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• Exclusive dijet production measured by CDF in 2008, by D0 in 2011.

• Data compared quite well with Exhume MC implementation of the 
Durham model, giving support to this (perturbative) approach.
• However the MC (and theory) used is not up to date or complete (in 
particular with tagged protons).
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FIG. 20: Exclusive dijet cross sections for events with two
jets of Ejet

T > 10 GeV plotted vs. the minimum Ejet
T of

the two jets in the kinematic range denoted in the figures:
(a) total exclusive cross sections compared with ExHuME

and ExclDPE predictions; (b) exclusive cross sections for
events with Rjj > 0.8 compared with ExHuME (solid curve)
and with the LO analytical calculation from Ref. [6] (see also
Ref. [43]) scaled down by a factor of three (dashed lines) - the
shaded area represents uncertainties in the calculation due to
hadronization effects; and (c) the ratio of total exclusive to
inclusive DPE cross sections.

sections for exclusive production of a color-singlet dijet
system of mass M are given by [44]
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where ET is the transverse energy of the final state parton
and mq is the quark mass. The suppression of gg → qq̄ is
due to the factor (m2

q/M
2)(1−4m2

q/M
2), which vanishes

as m2
q/M

2 → 0 (Jz = 0 selection rule [10]). Exclusive
gg → qq̄ contributions are also strongly suppressed in
NLO and NNLO QCD, and in certain higher orders [46].

The predicted exclusive qq̄-dijet suppression offers the
opportunity of searching for an exclusive signal in IDPE
data by comparing the inclusive dijet Rjj shape with that
of data containing identified qq̄ dijets. The presence of
an exclusive dijet signal in the IDPE event sample would
be expected to appear as a suppression in the ratio of qq̄
to inclusive events at high Rjj . This data driven method
avoids the use of MC simulations and can be used to cor-
roborate the MC-based extraction of the exclusive signal
from the inclusive data sample. As many systematic ef-
fects cancel in measuring the ratio, a relatively small qq̄
event sample can provide valuable information.

To ensure quark origin, we select jets from heavy flavor
(HF) b- or c-quarks, identified from secondary vertices
produced from the decay of intermediate B or D mesons
using the SVX II detector. Both b- and c-quark jets are
used, since the suppression mechanism holds for all quark
flavors.

Below, in Sec. VIII A we describe the HF data sample
and event selection requirements, in Sec. VIII B we eval-
uate the HF selection efficiencies and backgrounds, and
in Sec. VIII C we present the HF jet fraction results.

A. Data sample and event selection

The data used in this analysis were collected at a full
rate (no pre-scaling) with a trigger satisfying the same re-
quirements as the DPE trigger, Jet5+RPS+BSC1p, plus
an additional one designed to enhance the HF jet content.
The latter required the presence of at least one track with
transverse momentum pT > 2 GeV/c displaced from the
IP by a distance d of 0.1 < d < 1.0 mm, where d is the
distance of closest approach of the track to the IP [47].
The total integrated luminosity of this data sample is
200 ± 12 pb−1.

Jets are reconstructed using a CDF Run I based iter-
ative cone algorithm [48] with an η-φ cone of radius 0.4.
The secvtx tagging algorithm is used to search for a
displaced secondary vertex due to a B or D meson de-
cay within a jet cone. This algorithm seeks tracks with
hits in the SVX II within the jet cone, and reconstructs
the secondary vertex from those which are significantly

D0 collab. Phys.Lett. B705 (2011) 193
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FIG. 20: Exclusive dijet cross sections for events with two
jets of Ejet

T > 10 GeV plotted vs. the minimum Ejet
T of

the two jets in the kinematic range denoted in the figures:
(a) total exclusive cross sections compared with ExHuME

and ExclDPE predictions; (b) exclusive cross sections for
events with Rjj > 0.8 compared with ExHuME (solid curve)
and with the LO analytical calculation from Ref. [6] (see also
Ref. [43]) scaled down by a factor of three (dashed lines) - the
shaded area represents uncertainties in the calculation due to
hadronization effects; and (c) the ratio of total exclusive to
inclusive DPE cross sections.

sections for exclusive production of a color-singlet dijet
system of mass M are given by [44]
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where ET is the transverse energy of the final state parton
and mq is the quark mass. The suppression of gg → qq̄ is
due to the factor (m2

q/M
2)(1−4m2

q/M
2), which vanishes

as m2
q/M

2 → 0 (Jz = 0 selection rule [10]). Exclusive
gg → qq̄ contributions are also strongly suppressed in
NLO and NNLO QCD, and in certain higher orders [46].

The predicted exclusive qq̄-dijet suppression offers the
opportunity of searching for an exclusive signal in IDPE
data by comparing the inclusive dijet Rjj shape with that
of data containing identified qq̄ dijets. The presence of
an exclusive dijet signal in the IDPE event sample would
be expected to appear as a suppression in the ratio of qq̄
to inclusive events at high Rjj . This data driven method
avoids the use of MC simulations and can be used to cor-
roborate the MC-based extraction of the exclusive signal
from the inclusive data sample. As many systematic ef-
fects cancel in measuring the ratio, a relatively small qq̄
event sample can provide valuable information.

To ensure quark origin, we select jets from heavy flavor
(HF) b- or c-quarks, identified from secondary vertices
produced from the decay of intermediate B or D mesons
using the SVX II detector. Both b- and c-quark jets are
used, since the suppression mechanism holds for all quark
flavors.

Below, in Sec. VIII A we describe the HF data sample
and event selection requirements, in Sec. VIII B we eval-
uate the HF selection efficiencies and backgrounds, and
in Sec. VIII C we present the HF jet fraction results.

