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¥ ÔFinalÕ version of CEP chapter 5 in latest draft report: 57 pages and 5 
sections:

!  Section 1 - Introduction.

!  Section 2 - Discussion of selection techniques (proton tagging vs. rapidity 
gap) and relevant detector features.

!  Section 3 - QCD processes, i.e. double Pomeron exchange/Durham model.

!  Section 4 - Photon induced and photoproduction processes, i.e. two-photon 
and photon-Pomeron fusion.

!  Section 5 - Exploratory physics processes: invisible mass, monopoles, 
anomalous couplings and technipions.

¥ In this talk I will go into more detail about some (not all) of the topics 
discussed in the chapter.
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¥ Various changes to content and format from earlier versions:

!  New sections added (e.g. monopoles, ATLAS jet feasibility study).

!  Separation of analysis techniques to individual sections at beginning.

!  Editing/shortening of some sections.

!  Updated format of physics process sections: ordered by topic, and within this 
divided into a ÔMotivation and theoryÕ and ÔExperimental results and outlookÕ 
sections.

!  Separate, more detailed feasibility studies for exclusive jet and anomalous 
coupling searches.

Thank you to referees for many helpful comments
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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 (Ô+ Õ) in the Þnal 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
Saturday, 15 November 14

Chapter 5

Central Exclusive Production and Photon Exchanges

1 Introduction

Central exclusive production (CEP) is the reaction

pp( øp) ! p+ X + p( øp) ,

where Ô+ Õ signs are used to denote the presence of large rapidity gaps, separating the systemX from the
intact outgoing protons. Over the last decade there has been a steady rise of theoretical and experimental
interest in studies of this process in highÐenergy hadronic collisions, see [59, 131] for reviews. On the
theoretical side, the study of CEP requires the development of a framework which is quite different
from that used to describe the inclusive processes more commonly considered at hadron colliders. This
requires an explicit account of both soft and hard QCD, and is therefore sensitive to both of these regimes.
Moreover, the dynamics of the CEP process lead to unique predictions and effects which are not seen in
the inclusive mode. Experimentally, CEP represents a very clean signal, with just the objectX and no
other hadronic activity seen in the central detector (as least in the absence of pileÐup). In addition, the
outgoing hadrons can be measured by installing special ÔtaggingÕ detectors, situated down the beam line
from the central detector, which can provide information about the mass and quantum numbers of the
centrally produced state.

The CEP process requires thetÐchannel exchange of a colourÐsinglet object, so that outgoing
protons can remain intact. More generally, in the language of Regge theory, in order for the cross
section not to vanish with rising rapidity gaps between the Þnal state particles, thetÐchannel exchanges
must have a running spinJ(t) " 1, and cannot transfer charge, isospin, or colour. One possibility to
achieve this is the twoÐphoton fusion process!! ! X, where the radiated quasiÐreal photons couple
to the electromagnetic charge of the whole protons. This is discussed insection. Another possibility
is to consider soÐcalled Ôdouble pomeron exchangeÕ, where both protons interact strongly, ÔemittingÕ
pomerons exchange, which then ÔfuseÕ to create the objectIPIP ! X. As will be discussed in Section 1.2,
provided the object X mass is large enough, this process can be considered in the framework of pQCD,
that is by considering gluon, rather than pomeron, interactions. Finally it is possible for both photon and
pomeron emission to take place, i.e.IP! ! X. This ÔphotoproductionÕ process will be discussed below.

1.1 PhotonÐinduced processes

1.4.1 to redistribute partly here -Þrst attempt below - have put introduction entirely here and
rewritten a little LHL

High energy charged particles are a source of a ßux of WeizsŠcker-Williams (WW) photons. At
the LHC, this opens the possibility to study photonÐhadron interactions at unprecedented energies. Such
reactions may be observed in ultraperipheral heavy ions collisions, where the WW ßux (! Z2) is en-
hanced by the large chargeZ of the ion, as well as proton-proton (and proton-antiproton) collisions. The
latter have the advantage of a harder spectrum of WW photons [27].

One particularly interesting interaction in the photoproduction of vector mesons,pp! p+ V + p
process [28, 29]add refs?. The virtuality of equivalent photons is controlled by the electromagnetic
form factors of the proton, for which quasiÐreal photon exchanges are dominant. Thus, the diffractive
! p ! V p process displays a sharp forward cone, and the dominant momentum transfers are deeply in
the nonÐperturbative region. On the other hand, a hard scale necessary for the application of perturbative
QCD may be supplied by the quark mass. Therefore, among the possible Þnal states, mesons composed

49

Section 1 - Introduction

CEP is the interaction

¥ Protons remain intact after collision. Only object of interest     is 
produced (                                                     ) :

!  Clean experimental environment (in absence of pile-up).
!  Can measure outgoing protons - reconstruct     4-momentum, proton 
distributions...

X

X

X = jets , J/!, " + " ! , W + W ! ...
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Exclusive Þnal state can be produced via different mechanisms, all 
discussed in chapter:

¥ Gluon-induced
(double pomeron exchange)

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

!
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the soÐcalled ÔenhancedÕ survival factor [59, 69, 129]: while this is expected to have a much less
signiÞcant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clariÞed by future CEP measurements.

We may in principle consider the CEP of anyCÐeven particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the lowx andQ2 region, where it is currently quite poorly determined from global Þts. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and nonÐperturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.

XQ!

x2

x1

Seik Senh

p2

p1

f g(x2, á á á)

f g(x1, á á á)

Fig. 5.1: The perturbative mechanism for the exclusive processpp" p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP

2.1 Introduction

Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identiÞcation,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector

The LHCb detector [3] is fully instrumented between pseudorapidities,! , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from

51

¥ Photon-induced

Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that theW loop contribution dominates at high diphoton masses [174,175,177]
whereas this contribution is omitted in most studies. This is the Þrst time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard ModelWW andZZ prduction

In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement ofW andZ boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< ! < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,! " > 2.7 between leading leptons, and 160< W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb! 1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings#$ and! %$ is the following

L " (W 
µ&Wµ A& ! Wµ&W  µ A&)

+( 1+ ! %$)W 
µW&Aµ& +

#$

M2
W

W 
' µWµ

&A&' ). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass for#$ and! %$ only modiÞes the normalization and the low mass events
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¥ Photoproduction
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Fig. 5.10: Invariant mass of theJ/ ! J/ ! system in (left) exclusive and (right) inclusive events. The
shaded area is the theoretical prediction of Ref. [26]

3 Future measurement at low/medium luminosity: motivation

3.1 PhotonÐinduced processes

3.1.1 Diffractive photoproduction" p ! V p

Q

øQ

F (x, ! ) = " G(x, ! )/ " log! 2

(1 � z,�#k?)

(z,#k?)
$V (z, k?)

V M = J/ $, $ 0, ! , ! 0, . . .%

#!�#!

p p

W2

Fig. 5.11: Diagrams representing the exclusive diffractive" p ! V pamplitude.

