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Abstract. We show how the early data runs of the LHC can provide valuable checks of the different compo-
nents of the formalism used to predict the cross sections of central exclusive processes. The ‘soft’ rapidity gap
survival factor can be studied in electroweak processes, such as W + gaps events, for which the bare ampli-
tude is well known. The generalised gluon distribution, in the appropriate kinematic region, can be probed
by exclusive 7" production. The perturbative QCD effects, especially the Sudakov-like factor, can be probed
by exclusive two- and three-jet production. We discuss the possible role of enhanced absorptive corrections
that would violate the soft-hard factorisation implied in the usual formalism, and we suggest ways that the

LHC may explore their presence.

1 Introduction

Central exclusive production is now recognised as an im-
portant search scenario for new physics at the LHC; see
for instance, [1-9] and references therein. The experimen-
tal studies of such processes are at the heart of the FP420
project [8,10], which proposes to complement the CMS
and ATLAS experiments at the LHC by installing addi-
tional forward proton detectors 420 m away from the in-
teraction region. In particular, these detectors will allow
for the measurement of the exclusive production of new
heavy particles, such as Higgs bosons. As demonstrated
in [11-14] such measurements will be able to provide valu-
able information on the Higgs sector of MSSM and other
popular BSM scenarios.

Indeed, central exclusive processes are very interest-
ing both from the viewpoint of theory, since they contain
a mixture of soft and hard QCD effects, and of experi-
ment, as they provide a clean environment to measure the
quantum numbers and masses of new objects that may be
seen at the LHC. Moreover, the J, = 0 selection rule (J, is
the projection of the total angular momentum along the
proton beam direction), arising in central exclusive diffrac-
tive processes [3, 15], provides a unique possibility to study
directly the coupling of the Higgs-like bosons to the bot-
tom quarks, because the LO QCD background is strongly
suppressed by the J, =0 rule. 2pt As is well known, the
determination of the Hbb Yukawa coupling appears to be
very difficult for other search channels at the LHC.

The theoretical formalism [1, 16, 17] needed to describe
a central exclusive diffractive process of a system A con-

a e-mail: V.A.Khoze@Qdurham.ac.uk

Fig. 1. A symbolic diagram for
the central exclusive production
of a system A

tains quite distinct parts, shown symbolically in Fig. 1. In
brief, we first have to calculate the gg — A hard subpro-
cess, H, convoluted with the gluon distributions f,. Next
we must account for the higher loop corrections, which re-
flect the absence of additional QCD radiation in the hard
subprocess — that is, for the Sudakov suppression factor 7T'.
Finally, we must enter soft physics to calculate the survival
probability S? of the rapidity gaps on either side of A —that
is, the probability that the exclusive nature of the process
will not be destroyed by the secondaries produced by the
rescattering of the incoming particles.

2 Objective

The uncertainties associated with the prediction of the rate
of a central exclusive process are potentially not small.
Each of the above stages has its own uncertainties. There-
fore, it is important to perform checks of the approach
using processes with appreciable cross sections that will
be experimentally accessible in the first data runs of the
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LHC with integrated luminosities in the range 100 pb~!
to 1fb~1. Here, our aim is to identify processes in which
the different ingredients of the formalism used to calculate
central exclusive production can be tested experimentally,
more or less independently.

The outgoing protons in the forward regions of the main
LHC detectors will be measured by the proton tagging de-
tectors (roman pots). At 220 m on either side of the CMS
detector there exists the roman pots of the TOTEM ex-
periment [18,19]. ATLAS will have the ALFA detector [20,
21] at 240 m as well as the proposed RP220 detector [22] at
220 m. As we already mentioned, the FP420 project (8, 10]
proposes to install forward proton taggers for both ATLAS
and CMS. Note that RP220 and FP420 aim to operate at
high luminosities. However, it is quite likely that for the
first 1-2 years of LHC running, the forward proton detec-
tors will not be operational. We therefore first consider
measurements that do not rely on tagging the forward out-
going protons.

Even without proton tagging, diffractive measurements
at the LHC can be performed through the detection of
rapidity gaps. This is a well known technique used exten-
sively at HERA and the Tevatron. A summary of the for-
ward detectors instrumented around ATLAS and CMS is
given, for instance, in [23—25]. The central detectors (CD)
of CMS and ATLAS have an acceptance in pseudorapidity
n of roughly |n| < 2.5 for tracking information and |n| < 5
for calorimeter information. We will discuss the situation
where a heavy system A is detected in the region || < 2.5,
and where the calorimeters in the 2 < 7 <5 interval are
used to select events with rapidity gaps.

In the present paper the word gap means a rapidity
interval An devoid of hadronic activity — for the charged
particles we assume a ‘track veto’, while the absence of
neutrals should be checked by the calorimeters. The am-
plitudes of all the processes discussed below are infrared
stable and are not affected by the possibility of soft gluon
emission.

Due to angular ordering, which originates from coher-
ence, in those processes in which the gap is provided by W
boson exchange (as in Fig. 2a and ¢ below), the only pos-
sible soft gluons occur at the edge of the gap and arise from
the corresponding quark jet. These gluons should be ac-
counted for in the jet searching algorithm. In cases where
the gaps are associated with a colour singlet, two-gluon ex-
change (as in central exclusive dijet production), the pres-
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Fig. 2. Diagrams for a W production with two rapidity gaps,
b inclusive W production, and ¢ Z production with two rapid-
ity gaps
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ence of Sudakov-like T-factors in the unintegrated gluon
distributions (see (7) below) guarantees that there is no
emission of any additional soft gluons.

The selection of rapidity gap events by a ‘veto’ trigger
can be used up to rather large luminosities, when the mean
number, N, of interactions per bunch crossing is sizeable.
However, at larger luminosities the efficiency of the trig-
ger is reduced by a factor eV — that is, by the probability
to have no additional ‘pile-up’ inelastic interaction in the
bunch crossing. This probability can be measured indepen-
dently in the same experiment.