A. Data sample and event selection

The data used in this analysis were collected at a full
rate (no pre-scaling) with a trigger satisfying the same re-
quirements as the DPE trigger, Jet5+RPS+BSC1p, plus
an additional one designed to enhance the HF jet content.
The latter required the presence of at least one track with
transverse momentum pT > 2 GeV/c displaced from the
IP by a distance d of 0.1 < d < 1.0 mm, where d is the
distance of closest approach of the track to the IP [47].
The total integrated luminosity of this data sample is
200 ± 12 pb−1.

Jets are reconstructed using a CDF Run I based iter-
ative cone algorithm [48] with an η-φ cone of radius 0.4.
The secvtx tagging algorithm is used to search for a
displaced secondary vertex due to a B or D meson de-
cay within a jet cone. This algorithm seeks tracks with
hits in the SVX II within the jet cone, and reconstructs
the secondary vertex from those which are significantly

• In this talk I will discuss some new theory work on this process, and a 
new MC for this (and other CEP), currently under development.



Central Exclusive Diffraction
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Central exclusive diffraction

Central exclusive diffraction, or central exclusive production (CEP) is the
process

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

• Diffraction: colour singlet exchange between colliding hadrons, with large
rapidity gaps (‘+’) in the final state.

• Exclusive: hadrons lose energy, but remain intact after collision and can
in principal be measured by detectors positioned down the beam line.

• Central: a system of mass MX is produced at the collision point, and only
its decay products are present in the central detector region.
.
.
.
.
.
.

L.A. Harland-Lang (IPPP, Durham) 2 / 24



‘Durham Model’ of Central Exclusive Production
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‘Durham Model’ of central exclusive production

• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2

eik and S2
enh.

• In the limit that the outgoing
protons scatter at zero angle, the
centrally produced state X must
have JP

Z = 0+ quantum numbers.

XQ⊥

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )
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‘Durham Model’ of central exclusive production
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probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
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‘Durham Model’ of central exclusive production

• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
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protons scatter at zero angle, the
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• Protons can have some small       (scatter at non-zero angle), but if this is too 
big, they break up        strong suppression in non                 configuration.

p?
!

Jz = gg axis ⇡ beam axis

JP
z = 0+

HKRS: arXiv:1005.0695...   M.G. Albrow, T.D. Coughlin, J.R. Forshaw, Prog.Part.Nucl.Phys 65 (2010) 149-184



selection ruleJPC
z = 0++

JzPJzP
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JP
z = 0+ selection rule (2)

In the limit of forward protons (p⊥ = 0), the CEP subamplitude becomes .
.
.
.
.
.

CEP:

qµ1⊥q
ν
2⊥Vµν

Q⊥

p⊥ = 0

p⊥ = 0

XVµν

qµ
1⊥

qν2⊥

= Vµν

+Qµ

⊥

−Qν

⊥

∫
d2Q⊥

→ Q2
⊥δ

ijVij

If we consider the on–shell gg → X vertex Vµν , then we have the equality
δij Vij = Vxx + Vyy = (ϵµ1 (+)ϵν2 (+) + ϵµ1 (−)ϵν2 (−))Vµν ≡ V++ + V−− ,

.

.

.

.

.

On-shell gg → X :

ϵµ1ϵ
ν
2Vµν

Vµν

ϵµ1

ϵν2

X δij
→

Vµν

ϵµ1 (−) ϵν
1
(−)

⇒ Jz = 0

+

Vµν

ϵµ1 (+) ϵν
1
(+)

⇒ Jz = 0

Even under P

→ Fusing gluons/object X have zero Jz along gg axis, and are in an even
parity state. Only Jz = 0 on–shell helicity amplitudes V++,V−− will
contribute (up to small O(Q2

⊥/M2
X ) corrrections fusing gluons are

on–shell).
L.A. Harland-Lang (IPPP, Durham) 9 / 33



Exclusive jet production
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I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)

burgh EH9 3JZ, United Kingdom, kUniversity of Heidelberg, D-
69120 Heidelberg, Germany, lUniversidad Iberoamericana, Mexico
D.F., Mexico, mUniversity of Manchester, Manchester M13 9PL,
England, nNagasaki Institute of Applied Science, Nagasaki, Japan,
oUniversity de Oviedo, E-33007 Oviedo, Spain, pQueen Mary, Uni-
versity of London, London, E1 4NS, England, qTexas Tech Univer-
sity, Lubbock, TX 79409, rIFIC(CSIC-Universitat de Valencia),
46071 Valencia, Spain,
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FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

(a) Central-inelastic (b) soft I  IP P

IP

IP

=

(c) Low-Nussinov

Figure 4: Double-diffractive production of a Higgs boson (shown by the bold central arrow)

accompanied by gluon emission in diagram (a) and by Pomeron remnants in diagram (b).
Diagram (c) shows the Pomeron-Pomeron production process from a QCD viewpoint, in which

each Pomeron is represented by two-gluon exchange.

subprocess does not vanish, even in the massless quark limit. Note that, for the imaginary
part of the one-loop box diagram, the arguments based on T invariance are redundant [24].
However, numerically, this bb̄ background contribution appears to be very small (see [30]

for an explicit calculation in the case of γγ(Jz = 0) → qq̄, and also [25]). This is because
it is suppressed by the two-loop factor (NCαS/4π)2, where αS is taken at a large scale

of the order of MH/2. Therefore the corresponding ratio B/S does not exceed 0.01, and
can be safely neglected.