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at " p cms energyW, applicable at small values ofx= M2

V/ W2, are the color-dipole approach and the
kT-factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

¡mA(" "
(Q2

)p ! V p;W,t = 0) =
Z 1

0
dz

Z

d2r ! V(z, r) ! " "
(z, r,Q2

)# (x, r) , (5.3)

wherex= M2
V/ W2, ! V and! " are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. Theqøq separationr is conserved during the interaction (and so
are the longitudinal momentum fractionsz,1# zcarried byq and øq). Color dipoles of sizer are diagonal
states of theS-matrix and interact with the proton with the cross section

# (x, r) =
4$
3

%S

Z d2&
&4

' xg(x,&2
)

' log(&2
)

h

1# exp(i&r)
i

, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient
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Section 1 - Analysis techniques and detectors

Brief discussion of two analysis techniques:

!  Full event kinematics in hadronic collisions.
!  Only way to detect ÔpurelyÕ exclusive events (in absence of pile up). 
!  Measured kinematic variables (proton vs. central state) allows further BG rejection.
!  Essential for high-lumi running (exploratory physics).
!  Requires proton taggers (!).

¥ Proton tagging:

¥ Rapidity gap:

!  Still possible to select dominantly exclusive events by demanding no additional 
hadronic activity in large enough rapidity region.
!  Generally prefers larger cross section processes/lower lumi running (i.e. low pile-up), 
although e.g. vetoing on additional tracks associated with IP possible with pile-up.
!  Has allowed large sample of (dominantly) CEP events to be selected already at the 
LHC (in particular by LHCb).

In addition: discussion of relevant detector features at LHC.
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QCD processes

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

!
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the soÐcalled ÔenhancedÕ survival factor [59, 69, 129]: while this is expected to have a much less
signiÞcant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clariÞed by future CEP measurements.

We may in principle consider the CEP of anyCÐeven particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the lowx andQ2 region, where it is currently quite poorly determined from global Þts. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and nonÐperturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.

XQ!

x2

x1

Seik Senh

p2

p1

f g(x2, á á á)

f g(x1, á á á)

Fig. 5.1: The perturbative mechanism for the exclusive processpp" p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP

2.1 Introduction

Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identiÞcation,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector

The LHCb detector [3] is fully instrumented between pseudorapidities,! , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from
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The CT-PPS (equivalent in ATLAS to the AFP project) adds precision proton tracking and timing2589

detectors in the very forward region on both sides of CMS at about 200m from the IP, to study CEP in2590

proton-proton collisions. At
"

s= 13 TeV and in normal high-luminosity conditions, with the CT-PPS de-2591

tectors at 15! from the beam, values of the central system massMX ! 300 GeV will be accessible. Even2592

with an average of 50 pile up events, the backgrounds can be suppressed by matching the reconstructed2593

values ofMcentral (in the central detector) andMX (in the CT-PPS), by requiring small charged multiplic-2594

ity associated to the di-lepton vertex for the case of leptonic Þnal states (i.e.X = e+ e! , µ+ µ! , " + " ! and2595

W+ W! ), and by exploiting the proton timing constraint on thez-vertex position.2596

Finally, it should be noted that complementary measurements of rapidity gaps during special runs2597

at low luminosity without proton tagging are also possible with ATLAS and CMS detectors alone.2598

5.3 QCD processes2599

In this Section, theoretical discussion of CEP processes that proceed via the strong interaction, and2600

motivations for future measurements, are presented.2601

5.3.1 Introduction2602

The CEP process may be mediated purely by the strong interaction, in the language of Regge theory2603

proceeding via double Pomeron exchange. In this case, and when the mass of the system,X, produced2604

in the CEP reaction is sufÞciently large, a perturbative QCD approach becomes applicable [1, 2, 4, 5],2605

and we may consider the twoÐgluon exchange diagram shown in Fig. 5.1. This approach, often referred2606

to as the ÔDurham modelÕ, was developed in papers such as [5, 6] and has undergone much develop-2607

ment in subsequent years; see [2] for a review and [7Ð12] for some examples of further theoretical and2608

phenomenological work. It represents a novel application of perturbative QCD, as well as requiring an2609

account of soft diffractive physics. For such processes it is found that a dynamical selection rule oper-2610

ates [2, 13], whereJPC
z = 0++ quantum number states (hereJz is the projection of the produced object2611

angular momentum on the beam axis) are dominantly produced; this simple fact leads to many interesting2612

and nonÐtrivial implications for CEP processes, which are not seen in the inclusive case.2613

Within this approach, the perturbative CEP amplitude is written as [2,5]2614

T = #2
! d2Q# M

Q2
# (Q# ! p1# )2(Q# + p2# )2

fg(x1,x$
1,Q2

1,µ2;t1) fg(x2,x$
2,Q2

2,µ2;t2) , (5.1)

whereM is the color-averaged, normalised sub-amplitude for thegg% X process:2615

M &
2

M2
X

1
N2

C ! 1 !
a,b

$abqµ
1#

q%
2#

Vab
µ%. (5.2)

Herea andb are color indices,MX is the central object mass,Vab
µ% is thegg% X vertex,qi# andxi are2616

the transverse momenta and momentum fractions of the incoming gluons, respectively, andx$
i are the2617

momentum fractions of the screening gluon, which does not couple to the hard subprocess. ThefgÕs in2618

(5.1) are the skewed unintegrated gluon densities of the proton. These correspond to the distribution of2619

gluons in transverse momentumQ# , which are evolved in energy up to the hard scaleµ ' MX, such2620

that they are accompanied by no additional radiation, as is essential for exclusive production. In thex$'2621

Q2
# / s<< x ' MX/

"
s region relevant to CEP, these can be expressed in terms of the conventional gluon2622

PDFs, and a ÔSudakov factorÕ,Tg, which resums the logarithmically enhanced higherÐorder corrections,2623

and corresponds to the (Poissonian) probability of no extra parton emission from each fusing gluon. This2624

factor is essential in ensuring a perturbatively stable result [2,9].2625

In addition to this amplitude (5.1) for the exclusive production of an objectX in a shortÐdistance2626

interaction, it is also necessary to include the probability that extra particles are not produced in additional2627
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4.2 LHCb

4.3 CMS?

5 Existing results and prospects for proton tagging based analysis at high and lowb ⇤ and
low/medium luminosity

5.1 Central exclusive production with tagged outgoing protons

As well as serving as the most effective way to select exclusive events experimentally, it is also of great
interest theoretically to measure the momenta of the outgoing intact protons in the CEP reactions, see for
example [119–124, 126, 168]. As any transverse momentum p? of the outgoing protons is transferred to
the central object X in such an exclusive reaction, a measurement of the distributions with respect to such
variables as the magnitude of the proton p? and the angle f between the proton p? vectors is sensitive
to the spin–parity of this object. Moreover, it is found that additional soft interactions, which generate
the soft survival factor S2

eik, can have a very strong and model–dependent effect on these distributions.
In general, we can write down an expression for the CEP cross section at X rapidity yX as [127]

ds

dyX
= hS2

enhi
!

