
corrections2 have to be calculated for each particular choice
of experimental cuts, so the QCD double logarithmic sup-
pression needs to be evaluated for each specification of the
rapidity gaps.

For pedagogical reasons we first study the exclusive dijet
production processpp̄→p1 j j 1 p̄ in which the proton and
antiproton remain intact. However we find, as expected, that
the cross section is extremely small and so we then turn to
the more realistic inclusive dijet production process given in
Eq. ~1!. Our study will concentrate on the kinematic configu-
ration where the ‘‘dijet’’ rapidity interval between the two
rapidity gaps is not large. Here the predictions are particu-
larly clear. If the interval is large then, as we shall see, the
production of additional minijets will considerably compli-

1Since we shall assume that the process is mediated by gluont
channel exchanges our calculation applies equally well topp̄ and
pp collisions.

2One of the best places to see experimental evidence of QED
double logarithmic effects is in theJ/c line shape ine1e2 annihi-
lation. The asymmetric widening of the line shape, arising from the
radiative tail, is mainly due to these effects, see for example@6#. To
obtain a sharp resonance peak it would be necessary to experimen-
tally forbid QED radiation from the incominge1 and e2, which
would lead to a Sudakov-suppressed cross section. Clearly the
analogous QCD effects which we will discuss here are much larger.
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cate the theoretical framework without giving any additional
insight. Of course we will also have to take into account the
suppression of rapidity gap events due to parton-parton res-
cattering.

We will work in the double logarithmic approximation
and use the leading power of all logarithms that occur. Pro-
vided thatET is sufficiently large, this approach is rather well
justified.

II. DIJET KINEMATICS

Consider dijet hadroproduction at the quark level,
qq→q1 j j 1q, which is shown in Fig. 1. The experimental
configuration of interest is where particle production is for-
bidden in the rapidity gaps

Dh~veto!56~hmin ,hmax!

and a pair of largerET jets are produced with rapidities
h1 ,h2 which both lie in a central rapidity interval denoted
by Dh~dijet!. The rapidity gap configuration is sketched on
the right-hand side of Fig. 1. It is necessary to choose the
intervalDh~dijet! smaller than the interval (2hmin ,hmin) be-
tween the gaps so as to ensure that the fragments of the large
ET jets can be collected and their momenta determined.

Let us denote the transverse momenta of the two jets by
P1T andP2T . Then the jet transverse energies areEiT5PiT .
It is convenient to write the differential cross section for dijet
production in the formds/(d2PTd2DPTdhdDh) where

PT5 1
2 ~P1T2P2T!, h5 1

2 ~h11h2!, ~2!

DPT5P1T1P2T , Dh5h12h2 . ~3!

On the other hand, thegg→ j j hard subprocess is most natu-
rally described in terms of the Mandelstam variablesŝ5M2

and t̂, whereM is the invariant mass of the dijet system. For
exclusive dijet production,pp̄→p1 j j 1 p̄, the proton form
factors limit the momentum transfer from the proton~and
from the antiproton!. We thus haveut i u!PT

2 and conse-
quently (DPT)2!PT

2 . The kinematics are much simpler
when DPT is small. It means that the rapidity axis defined
with respect to the direction of the incomingp and p̄ essen-
tially coincides with the axis defined by the incoming hard
gluons. In this limit

ŝ[M2.4PT
2 cosh2~Dh/2!, ~4!

t̂.2PT
2~11e2Dh!, ~5!

whereDh can be defined by either thepp̄ or thegg incom-
ing ‘‘beams.’’

Even for inclusive dijet production,pp̄→X1 j j 1X̄, the
condition (DPT)2!PT

2 is usually satisfied, unless the experi-
mental criteria insist otherwise. Thus we shall assume the
above kinematics in this paper.

Suppose for the moment we continue to work at the quark
level, qq→q1 j j 1q. We denote the amplitude for the pro-
cess byT and write the differential cross section

ds

dPT
2dhdDhdt1dt2

5
uTu2

~16p2!2 . ~6!

Here we have used the identity

d2DPTd2q1T8 d2q2T8 d~2!~DPT1q1T1q2T!5p2dt1dt2 ,
~7!

whereq18 and q28 are the momenta of the outgoing quarks.
The amplitudeT is proportional to the amplitudeM describ-
ing the on-shellgg→ j j subprocess. We normalizeM by

dŝ

dt̂
5uMu2. ~8!