(vii) Finally, there is a background to pp → p+(H → bb̄)+p due to central inelastic production,
where the bb̄ pair (or Higgs boson) is accompanied by soft QCD radiation in the central
region, see Fig. 4(a). Hard radiation is excluded by requiring the mass equality Mmissing =

Mbb̄, as noted above. Moreover, recall that soft radiation from the final b or b̄ quark
lines is already included in the jet finding algorithm. So we are left with central soft

radiation from the t channel lines. Due to factorization of soft gluon radiation from the
colour-singlet ggPP state (see, for example, [28]), this emission does not alter the signal-

to-background ratio. However, it could blur out the sharp missing-mass peak of the Higgs
signal. Fortunately, the phase space for such radiation is strongly limited by requiring
the Mmissing = Mbb̄ mass balance. Consider the emission of two extra soft gluons, that

is the NNLO subprocess ggPP → Hgg. (One extra gluon cannot be produced together
with the Higgs boson from the colour-singlet ggPP state, and the bb̄g QCD background

has already been considered in (iv) above.) Using factorization, the probability of the

12

• Can consider case that central object is a number of jets, e.g. dijet CEP

pp ! p + jj + p

• More complicated than case where a simple object (                ) is 
produced, as a jet consists of many particles, with no unique assignment 
of all final state particles to a given jet.

! Experimentally: not as simple as demanding some number of jets and no 
additional particles.
Theoretically: two different processes will in general contribute to signal.

‘Exclusive’ ‘Inelastic DPE’

�c, ��...



• However can consider e.g. Rjj ⌘ Mjj/MX

• For a idealized exclusive signal                . However smearing effects 
and radiation outside of the jets will broaden this, and signal will be a 
peak towards            

• For inelastic DPE, will get a distribution over all 
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FIG. 15: Dijet mass fraction for IDPE data (points)
and for pomwig generated events (dashed histogram) com-
posed of pomwig DPE plus SD and ND background
events, and for ExHuME generated exclusive dijet events
(shaded histograms). The solid histogram is the sum of
pomwig⊕ExHuME events. Plot (a) shows distributions for
event sample B, and plot (b) for event sample A. The events
plotted pass all other selection cuts. The MC events are nor-
malized using the results of the fits shown in Fig. 14 (a),
scaled according to the actual number of events that pass the
ηjet-cut requirement.

B. Systematic uncertainties

The systematic uncertainty in the exclusive fraction re-
ceives contributions from uncertainties in the jet energy
scale, unclustered calorimeter energy determination, jet
trigger efficiency, jet ET smearing, non-DPE background,
RPS acceptance, luminosity determination, knowledge of
the diffractive structure function, statistics of MC event
samples, underlying event determination, and the mod-
eling of the underlying event.
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FIG. 16: Dijet mass fraction for IDPE data (points) and best
fit (solid histogram) to the data obtained from a combination
of pomwig events (dashed histogram) composed of pomwig

DPE plus SD and ND background events, and exclusive dijet
MC events (shaded histogram) generated using (a) ExclDPE

or (b) ExHuME. The data and the MC events are from sam-
ple A and are required to pass all other selection cuts.

1. Jet energy scale

The uncertainty in Ejet
T associated with the jet en-

ergy scale (JES) is evaluated by varying the uncertainties
on the relative and absolute energy scale corrections by
±1σ in estimating the efficiency for triggering on a single
calorimeter tower of ET > 5 GeV, while simultaneously
monitoring the number of jets with Ejet

T above the de-

sired threshold. Due to the steeply falling Ejet
T spectrum,

the change in trigger efficiency increases with decreasing
Ejet

T from −26
+34 % for 10 < Ejet

T < 15 GeV to −11
+11 % for

25 < Ejet
T < 35 GeV, resulting in a variation of the num-

ber of IDPE dijet events accepted of ±21 % (+32
−27 %) for

Ejet2
T > 10 GeV (Ejet2

T > 25 GeV). This is the dominant
uncertainty in both the inclusive and exclusive dijet cross
section measurements
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I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)
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FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

(a) Central-inelastic (b) soft I  IP P

IP

IP

=

(c) Low-Nussinov

Figure 4: Double-diffractive production of a Higgs boson (shown by the bold central arrow)

accompanied by gluon emission in diagram (a) and by Pomeron remnants in diagram (b).
Diagram (c) shows the Pomeron-Pomeron production process from a QCD viewpoint, in which

each Pomeron is represented by two-gluon exchange.

subprocess does not vanish, even in the massless quark limit. Note that, for the imaginary
part of the one-loop box diagram, the arguments based on T invariance are redundant [24].
However, numerically, this bb̄ background contribution appears to be very small (see [30]

for an explicit calculation in the case of γγ(Jz = 0) → qq̄, and also [25]). This is because
it is suppressed by the two-loop factor (NCαS/4π)2, where αS is taken at a large scale

of the order of MH/2. Therefore the corresponding ratio B/S does not exceed 0.01, and
can be safely neglected.

(vii) Finally, there is a background to pp → p+(H → bb̄)+p due to central inelastic production,
where the bb̄ pair (or Higgs boson) is accompanied by soft QCD radiation in the central
region, see Fig. 4(a). Hard radiation is excluded by requiring the mass equality Mmissing =

Mbb̄, as noted above. Moreover, recall that soft radiation from the final b or b̄ quark
lines is already included in the jet finding algorithm. So we are left with central soft

radiation from the t channel lines. Due to factorization of soft gluon radiation from the
colour-singlet ggPP state (see, for example, [28]), this emission does not alter the signal-

to-background ratio. However, it could blur out the sharp missing-mass peak of the Higgs
signal. Fortunately, the phase space for such radiation is strongly limited by requiring
the Mmissing = Mbb̄ mass balance. Consider the emission of two extra soft gluons, that

is the NNLO subprocess ggPP → Hgg. (One extra gluon cannot be produced together
with the Higgs boson from the colour-singlet ggPP state, and the bb̄g QCD background

has already been considered in (iv) above.) Using factorization, the probability of the
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Rjj = 1

Rjj ⇠ 1 See also       variable - V.A. Khoze, A.D. Martin, M.G. Ryskin , 
Eur.Phys.J. C48 (2006) 467-475, hep-ph/0605113 
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Exclusive jet production: theory

4

I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

• We are interested in the exclusive signal, in which case we have
For inelastic DPE: e.g. POMWIG, B.E. Cox and J.R. 
Forshaw, Comput.Phys.Commun. 144 (2002) 104-110

• The parton-level dijet amplitude is given by the usual Durham expression:

T = ⇡
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Z
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Where                        X = gg, qq

(Note does not include survival factor)



Dijet production subprocess
• We need the amplitudes for 

gg ! gg and gg ! qq

For colour singlet gluons.               selection rule        dominant 
contribution will come from amplitude for incoming gluons with               
helicities. These are given by

M (g(±)g(±) ! g(±)g(±)) = �CD Nc

N2
c � 1

32⇡↵s

(1� cos

2 ✓)

M (g(±)g(±) ! qhqh̄) =
�cd

2Nc

16⇡↵s

(1� �2
cos

2 ✓)

mq

MX
(�h± 1) �h,h

Other final state helicities give vanishing amplitudes

Helicity non-conservation along quark line

!
For massless quarks this vanishes!