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

2

162
p

5 S2
eik(p1? ,p2?) , (5.21)

where T is given by (CEP eq), and hS2
enhi is the averaged ‘enhanced’ survival factor, which is expected to

depend very weakly on the proton p?, and is therefore not relevant to the current considerations [59,129].
As mentioned above, the p? dependence of the hard amplitude T is strongly sensitive to the quantum
numbers of the produced state. For example, for small p? it can be shown that we expect the squared
amplitudes for the CEP of an object of spin–parity JP to behave as [122]

|T0+ |2 ⇠ const. , (5.22)

|T1+ |2 ⇠ (p1? �p2?)
2
, (5.23)

|T0� |2 ⇠ p2
1?p2

2? sin2
f . (5.24)

Such a behaviour is seen in Fig. 5.20, which show distributions with respect to the azimuthal angle
f at

p
s= 14 TeV, for the explicit case of cc and hc CEP within the Durham approach (very similar

distributions are expected for the higher mass cb, hb): this effect is driven by the different Lorentz forms
of the gg! X couplings, depending on the JP of the state X. A measurement of this distribution is
therefore directly sensitive to the nature of the produced state, as well as more generally the structure of
the production subprocess. It is moreover the case that the JPC

= 0++ selection rule discussed in Section
(ref) is exact in the limit of exactly forward protons (i.e. p? = 0), and becomes weaker as the proton p?
is increased. Within the Durham approach, it is found that

|T(|Jz| = 2)|2

|T(Jz = 0)|2
⇠

hp2
?i2

hQ2
?i2 , (5.25)

where hp2
?i2 is the average proton transverse momentum, and hQ2

?i2 ⇠ a few GeV2 is the average trans-
verse momentum going round the gluon loop. Thus by selecting events with higher or lower proton p?,
the relative fraction of non–JP

z = 0+ states can be enhanced or suppressed, respectively.
In addition, it is can be seen from (5.21) that the eikonal survival factor depends on the proton

p? vectors. Physically, this is to be expected, as the survival factor cannot be a simple multiplicative
constant, but will rather depend on the impact parameter of the colliding protons: loosely speaking, as
the protons become more separated in impact parameter, we should expect there to be less additional
particle production, and so for the survival factor to be larger. As the transverse momenta pi? of the
scattered protons are nothing other than the Fourier conjugates of the proton impact parameters, bit , this
leads to the pi? dependence seen in (5.21).
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Fig. 5.21: Differential cross section d! /d" , where" is the azimuthal angle between the outgoing proton
p? vectors, at the

p
s = 13 TeV LHC, for the four soft models of [130]. Results are also shown for

different cuts on the magnitude of the protonp?, and for a cut|y# |< 2 on the centrally produced pions.
For display purposes the predictions are normalized in the Þrst" bin, to the model 1 predictions. Plots
from [126] and made usingDime MC [132].

In Fig. 5.21 we show this distribution at the LHC (
p

s= 13 TeV) for#+#� CEP, with four different
models for the eikonal survival factor, as described in [130]. We can observe a very distinct ÔdiffractiveÕ
dip structure, with the distributions reaching a minimum at a particular value of" . This destructive
interference is completely driven by the effect of these additional ÔscreeningÕ corrections which generate
the soft survival factor. In particular, to account for soft survival effects we should calculate the CEP
amplitude including rescattering effects,T res, by integrating over the transverse momentumk? carried
round the Pomeron loop (represented by the grey oval labeled ÔS2

eikÕ in Fig 5.31). The amplitude including
rescattering corrections is given in the simplest approach by

M res
(s,p1? ,p2?) =

i
s

! d2k?
8#2 Mel(s,k2

?) M (s,p0
1? ,p

0
2?) , (5.26)

wherep0
1? = (p1? �k?) andp0

2? = (p2? +k?), while M el
(s,k2

?) is the elasticpp scattering amplitude
in transverse momentum space, see for example [121, 131] for more details. We must add this to the
ÔbareÕ amplitude excluding rescattering effects to give the full result: it is the interference between this
screened and the unscreened amplitude which generates these clear diffractive dips seen in Fig. 5.21.
For a particular value of" this interference is strongest, resulting in the observed minimum in the"
distribution. As the form of the screened amplitude depends on the particular soft model, we may expect
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5.3.2 Forward proton tagging: phenomenological insight and advantages2659

In an exclusive reaction any transverse momentum p! = |p! | of the outgoing protons is transferred to the2660

central object X. For this reason a measurement of the distributions with respect to such variables as the2661

magnitude of the proton p! and the angle f between the proton p! vectors (which is only possible with2662

proton tagging detectors) is sensitive to the structure of the gg " X vertex, and the spin–parity of the2663

produced object. Moreover, it is found that additional soft interactions, which generate the soft survival2664

factor S2
eik, can have a very strong and model–dependent effect on these distributions.2665

In general, we can write down an expression for the CEP cross section at X rapidity yX as [21]2666

ds

dyX
= #S2

enh$
Z

d2p1! d2p2!

|T(p1! ,p2! )|2

162
p

5 S2
eik(p1! ,p2! ) , (5.3)

where T is given by (5.1), and #S2
enh$ is the averaged ‘enhanced’ survival factor discussed above, which

is expected to depend very weakly on the proton p! , and is therefore not relevant to the current consid-
erations [15, 19]. As mentioned above, the p! dependence of the hard amplitude T is strongly sensitive
to the quantum numbers of the produced state. For example, for small p! it can be shown that we expect
the squared amplitudes for the CEP of an object of spin–parity JP to behave as [13]

|T0+ |2 %const. , (5.4)

|T1+ |2 %(p1! & p2! )

2 , (5.5)

|T0& |2 %p2
1!

p2
2!

sin2
f . (5.6)

Such a behaviour is seen in Fig. 5.2, which shows distributions with respect to the azimuthal angle f at2667 '
s= 14 TeV, for the case of cc and hc CEP within the Durham approach (very similar distributions are2668

expected for the higher mass cb, hb): this effect is driven by the different Lorentz forms of the gg" X2669

couplings, depending on the JP of the state X. A measurement of this distribution is therefore directly2670

sensitive to the nature of the produced state, as well as more generally the structure of the production2671

subprocess. It is moreover the case that the JPC
= 0++ selection rule discussed in Section 5.3 is exact2672

in the limit of exactly forward protons (i.e. p! = 0), and becomes weaker as the proton p! is increased.2673

Within the Durham approach, it is found that2674

|T(|Jz| = 2)|2

|T(Jz = 0)|2 %
#p2

! $2

#Q2
! $2 , (5.7)

where #p2
! $is the average squared proton transverse momentum, and #Q2

! $ %a few GeV2 is the average2675

squared transverse momentum going round the gluon loop. Thus by selecting events with higher or lower2676

proton p! , the relative fraction of non–JP
z = 0+ states can be enhanced or suppressed, respectively.2677

In addition, it can be seen from (5.3) that the eikonal survival factor depends on the proton p!2678

vectors. Physically, this is to be expected, as the survival factor cannot be a simple multiplicative con-2679

stant, but will rather depend on the impact parameter of the colliding protons. Loosely speaking, as the2680

protons become more separated in impact parameter, we should expect there to be less additional particle2681

production, and so for the survival factor to be larger (consequently, the average survival factor is much2682

larger in the case of photon–mediated processes, where larger impact parameters are favoured, when2683

compared to QCD processes). As the transverse momenta pi! of the scattered protons are nothing other2684

than the Fourier conjugates of the proton impact parameters, bit , this leads to the pi! dependence seen in2685