To relatedt̂ to dPT
2 we note that at fixedM2 we have

dt̂

dPT
2 .

11e2Dh

12e2Dh .M2
d~Dh!

dM2 . ~9!

This identity means that the form of the differential cross
section of the subprocess which emerges naturally from
multi-Regge kinematics can be written as

dŝ

dPT
2

dM2

M2
5

dŝ

dt̂
d~Dh!. ~10!

III. EXCLUSIVE DIJET PRODUCTION

We begin with the calculation of the double diffractive
dijet production where the proton~antiproton! remains intact.
The Born amplitude for quark-initiated production is de-
scribed by the Feynman diagram shown by the solid lines in
Fig. 1. We must explain the origin of the secondt channel
gluon. Without the rapidity gap restriction the dijet system
could simply be produced by gluon-gluon fusion. However,
the color flow induced by such a single gluon exchange pro-
cess would then produce many secondary particles which
would fill up the rapidity gap. To screen the color flow it is
necessary to exchange a secondt channel gluon. At lowest
order in aS this gluon couples only to the incoming quark
lines.~The case in which the screening gluons also couple to
the highET jets is of higher order inaS .! Thus the Born
amplitude is given by

FIG. 1. The Born amplitude for exclusive double-diffractive di-
jet production shown at the quark level, together with the QCD
radiative corrections arising from ‘‘evolution’’ gluons~dashed
lines! and the Sudakov-type form factor suppression associated with
theDh~veto! rapidity gaps. The comparatively soft screening gluon
has four-momentumQ. The rapidity gaps are indicated byDh~veto!
and the two largePT jets are required to lie in the rapidity interval
Dh~dijet!.
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T~qq→q1 j j 1q!5
2

9
2E d2QT

Q2k1
2k2

2 8aS
2~QT

2!M̂, ~11!

where 2
9 is the color factor for the two-gluon color-singlet

exchange process and the factor 2 takes into account that
both t channel gluons can radiate the dijet system; see, for
example,@3,5#. The amplitudeM̂ represents the sum of the
Feynman diagrams for the subprocessgg→ j j . In addition to
the usual Mandelstam variablesŝ and t̂, the amplitudeM̂
depends on the transverse momentak iT of the incoming glu-
ons. We work in the limit wherekiT

2 !ET
2 . In this limit the

off-shell amplitude is of the form

M̂5k1Tk2TM~ ŝ, t̂ !, ~12!

which reflects the gauge invariance of the amplitude. The
remaining factorM is the amplitude which describes the
on-shellgg→ j j subprocess, which was introduced in Eq.~8!
and which fixes the normalization of Eqs.~11! and ~12!. In
the leading log approximation the origin of thekiT factors in
Eq. ~12! is clear from the well-known Weizsa¨cker-Williams
formula. The QCD analogue can be found in Ref.@7#. The
kiT factors occur since the forward emission of massless vec-
tor particles without spin flip is forbidden@8#.

If the momentum transfers are small (k1
2'k2

2'Q2) then
the integral in Eq.~11! behaves as*dQT

2/QT
4 . Thus small

values ofQT of the screening gluon are favored. Fortunately,
as we shall see, the existence of the rapidity gaps and the
consequent Sudakov form factor suppression make the inte-
gral infrared convergent.

The Sudakov form factorFS is the probability not to emit
bremsstrahlung gluons~one of which is shown bypT in Fig.
1!. We have

FS5exp@2S~QT
2 ,ET

2!#, ~13!

whereS is the mean multiplicity of bremsstrahlung gluons

S~QT
2 ,ET

2!5E
QT

2

ET
2 dpT

2

pT
2 E

pT

M/2 dv

v

3aS~pT
2!

p
5

3aS

4p
ln2S ET

2

QT
2D .

~14!