Quark jets dynamically suppressed by selection rule

Jz = 0 )
(++,��)



Production subprocess
• If we consider the exclusive cross section ratio, we find

• Taking e.g.                         and                           we then get 

d�(qq)/dt

d�(gg)/dt
⇡ N2

c � 1

4N3
c

m2
q

M2
X

=
2

27

m2
q

M2
X

d�(bb)/dt

d�(gg)/dt
⇡ 10�3

! Huge suppression in b quark jets (increasing with        ). Completely 
unlike inclusive case.

What about light quark jets?

mb = 4.5 GeV MX = 40 GeV

MX

Additional suppression from colour and spin 1/2 quarks

See also: H ! bb



Light quark jets
• For light quark jets (             ) the leading order              production 
amplitude (dominant for CEP) will vanish.        Must consider             
sub-leading                contribution. Find that:

• In general such a               contribution is suppressed in CEP by
Average outgoing proton transverse
 momentum (sub-           )

Average gluon transverse momentum
in loop ⇠ several GeV2

|Jz| = 2

|Jz| = 2

mq ! 0 Jz = 0

• Combining these we have

)

GeV2

! Huge suppression in light quark jets
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2Nc
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Gluon jet dominance
From the above considerations, we expect dijet events to be almost 
entirely (colour singlet) gg

! CEP of dijets offers the possibility of observing the isolated production of 
gluon jets at the LHC. 

Mike Albrow’s EDS 2013 summary talk, arXiv:1310.7047 :

Lang] showed that the “Durham Group” predicts that η′η′ will be ! 1000× higher than π0π0

at M > 5 GeV, because the η, η′ are flavour singlets and have a high glue content. This is an
important measurement both as a test of the Durham model, but also to better understand
“gluey” mesons. LHCb is a very promising detector for this physics, especially with heavy
flavours (exclusive cc̄, bb̄); they are hoping to install forward shower counters (as in CMS) to
improve the gap definition. They have already presented [Stevenson] the observation of (quasi-
)exclusive χc → J/ψ+ γ. LHCb have better mass resolution on J/ψ+ γ than CDF, who could
not resolve the three χc states. They fit M(J/ψ + γ) to a sum of the three states and find
that the χc0 is only about 17% of the observed events, which are dominated by χc2. The latter
has a (19.5±0.08)% branching fraction to J/ψ + γ, compared to only (1.16±0.08)% for χc0,
nevertheless the ratio (χc2 : χc0) is much higher than expected by Durham. We welcome STAR
at RHIC [Adamczyk] to the central exclusive field, showing their first M(π+π−) spectrum at√
s= 200 GeV. Common data with both TOTEM and CMS during low pile-up, high-β∗ running,

has some (being analysed) low mass h+h− data, but especially interesting is the sample of events
with at least two jets, ET > 20 GeV, in CMS and one or both forward protons [Oljemark].
These dijet and trijet events are the cleanest ever seen at a hadron collider, and remind one of
LEP events. But these dijets are nearly all gg, while at LEP there were all qq̄. In a “1-day,
100 bunches, ⟨N⟩ ∼ 0.04” run, there are “thousands” of p+ JJ (SDE) events and “dozens” of
p+JJ(J)+p events. I am deliberately vague, the analysis is ongoing, but note that in “10-days,
1000 bunches, ⟨N⟩ ∼ 1.0” we could increase the statistics by a factor > 1000. In p+ JJ(J) + p
we need to measure the (small) exclusive fraction and its cross section, the trijet:dijet ratio, the
bb̄ fraction in the exclusive dijets, classify the trijets as ggg or qq̄g (by topology) and in the qq̄g
events measure the ratios bb̄ : cc̄ : ss̄ : uū : dd̄ (democracy?). This is quite a programme, but
has good novel tests of QCD and of the backgrounds to be expected in later exclusive H → bb̄
searches.

The idea of adding precision forward proton tracking and timing to search for exclusive
H(125) production in high luminosity (⟨N⟩ ∼ 40) running is now at last moving ahead in CMS
with TOTEM [Albrow,PPS]. The similar ATLAS Forward Proton (AFP) proposal [Sykora] will
hopefully happen too. The CMS Collaboration Board have endorsed the physics program and
detector concept, and a Technical Design Report, with TOTEM participants, is being prepared.
The first steps is to better integrate TOTEM and CMS triggers, readout and analysis so that
any low-pileup running in 2015 (including β∗ = 90m runs) can get more data than in 2012. At
the same time new Roman pots will be installed to test their effect on high intensity beams:
How close can they be to the beams, what backgrounds do they create, etc.? For 2016/2017
runs one hopes to have two arms with new high-luminosity instrumentation for p+X+p physics
up to 100 fb−1. The Stage 1 detectors will be at z ∼ ±220 m, not far enough for p+H(125)+p
(that is for Stage 2 (2018+?) at z = 420 m) but opening up the exclusive (and not exclusive)
jet physics to very high ET and, importantly, measuring p+W+W− + p. This process occurs
via two-photon interactions and is very sensitive to quartic gauge boson couplings (GγγWW ) or
aW0 , aWC . Indeed CMS has recently published the observation of two candidate events (e±µ∓E/T
with no other tracks on the eµ vertex), agreeing with the Standard Model and putting much
more stringent limits than LEP did. Measuring both protons will allow this process to be
studied at the highest luminosities (probably), also in the e+e−E/T and µ+µ−E/T channels, with
good M(WW ) resolution and excluding the uncertainties of proton dissociation. Beyond Stage
1, stations at ±420 m would allow the observation of p+H(125) + p, the ultimate in vacuum
excitation. After all the vacuum is the Higgs field, so let us (diffractively) excite it. Before
the H(125) was discovered, central exclusive production was promoted as a way to measure its
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Clean probe of properties of gluons jets (multiplicity, particle correlations...)!