Of course, the proposal to use calorimeters in the
2 < n < b interval to select the events with a rapidity
gap does not mean that we will only consider gaps with
An < 3. First, part of the gap can be at smaller n and,
secondly, extensive additions are foreseen to enlarge the
coverage in the forward regions.! Possible “holes” in par-
ticle observation in small rapidity intervals between differ-
ent calorimeters do not affect our predictions very much.
The probability to produce extra soft hadrons in the
hole region only is proportional to the effective pomeron—
pomeron cross section, which is rather small, according to
the triple-Regge analysis of the UA8 data [27]. We eval-
uate the correction to be less than 3% for a hole of size
A"?hole ~ 1.5.

The main uncertainties of the predictions for exclu-
sive processes are associated with the calculation of the
following.

(i)  The probability S? that additional soft secondaries
will not populate the gaps separating the centrally
produced system A from the outgoing protons (or the
products of their dissociations).?

The probability to find the appropriate gluons that
are given by generalised unintegrated distributions

fg(x,x',Qf).

(i)

L CMS will have the CASTOR calorimeter operating with
the coverage of 5.1 < |n| < 6.5 and a Zero Degree Calorime-
ter (ZDC) with an acceptance for neutral particles with n > 8.
Both calorimeters have an electromagnetic and hadronic sec-
tion. Moreover, CMS is expected to have integrated read out
with TOTEM [18], allowing CMS to benefit from the TOTEM
forward coverage and TOTEM, in turn, from the CMS cen-
tral coverage [19]. ATLAS plans a Cerenkov detector LUCID
with an acceptance 5.4 <7 < 6.1 and a ZDC with an accept-
ance 8.3 < n < 9.2. Diffractive studies are under discussion also
at ALICE, see for instance, [26]. The ALICE detector has a cen-
tral barrel covering the pseudorapidity range —0.9 <17 < 0.9
and (on one side) a muon spectrometer covering the region of
2.4 <n <4 and a ZDC. Additional detectors for trigger pur-
poses and for event classification are placed on both sides of the
central barrel, such that the range —3.7 < n < 5 is covered. This
configuration allows for the possibility of a (double) rapidity
gap trigger by requiring no activity in the event classification
detectors [26].

2 There are quite a few theoretical studies of the $? factor, start-
ing from the publications [28—30] to more recent ones [17, 31]; see
also references therein. Following Bjorken [29, 30] this quantity
is often called the survival probability or soft survival factor.
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(iii) The higher order QCD corrections to the hard sub-
process amplitude, where the most important one
is the so-called Sudakov suppression caused (in the
Feynman gauge) by the double-log loop, denoted T
in Fig. 1 [16].

The so-called semi-enhanced absorptive corrections
(see, for example, [32—34]) and other effects which
may violate the soft-hard factorisation (which is im-

plied by Fig. 1).

We discuss below, in turn, possible checks of the various
ingredients of the calculation of the exclusive cross sec-
tions. To be precise, we address the uncertainties (i)—(iv) in
Sects. 3-6, respectively.

3 Gap survival probability S2

As a rule, the gap survival probability; that is, the proba-
bility that the secondaries produced in additional soft in-
teractions do not populate the rapidity gaps, is calculated
within a multichannel eikonal approach. This method of
calculation implicitly assumes a factorisation between the
soft and hard parts of the process. The probability of elas-
tic pp rescattering, shown symbolically by S? in Fig. 1, can
be calculated in a model independent way once the elas-
tic pp amplitude is known; that is, the elastic cross section
doe/dt is measured at the LHC. However, there may be
some excited states (corresponding to N* resonances and
low mass diffractive dissociation) between the blob S and
the perturbative QCD amplitude on the right-hand side
of Fig. 1. The presence of such additional states enlarges
the absorptive correction. Usually this effect is calculated
using a Good-Walker formalism [35-37] with a two- or
three-channel eikonal. In order to experimentally check the
role of this effect, we need to consider a process with a bare
cross section that can be reliably calculated theoretically.
Good candidates are the production of W or Z bosons with
rapidity gaps on either side.

3.1 W production with rapidity gaps

In the case of ‘W 4+ gaps’ production the main contribu-
tion comes from the diagram shown in Fig. 2a [38]. One
gap, Amny, is associated with photon exchange, while the
other, Ars, is associated with W exchange. The cross sec-
tion of this process can be calculated straightforwardly.
It is proportional to the quark distribution in the proton
at a large scale and not too small z, where the uncer-
tainties of the parton densities are small. To select these
events at the expected luminosities of the early data runs,
we can use the rapidity gap veto trigger combined with
a high py decay lepton or jet trigger. The momentum trans-
ferred through the photon is typically small and the ra-
pidity gap Amn; runs from the rapidity of the W boson,
yw, up to the maximum rapidity measured. The gap, Ans,
corresponding to W exchange, is limited by the rapid-
ity of the quark jet, which balances the transverse mo-
mentum of the W boson (which has a broad distribution
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with gew ~ My /2, since it is driven by the t-channel W
propagator).

At first sight, the probability for soft rescattering in
such a process is rather small and we would expect S? ~ 1.
The reason is that the transverse momentum, k;, distribu-
tion of the exchanged photon is given by the logarithmic

integral
/ dkZk?
(|tmin| + ktz)2 ’

for which the dominant contribution comes from the low k2
region. In other words, the main contribution comes from
the region of large impact parameters, by, where the opacity
of the proton is small. However the minimum value of |¢|,

my &’
1—¢’

is not negligibly small. Note that the momentum fraction
xp = 1 — ¢ associated with the upper proton can be meas-
ured with sufficient accuracy,® even without tagging of the
forward protons, by summing the momentum fractions

& = \fm2 k2 en /5 3)

of the outgoing W and the hadrons observed in the calorime-
ters. Aslong as the gap Ans is large, the dominant contribu-
tion to the sum £ = 3" &; comes from the decay products of
the W boson.? For example, for iy = 2.3 (—2.3), we expect
an & distribution centred about & ~ 0.1 (0.001).