Herev and pT are the energy and transverse momentum of
an emitted gluon in the dijet rest system. Note thatET is the
transverse energy of the jet adjacent to the ‘‘hard’’ gluon
from which the bremsstrahlung takes place. The last equality
in Eq. ~14! assumes a fixed couplingaS andET.M /2, and is
shown only for illustration. The lower limit of integration in
Eq. ~14! reflects the destructive interference of amplitudes in
which the bremsstrahlung gluon is emitted from a ‘‘hard’’
gluonki and from the soft screening gluonQ. That is there is
no emission when the wavelength of the bremsstrahlung
gluon (.1/pT) is larger than the separation,Dr;1/QT , of
the two t channel gluons in the transverse plane, since then
they act as a single coherent color-singlet system. However,
the situation is a little more complicated. As it stands Eqs.
~13! and ~14! represent to double logarithmic accuracy, the
probability to have no bremsstrahlung at all. But, in a real-
istic experiment we do not exclude bremsstrahlung in the
rapidity interval embracing the two largerET jets. That is in
practice it is difficult to distinguish the bremsstrahlung glu-

ons from gluons which belong to the jets. Only emission in
some fixed rapidity intervalDh~veto! is vetoed in an experi-
ment. For example, the D0 Collaboration@2# at the Tevatron
choose a rapidity gap interval ofDh(veto)5(hmin
52,hmax54.1). The suppression of Eq.~14! should therefore
only act in the rapidity intervalDh~veto!. Now the rapidity
of the bremsstrahlung gluon ishb5 ln(v/2pT). The relevant
integration in Eq.~14! becomes

E dv

v
→E dhb, ~15!

where we must restrict thehb integration to the rapidity in-
terval Dh~veto!.

In addition to the form factor suppression we must also
include the ladder evolution gluons~shown by the dashed
lines in Fig. 1! and to consider the process at the proton-
antiproton level rather than the quark level. Both changes are
achieved by making the replacements@9#

4aS~Q2!

3p
→ f ~x,Q2!5

]@xg~x,Q2!#

] ln Q2 ~16!

in Eq. ~11!, wherex5x1 or x2 for the upper or lower ladders
in Fig. 1, respectively, and wheref (x,Q2) is the unintegrated
gluon density of the proton. The identification~16! is valid
for small momentum transfer from the proton, which is the
dominant region for the exclusive process. We may therefore
setk1T

2 'k2T
2 'QT

2'Q2. Strictly speaking even at zero trans-
verse momentum transfer,q1T2q1T8 50, we do not obtain the
exact gluon structure function, as a nonzero component of
longitudinal momentum is transferred through the two-gluon
ladder. However, in the region of interest,x;0.01, the value
of utminu5mp

2x2 is so small that we may safely putt50 and
identify the ladder coupling to the proton withf (x,Q2) @9#.

When we take the modifications~15! and ~16! into ac-
count the Born amplitude~11! becomes

T~pp̄→p1 j j 1 p̄!52p3E dQ2

Q4 e2S~QT
2 ,ET

2
! f ~x1 ,Q2!

3 f ~x2 ,Q2!M, ~17!

whereET5PT . In the limit QT
2!ET

2 the amplitudeM es-
sentially becomes the on-shell amplitude introduced in Eqs.
~8! and ~12!, which is simply a function ofŝ and t̂, and so
may be taken outside the loop integral. Equation~17! can
then be expressed in the symbolic form

T[16p2L1/2M, ~18!

whereL may be regarded as the pomeron-pomeron luminos-
ity factor. ClearlyL depends on the choice of the rapidity
gap configuration. The factor 16p2 arises due to the choice
of normalization in Eq.~8!.

The differential cross section forpp̄→p1 j j 1 p̄ is given
in terms ofuTu2 by

ds

dPT
2dhdDh

5
uTu2

~16p2!2b2 5
1

b2 L
dŝ

dt̂
, ~19!
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where the last equality follows from Eqs.~18! and ~8!. To
obtain Eq.~19! we have integrated overd(DPT)2 and the
proton momentum transfer; see Eq.~7!. These integrals are
governed by the proton form factors. We obtain a factor of
1/b from both the proton and antiproton where exp(2butiu) is
taken to be the approximate form of the proton form factor.

In the standard calculation of the cross section of a hard
scattering process, such asgg→ j j , we would average over
the colors and the polarizations of the incoming gluons. Here
we have to be more careful. First, the cross sectiondŝ/dt̂
describes dijet production in a color singlet configuration.
Second, in exclusive dijet production the polarization vectors
of the incoming gluons are directed alongk iT , and hence are
strongly correlated3 since k1T.k2T.QT . To determine
dŝ/dt̂ we perform the appropriate color and polarization av-
eraging and obtain

dŝ

dt̂
5

9

4

paS
2~PT

2!

PT
4

,

which is in agreement with the cross section obtained in Ref.
@4#.

It is easy to show that the integral in Eq.~17! has a saddle
point given by

ln~ET
2/Q2!5@2p/3aS~Q2!#~122g!, ~20!

whereg is the anomalous dimension of the gluon,f (x,Q2)
}(Q2)g.