CMS + TOTEM event displays
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M(pp) = 244 GeV
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Trijet production

•          :  configuration with     becoming soft/collinear to        driven by 
two-jet       amplitude, which vanishes for             gluons and            .
qqg g q/q

qq Jz = 0 mq = 0

• More precisely, according to ‘Low-Burnett-Kroll’ theorem, the 
radiative amplitude            can be expanded in powers of                   asMqqg xg =

2Egp
ŝ

Mqqg =
1

xg

1X

n=0

Cnx
n
g

where       and       are given in terms of the Born-level amplitude
       First non-vanishing term is           giving

d�qqg

dEg
⇠ E3

g

d�ggg

dEg
⇠ 1

Eg

n = 2

C0 C1 Mqq

)

while

Usual (singular) IR behaviour

Vanishes

For              incoming gluonsJz = 0
See also V.A. Khoze, M.G. Ryskin , W.J. Stirling, Eur.Phys.J. C48 (2006) 477-488, hep-ph/0607134 

• Consider three-jet production, proceeds via                    andgg ! ggg gg ! qqg



⇠ x

3
g

⇠ 1

xg

Consider amplitudes for              colour-singlet gluons (and massless 
quarks for simplicity)...

gg ! qqg, ggg

Jz = 0

p
ŝ = 200 GeV|yi| < 5
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 collinear

✓ :                   
(for         between arbitrary gluons)
g–b quark angle
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Preliminary

qqg, ggg normalised to each other

d�/d✓ d�/dxg

The                                amplitudes for a given helicity config. are known, 
and have  (relatively) simple forms (can be written down in ~ 3 - 4 lines) MHV



! Expect relative enhancement of ‘Mercedes-like’ configuration for        events.qqg

Can perform detailed comparison of        vs.         topologies. Consider, e.g. 
standard event shape variables, thrust and C-parameter

qqg ggg

C =
3

2

P
i,j [|pi||pj |� (pi · pj)2/|pi||pj |]

(
P

i |pi|)2
T = maxn

P
i |pi · n|P
i |pi|

i, j = 1, 2, 3 See Stirling, Ellis, Webber, QCD and collider physics

 ‘two–jet’ like spherical !  spherical ‘two–jet’ like !

Plots at subprocess level only ) full CEP study underway

qqg
ggg

dσ/dC, arbitrary units,
√
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SuperCHIC 2

New MC for CEP under development. Based on original SuperCHIC, but 
with significant extensions.

‣ Correct inclusion of Sudakov factor
‣ Consistent treatment of ‘skewed’ gluon PDFs
‣ Full (differential) treatment of soft survival effects

• Theoretical developments:

• LHAPDF interface.
• Complete calculation performed ‘on-line’, and structured so that 
additional processes can be easily added.
• Processes include: 
and photoproduction                         as in original SuperCHIC

�c,b, ��, meson pairs (⇡⇡, ⇢⇢, ⌘(0)⌘(0)...), Higgs, jets...

(J/ , ⌥...)

Dijets (gg ! gg, qq) and trijets (gg ! ggg, gqq) included

• To be made public in the near future



All predictions made with 
MSTW08LO PDFs, parton level

• Can compare results of the MC with the CDF measurement.
• See clearly how both soft survival effects and Sudakov factor (non-pert. 
and pert. physics) are crucial to describe data.

Preliminary

CDF Collab., Phys.Rev.D77:052004,2008

Soft survival not included, scale 
of Sudakov factor frozen

Soft survival included, scale of 
Sudakov factor frozen

Soft survival included, scale of 
Sudakov factor ⇠ Mjj

Probability to produce colour singlet dijet 
state drops strongly with Mjj

Tevatron cross sections

CDF data

S2

Sudakov, S2

dσ/dMjj [pb/GeV],
√
s = 1.96 TeV, parton level

.

-

Mjj [GeV]

160140120100806040

10000
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Made with particular choice of      model and PDFs         more measurements 
(different         ) needed to test theory further...

S2 )p
s...

Also, caveat: only parton level!



MX(min) [GeV]

50 620 1.1 2.6

100 30 0.031 0.10

250 0.15

500

gg q = b

� [pb]

• Consider two scenarios for observing exclusive jets at the LHC :

‣ Low luminosity (CMS + TOTEM), special runs, lower        
‣ High luminosity (ALFA+ATLAS, TOTEM/PPS+CMS), no need for 
special runs, but          must be larger (    acceptance of proton taggers) 

Dijet predictions for both scenarios:

Low Lumi

High Lumi

Preliminary

MX

MX

⇠

LHC cross sections

|⌘j | < 2.5 |p?,j | > 20GeV
p
s = 13TeV

qq

1.9⇥ 10�3

1.1⇥ 10�4

8.6⇥ 10�7

4.0⇥ 10�4

3.3⇥ 10�6

X
q = c, s, u, d



100 30 2.1 0.22
150 4.1 0.56 0.054

gg ggg qqg

‣ Trijet cross sections:

Preliminary

For comparison

anti–kt, R = 0.6|⌘j | < 2.5

|p?,j | > 20GeV

bbg
~ factor of 4 
          smaller(= nf )