The predictions are shown in Figs. 3-5. First, in Fig. 3,
we neglect the absorptive correction and show the cross
section for W + gaps events for different choices of the gap
size Any. We see cross sections of up to 1pb, depend-
ing on the gap size and on . The rescattering decreases
the cross section by the factor S? shown in Figs. 4 and 5.
Already, at this stage, we face the possibility of a viola-
tion of soft-hard factorisation. We use the Good—Walker
formalism [35—37] to describe multichannel eikonal rescat-
tering. That is, we use the diffractive eigenstates ¢y that
diagonalise the ‘nucleon’-pomeron couplings 3;;, which de-
scribe the transition from nucleon excited state i to state j.
In [17] it was assumed that each eigenstate has the same
size and the same partonic composition. The continuous
curve in Fig. 4 was calculated under this assumption. On
the other hand, in the extreme cases, where we assume
that the partons that participate in the process of Fig. 2a
are concentrated in the diffractive eigenstate with the low-
est (largest) absorptive cross section, we obtain the results
shown by the dashed (dotted) curves. A rather more re-
alistic scenario (see, for example, [32]) is to allocate the
valence quark to the component with the smallest absorp-
tion and the sea quark to the component with largest cross

(1)

(2)

|tmin| =~

3 The CDF Collaboration [39] have demonstrated that this
method provides an accurate determination of &.

4 Even for the leptonic decay channels, the momentum of the
W boson can be reconstructed with knowledge of the missing
transverse energy and My .
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Fig. 3. The cross sections for W + gaps events as a function of
¢ at the LHC for various choices of the size of the rapidity gap
Ango. No suppression from rescattering effects is included. The
momentum fraction of the proton that is carried by the photon
isé=1— x,‘," , where m,}" is the momentum fraction of the outgo-
ing upper proton that emits the photon in Fig. 2a. We use the
superscript + to indicate that the cross sections correspond to
the configuration in which the photon is emitted by the proton
going in the + direction. The event rate observed in the central
detector will be twice as large as that shown
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Fig. 4. The rapidity gap survival factor S? as a function of 13
calculated using the global soft model of [17]

section. The corresponding predictions are shown in Fig. 5.
Since the valence quark contribution is more important for
W production and for the configuration with the largest
gap size Ans, the expected gap survival factor S? is found
to be larger. Now, the spread of predictions caused by the
different partonic content, shown in Fig. 5, is rather small.
With a more realistic assumption (in which each diffractive
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Fig. 5. The rapidity gap survival factor S? as a function of &
calculated using the global soft model of [17], assuming that
the valence (sea) quarks are associated with the weak (strong)
absorptive components. The small spread of the predictions
arising from the different partonic content of the diffractive
eigenstates mean that W 4 gaps events offer a meaningful test
of the S? factor. Note that S? for the W signal is larger since
it has a bigger valence quark contribution

state contains some part of the valence and some part of
the sea) the spread will be even smaller.

In the first LHC data runs it may be difficult to meas-
ure the absolute value of the cross section with sufficient
accuracy. Most probably the ratio (W + gaps/W inclusive)
will be measured first. In this case, the inclusive W produc-
tion process (in the same kinematic region, Fig. 2b) plays
the role of the luminosity monitor. Note that the cross sec-
tion for inclusive W production is much larger than that
with rapidity gaps. The reason is that an inclusive W is
produced directly by ¢g fusion, which is prohibited for
gap events since the colour flow produced by the ¢-channel
quarks populates the An; 5 rapidity gaps.

Of course, the survival factor S measured in W + gaps
events is quite different from that for exclusive Higgs pro-
duction, which comes from smaller values of b;. Neverthe-
less this measurement is a useful check of the model for soft
rescattering.

3.2 Z production with rapidity gaps

It would appear that a good way to study the low by re-
gion directly is to observe Z boson production via WW
fusion; see Fig. 2c. Here, both rapidity gaps originate from
heavy boson exchange and the corresponding by region is
similar to that for central exclusive Higgs production.’? The

5 Even so it may not be exactly the same by region, since,
in general, the impact parameter distributions of quarks and
gluons may be different.
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expected Z + gaps cross section is of the order of 0.2 pb,
and S? = 0.3 for An; 2 > 3 and for quark jets with Ep >
50 GeV [40]. Again it would be sufficient to measure the
ratio (Z + gaps/Z inclusive).

One problem is that even with the Er > 50 GeV cut,
the QCD background arising from the QCD bb central ex-
clusive production is comparable to the electroweak qq —
Z + 2jet signal. Therefore we should concentrate on the
leptonic decay modes of the Z boson, which results in
a smaller event rate.’

3.3 With tagged protons

So far we have discussed measurements that do not de-
pend on observing the forward protons. However, when
the forward proton detectors become operational, we can
do more. Both the longitudinal and transverse momen-
tum of the forward protons can, in principle, be measured.
Hence we can study the k; behaviour of the cross section for
W + gap events, and scan the proton opacity, as described
in [38].

4 Generalised, unintegrated gluon

distribution f,
The cross section for the central exclusive production of
a system A is calculated using Q); factorisation and essen-

tially has the form [16]

(pp—>p+A+p)

d
/ Qt fg xlvxvatv )fg(x%w/z»QE»/ﬁ)
X & gg—>A

2

(4)

The first factor, S2, is the soft survival factor discussed in
the previous section and the factor 1/b? arises from the
integration over the transverse momentum of the forward
proton assuming the form do/dp? o exp(—bp?). Also, f,
denotes the generalised, unintegrated gluon distribution in
the limit of p; — 0. Below we give a more precise definition
of f4 and explain how it is determined.