(5.3).2686

In Fig. 5.3 the f distribution at the LHC (
'

s= 13 TeV) for p

+

p

& CEP is shown, with four differ-2687

ent models for the eikonal survival factor, as described in [27]. A very distinct ‘diffractive’ dip structure2688

is observed, with the distributions reaching a minimum at a particular value of f . This destructive in-2689

terference is completely driven by the effect of these additional ‘screening’ corrections which generate2690
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imposed on the protonp! . In fact, it appears from Figs. 5.3 that the position of the minimum does not2702

depend too strongly on the choice of model, but nonetheless the overall shape of the! distribution does2703

show some variation. Thus a measurement of distributions with respect to! (or the magnitude of the2704

proton p! , where similar dipping structure may be seen) could help differentiate between the available2705

models of soft physics which are needed to calculate the survival factors. Although the case of" + " "
2706

CEP is considered here, such diffractive dip structure will be observable in any CEP process, such as2707

exclusive jet or quarkonium production, see e.g. [26].2708

5.3.3 Conventional quarkonium production2709

Motivation and theory2710

The exclusive production of heavy quarkonium [10, 21, 31Ð37] provides a valuable test of the QCD2711

physics of bound states, with the predictions for the range of availableJPC states exhibiting distinct2712

features in the exclusive mode. The direct production channel can be easily selected, that is without2713

feedÐdown contributions, and only the ÔcoreÕ colorÐsinglet component of the state is probed, due to the2714

requirement that no additional hadronic particles are present.2715

Exclusive#cJ production has been observed by both CDF at the Tevatron [38] and LHCb [39]2716

at the LHC (see the following section for further details), and quite high production cross sections are2717

expected: the Durham framework predicts total cross sections for the#c0, #c1 and#c2 at
#

s = 13 TeV2718

of $ 340 nb,$ 8.0 nb and$ 4.4 nb, respectively [21], with an uncertainty of about a factor 2Ð3. It is2719

clear from these results that the cross sections for the three different spin states are predicted to follow2720

a strong hierarchy: due to theJPC = 0++ selection rule described above for the#c2 (within the nonÐ2721

relativistic approximation), and due to the LandauÐYang theorem [40, 41] for the#c1, the cross sections2722

for these higher spin states are expected to be at the level of a few percent of the#c0 cross section. Such a2723

suppression is not expected or seen in the inclusive mode [42], where all three spin states are observed to2724

give comparable contributions before branching. In the#c % J/ $%decay channel, for which the#c(1,2)2725

branching ratios are much higher, we should expect to see nonÐnegligible contributions from all three2726

states. Crucially, in the case of the LHCb data, it was possible to distinguish between the three different2727

spin states, with results that were found qualitatively to support this expectation.2728

However, there remain some open questions related to the#c2, for which an apparent enhancement2729

relative to theory expectations is seen by LHCb. As discussed in more detail in [2], this may be due2730

to proton dissociation not seen in the LHCb detector acceptance, which is expected to preferentially2731

enhance the higher spin states, in particular the#c2. Theoretically, such an enhancement may be due to2732

additional ÔnonÐperturbativeÕ corrections, as the mass scale of the#c may be too low to allow a purely2733

perturbative approach, which assumes thatMX $ M# & Q! , as well as to relativistic corrections to the2734

#c wave function. This issue can only be fully clariÞed with further higher statistics data from the LHC,2735

with for example the HERSCHEL system (see Chapter 9), not used in any existing measurements, being2736

a particularly effectively way to reduce the effect of proton dissociation at LHCb. Measurements with2737

the CMS-TOTEM and ALFA in runs at high&' , for which the proton tagging detectors can effectively2738

eliminate the effect of proton dissociation, would also be very useful. Such data would give a much2739

cleaner comparison with theory, and could be sensitive to any transition to a nonÐperturbative regime for2740

these lower#c masses, where a Regge theory based approach can be taken.2741

An observation of the higher mass bottomonium#b states, for which the mass scale is safely in2742

the perturbative regime, would provide a more stringent test of the theory. The predicted#b0 cross is2743

$ 100 pb at
#

s= 14 TeV [21], and a similar hierarchy in spin states to the#c case is predicted, but with2744

a negligible#b1 cross section due to the higher mass. It is also worth noting that the spin assignments2745

of the PÐwave#bJ states still need experimental conÞrmation [43], and so this is an issue which the2746

spinÐparity selecting properties of CEP could shed light on.2747

Other observables of interest include the#c states via two body ("" , KK...) decays, for which the2748
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eliminate the effect of proton dissociation, would also be very useful. Such data would give a much2739

cleaner comparison with theory, and could be sensitive to any transition to a non–perturbative regime for2740

these lower #c masses, where a Regge theory based approach can be taken.2741

An observation of the higher mass bottomonium #b states, for which the mass scale is safely in2742

the perturbative regime, would provide a more stringent test of the theory. The predicted #b0 cross is2743

⇠ 100 pb at
p

s = 14 TeV [21], and a similar hierarchy in spin states to the #c case is predicted, but with2744

a negligible #b1 cross section due to the higher mass. It is also worth noting that the spin assignments2745

of the P–wave #bJ states still need experimental confirmation [43], and so this is an issue which the2746

spin–parity selecting properties of CEP could shed light on.2747

Other observables of interest include the #c states via two body ("" , KK...) decays, for which the2748
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imposed on the protonp! . In fact, it appears from Figs. 5.3 that the position of the minimum does not2702

depend too strongly on the choice of model, but nonetheless the overall shape of the! distribution does2703

show some variation. Thus a measurement of distributions with respect to! (or the magnitude of the2704

proton p! , where similar dipping structure may be seen) could help differentiate between the available2705

models of soft physics which are needed to calculate the survival factors. Although the case of" + " "
2706

CEP is considered here, such diffractive dip structure will be observable in any CEP process, such as2707

exclusive jet or quarkonium production, see e.g. [26].2708

5.3.3 Conventional quarkonium production2709

Motivation and theory2710

The exclusive production of heavy quarkonium [10, 21, 31Ð37] provides a valuable test of the QCD2711

physics of bound states, with the predictions for the range of availableJPC states exhibiting distinct2712

features in the exclusive mode. The direct production channel can be easily selected, that is without2713

feedÐdown contributions, and only the ÔcoreÕ colorÐsinglet component of the state is probed, due to the2714

requirement that no additional hadronic particles are present.2715

Exclusive#cJ production has been observed by both CDF at the Tevatron [38] and LHCb [39]2716

at the LHC (see the following section for further details), and quite high production cross sections are2717

expected: the Durham framework predicts total cross sections for the#c0, #c1 and#c2 at
#

s = 13 TeV2718

of $ 340 nb,$ 8.0 nb and$ 4.4 nb, respectively [21], with an uncertainty of about a factor 2Ð3. It is2719

clear from these results that the cross sections for the three different spin states are predicted to follow2720

a strong hierarchy: due to theJPC = 0++ selection rule described above for the#c2 (within the nonÐ2721

relativistic approximation), and due to the LandauÐYang theorem [40, 41] for the#c1, the cross sections2722

for these higher spin states are expected to be at the level of a few percent of the#c0 cross section. Such a2723

suppression is not expected or seen in the inclusive mode [42], where all three spin states are observed to2724

give comparable contributions before branching. In the#c % J/ $%decay channel, for which the#c(1,2)2725

branching ratios are much higher, we should expect to see nonÐnegligible contributions from all three2726

states. Crucially, in the case of the LHCb data, it was possible to distinguish between the three different2727

spin states, with results that were found qualitatively to support this expectation.2728