150 1.9 0.046
250 0.14 0.013
250 0.082

|p?,j | > 40 GeV

|p?,j | > 60 GeV

� [pb]

2.5⇥ 10�3

8.8⇥ 10�4

2.0⇥ 10�3 1.7⇥ 10�4

X
q = c, s, u, d
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Tagged protons: the survival factor
• Averaged survival factor given by (in impact parameter space)

hS2
eiki =

R
d

2b1t d
2b2t |T (s,b1t,b2t)|2 exp(�⌦(s, bt))R
d

2 b1td
2b2t |T (s,b1t,b2t)|2

One-channel for
illustration

in      space this is equivalent to 

hS2
eiki =

R
d2p1? d2p2? |T (s,p1? ,p2?) + T res(s,p1? ,p2?)|2R

d2p1? d2p2? |T (s,p1? ,p2?)|2

where ‘screened’ amplitude is given by 

T res(s,p1? ,p2?) =
i

s

Z
d2k?
8⇡2

Tel(s,k
2
?) T (s,p

0
1? ,p

0
2?)

‘Bare’ amplitude

(a) bare amp. A(a)
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(b) rescatt. correction A(b)
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Figure 1: The bare amplitude A(a) and the rescattering correction A(b) for the double-diffractive

process pp → p + M + p.

2 The bare amplitude

The amplitude A(a) of Fig. 1(a), describing the high energy double-diffractive production of

a heavy system M , can be expressed in terms of the generalised (skewed) unintegrated gluon
densities fg(x, x′, t, Qt, µ). Here µ ≃ M/2 is the scale of the hard gg → M subprocess, and t is
the transverse momentum squared transferred through the ‘hard’ QCD Pomeron (that is the

two-gluon system). Essentially the gluon distribution fg opens up and describes the internal
structure of the ‘hard’ QCD Pomeron, whose exchange mediates the diffractive process (1).

For the exclusive reaction (1) the bare amplitude of Fig. 1(a) is, to single log accuracy, given
by [15]

A(a) =
1

N2
c − 1

∫ d2Qt

Q4
t

fg (x1, . . . Qt, µ) fg (x2, . . . Qt, µ)M (6)

where M is the matrix element of the hard gg → M subprocess. For example, the cross section

for the gg → gg subprocess, relevant to high ET dijet production [1, 16, 17], is

dσ̂

dt
= |M|2 =

9

4

πα2
s

E4
T

. (7)

For small |xi − x′

i|, which is appropriate for high energy double diffraction, and t = 0, the
skewed unintegrated density fg can be calculated from knowledge of the conventional integrated

gluon [18, 19]. The precise form of the t dependence of fg is not well known. Recall, however,
that fg (. . . Qt, µ) contains a Sudakov-like factor T (Qt, µ) which reflects the chance that a gluon

with transverse momentum Qt remains untouched in the evolution up to the hard scale µ—a
necessary condition for the survival of the rapidity gap, see, for example, [15, 16, 20]. It is
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• The observation of exclusive jets (and other processes) with tagged 
protons also provides additional information about survival factors...

p1⊥ > 0.5 GeV

p1⊥ > 0.5 GeV, p2⊥ > 0.8 GeV

p1⊥, p2⊥ > 0.5 GeV

no cuts

dσ/dφ [nb],
√
s = 13 TeV, no S2

.

-

φ

32.521.510.50

90000

80000

70000

60000

50000

40000

30000

Figure 11: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the

√
s = 13 TeV LHC, with soft survival effects omitted.

Results are shown for the four choices of cuts shown in Fig. 10, and for a cut |yπ| < 2 on the
centrally produced pions. For display purposes the predictions are normalized in the first φ
bin, to the prediction where no cuts are applied to the outgoing protons.

survival effects. In Fig. 10 we show this distribution at the LHC (
√
s = 13 TeV) for the

four different soft models described in [30]. While for the full cross section it appears that
there is only a fairly small difference in shape between the different models, once cuts are
placed on the magnitude of the proton p⊥, this difference becomes more apparent. Moreover,
we can observe a very distinct ‘diffractive’ dip structure, with the distributions reaching a
minimum at a particular value of φ. This is a consequence of the destructive interference
between the screened and bare amplitudes in (16), which becomes particularly pronounced
at higher proton p⊥, corresponding to a less peripheral interaction where survival effects are
stronger. For a particular value of φ this interference is strongest, resulting in the observed
minimum in the φ distribution (such an effect was predicted in [44], see also [?,49]). For the
sake of comparison, in Fig. 11 we show the φ distributions for these different cuts, without
survival effects included (i.e. simply taking the ‘bare’ amplitude of (3)), and we can see that
this dip behaviour disapears completely. As the form of the screened amplitude depends
on the particular soft model, we may expect the position and depth of this minimum to be
sensitive to this, as well as depending on the particular cuts imposed on the proton p⊥. In
fact, it appears from Figs. 10 that the position of the minimum does not depend too strongly
on the choice of model, but nonetheless the overall shape of the φ distribution does show
some variation. We note that these distributions are largely independent of the details of
the meson production subprocess (i.e. the shape taken for meson form factor, although for
completeness we note that the exponential form factor (4) is taken here), and so represent
a potentially unique handle with which to test the different available models for soft proton
interactions. For this reason, the observation of, for example π+π− and/or K+K− CEP with
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Figure 10: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the

√
s = 13 TeV LHC, for the four soft models of [30].