6 Note that in the recent study [41] it was demonstrated that
the so-called track counting veto (TCV) is robust for selec-
tion of the central rapidity gap events in vector-boson fusion
H — 7777 searches at CMS. The idea of track counting is close
in spirit to the hadron level gap selection of [28, 40] and, as com-
pared to the (more) standard calorimeter jet veto technique,
the TCV has various advantages. In particular, it does not in-
volve calorimeter scale uncertainties, suffers less from pile-up
contributions and so can be used at higher luminosities. More-
over, it is planned to apply this technique at CMS using data
on central Z — ppu~ events. Though the original motivation
for this analysis [41] is to study the detector conditions, such
a measurement, in particular, presented in terms of the ratio
(Z 4 gaps/Z inclusive) may appear to be one of the first tests
of models for the soft survival factor.
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The generalised gluon distribution has not yet been
measured explicitly. However, for the case of interest,
where the skewedness is small, it can be obtained from the
conventional diagonal gluon distribution, g, known from
the global parton analyses. The procedure is as follows. We
consider the skewedness first in the transverse momenta,
and then in the longitudinal momenta, carried by the two
t-channel gluons in Fig. 1. The transverse momentum, p,
transferred through the rapidity gap in a central exclusive
process is limited by the proton form factor. This is not
alarge transverse momentum: p? ~ —t < Q2. Typically, we
have the hierarchy
107*GeV?,

pi~02GeV?, QI ~4GeV?,

(5)

| m1n|

which follows, respectively, from (2) with the relevant £ ~
0.01 or less; from the proton form factor; and, finally, from
the presence of the Sudakov-like form factor, T of (8), in
the integrand of (4) — the maximum of the integrand occurs
at Q2 ~ 4 GeV? [1,15].

As a consequence, it is reasonable to assume the fol-
lowing factorisation of the gluon distribution: F'(¢) f(z, 2/,
Q?,1?). That is, we work in terms of the distribution
fo(z, @', Q3F, u?), which is skewed only in longitudinal mo-
mentum fractions, x # z’ in Fig. 1; Qy is essentially the
transverse momentum of each t¢-channel gluon. Finally,
u? ~ M3 /4 is the factorisation scale, which separates the
partonic distribution from the matrix element of the hard
subprocess gg — A. The precise scale, the one to be used,
is given in (13) below.

In the region of interest

(ac/w%) < (m~%)<<1.

The generalised distribution can be obtained using the
Shuvaev transform [42], which assumes that the Gegen-
bauer moments of the generalised parton distributions are
equal to the Mellin moments of the diagonal distributions.
The accuracy of this assumption is O(z?). As a result we
obtain [43].7

(6)

f (.’ﬂ '77 Qtv T(Qtau)xg(va?)>7

(7)

9= gah?cy(

where R, accounts for the  # " skewedness. Note that the
double-log Sudakov suppression T'(Qs, pt) is now included
in the unintegrated gluon distribution f,, since to provide
Q: factorisation we choose an axial/planar gauge (and not
the Feynman gauge used to draw T in Fig. 1). The Sudakov
form factor T ensures that the gluon remains untouched in
the evolution up to the hard scale u, so that the rapidity
gaps survive. It results from resumming the virtual contri-

7 In the actual computations we use the more precise form
given by (26) of [43]
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butions in the DGLAP evolution, and is given by [44, 45]

2
a(k2) dk?

T(Qs, 1) = exp —/ 2(7;),6—;
t

@}
1-A
>< /
A

where A is specified in (13) below.

The main uncertainty here comes from the lack of
knowledge of the integrated gluon distribution g(z, Q?) at
low x and small scales. For example, taking Q2 = 4 GeV?
we find that a variety of recent MRST [46] and CTEQ [47]
global analyses give gluons that have a spread of

dz|, (8)

2Pg4(2) +Zqu(z)

zg = (3-3.8),
xg = (3.4-4.5), 9)
for £ =102 and x = 103, respectively. These are big un-
certainties bearing in mind that the cross section for cen-
tral exclusive production depends on (zg)*.

4.1 Exclusive T production as a probe of f,

To reduce the uncertainty associated with f; we can
measure exclusive 7" production. The process is shown
in Fig. 6a. The cross section for yp — Tp [48] is given in
terms of exactly the same generalised, unintegrated gluon
distribution f; that occurs in Fig. 1. If the 7" is detected
at the LHC in the rapidity interval (|y| < 2.5), then it

will sample the z7 o intervals (1074-1072). To probe even
lower = we can either detect more forward 1" production
at ALICE or LHCb [49, 50] or study exclusive J/v produc-
tion [38].

Of course, there may be competition between produc-
tion via photon exchange, Fig. 6a, and via odderon ex-
change, where the upper three t-channel gluons form the
C = —1 odderon state;® see Fig. 6b. To date, odderon ex-
change has not been observed. On the other hand, a low-
est order perturbative QCD calculation indicates that the
odderon process (b) may be comparable to the photon-
initiated process (a); see, for example, [51, 52]. If the upper
proton is tagged, it will be straightforward to separate the
two mechanisms, since odderon production has no 1/¢>
singularity characteristic of the photon. Photon exchange
populates mainly the low ¢; region; that is, at low p; of
the outgoing proton, whereas odderon production occurs
at relatively large p;. Without a proton tagger, an odderon
would be revealed by a measured cross section that is larger
than that predicted for photon exchange. Exclusive 7" (or
J/v) production could be the first hint of the odderon’s
existence.

8 Here the colour indices of the gluons are convoluted with
the dgp. tensor.
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@ ®)

Fig. 6. Exclusive 7" production via a photon exchange, and
via b odderon exchange

Returning to process (a), we note that the cross section
is of the form

ol = Nyo(yp = Tp), (10)

where the photon flux N, is well known. For small g;, we
may neglect the proton form factor and use the leading log
approximation:

N_aemgd_qf
N

(11)
The expression for o(yp — T'p) o f2 is given in [48]. The
cross section is [51, 52]

do(@
dy

~ 50 pb
y=0

(12)

at the LHC energy.® The signal will be diluted by the 7" —
wp branching fraction of 0.025.

In order to use this process to constrain the gluon distri-
bution of the proton it would be preferable to tag the lower
proton. Otherwise there will be some admixture of pro-
ton excitations and to calculate precisely the gap survival
factor S2, as before, we will have to resolve the partonic
content of the different diffractive eigenstates. On the other
hand, for low values of &, the expected value S is close to 1
(see the continuous curve in Fig. 4), and it may be sufficient
to use the existing HERA data for the ratio of the cross
sections of diffractive J/1 photoproduction with and with-
out the proton dissociation, to extract the contribution to
the cross section from ‘elastic’ events, in which the lower
proton does not dissociate.