However, there remain some open questions related to the#c2, for which an apparent enhancement2729

relative to theory expectations is seen by LHCb. As discussed in more detail in [2], this may be due2730

to proton dissociation not seen in the LHCb detector acceptance, which is expected to preferentially2731

enhance the higher spin states, in particular the#c2. Theoretically, such an enhancement may be due to2732

additional ÔnonÐperturbativeÕ corrections, as the mass scale of the#c may be too low to allow a purely2733

perturbative approach, which assumes thatMX $ M# & Q! , as well as to relativistic corrections to the2734

#c wave function. This issue can only be fully clariÞed with further higher statistics data from the LHC,2735

with for example the HERSCHEL system (see Chapter 9), not used in any existing measurements, being2736

a particularly effectively way to reduce the effect of proton dissociation at LHCb. Measurements with2737

the CMS-TOTEM and ALFA in runs at high&' , for which the proton tagging detectors can effectively2738

eliminate the effect of proton dissociation, would also be very useful. Such data would give a much2739

cleaner comparison with theory, and could be sensitive to any transition to a nonÐperturbative regime for2740

these lower#c masses, where a Regge theory based approach can be taken.2741

An observation of the higher mass bottomonium#b states, for which the mass scale is safely in2742

the perturbative regime, would provide a more stringent test of the theory. The predicted#b0 cross is2743

$ 100 pb at
#

s= 14 TeV [21], and a similar hierarchy in spin states to the#c case is predicted, but with2744

a negligible#b1 cross section due to the higher mass. It is also worth noting that the spin assignments2745

of the PÐwave#bJ states still need experimental conÞrmation [43], and so this is an issue which the2746

spinÐparity selecting properties of CEP could shed light on.2747

Other observables of interest include the#c states via two body ("" , KK...) decays, for which the2748
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exclusive continuum background is expected to be manageable [44,45]. The CEP of the oddÐparity! c,b2749

states, for which the cross sections are predicted to be similarly suppressed to the higher spin" c,b states,2750

would also represent a further potential observable. As discussed in Section 5.3.2, the distributions of2751

the outgoing protons are expected to be highly sensitive to the spinÐparity of the produced quarkonium2752

state, as well as to the soft survival factors. Finally, exclusive photoproduction ofCÐodd quarkonia (J/ # ,2753

# (2S), ! ...) is of much interest; this is discussed in more detail in Section 5.4.2754

Experimental results and outlook2755

A favourable decay mode of the" c meson is toJ/ #$, with the only signiÞcant experimental background2756

being contamination from# (2S) ! J/ #%0%0 where only one photon is identiÞed from the subsequent2757

pion decays.2758

Fig. 5.4: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [39] of the production of" c mesons with 37 pb" 1 of2759

data. The selection of events proceeds as for theJ/ # selection in Sec. 5.4.4 but now one (rather than no)2760

photon candidate is required. The invariant mass of the di-muon plus photon system is shown in Fig. 5.42761

Þtted to expectations from the SuperCHIC simulation [31, 46] for" c0, " c1." c2 signal contributions and2762

the # (2S) background. The CDF collaboration made the Þrst observation [38] of CEP of" c mesons2763

but because of the limited mass resolution, assumed it all to consist of" c0 mesons. The mass resolution2764

of LHCb is sufÞciently good to distinguish the three states. In this decay mode, the contribution from2765

" c2 dominates although much of that is due to the higher branching fraction for this state to decay to2766

J/ #$. Unfortunately, the resolution is not good enough to separate the three states completely and so the2767

fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to2768

be 0.39± 0.13 using thepT of the reconstructed meson. The cross sections times branching fractions are2769

measured to be 9± 5,16± 9,28± 12 pb for" c0, " c1, " c2, respectively, slightly higher but in reasonable2770

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for" c2 to " c0 of2771

3± 1 appears to be somewhat higher in the data than the theory expectation that they are roughly equal.2772

This is consistent with the CDF measurement of%+ %" CEP [47], where a limit on the" c0 ! %+ %"
2773

cross section is set which indicates that less than# 50% of the previously observed" c ! J/ #$ events2774

at the Tevatron [38] are due to the" c0. As discussed above, one possible reason for this discrepancy is2775

that the fraction of elastic exclusive events in the sample differs for each of the three resonances. With2776

greater statistics, a more sophisticated Þt can be performed in order to estimate the fraction of exclusive2777

events separately for each" c state.2778

Further discrimination of the" c states is possible by considering different decay modes. Of par-2779

ticular interest are the decays to two pions or two kaons, which are not possible for" c1 and are about2780

four times higher for" c0 than for" c2. In addition, the mass resolution in this channel is about a factor2781
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Fig. 5.8: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [14] of the production of#c mesons with 37 pb" 1 of
data. The selection of events proceeds as for theJ/ ! selection in Sec. 2.3 but now one (rather than
no) photon candidate is required. The invariant mass of the di-muon plus photon system is shown in
Fig. 5.8 Þtted to expectations from the SuperChic simulation [108] for#c0,#c1.#c2 signal contributions
and the! (2S) background. The CDF collaboration made the Þrst observation [21] of CEP of#c mesons
but because of the mass resolution, assumed it all to consist of#c0 mesons. The mass resolution of
LHCb is sufÞciently good to distinguish the three states. In this decay mode, the contribution from
#c2 dominates although much of that is due to the higher branching fraction for this state to decay to
J/ !$ . Unfortunately, the resolution is not good enough to separate the three states completely and so the
fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to
be 0.39± 0.13 using thepT of the reconstructed meson. The cross-sections times branching fractions are
measured to be 9± 5,16± 9,28± 12 pb for#c0,#c1, #c2, respectively, slightly higher but in reasonable
agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross-sections for#c2 to #c0

of 3± 1 looks slightly higher in the data than the theory expectation that they are roughly equal. One
possible reason for this discrepancy is that the fraction of elastic exclusive events in the sample differs
for each of the three resonances. With greater statistics, a more sophisticated Þt can be performed in
order to estimate the fraction of exclusive events separately for each#c state.

2.5.2 Double meson QCD exclusive production

The production of light pseudoscalar and vector meson pairs has been considered in Ref. [19]. When
the invariant mass of the central system is sufÞciently high, a perturbative calculation can be performed.
Exclusive meson pair production is an interesting measurement in its own right in terms of understanding
QCD exclusive production and the r™le of the Pomeron, but can also shed light on hadroproduction and
meson wavefunctions. Furthermore, it constitutes a background process for the observation of#c decays
to pions or kaons as well as searches for glueballs or tetraquark states.

A theoretically interesting and experimentally accessible measurement is that of the central ex-
clusive production of pairs of charmonia. The mass of the central system is sufÞciently high that a
perturbative prediction is possible down to the threshold for production. LHCb has recently made mea-
surements of double charmonia [22],J/ ! J/ ! ,J!! (2S), ! (2S)! (2S), #c0#c0, #c1#c1,#c2#c2, using a
data sample corresponding to 3 pb" 1.