Results are also shown for different cuts on the magnitude of the proton p⊥, and for a cut
|yπ| < 2 on the centrally produced pions. For display purposes the predictions are normalized
in the first φ bin, to the model 1 predictions.
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S2 S2off on

Plots for           but similar effect seen in dijet production (in progress)⇡+⇡�

• Distribution in angle     between outgoing protons strongly effected, in model 
dependent way.
• In particular true when larger values of proton      are selected. Cancellation between 
screened and unscreened amplitudes leads to characteristic ‘diffractive dip’ structure

V. A. Khoze, A.D. Martin and M.G. Ryskin, hep-ph/0203122
 LHL, V.A. Khoze, M.G. Ryskin and W.J. Stirling, arXiv:1011.0680

LHL, V.A. Khoze and M.G. Ryskin, arXiv:1312.4553

KMR arxiv.1306.2149
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• Correlations between outgoing proton momenta sensitive to 

‣ Isolated      dominance  (LO                vanishes for massless quarks         
and              gluons).
‣ Three-jet production. Different topologies:        vs.       , still lots to 
look at here: theory work underway.

gg ! qq

Jz = 0

gg

• Work underway on                        , new MC for CEP, including 
exclusive two and three jet production.

• Exclusive jets at the LHC present an interesting and potentially unique 
probe of QCD. (Although many other interesting CEP topics!)
• The Durham perturbative approach makes very clear predictions, which 
are quite different from ‘standard’ inclusive case:

See also: H ! bb

ggg gqq

Conclusions and Outlook

! Strong motivation for very interesting program of CEP measurements, 
with tagged protons at the LHC, both at low/medium (TOTEM+CMS, 
ALFA+ATLAS) and high (AFP, PPS/TOTEM+CMS...) luminosity.

SuperCHIC 2

S2



‣ Low luminosity CMS + TOTEM, event selection:       
Central: |⌘j | < 4.4, |pj?| > 30 GeV

) �(gg) ⇡ 100 pb

p
s = 13TeV

‣ High luminosity CMS + TOTEM (‘CT PPS’) event selection:       

Central: |pj?| > 120 GeV, |⌘j | < 2.5 Protons: ⇠ > 0.03
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9/10/13" 11"Mike"Albrow""""HPS"in"CMS"

CMS + TOTEM event displays

MX > 390 GeV
) �(gg) ⇡ 0.5 fb

Protons: |py?| > 0.1 GeV, py1? ⇤ py2? > 0



New Monte Carlo implementation
• Dijet production previously implemented in Exhume and FPMC

• However, there have been a number of theoretical developments:

‣ Correct inclusion of Sudakov factor
‣ Consistent treatment of ‘skewed’ gluon PDFs
‣ Latest model of soft survival effects
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EXCLUSIVE DijetÆ Excl. Higgs THEORY CALIBRATION 

p 

p 
_ 

} JJ  

Exclusive dijets 

PRD  77, 052004 (2008) 

EDS2013, Saariselca Hard Diffraction at CDF                     K. Goulianos   

Correct limit          on      integration:
T.D. Coughlin and J.R. Forshaw, JHEP 1001 (2010) 121

         factor dependent on gluon         
LHL, Phys. Rev. D88 (2013) 034029

As in V.A. Khoze, A.D. Martin, M.G. Ryskin, 
Eur.Phys.J. C73 (2013) 2503

‘�’ z

Rg Q?
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I. INTRODUCTION

Exclusive dijet production in p̄p collisions is a process
in which both the antiproton and proton escape the in-
teraction point intact and a two-jet system is centrally
produced:

p̄ + p → p̄′ + (jet1 + jet2) + p′. (1)

This process is a particular case of dijet production in
double Pomeron exchange (DPE), a diffractive process in
which the antiproton and proton suffer a small fractional
momentum loss, and a system X containing the jets is
produced,

p̄ + p → [p̄′ + IPp̄] + [p′ + IPp] → p̄′ + X + p′, (2)

where IP designates a Pomeron, defined as an exchange
consisting of a colorless combination of gluons and/or
quarks carrying the quantum numbers of the vacuum.

In a particle-like Pomeron picture (e.g. see [1]), the
system X may be thought of as being produced by the
collision of two Pomerons, IPp̄ and IPp,

IPp̄ + IPp → X ⇒ YIP/p̄ + (jet1 + jet2) + YIP/p, (3)

where in addition to the jets the final state generally con-
tains Pomeron remnants designated by YIP/p̄ and YIP/p.
Dijet production in DPE is a sub-process to dijet produc-
tion in single diffraction (SD) dissociation, where only the
antiproton (proton) survives while the proton (antipro-
ton) dissociates. Schematic diagrams for SD and DPE
dijet production are shown in Fig. 1 along with event
topologies in pseudorapidity space (from Ref. [2]). In
SD, the escaping p̄ is adjacent to a rapidity gap, defined
as a region of pseudorapidity devoid of particles [3]. A
rapidity gap arises because the Pomeron exchanged in a
diffractive process is a colorless object of effective spin
J ≥ 1 and carries the quantum numbers of the vacuum.
In DPE, two such rapidity gaps are present.

Dijet production in DPE may occur as an exclusive
process [4] with only the jets in the final state and no
Pomeron remnants, either due to a fluctuation of the
Pomeron remnants down to zero or with a much higher
cross section in models in which the Pomeron is treated
as a parton and the dijet system is produced in a 2 → 2
process analogous to γγ → jet + jet [5].

In a special case exclusive dijets may be produced
through an intermediate state of a Higgs boson decay-
ing into b̄b:

IPp̄ + IPp → H0 → (b̄ → jet1) + (b → jet2). (4)

burgh EH9 3JZ, United Kingdom, kUniversity of Heidelberg, D-
69120 Heidelberg, Germany, lUniversidad Iberoamericana, Mexico
D.F., Mexico, mUniversity of Manchester, Manchester M13 9PL,
England, nNagasaki Institute of Applied Science, Nagasaki, Japan,
oUniversity de Oviedo, E-33007 Oviedo, Spain, pQueen Mary, Uni-
versity of London, London, E1 4NS, England, qTexas Tech Univer-
sity, Lubbock, TX 79409, rIFIC(CSIC-Universitat de Valencia),
46071 Valencia, Spain,
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(a) jetjet
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(b) jetjet

p p

η0ηp
_ ηp

FIG. 1: Illustration of event topologies in pseudorapidity,
η, and associated Pomeron exchange diagrams for dijet pro-
duction in (a) single diffraction and (b) double Pomeron ex-
change. The shaded areas on the left side represent “underly-
ing event” particles not associated with the jets [from Ref. [2]].
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FIG. 2: Leading order diagrams for (a) exclusive dijet and
(b) exclusive Higgs boson production in p̄p collisions.