5 Improvements to the hard subprocess

The hard matrix elements necessary to predict the cross
section for a central exclusive process are calculated using
perturbative QCD mainly at leading log accuracy [1]. Of
course, there exist numerous NLO results, but as a rule
these are applicable to inclusive processes that do not al-
low for the fact that the centrally produced system A must

9 The estimate assumes that the forward protons are not
tagged, and so is enhanced by a factor of about 2 caused by the
dissociation of the lower proton in Fig. 6a.
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be in a colour singlet state and obey the J, = 0 selection
rule; that is, the projection of the total angular momen-
tum along the incoming proton directions should be zero.
Moreover, the relation between the generalised, uninte-
grated gluon distribution, f;, and the conventional diag-
onal gluon, g, was also based on a LO calculation [43].
Numerically, the largest effects may come from the
next-to-leading log (NLL) corrections to the double-log
Sudakov-like factor T' of (8). To include these NLL cor-
rections phenomenologically we choose the limits of the
integration over kZ in such a way to as to reproduce the re-
sult of an explicit first-loop calculation. It has been shown
(see footnote 9 in [11]) that this is achieved by choosing

ks

A= , 13
P (13)

with 4 = 0.62M4 in (8).

On the other hand, the lower limit Q7 of the integra-
tion has not yet been validated at this level. Clearly the
contribution from the very small k; region vanishes due
to destructive interference between the emissions from the
active gluon (z) and the screening gluon (z'). However,
variation of the lower limit from Q? /2 to 2Q? may alter the
prediction by up to an order of magnitude.

Fortunately, the contribution from the region of k&t ~ Qs
can be calculated with better precision. We are seeking the
next-to-leading log correction to the double-logarithmic T'
factor of (8); that is, for the single log terms in 7. There-
fore, in the region ki ~ Q¢ we need to keep only the LO
BFKL-like term that contains the longitudinal logs. This
term is given by the usual BFKL kernel [53—57], which
sums all the leading as log M 4 contributions. If we consider
the k2 integration in (8) with a lower cut-off of k3, then the
above summation amounts to the replacement

/ d?k, / d?k;
ki2
k t k

(--mrar)
; B\ @ —k)?)

A2k,
_ [ Sk (14)
/Qz k

First, we notice in the middle expression for the integral
above that for k; > @y the last term in the brackets is neg-
ligible, while for ky < @t the whole expression in brackets
goes to zero and removes the infrared divergence. Now we
can put the infrared cut-off kg = 0. The result of an explicit
calculation of the middle expression for the integral shows
that it is equivalent to the integral in (8) with the lower
limit given by QZ, as indicated in (14).

Thus, in summary, both the upper and lower limits of
the k2 integral in (8) are fixed so as to reproduce the one-
loop contributions. The potentially large ambiguity in the
value of T has been removed.

To check experimentally the formalism used in the per-
turbative QCD calculations for the central exclusive ma-
trix element we should study an exclusive process with the
emission of one additional jet. Note that the physical origin
of the Sudakov T factor is that it expresses the probabil-
ity not to emit additional gluons. The formula for T(Q, )
of (8) can be written T' = exp(—n), where n is the mean

2
0

369

number of gluons emitted in the interval (Q:,u). Thus,
the observation of the explicit emission of additional gluon
jets would provide a direct test of the formalism. Since the
central system must be colour neutral, we need either to
consider the emission of two extra jets or to have the pos-
sibility to compensate the colour of one emitted gluon by
rearrangement of the colour content of the system A. The
optimum choice is to observe the emission of a third jet in
the production of a pair of high Er jets; that is, in high Et
dijet production.

5.1 Three-jet events as a probe of the Sudakov factor

Traditionally, the search for the exclusive dijet signal at the
Tevatron, pp — p+ jj + P, is performed [58] by plotting the
cross section in terms of the variable

Rjj = Mjj /My . (15)
Ideally, we might expect exclusive dijet production to show
up as a narrow peak centred at R;; =1, since, for these
events, the mass of the dijet system, M;, is equal to the
mass, M4, of the whole central system. Unfortunately, in
practice, the R;; distribution is strongly smeared out by
QCD bremsstrahlung, hadronisation, the jet searching al-
gorithm and other experimental effects [58, 59].

To weaken the role of this smearing it was proposed
in [59] that the observed dijet distribution be studied in
terms of the new variable

R; =2FE7(coshn™) /My, (16)
where only the transverse energy Et and the rapidity n of
the jet with the largest Er are used in the numerator. Here
n* =n—y4 where y4 is the rapidity of the whole central
system. ' Clearly the jet with the largest Er is less affected
by hadronisation, final parton radiation etc. In particular,
final state radiation at lowest order in oy will not affect
R; at all, since it does not change the kinematics of the
highest Et jet used to evaluate (16). Even with the emis-
sion of an extra jet during the final parton shower, we will
still have R; = 1. Thus, to see the role of QCD radiation
on the R; distribution, we only have to account explicitly
for additional gluon radiation in the initial state. At lead-
ing order, it is sufficient to consider the emission of a third
gluon jet, as shown in Fig. 7, where we take all three jets
to lie in a specified rapidity interval én. The reason why it
is sufficient to consider only one extra jet is that the effect
of the other jets, which, at LO, carry lower energy due to
the strong ordering, is almost negligible in terms of the R;
distribution.