The selection proceeds in a similar fashion to that described in Sec. 2.3, although now four charged
tracks (at least three of which are identiÞed muons) and no other activity are required to select pairs

56
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! cJ ! J/"# ! µ+ µ! # 37 pb! 1

! c2

¥ Future: HERSCHEL detector allows diss. BG to be greatly suppressed.     

600pb! 1 7 ! 8TeV

11



imposed on the protonp! . In fact, it appears from Figs. 5.3 that the position of the minimum does not2702

depend too strongly on the choice of model, but nonetheless the overall shape of the! distribution does2703

show some variation. Thus a measurement of distributions with respect to! (or the magnitude of the2704

proton p! , where similar dipping structure may be seen) could help differentiate between the available2705

models of soft physics which are needed to calculate the survival factors. Although the case of" + " "
2706

CEP is considered here, such diffractive dip structure will be observable in any CEP process, such as2707

exclusive jet or quarkonium production, see e.g. [26].2708

5.3.3 Conventional quarkonium production2709

Motivation and theory2710

The exclusive production of heavy quarkonium [10, 21, 31Ð37] provides a valuable test of the QCD2711

physics of bound states, with the predictions for the range of availableJPC states exhibiting distinct2712

features in the exclusive mode. The direct production channel can be easily selected, that is without2713

feedÐdown contributions, and only the ÔcoreÕ colorÐsinglet component of the state is probed, due to the2714

requirement that no additional hadronic particles are present.2715

Exclusive#cJ production has been observed by both CDF at the Tevatron [38] and LHCb [39]2716

at the LHC (see the following section for further details), and quite high production cross sections are2717

expected: the Durham framework predicts total cross sections for the#c0, #c1 and#c2 at
#

s = 13 TeV2718

of $ 340 nb,$ 8.0 nb and$ 4.4 nb, respectively [21], with an uncertainty of about a factor 2Ð3. It is2719

clear from these results that the cross sections for the three different spin states are predicted to follow2720

a strong hierarchy: due to theJPC = 0++ selection rule described above for the#c2 (within the nonÐ2721

relativistic approximation), and due to the LandauÐYang theorem [40, 41] for the#c1, the cross sections2722

for these higher spin states are expected to be at the level of a few percent of the#c0 cross section. Such a2723

suppression is not expected or seen in the inclusive mode [42], where all three spin states are observed to2724

give comparable contributions before branching. In the#c % J/ $%decay channel, for which the#c(1,2)2725

branching ratios are much higher, we should expect to see nonÐnegligible contributions from all three2726

states. Crucially, in the case of the LHCb data, it was possible to distinguish between the three different2727

spin states, with results that were found qualitatively to support this expectation.2728

However, there remain some open questions related to the#c2, for which an apparent enhancement2729

relative to theory expectations is seen by LHCb. As discussed in more detail in [2], this may be due2730

to proton dissociation not seen in the LHCb detector acceptance, which is expected to preferentially2731

enhance the higher spin states, in particular the#c2. Theoretically, such an enhancement may be due to2732

additional ÔnonÐperturbativeÕ corrections, as the mass scale of the#c may be too low to allow a purely2733

perturbative approach, which assumes thatMX $ M# & Q! , as well as to relativistic corrections to the2734

#c wave function. This issue can only be fully clariÞed with further higher statistics data from the LHC,2735

with for example the HERSCHEL system (see Chapter 9), not used in any existing measurements, being2736

a particularly effectively way to reduce the effect of proton dissociation at LHCb. Measurements with2737

the CMS-TOTEM and ALFA in runs at high&' , for which the proton tagging detectors can effectively2738

eliminate the effect of proton dissociation, would also be very useful. Such data would give a much2739

cleaner comparison with theory, and could be sensitive to any transition to a nonÐperturbative regime for2740

these lower#c masses, where a Regge theory based approach can be taken.2741

An observation of the higher mass bottomonium#b states, for which the mass scale is safely in2742

the perturbative regime, would provide a more stringent test of the theory. The predicted#b0 cross is2743

$ 100 pb at
#

s= 14 TeV [21], and a similar hierarchy in spin states to the#c case is predicted, but with2744

a negligible#b1 cross section due to the higher mass. It is also worth noting that the spin assignments2745

of the PÐwave#bJ states still need experimental conÞrmation [43], and so this is an issue which the2746

spinÐparity selecting properties of CEP could shed light on.2747

Other observables of interest include the#c states via two body ("" , KK...) decays, for which the2748
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exclusive continuum background is expected to be manageable [44,45]. The CEP of the oddÐparity! c,b2749

states, for which the cross sections are predicted to be similarly suppressed to the higher spin" c,b states,2750

would also represent a further potential observable. As discussed in Section 5.3.2, the distributions of2751

the outgoing protons are expected to be highly sensitive to the spinÐparity of the produced quarkonium2752

state, as well as to the soft survival factors. Finally, exclusive photoproduction ofCÐodd quarkonia (J/ # ,2753

# (2S), ! ...) is of much interest; this is discussed in more detail in Section 5.4.2754

Experimental results and outlook2755

A favourable decay mode of the" c meson is toJ/ #$, with the only signiÞcant experimental background2756

being contamination from# (2S) ! J/ #%0%0 where only one photon is identiÞed from the subsequent2757

pion decays.2758

Fig. 5.4: Invariant mass of the di-muon plus photon system in events having no other activity inside
LHCb.

LHCb has made preliminary measurements [39] of the production of" c mesons with 37 pb" 1 of2759

data. The selection of events proceeds as for theJ/ # selection in Sec. 5.4.4 but now one (rather than no)2760

photon candidate is required. The invariant mass of the di-muon plus photon system is shown in Fig. 5.42761

Þtted to expectations from the SuperCHIC simulation [31, 46] for" c0, " c1." c2 signal contributions and2762

the # (2S) background. The CDF collaboration made the Þrst observation [38] of CEP of" c mesons2763

but because of the limited mass resolution, assumed it all to consist of" c0 mesons. The mass resolution2764

of LHCb is sufÞciently good to distinguish the three states. In this decay mode, the contribution from2765

" c2 dominates although much of that is due to the higher branching fraction for this state to decay to2766

J/ #$. Unfortunately, the resolution is not good enough to separate the three states completely and so the2767

fraction of the sample that is exclusively produced is determined for the whole sample and is estimated to2768

be 0.39± 0.13 using thepT of the reconstructed meson. The cross sections times branching fractions are2769

measured to be 9± 5,16± 9,28± 12 pb for" c0, " c1, " c2, respectively, slightly higher but in reasonable2770

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for" c2 to " c0 of2771

3± 1 appears to be somewhat higher in the data than the theory expectation that they are roughly equal.2772

This is consistent with the CDF measurement of%+ %" CEP [47], where a limit on the" c0 ! %+ %"
2773

cross section is set which indicates that less than# 50% of the previously observed" c ! J/ #$ events2774

at the Tevatron [38] are due to the" c0. As discussed above, one possible reason for this discrepancy is2775

that the fraction of elastic exclusive events in the sample differs for each of the three resonances. With2776

greater statistics, a more sophisticated Þt can be performed in order to estimate the fraction of exclusive2777

events separately for each" c state.2778

Further discrimination of the" c states is possible by considering different decay modes. Of par-2779

ticular interest are the decays to two pions or two kaons, which are not possible for" c1 and are about2780

four times higher for" c0 than for" c2. In addition, the mass resolution in this channel is about a factor2781
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¥ Proton tagging: with CMS-TOTEM and ALFA the different spin states can 

be easily seperated in charged particle only Þnal states.