IV. INCLUSIVE DIJET PRODUCTION

As is usual, the cross section for inclusive production is
expected to be larger than for the exclusive process. Here the
initial protons may be destroyed and the transverse momen-
tum DPT of the dijet system, Eq.~3!, is no longer limited by
the proton form factor, but it is still smaller thanPT in the
leading log approximation. The process is shown in Fig. 2 in
the form of the amplitude multiplied by its complex conju-

gate. The partonic quasielastic subprocess is
ab→a81 j j 1b8. If the partonsa,b are quarks then the
Born amplitude for the subprocess is given by Eq.~11!.
However, the form factor suppressions are more complicated
than for the inclusive process. As the momenta transferred,
t i5(Q2ki)

2, are large we can no longer express the upper
and lower ‘‘blocks’’ in terms of the gluon structure function,
but instead they are given by Balitskii-Fadin-Kuraev-Lipatov
~BFKL! nonforward amplitudes.

We begin with the expression for the Born cross section
for the subprocessgg→g1 j j 1g:

ds

dPT
2dhdDh

5aS
4 81

64p2
I

dŝ

dt̂
, ~21!

with

I5E dQ2

Q2

dQ82

Q82

dk1T
2

k1
2k18

2

dk2T
2

k2
2k28

2 k1Tk1T8 k2Tk2T8 , ~22!

where the six propagators of Fig. 2 are evident.
Again care is needed in the computation of the subprocess

cross sectiondŝ/dt̂. As we noted from Eq.~12! the off-shell
gg→ j j amplitude is proportional to thekiT of the incoming
gluons, and the remaining on-shell cross sectiondŝ/dt̂
should be therefore computed averaging over gluon polariza-
tions. The polarizations are described by vectorsei which are
proportional to the gluonk iT . Now the leading log contribu-
tion comes from the strongly-ordered regionkiT!kjT with
iÞ j . As before comparatively small values of the momen-
tum Q of the screening gluon are favored. However now,
without the presence of proton form factors, the total mo-
mentum transferQ2ki may be large. In the limitQ2!ki

2

this means thatki has to be balanced byki8 for both i 51,2.
That is we have

t i5~Q2ki !
2.2kiT

2 .2kiT8
2 . ~23!

The consequence for the polarization averaging is that we
requireei.ei8 , but thatei is no longer correlated toej ~as it
was for exclusive production!. After averaging, the on-shell
gg→gg cross section is found to be

dŝ

dt̂
5

paS
2~PT

2!

PT
4

9

2
S 12

PT
2

M2D 2

, ~24!

while that forgg→qq̄ is

dŝ

dt̂
5

paS
2~PT

2!

PT
2M2

1

6
S 12

2PT
2

M2 D ~25!

for each flavor of quark.
We have chosen the scale of the couplingaS to be PT

2 ,
that is the value which for single inclusive jet production
gave small higher-order corrections and which led to predic-
tions in agreement with the data.

Again we must estimate the suppression due to gluon
bremsstrahlung filling up the rapidity gaps. Now the mean
number of gluons emitted, with transverse momenta
QT,pT,kiT , in the rapidity intervalDh i5Dh(veto) is3The correlation is absent for inclusive dijet production.

FIG. 2. The amplitude multiplied by its complex conjugate for
inclusive double-diffractive dijet production with rapidity gapsDh1

andDh2 on either side,Dh i56(hmin ,hmax). The suppression due
to QCD radiative effects comes from the double log resummations
exp(2ni /2) in the BFKL nonforward amplitudes and from the
Sudakov-like form factor suppressions exp(2Si /2) associated with
the rapidity gaps along the hard gluon lines.
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ni5
3aS

p
Dh i lnS kiT

2

QT
2D . ~26!

The amplitude for no emission in the gapDh i is therefore
exp(2ni/2). In this way we see that the Born integral~22! is
modified to

I5E dQ2

Q2

dQ82

Q82

dt1
t1

dt2
t2

exp@2~n11n181n21n281S1

1S181S21S28!/2#, ~27!

where the exponential factor represents the total form factor
suppression in order to maintain the rapidity gapsDh~veto!.
The Sudakov form factors, exp@2S(kiT

2 ,ET
2)/2#[exp(2Si /2),

arise from the insistence that there is no gluon emission in
the intervalkiT,pT,ET ; see Eqs.~13! and~14!. Again note
that the Sudakov form factors are multilated due to the im-
position of a specific rapidity gap intervalDh~veto!; see the
replacement given in Eq.~15!.