The cross section do/dR;, as a function of R;, for the
exclusive production of a high Ft dijet system accompa-
nied by a third (lower Et) jet was calculated and discussed
in detail in [59]. The mass of the central system, M4, can

10 Note that the transverse momentum of the dijet system
can be neglected, since it is very small compared to the Et
resolution.
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E;

Fig. 7. The rapidities of the three jets in the central system.
Note that the rapidity y4 of the whole central system does not
necessarily occur at y = 0. The rapidity interval containing the
three jets is denoted by d7, outside of which there is no hadronic
activity

be accurately measured by the missing mass reconstructed
from the tagged protons, or, failing that, by accurately
summing both the light-cone momentum fractions £+ and
&~ of the hadrons observed in the calorimeter; see (3). As
shown in [13], the usage of the R; variable is quite beneficial
for the extraction of exclusive dijet events. In particular,
the dependence on the jet selection criteria (for example,
the cone radius and R-parameter) is less marked for the R;
than for the conventional R;; variable. Further discussion
can be found in [59]. Moreover, note that studying the R;
distribution, we do not need to select events with a rather
large Et of the third jet. To calculate R; it is sufficient to
measure only the Et of the largest Er jet, together with
the rapidities of first and second jets, and the values of M 4
and y4 as measured via £ and £~

In Fig. 8 we show the R; distribution of both exclusive
two- and three-jet production expected at the LHC. For
three-jet production we show predictions for two choices
of the rapidity interval §n within which the third jet must
lie. If we take the largest Er jet to have E1 > 50 GeV at
the LHC, we see that the cross section for exclusive three-
jet production reaches a value of the order of 100 pb. Of
course, if we enlarge the rapidity interval dn where we al-
low for emission of the third jet, then do/ d R; will increase;
see Fig. 8. Indeed, the measurement of the exclusive two-
and three-jet cross sections as a function of Er of the high-
est jet allow for a check of the Sudakov factor, with much
more information coming from the observation of the dn
dependence of three-jet production. Note that the back-
ground from double-pomeron exchange should be small for
R; 2 0.5 and can be removed entirely by imposing an Er
cut on the third jet, say Etr > 5 GeV.

Another way to observe the effect of the Sudakov sup-
pression is just to study the E1 dependence of exclusive
dijet production. On dimensional grounds we would ex-
pect do/dF% oc 1/E%. This behaviour is modified by the
anomalous dimension of the gluon and by a stronger Su-
dakov suppression with increasing Er. Already the exist-
ing CDF exclusive dijet data [58] exclude predictions that
omit the Sudakov effect. In the E1 interval from 10 to
35 GeV the Tevatron observations show that the cross sec-
tion falls by an order of magnitude faster than the predic-
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Fig. 8. The R; distribution of exclusive two- and three-jet pro-
duction at the LHC. Without smearing, exclusive two-jet pro-
duction would be just a d-function at R; = 1. The distribution
for three-jet production is shown for two choices of the rapidity
interval, 07, containing the jets; these distributions are shown
with and without smearing. Here, we have taken the highest Ep
jet to have Ep > 50 GeV. To indicate the effect of jet smear-
ing, we have assumed a Gaussian distribution with a typical

resolution o = 0.6// ET [GeV]

tion [60], based on [61], which does not include the Sudakov
suppression; see Fig. 20a of [58].

It is clear that precise measurements of the Er be-
haviour of the exclusive dijet cross section at the LHC offer
the possibility to probe the corrections to (8). However, the
study of exclusive three-jet events will provide much more
information and, indeed, allow a study to be made of the
integrand of (8).

6 Soft—hard factorisation: enhanced
absorptive effects

We mentioned in Sect. 3 that the soft—hard factorisation
implied by Fig. 1 may already be violated if the different
diffractive eigenstates of the pp interaction have different
partonic distributions. To date, there is no unambiguous
model to distribute the partons obtained in the global ana-
lyses between the different diffractive components. How-
ever, this is not a major uncertainty. It is seen in Fig. 5 that
the difference between W and W, which have a different
valence quark contribution, is not large.

Another potential source of the violation of soft-hard
factorisation arises from the so-called enhanced reggeon
diagrams, which occur from the rescattering of an inter-
mediate parton generated in the evolution of f,. Such
a diagram is shown in Fig. 9a. Figure 9b is the pomeron
representation of the diagram, where the rapidity of the in-
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Fig. 9. a A typical enhanced diagram, where the shaded boxes
symbolically denote fg, and the soft rescattering is on an inter-
mediate parton, giving rise to a gap survival factor Sen; b and
c are the reggeon and QCD representations, respectively

termediate parton fixes the position of the triple-pomeron
vertex. Clearly such diagrams will violate the soft—hard
factorisation.

The contribution of the first pomeron loop diagram,
Fig. 9b, was calculated in perturbative QCD in [33]. A typ-
ical perturbative diagram is shown in Fig. 9c. For LHC
energies it was found that the probability of such rescat-
tering may be numerically large.!’ The reason is that the
gluon density grows in the low x region and, for low k;
partons, approaches the saturation limit. The recent es-
timates of [63] indicate that in the region of 2= ~ 1076
(which is relevant for LHC kinematics) the value of the sat-
uration scale, Qg, exceeds 1 GeV. In other words, a parton
with ky < Qg will receive an important absorptive correc-
tion. However, this is true for the central region of impact
parameter space. On the other hand, eikonal absorption,
which is shown in Fig. 1 and discussed in Sect. 3, makes
the centre of the disk almost black. This eikonal factor, 52,
already forces the central exclusive signal to occur at rela-
tively large b, namely by > 0.5-0.6 fm; see Fig. 22 of [62].
In this peripheral region of the proton, the value of Qg
is rather low. In fact, Q% ~ 0.3 GeV? is found in Fig. 11
of [63]. As a consequence, the enhanced diagram will af-
fect only the very beginning of the QCD evolution — the
region that cannot be described perturbatively and which,
in our calculation of the cross sections for central exclusive
processes, is already included phenomenologically — that is,
described in terms of the multichannel eikonal framework.

This is probably one reason why semi-enhanced screen-
ing corrections are not seen in leading neutron production
measured at HERA [64-66]. As the energy of the vir-
tual photon increases, the available rapidity region grows,
so the number of intermediate partons that may partic-
ipate in the rescattering increases, and we expect that
the fraction of leading neutrons should decrease. This is
not seen in the data [64—66]. Further discussion is given
in [32,34,67,68].