¥ A preliminary analysis of the July 2012                  run at                   by 

CMS-TOTEM shows a few       candidates.  

¥ Future prospects:         

of three better than in theµµ! channel. Making use of their ability to trigger on hadronic objects with2782

low transverse momentum during the
!

s = 7 and 8 TeV running, LHCb has collected a large sample2783

of low-multiplicity data in single proton-proton interactions (without pile-up) corresponding to an inte-2784

grated luminosity of about 600 pb" 1. Consequently, the observation of" c states in the## andKK modes2785

ought to be possible, so long as the backgrounds from the double pomeron exchange production of pairs2786

of pseudo-scalar mesons is not too large.2787

In addition to this rapidity gap based analysis there are also possibilities for future LHC measure-2788

ments with tagged forward protons. With CMS-TOTEM and ALFA, the different" c states can be easily2789

separated in charged-particle-only Þnal states, and the proton dissociation background can be eliminated2790

using proton tagging. A preliminary analysis has been performed on the data of the common CMS-2791

TOTEM $# = 90 m run at
!

s = 8 TeV in July 2012. The available data set contains a few" c exclusive2792

candidates, consistent with the CDF and LHCb measurements. In the case that the" c decays to two- or2793

three-#+ #" pairs or toK+ K" #+ #" , the tracker dE/dx can be used to conÞrm the pion or kaon hypothe-2794

sis. This combined with higher branching ratios compared to the#+ #" andK+ K" Þnal states, where no2795

particle identiÞcation is possible, makes these three decay modes the most promising in terms of signal-2796

to-background ratio. In 5 pb" 1 of integrated luminosity, more than 1000" c0 candidates are expected in2797

each of the decay modes (2(#+ #" ), 3(#+ #" ), K+ K" #+ #" ). This will allow a good determination of2798

the cross section$ branching ratio as well as a detailed study of the azimuthal angular difference! %of2799

the outgoing protons for each decay mode separately. According to the predictions of [21], 5 pb" 1 does2800

not seem be sufÞcient to be able to study exclusive" c1 and" c2 production. However, given the possi-2801

ble discrepancy regarding exclusive" c2 production between the LHCb measurement discussed above, it2802

might well be that the exclusive" c2 production cross section at
!

s = 13 TeV is almost an order of mag-2803

nitude higher than predicted and hence feasible to study even with an integrated$# = 90 m luminosity2804

of % 5 pb" 1. Such an observation (or the absence of it) would provide valuable information about the2805

model of [2], and its application tocc systems.2806

5.3.4 ÔExoticÕ quarkonium production2807

Motivation and theory2808

In addition to conventional quarkonia states, there are possibilities for the observation and study of2809

ÔexoticÕ charmoniumÐlike states, which have been discovered over the past 10 years [48]. In some2810

cases, theJPC quantum numbers of these states have not been determined experimentally and often a2811

range of interpretations are available: aD0D#0 molecule, tetraquarks,ccg hybrids, the conventionalcc2812

charmonium assignment, and more generally a mixture of these different possibilities. Considering the2813

CEP of such objects, then the effect of theJP
z = 0+ selection rule, as well as a measurement of the2814

distribution of the outgoing proton momenta, may help to Þx the quantum numbers of the centrally2815

produced system.2816

One possibility is the CEP of theY(3940), in particular via theJ/ &' channel, which could help2817

to resolve current uncertainties [49, 50] in the interpretation of this state. Another particularly topical2818

example is theX(3872), for which the quantum numbers are determined [51] to beJPC = 1++ , but a2819

concrete interpretation remains elusive. In the case of a dominantlyD0D#0 interpretation, the hadropro-2820

duction of such a state with the size of cross section observed [52] in theX(3872) case, if possible at all,2821

should in general take place in an environment where additional particles are emitted [53,54], so that the2822

initially produced shortÐdistancecc pair can form the looselyÐboundD0D#0 state. The observation of the2823

X(3872) in the exclusive mode, via for example theX(3872) & J/ &#+ #" decay channel, where any2824

additional hadronic activity is vetoed on, would therefore strongly disfavor such a dominantly molecular2825

D0D#0 interpretation. TheX(3872) may instead be dominantly a conventional" c1(23P1) state, in which2826

case the cross section is expected to be of a comparable size to the groundÐstate" c1, which has already2827

been observed by LHCb. If, as may be more realistic [55], it is a mixture of a" c1(2P) and a molecular2828
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¥ Historically, CDF measurement of exclusive jet production played important 
role in supporting approach of Durham model.

¥ Large cross sections: access to wide mass range, providing differential test of 
theory (Sudakov factor, enhanced rescattering (?)). Realistic observable with 
tagged protons.

¥      jets dynamically suppressed:
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Fig. 5.19: Differential cross section d! / dMX for the CEP of meson pairs, for meson transverse energy
E! > 2.5 GeV and pseudorapidity|" | < 1. Predictions made usingSuperCHIC MC [108].

distribution, for typical central LHC cuts (the results are similar for forward production, as is the case at
LHCb), are shown in Fig. 5.19, and the expected enhancement in the" "" " cross section is clear. Also
shown are predictions for the vector## case; by including a nonÐzero quark mass this calculation can
be extended to consider the case of for example exclusive doubleJ/ $ production, which is expected to
exhibit many of the interesting features seen in the light meson case, and serve as a further probe of the
underlying theory of heavy quarkonium states.

As the meson transverse momentumk! and/or meson pair invariant mass decreases, we will expect
to enter a regime where a ReggeÐtheory inspired approach is more applicable [112, 126]. In this case,
it has been shown that for example%+ %# CEP, already observed at the Tevatron, can serve as a probe
of the tools of Regge theory, and of the uncertain question of the transition to the perturbative regime
discussed above. In addition, see section (...), the observation of light meson pairs with tagged protons
can serve as a detailed probe of the models of soft physics which are used to calculate the soft survival
factors.

3.2.5 Exclusive jet production

Exclusive jet production [114, 115], in particular of a dijet systemj j , has been of great importance in
testing the underlying perturbative CEP formalism. Moreover, as discussed in sections (ref) there is much
potential to measure this process at the LHC, in particular with both protons tagged using the installed
and proposed forward proton spectrometers: the expected production cross sections can be as high as the
nb level, depending on the precise event selection and in particularMX range probed. Indeed, already a
sample of ÔexclusiveÐlikeÕ dijet and trijet events has been collected in a combined CMS+TOTEM run at
8 TeV, with results expected to be released soon, see section (ref).