The justification of the non-Sudakov form factors,
exp(2ni/2) is a little subtle. First we notice from Eq.~27!
that due to the asymmetric configuration of thet-channel
gluons,QT!kiT , we have, besidesDh i , a second logarithm,
ln(kiT

2 /QT
2), in the BFKL evolution. These double logs are

resummed4 to give the BFKL nonforward amplitude
exp(2ni/2)F(Yi), where the remaining factorF(Yi) ac-
counts for the usual longitudinal BFKL logarithms:5

Yi[~3aS /2p!Dh i . ~28!

For rapidity gaps withDh i&4 we haveYi&0.5, and it is
sufficient to include only theO(Yi) term, which gives
F.11YiQT

2/kiT
2 .1.160.1 @10#. At our level of accuracy

we may neglect the enhancement due toF, and hence we
obtain Eq.~27!, which is valid in the double log approxima-
tion.

To evaluateI of Eq. ~27! we first perform theQ2 andQ82

integrations and obtain (Y11Y2)22. Then we integrate over
ln(t1 /t2) which gives1

2 (1/Y111/Y2) where, at largeDh i , we
neglect thet i dependence ofSi . Thus Eq.~27! becomes

I5
1

2Y1Y2~Y11Y2!
EET

2 dt

t
exp@22S~ t,ET

2!#. ~29!

For fixed aS the final (dt) integration givesp(6aS)21/2 in
the double log approximation. However, to predict the cross
section for inclusive production we must convolute the
parton-parton cross sections with the parton densities
a(xa ,t) of the proton, witha5g or q, and evaluate thedt
integral numerically. There is a subtlety when we come to
include these parton luminosity factors:

E
xmin

1

dxaa~xa ,k1T
2 !...,

where a summation overa5g,q is implied. At first sight we
might expectxmin5M/As for central dijet production. How-
ever, at largekiT the rapidities of thea8,b8 jets are small in
the dijet rest frame;ha85 ln(xa8As/k1T). Thus in order to
maintain the rapidity gaps (ha8.hmax), we must take

~x1!min5@Meh1k1Tehmax#/As, ~30!

and similarly for (x2)min .
So far we have considered the simplestgg→ j j hard sub-

process. However, if the virtualityki
2 of the incoming gluons

is much smaller thanPT
2 of the outgoing jets, then we must

discuss the possibility of Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi ~DGLAP! evolution in the (kiT ,PT) interval.
The evolution means that one~or more! extra jets may be
emitted with transverse momentumqT in this interval. At
first sight it appears that the orderaS correction will be en-
hanced by a factor ln(PT

2/kiT
2 ). Indeed such a contribution

would arise if hmin is sufficiently large so thataShmin;1.
The situation can be described with reference to Fig. 2. The
incoming proton ‘‘fragments’’ into a system of partons with
rapidities h.hmax. This process is described by DGLAP
evolution which effectively sums up the collinear logs. The
leading log contribution comes from the configuration where
the angles of the secondary partons are strongly ordered. The
effect is described by the parton distributiona(xa ,k1T

2 ). The
emission of partons with larger opening angles in the range
umin,u,umax ~corresponding to the rapidity gap
hmax,h,hmin) is experimentally vetoed. The resulting sup-
pression of the cross section is taken into account by the
exp(2Si /2) and exp(2ni /2) factors in Eq.~27!. Neverthe-
less, starting fromu5umax, the DGLAP evolution may be
continued to larger angles. Thus, as well as the Born process
gg→ j j , we should include more complicated inclusive sub-
processes such asgg→ j jg shown in Fig. 3. Fortunately if
umax is sufficiently large, or equivalently ifhmin is suffi-
ciently small, the probability of extra jet emission~which is
proportional toaShmin! may be neglected. In other words,
the presence of the rapidity gap removes the main part of the
DGLAP enhancement, that is it destroys the ln(PT

2/kiT
2 ) factor

which would have occurred due to emission in the rapidity
gap interval in the absence of the experimental veto.

4The resummation corresponds to the Reggeization of the
t-channel gluons.

5HereDh i ~or Yi! plays the role of ln(1/x) in the BFKL evolution.