11 Of course, the higher order reggeon diagrams will consid-
erably reduce the size of the effect. Moreover, allowing for the
more complicated multi-pomeron vertices makes the suppres-
sion of the first pomeron loop contribution even stronger. This
effect has been seen in a particular model; see Fig. 17 of [62].
It is practically impossible to quantify the reduction within the
framework of perturbative QCD.
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6.1 Pomeron—p interactions as a probe of the
enhanced effect

Experimentally, it appears at first sight that we may study
the role of semi-enhanced absorption by observing the W +
2gaps process shown in Fig. 2a. To do this one may vary
the transverse momentum of the accompanying quark jet,
q, and the size of the rapidity gap Ans. For lower trans-
verse momentum of the quark jet we expect a stronger
absorptive effect, which should decrease with increasing
Anpg, since the number of partons in the rest of the rapidity
interval increases. Unfortunately, the photon-initiated pro-
cess of Fig. 2a occurs at large impact parameter b; where
the probability of rescattering is small. Moreover it will be
very difficult to observe the quark jet at low ET in the main
calorimeter (—5 < 1 < —3). Therefore we will discuss other
processes, which depend on rescattering on intermediate
partons.

The observations we have in mind are the measure-
ments of the ratio R of diffractive (one-gap) events for
W (or T or dijet) production as compared to the num-
ber of events for the inclusive process (shown in Fig. 2b for
W production). These processes are shown schematically
in Fig. 10. In other words, R is the ratio of the process in
diagram c to that in diagram a. That is,

no. of (A + gap)events

no. of (inclusive A)events
_ adlﬂ(wﬂjaﬁa :u2) <S2SQ > b
aincl(x — ﬂ.fCP,,U?) en/overbg »

(17)

where a™! and a%ff are the parton densities determined

from the global analyses of inclusive and diffractive deep
inelastic scattering data, respectively. The heavy central
system A is either W or a pair of high Er jets or T
or a Drell-Yan putu~ pair. For W or putu~ pair pro-
duction the parton densities a are quark distributions,
whereas for dijet or 7" production they are mainly gluon
densities. The diffractive parton densities are known from
analyses [69, 70] of diffractive deep inelastic data. Thus
measurements of the ratio R will probe the gap survival
factor averaged over the impact parameter by.

(b) ©

—~
&
N~

aincl

Sen A

8
&

)
T
=

N

Fig. 10. Schematic diagrams for a the inclusive production of
a system A, b and c for the diffractive production of A without
and with ‘enhanced’ soft rescattering on intermediate partons.
The system A is taken to be either a W boson or an 7" or a pair
of high E jets
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If we neglect the effect of enhanced rescattering on in-
termediate partons; that is, set S2, =1, then R is the
ratio of process b to a. However, this ratio will be re-
duced by the rescattering on the intermediate partons as
sketched in Fig. 10c). The largest contribution to the ex-
tra suppression factor S2, comes from the interaction of
the upper intermediate partons with the lower proton,
since the partial energy corresponding to this interaction
is larger, which leads to a larger absorptive cross section.
Note that the enhanced effect is practically forbidden in
a rapidity interval close to the rapidity of A (shown by
the bold lines in Fig. 10c), as the transverse momenta of
partons in this region are quite large. The mean num-
ber of partons, (IV), emitted in the evolution from 1 GeV
up to the hard scale yu~ M4 /2 is given by the power of
the exponent in the T factor of (8). We have (N) ~ 1 or
2 for M4 ~ 10 or 100 GeV, respectively; that is, for ex-
clusive T or W production. These are the partons with
pty > Qs(by) that do not suffer the enhanced absorptive ef-
fect. As a rule, each parton occupies about one unit of
rapidity. Therefore, in the evaluation of the enhanced ef-
fect we exclude from our calculation an appropriate ra-
pidity interval on either side of A, which is shown by the
bold lines in Fig. 10c. The presence of a “threshold” fac-
tor; that is, the existence of a rapidity interval on either
side of A where the enhanced contribution is effectively for-
bidden, was emphasised in [32]. An analogous threshold
strongly suppresses the enhanced absorption to exclusive
Higgs production [34].

In the region of relatively large by the value of Qg is low.
Hence we evaluate the enhanced absorption in terms of
the reggeon framework, using the phenomenological triple-
pomeron coupling extracted from diffractive J/1 produc-
tion [71]. The absorptive corrections for J/¢ production
are low, and the value g3p ~ gn/3 should be close to
the original bare triple-pomeron coupling. Here, gy is the
coupling of the pomeron to the proton. The contribution
of the one-loop Regge diagram of Fig. 9b can be quite
large. Indeed, its strength, as compared to the original
cross section, can be estimated by evaluating Fig. 9b. We
obtain

r:/4(931P/QN)Upp(77/) dny (18)

16728

where o,,(n’) is the proton—proton cross section evalu-
ated at the energy /s = my exp(n’/2). The factor 4 comes
from the AGK cutting rules [72] and B ~5 GeV~2 is the
sum of the t slopes of the form factors involved. The inte-
gral is taken over the appropriate rapidity intervals of the
intermediate partons in Fig. 10c. Since the result is size-
able, we allow for the summation of the higher order di-
agrams by replacing the absorptive factor 1 —r by S2, =
exp(—r).

Experimentally, we can measure the rapidity y4 of the
central system (A = W, 7 or dijet) and also the momentum
fraction carried in the gap direction by the soft hadrons,
& =Y & ; recall the analogous sum of (3). Thus we know
the value of xpp = £~ + & . That is, we can observe a dou-

ble distribution d20%"/dzpdya, and form the ratio R
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Fig. 11. The predictions of the ratio R of (17) for W and
Y production with (continuous curves) and without (dashed
curves) enhanced soft rescattering on intermediate partons

using the inclusive cross section, do™™!/dya. If we neg-
lect the enhanced absorption, it is straightforward to cal-
culate the ratio R of (17). The results are shown by the
dashed curves in Figs. 11 and 12 as a function of the rapid-
ity ya of the heavy system A. When we allow for enhanced
rescattering the ratios are reduced and lead to steeper ya
distributions, as shown by the continuous curves. These
plots correspond to a fixed value of £~ = 10 GeV/7 TeV.
That is, we assume that the soft hadrons observed in the

dR/dlnz p
[ R= da,di[r/do,incl
LHC /5 = 14 TeV
0% e
Zpdi_ 40 Gev
10™ ¢
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with Se,
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Fig. 12. The predictions of the ratio R of (17) for the produc-
tion of a pair of high Er jets with (continuous curves) and
without (dashed curves) enhanced soft rescattering on interme-
diate partons
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central calorimeter carry a longitudinal momentum®? p, =
10 GeV in the direction of the rapidity gap associated with
pomeron exchange.!?