Exclusive production may also occur through a t-
channel color-singlet two gluon exchange at leading order
(LO) in perturbative quantum chromo-dynamics (QCD),
as shown schematically in Fig. 2 (a), where one of the two
gluons takes part in the hard scattering that produces the
jets, while the other neutralizes the color flow [6]. A simi-
lar diagram, Fig. 2 (b), is used in [6] to calculate exclusive
Higgs boson production.

Exclusive dijet production has never previously been
observed in hadronic collisions. In addition to providing
information on QCD aspects of vacuum quantum num-
ber exchange, there is currently intense interest in using
measured exclusive dijet production cross sections to cal-
ibrate theoretical predictions for exclusive Higgs boson
production at the Large Hadron Collider (LHC). Such
predictions are generally hampered by large uncertain-
ties due to non-perturbative suppression effects associ-
ated with the rapidity gap survival probability. As these
effects are common to exclusive dijet and Higgs boson
production mechanisms, dijet production potentially pro-
vides a “standard candle” process against which to cali-
brate the theoretical models [6, 7].

In Run I (1992-96) of the Fermilab Tevatron p̄p col-
lider operating at 1.8 TeV, the Collider Detector at Fer-
milab (CDF) collaboration made the first observation of
dijet production by DPE) [2] using an inclusive sample

Boonekamp et al.arXiv:1102.2531J. Monk and A. Pilkington, Comput.Phys.Commun. 175 (2006) 232

LHL, V.A. Khoze, M.G. Ryskin, W.J. Stirling, Eur.Phys.J. 
C69 (2010)

Two-channel



• Most importantly, neither of these include survival effects in a complete 
way:

• Survival factor is not constant, but depends on (and effects) the 
distribution of the outgoing proton        vectors.

Forward proton angular distributions (1)

For low proton transverse momenta p1,2⊥ we have

dσ(0+)/dφ ≈ const. ,

dσ(1+)/dφ ≈ (p1⊥ − p2⊥)2 ,
dσ(0−)/dφ ≈ p21⊥p

2
2⊥ sin

2(φ) .

Note these will receive corrections of O(p2⊥/
〈

Q2
⊥

〉

), while the χ2
distribution cannot be written in a simple form.
These distributions are strongly affected in a model dependent way by
absorptive corrections, through their dependence on the proton
distribution in impact parameter b space. The full cross section is then
given by:

dσ
dyX

∝
∫

d2p1⊥d2p2⊥ |T (p1⊥ ,p2⊥))|2S2eik(p1⊥ ,p2⊥) , (1)

where T is the CEP amplitude excluding the soft survival factor. The
corresponding proton p⊥ and φ are then extracted from this.

L.A. Harland-Lang (University of Cambridge) Standard candle CEP 8 / 18! Expected suppression will depend on specific process, and soft survival 
factors can have a dramatic effect on the predicted distributions 
(      tagged protons)

φ

S2(φ,p1t,p2t)

(p1t, p2t)=

= (0.3, 0.3) GeV

= (0.3, 0.7) GeV

= (0.7, 0.7) GeV

Figure 3: The dependence of the survival probability, S2, of the rapidity gaps on the azimuthal

angle φ between the transverse momenta p⃗it of the forward going protons in the process pp →
p + M + p, for typical values of p1t and p2t.

as a function of the azimuthal angle φ, for different choices of p1t and p2t. The rich structure of

S2 is apparent, which feeds through into the double-diffractive cross section. As anticipated, we
observe a flatter behaviour in φ for small p1t and p2t, while for larger pt ∼ 0.7GeV a diffractive

dip already occurs for φ ∼ 90◦.

6 Application to double diffractive meson production

An interesting φ behaviour has been observed by the WA102 collaboration at CERN [24] at
lower energies (

√
s ∼ 30 GeV) in fixed target central double-diffractive meson production,

pp → p + X + p, (27)

where a partial wave analysis of the X channel allows the identification of a wide range of
meson resonances.
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Figure 2: Normalised distributions (in arbitrary units) of the difference in azimuthal angle between
the outgoing protons for the CEP of χc(0,1,2) and ηc states at y = 0 and

√
s = 500 GeV, and for a

range of cuts on the proton p⊥. S2
eik is calculated using set 1 of the two-channel eikonal model of [31],

which accounts for the first N* resonance excitation in low mass (p → N∗) proton dissociation.

enhancement relative to the χc0.

In Refs. [7, 12], it was shown that the distributions in p⊥ and φ of the outgoing protons

depend sensitively on the spin and parity of the centrally produced object. This is illus-

trated in Fig. 2, where we plot the expected dσ/dφ distributions for χcJ and ηc production,

calculated using the SuperCHIC MC3. By applying different cuts to the outgoing proton

p⊥, we can also in principle probe the underlying theory in a more detailed way, and to

illustrate this we plot the φ distributions for three different sets of p⊥ cuts: p(1,2)⊥ < 0.4

GeV, p(1,2)⊥ > 0.6 GeV and 0.5 < p1⊥ < 0.7 GeV, p2⊥ > 0.8 GeV. For low p⊥ the screening

3Note that the unscreened χc1 and χc2 distributions, shown in [12], are different from those presented
in the published version of [15]. However we have been informed by the authors that their more recent
calculation confirms our results [40].
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New MC (under development) includes all of these updates and a full 
treatment of soft survival effects...

p?

)
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