FIG. 3. A schematic diagram of the subprocessgg→ j jg , where
the additional jet with transverse momentumqT is emitted with
u.umax. Only the vetoed region in the forward direction is shown.
There is also a rapidity gap in the backward hemisphere.
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V. PREDICTIONS FOR THE DOUBLE-DIFFRACTIVE
DIJET CROSS SECTION

Our main objective is to estimate the dependence of the
cross section for central dijet production inpp ~or pp̄! col-
lisions on the imposition of rapidity gaps. An understanding
of this double diffractive process is important. On the one
hand, thebb̄ dijet channel is the background to Higgs pro-
duction from eitherWWor pomeron-pomeron fusion. On the
other hand, dijet production provides an observable test of
novel QCD double logarithmic effects. That is it is possible
to study how the event rate varies according to the experi-
mental choice of the rapidity gaps in which QCD double
logarithmic gluon emission is forbidden.

A. The inclusive cross section

Recall that the calculation is done in the leading log ap-
proximation and that we anticipate that theinclusiveconfigu-

ration,pp→X1 j j 1X, plays the dominant role. We present
the cross section in the differential form of Eq.~21! for cen-

tral dijet production with rapidityh[ 1
2 (h11h2)50. The

results are shown in Table I for both FNAL and LHC ener-
gies ofAs51.8 TeV and 14 TeV, respectively.

For the Fermilab predictions the rapidity gaps were cho-
sen to be those used by the D0 Collaboration@2#, that is
hmin52 and hmax54.1. The jets were taken to have
PT515 GeV. At the LHC energy we tookPT550 GeV, and
besides the above choice of rapidity gap, we also present
results for a larger gap withhmin52, hmax56 so as to ex-
plore the sensitivity to the gap sizeDh~veto!. We calculated
the cross section using various recent sets of partons. The
values in Table I were obtained using the Martin-Roberts-
Stirling set R2@MRS~R2!# set of partons@11#.

From Table I we see that, forh50 andDh;1, the in-
clusive dijet cross sections at LHC and Fermilab are

ds

dPT
2dhdDh

'H 2 pb/GeV2 at As514 TeV ~with PT550 GeV!,

100 pb/GeV2 at As51.8 TeV ~with PT515 GeV!.
~31!

The larger value at the Tevatron energy simply reflects the
1/PT

4 behavior. Note that the cross sections are rather large.
For example, if we integrate overPT

2 using the above values
of PT as the lower bounds then the cross sections are ap-
proximately given by multiplying the quoted values byPT

2 in
GeV2. That is an integrated cross section of about 5 nb at
LHC with PT.50 GeV, and 20 nb at the Tevatron with
PT.15 GeV.

The above large cross section values do not take into ac-
count the possibility of multiple parton-parton scattering
~see, for example, Ref.@5#!. The secondary hadrons produced
in such a rescattering will tend to fill up the original rapidity

gaps. We thus have to multiply the cross sections in the table
by a factorW which is the probability not to have an inelas-
tic rescattering. To estimateW we may use@12#

W5S 12
2~sel1sSD1sDD!

s tot
D 2

50.06 at As51.8 TeV,

~32!

wheresel , sSD, sDD , and s tot are the elastic, single, and
double diffractive, and totalpp̄ cross sections, respectively.
The numerical estimate in Eq.~32! is obtained using the
Collider Detector at Fermilab~CDF! measurements@13# of

TABLE I. The double-diffractive inclusive dijet cross sections inc as in Eq.~31! evaluated ath50 for
three values of rapidity difference of the jetsDh5h12h2 . The first number fors inc corresponds to the
rapidity gap choiceDh(veto)5(2,4.1), whereas the number in brackets corresponds toDh(veto)5(2,6) for
LHC and ~1.5, 4.6! for the Tevatron. Also shown are the percentage of events where the dijets are quark-
antiquark pairs summed over all types of quarks, and the percentage ofbb̄ events. (kT

2)sad.ptis the saddle point
of the integration of Eq.~27!. The final column is the exclusive dijet cross section, first evaluated using a
sharp cutoff in Eq.~17! and, second~in brackets!, using the soft cutoff of Eq.~35!. The transverse momenta
of the jets are taken to bePT550(15) GeV at LHC~Tevatron! energies.