The results shown in Figs. 11 and 12 should be regarded
as an indication of the size of possible enhanced effects
and not as quantitative predictions. First, the model used
to estimate S2, is quite naive. Next, the results for large
negative y4 sample the diffractive gluon density at large
B3, where it is not well constrained. Finally, for 7" (and di-
jet production at the lower Et values) we need, for large
positive y4, the conventional gluon density at very small
z = Bzp ~ Maexp(—ya)/v/s ~ 1074, where it is not well
determined in the global analyses.

First, we discuss the results shown in Fig. 11 for the
ratio R for W production at positive y4. Here, due to the
large W mass, we have no available rapidity interval for
enhanced rescattering; that is, S2, ~ 1. Moreover, this re-
gion corresponds to x ~ 1072 where the quark densities
are well known. Therefore, inclusive production acts as
a good luminosity monitor and the ratio R will yield in-
formation about the eikonal factor S2. Note that we now
probe the survival factor at much smaller b; than that cor-
responding to Figs. 4 and 5. Here we expect the eikonal
(non-enhanced) survival factor to be S? = 0.08.

On the other hand, diffractive production of a relatively
light T is associated with larger rapidity intervals avail-
able for secondaries, and hence the possibility of more soft
rescattering with intermediate partons, leads to more en-
hanced absorption. Indeed, the expected enhanced survival
factor is S2, ~ 0.2-0.3. For 7" production the variation of R
with y4 is weak. The smaller rescattering of intermediate
partons with y > y4 on the lower proton is compensated
by stronger rescattering of the partons with y < y4 on the
upper proton.

Perhaps the most informative probe of S, is to observe
the ratio R for dijet production in the region Er ~ 15—
30 GeV. For example, for Ex ~ 15 GeV we predict S2, ~
0.25,0.4 and 0.8 at y4 = —2, 0 and 2, respectively.

7 Conclusions and outlook

Most of the diffractive measurements described above can
be performed without detecting the very forward protons,
by taking advantage of the relatively low luminosity in
the early LHC data runs. This allows one to use a veto
trigger to select events with no hadronic activity in the
region corresponding to the large rapidity gap(s). In this
way we are able to study central exclusive diffractive pro-
cesses, which should be experimentally accessible at the
LHC, that probe the various individual components of the

12 This value of pz corresponds to the realistic assumption
that at the edge of the central calorimeter we will have about
two particles with pt ~ 0.5 to 1 GeV.

13 Tn this way we essentially fix the value of z jp, so that a pos-
sible interaction between the upper proton and the pomeron
placed in the gap interval (which causes an additional enhanced
correction) will not affect the y 4 dependence of R.
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formalism used to predict their cross sections. The com-
ponents are sketched in Fig. 1. To summarise, the gap sur-
vival factor, S2, caused by eikonal rescattering may be
studied as indicated in Figs. 4, 5 and 11, and the possible
enhanced contributions, S2_, as shown in Figs. 9, 11 and 12.
The relevant unintegrated gluon distribution, f,, can be
constrained by observing 7" production, see Fig. 6, and the
QCD radiative effect, T', may be checked by observing ex-
clusive two- and three-jet events; see Fig. 8.

In the first LHC runs it may be difficult to measure
the absolute values of the cross sections with sufficient ac-
curacy. For instance, it will take time to determine the
luminosity with a precision better than, say, 10%. Thus
the measurements of the ratios of the rate of events with
and without rapidity gaps (such as (W 4 gaps/W inclu-
sive) and (Z + gaps/Z inclusive) etc.) will be more reliable
in the early data runs.

When the forward proton detectors are operating, even
at moderate integrated luminosity,’* much more can be
done. First, it is possible to measure directly the cross
section d%osp/dtdM% for single diffractive dissociation,
pp — p+ X, and also the cross section d2oppg/dy; dys for
soft central diffractive production, pp — p+ X + p. These
measurements will strongly constrain the models used to
describe diffractive processes and the effects of soft rescat-
tering. The predictions of a very recent detailed model
can be found in Figs. 20 and 23 of [62]. It turns out that
dzonE/ dyidys is particularly sensitive to the detailed
partonic content and sizes of the various diffractive eigen-
states; see Fig. 20d.

Next, a study of the transverse momentum distributions
of both of the tagged protons, and the correlations between
their momenta, py; and py2, is able to scan the proton op-
tical density (opacity) [38,73—75]. In principle, there are
additional smearing effects caused by the intrinsic trans-
verse momentum spread of the proton beams; see for in-
stance, [76]. Incorporation of these effects requires detailed
studies, including, in particular, the detector resolution.
Therefore, the predictions based on measurements of the
proton transverse momenta should allow for this smearing.

We emphasise that the selection of central exclusive
dijet production in the kinematical region corresponding
to the sought-after Higgs signal (Er ~ My /2) provides
an ideal “standard candle”. At leading log accuracy, this
process includes all the components of the theoretical for-
malism used to predict the central exclusive Higgs signal;
the same parton densities in the same kinematical region,
the same gap survival factors S? (and S%)) and the same
QCD radiative effect T'. The only small difference arises
at next-to-leading log order. It is caused by the interfer-
ence between the large-angle soft gluon radiation from the
initial active gluons and the coloured composition of the
dijet system. This effect should be evaluated allowing for
the detector acceptance and the selection cuts used in the
experiment.

Finally, note that when the statistics allow for it, a valu-
able check of the formalism of central exclusive diffractive

14 That is, before these detectors accumulate enough luminos-
ity to probe for new physics signals.
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production will come from the central diphoton produc-
tion; see for instance [77]. The first CDF results [78] are
quite encouraging.
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