Dh
s inc

(pb/GeV2)
(s inc

q b̄

qs inc

s inc
b b̄

s inc

(kT
2)sad.pt

(GeV2!
sexc

(pb/GeV2)

LHC (As514 TeV):
0 2.4 ~0.021! 4% 0.8% 20 0.026~0.027!
1 2.4 ~0.019! 3% 0.7% 22 0.020~0.021!
2 2.0 ~0.014! 2% 0.4% 28 0.010~0.011!
Fermilab (As51.8 TeV):
0 110 ~8.7! 4% 0.8% 2.5 3.9~5.5!
1 110 ~8.2! 3% 0.6% 2.7 2.9~4.2!
2 88 ~5.8! 2% 0.3% 3.4 1.2~1.9!
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s tot , sel , andsSD. For the double diffractive cross section
we use the factorization relationsDD5(sSD)2/sel . We note
that earlierpp̄ cross section measurements@14# would give
W50.025. The smaller value is mainly due to the smaller
measureds tot .

Alternative ways to estimateW can be found in Refs.
@15#. W is a common overall suppression factor which af-
fects the cross section for any process with one or more
rapidity gaps.6 Thus, although it gives an added uncertainty
to the overall normalisation of the cross section, it should not
modify the form of theh, Dh, andPT dependence.

From Table I we also see that thepp→X1bb̄1X cross
section is about 1% of the whole cross section for inclusive
double-diffractive dijet production,pp→X1 j j 1X. That is
the dijets are dominantly gluon-gluon jets. As mentioned
above, the estimate ofbb̄ production with rapidity gaps is
relevant in assessing the background to the production of a
Higgs boson of intermediate mass.

The predictions forinclusivedijet production are stable to
the use of different recent sets of parton distributions and to
different treatments of the infrared region. The reason is that
the saddle point of the integration of Eq.~27! lies in the
perturbative region. For the LHC energy it occurs at
kT

2.20 GeV2 andQ2.4 GeV2, while for the FNAL energy
it is at kT

2.2.5 GeV2 and Q2.1 GeV2. Even in the latter
case the uncertainty due to partons and the infrared contri-
bution is only610%.

We find that there is about 50% suppression due to the
Sudakov form factor. The suppression arising from the pres-
ence of the BFKL nonforward amplitudes is strongly depen-
dent on the size of the rapidity gap. For example, at LHC
energies the cross section for dijet production with the larger
gap, Dh(veto)5(2,6), is a factor of 100 smaller than that
for Dh(veto)5(2,4.1).

The rapid decrease with increasingDh~veto! is a charac-
teristic feature of perturbative Pomeron effects on this pro-
cess. It comes mainly from the presence of nonforward
BFKL amplitudes which in turn arise from the asymmetric
gluon exchange configurations where Reggeization is impor-
tant. It should be readily observable.

B. The exclusive cross section

The calculation of the cross section for theexclusivepro-
cess,pp→p1 j j 1p, is much more dependent on the infra-
red region. The problem is that the main contribution to the
integral in Eq.~17! comes from rather small values ofQ,
even when the Sudakov form factor is included. The predic-
tions are therefore sensitive to the gluon density in the region
Q2'1 GeV2, or less, where it is not well defined. Of course
double-diffractive dijet hadroproduction is dominated by the
inclusive process and so the computation of the exclusive
cross section is not so important. Nevertheless, for complete-
ness, we give an estimate of the cross section.

The procedure that we follow is similar to that used in
Refs.@3, 4#. The idea is to use an unintegrated gluon density
f (x,l T

2) which is truncated at low transverse momentuml T in
such a way as to reproduce the observed value of the total
~inelastic! pp cross section. We start from the Low-Nussinov
two-gluon exchange model for the cross section. The Born
amplitude gives

spp54paS
2E dlT

2

l T
4

2

9
~3!~3!, ~33!

where we integrate over the transverse momentuml T of the
gluons exchanged between 3~valence! quarks of the protons.
As usual,2

9 is the color factor. We may improve this estimate
by rewriting Eq.~33! in terms of the unintegrated gluon den-
sity, @see the quark level formula~16!#,

spp5
p3

2 E dlT
2

l T
4 f ~x,l T

2! f ~x,l T
2!, ~34!

wherex52l T /As. In the perturbative regionl T
2. l 0

2 the right-
hand side is known. We can therefore insert the value of the
inelastic cross section,spp'45 mb, measured at Fermilab to
determine the infrared contribution to the integral. We may
either use a ‘‘sharp cutoff,’’ puttingf 50 for l T

2, l 0
2 , or em-

ploy a ‘‘soft cut’’ by extrapolating into the regionl T
2, l 0

2

using the linear form

f ~x,l T
2!5~ l T

2/ l 0
2! f ~x,l 0

2!. ~35!

To reproduce the observed cross section we find that we need
to take the sharp cutoff atl 051.1 GeV, or alternatively to
choose the soft cut starting atl 051.5 GeV.

We assume that this procedure can be taken over to evalu-
ate the infrared contribution to the exclusive dijet cross sec-
tion of Eq.~17!. The predicted values of the cross section are
shown in Table I for both treatments of the infrared region.
We see that the exclusive double diffractive dijet cross sec-
tion is a factor of about 20 or 150 smaller than the inclusive
one at the Tevatron or LHC energies, respectively. The sup-
pression due to the double logarithmic Sudakov factor is1

2

for PT515 GeV jets at the Tevatron, whereas it is1
10 for

PT550 GeV jets at the LHC.

VI. DISCUSSION

The observation of processes with rapidity gaps is of great
interest for understanding the structure of the perturbative
Pomeron. In this respect the central production of dijets with
a rapidity gap on either side is an ideal ‘‘perturbative labo-
ratory.’’ The process has a large cross section and may be
studied in detail at the Tevatron and at the LHC. Here we
have obtained a formalism which allows an estimate of the
cross section and which systematically takes into account the
main effects, some of which have not been considered be-
fore. The dijet system is produced by the fusion of two glu-
ons ~of momentak1 andk2!. A secondt channel gluon ex-
change~of momentumQ! is needed to neutralize the color
flow. The main contribution to the cross section comes when
the screening gluon is comparatively soft (Q2!ki

2), yet Q2

is large enough to allow the inclusive cross section to be

6If for very high energypp collisions the suppression factorW
becomes extremely small, then the subprocessgg→ j j could be-
come competitive. The reason is that this subprocess arises from
large impact parameters where rescattering is essentially absent.
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reliably estimated by perturbative QCD. The cross section is
found to be suppressed by Sudakov form factors and by non-
forward BFKL amplitudes, the latter arising from the asym-
metric two-gluon exchange configuration.

We presented sample results for the cross section which
demonstrate the scale of the effects. We chose the rapidity
gaps to correspond to those used by the D0 collaboration@2#
at Fermilab. However, at the LHC energy we also presented
results for larger rapidity gaps. The main uncertainty is from
rescattering effects, which will populate the gaps. The cross
sections presented in Table I do not include the suppression
factor arising from the requirement to have no rescattering.
We gave an estimate of this factor in Eq.~32!.

It is interesting to note that the calculation of dijet pro-
duction with a single rapidity gap is much more complicated,
and less informative theoretically, than that of the process
with a rapidity gap on either side of the dijet. The problem is
the gluon that screens the color flow may now couple, not
only to the initial parton, but to any gluon or secondary par-
ton on the side where we have no rapidity gap. Typically the
main contribution comes from the graphs where it interacts
with the parton which hasqTi of the order of theQ of the
screening gluon. Thus one has to follow the history and evo-
lution from some cutoffm up to the transverse momentum
PT of the dijet system, and to sum up the resulting ‘‘inter-
acting’’ diagrams. As there is no second rapidity gap there is
no strong suppression of the cross section. Moreover, the
dominant region ofQ, in the integral analagous to Eq.~27!,
will be closer to the infrared region than it was for dijet
production with two rapidity gaps.

Finally we emphasize that we have worked at the partonic
level. That is the rapidity intervals are defined with respect to
the emitted partons. In a realistic experimental situation our
results therefore correspond to smaller rapidity gaps for the
hadrons since a gluon produced just outside theDh~veto!
interval may produce a secondary inside the gap. To obtain
an indication of the size of the effect we recomputed the
cross section at the Tevatron energy~for h50, Dh50,
PT515 GeV! with hmin→hmin20.5 and hmax→hmax10.5
and found that it was suppressed by a further factor of 12.

The rescattering and rapidity gap broadening effects give
the main uncertainties in our cross section estimates. The
first estimates indicate that the combined effect will diminish
the perturbative predictions in Table I by more than two
orders of magnitudes. The broadening of the gap can be
simulated by Monte Carlo studies and can be readily ac-
counted for when the data is analyzed. However the rescat-
tering estimate is model dependent and requires confirmation
by studying multiplicity distributions and the energy behav-
ior of diffractive cross sections.
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