The different behaviour of the partonÐlevel helicity amplitudes relevant to exclusive jet production
leads to some very interesting and nonÐtrivial predictions. For example, if we consider quark jets, the
gg$ qq amplitudes are given by

M ((g(± )g(± ) $ qhqøh) =
&cd

Nc

16%'s
(1# ( 2cos2) )

mq

MX
(( h± 1)&h,øh , (5.19)

M ((g(± )g(%) $ qhqøh) = ± h
&cd

2Nc
8%'s

!
1± hcos)
1%hcos)

" 1/ 2

&h,# øh , (5.20)

for gluons of Ô± Õ helicity and quarks of helicityh, while c,d are the outgoing quark colour labels, and
( = ( 1# 4m2

q/ M2
X)1/ 2. We can see that theJz = 0 amplitude involves a helicity ßip along the quark

line, and vanishes as the quark massmq $ 0. Thus we expect a strong suppression in the CEP cross
section for quark dijets, relative to thegg case, for which thegg$ gg amplitudes withJz = 0 incoming
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          expect dominantly      jets. 

¥ Leads to interesting predictions for the distribution of (               ) exclusive 3-jet 
events.
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multiplicity events have three or more identiÞed muons. The invariant mass distribution of the two pair-3119

wise combinations is given in the left plot of Fig. 5.12 and shows an accumulation of events at theJ/ !3120

and! (2S) masses in a region of phase space that is otherwise empty. The right plot in Fig. 5.12 shows3121

the higher mass combination when asking that the lower mass combination is consistent with theJ/ !3122
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ground to theJ/ ! J/ ! signal comes fromJ/ !! (2S) where! (2S) ! J/ ! X with X unreconstructed.3124

After correcting for detector acceptance and efÞciencies, the measured cross sections for pairs of S-wave3125

mesons with 2< y < 4.5, which are exclusivewithin the LHC acceptance, are" J/ ! J/ ! = 58± 10± 6 pb,3126

" J!! (2S) = 63+ 27
" 18± 10 pb, and" ! (2S)! (2S) < 237 pb at the 90% conÞdence level. The search for P-wave3127

pairs has a single candidate for#c0#c0 that is also consistent withJ/ !! (2S) production, and so upper3128

limits at the 90% conÞdence level are set on the production of#c0,#c1 and#c2 pairs at 69,000, 45 and3129

141 pb, respectively.3130
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Fig. 5.12: (Left) Invariant masses of the two di-muon candidates. (Right) The higher mass di-muon
candidate having required the lower mass candidate to be consistent with theJ/ ! mass.

The numbers quoted above are for di-mesons detected in the absence of any other activity inside3131

the LHCb acceptance. In order to compare with theory predictions, a correction needs to be made for3132

events which are not truly exclusive. This is determined to be(42± 13)% with a large uncertainty due to3133

the low number ofJ/ ! J/ ! events observed, and leads to a measurement of elastic CEPJ/ ! J/ ! with3134

2 < y < 4.5, at an average
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s = 7.6 TeV, of 24± 9 pb. This is in fair agreement with the predictions3135

of [91], see Section 5.3.8. There is a sizeable uncertainty on the theoretical prediction, due in large part3136

to the poorly understood low-x gluon PDF that enters with the fourth power in the theoretical calculation.3137

More data, both to pin down the gluon PDF (as described in Sec. 5.4.4) and to improve theJ/ ! J/ ! CEP3138

measurement will enable a more precise comparison.3139

In Fig. 5.13, the invariant mass of the exclusive signal is compared to that of an inclusive measure-3140

ment of doubleJ/ ! production, performed by LHCb [94]; both have a similar shape. The data in the3141

inclusive measurement are shifted to slightly higher masses than the theory, and this has been discussed3142

as possible evidence for double parton scattering [93] or tetraquark states [95]. The former is negligi-3143

ble in CEP due to the ultra-peripheral nature of the collision (see [91] for further discussion), and thus3144

with more statistics, the exclusive measurement will become sensitive to the presence of higher mass3145

resonances. Similar complementary measurements will be possible with proton tagging at high$$ in3146

CMS-TOTEM and ATLAS-ALFA.3147
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Fig. 5.12: (Left) Invariant masses of the two di-muon candidates. (Right) The higher mass di-muon
candidate having required the lower mass candidate to be consistent with theJ/ ! mass.
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this term may not be negligible. A careful consideration of the derivation of the equivalent
photon approximation shows that this contribution is generated by a term! gµ! given by
the density matrix of the virtual photon (i.e. the proton spin sum) in the cross section. This
is not proportional to q2

i !
and does not allow a decomposition, at the amplitude level, as

in (20); the FE contribution on the other hand is given by the term proportional toqµ
i !

q!
i !

,
as expected from (20). Therefore, to evaluate theFM contribution we simply omit any qi !

dependence when calculating the screened amplitude (8). For the photoproduction case,
we then add this squared amplitude incoherently to theFE term, which is calculated as
described above. For twoÐphoton production, we keep the explicit vectorqi ! dependence
for the (dominant) FE (Q1)FE (Q2) contribution, while for the other terms no explicit qi !

dependence is included in the amplitude, and the corresponding contributions are again
squared and added incoherently.

4 Physics processes

In the following sections we will consider representative examples of the physics processes
that are generated by theSuperchic 2 MC. We will Þrst consider in more detail the cases of
exclusive jet production and vector meson photoproduction, before providing further bench-
mark predictions for a selection of processes.

4.1 Exclusive jet production

MX (min) gg qq bb ggg gqq
75 120 0.073 0.12 6.0 0.14
150 4.0 1.4 " 10! 3 1.7 " 10! 3 0.78 0.02
250 0.13 5.2 " 10! 5 5.2 " 10! 5 0.018 5.0 " 10! 4

Table 1: PartonÐlevel predictions for exclusive two and three jet production cross sections
(in pb) at the LHC for di ! erent cuts on the minimum central system invariant massMX

at
#

s = 13 TeV. The jets are required to have transverse momentump" > 20 GeV for
MX (min) = 75 , 100 GeV andp" > 40 GeV for MX (min) = 250 GeV and pseudorapidity
|! | < 2.5. The AntiÐkt algorithm with R = 0.6 is used in the three jet case and theqq cross
sections correspond to one quark ßavour.

Exclusive jet production [24, 25], in particular of a 2Ðjet system (jj ), has been of great
importance in testing the underlying perturbative CEP formalism. It has been observed
by both CDF [26] and D0 [27] at the Tevatron, where it was found that the perturbative
approach of the Durham model described the data well. Moreover, there is much potential to
measure this process at the LHC, in particular with both protons tagged using the installed
and proposed AFP [28] and CTÐPPS [29] forward proton spectrometers, associated with the
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¥ In high      runs CMS-TOTEM and ATLAS-ALFA can study central diffractive 
jet events with at  any        . Complementary to CT-PPS/AFP acceptance in 
standard LHC running, which is sensitive to                         .

predictions [151, 154].
In addition to ! c, has exclusive J/! and ! (2S) production [155, 156] as well as exclusive double

charmonium production [157] been observed at the LHC in the µ+µ! decay mode. Exclusive J/! and
! (2S) production is mainly due to photoproduction, see Fig. 5.22 (middle). Its measurement would allow
to extract the photoproduction cross-section vs the center-of-mass energy of the photon-proton system, to
be compared to corresponding HERA measurement. All of the existing measurements suffer from proton
dissociation backgrounds. Extrapolating from the measured cross-section from LHCb, a sample of " 100
pb! 1 integrated luminosity of lepton-triggered events should be sufficient to make such a measurement
with proton tagging. To overcome efficiency losses at low pT’s due to the muon trigger requirement, a
study will be done to examine whether an exclusive J/! and ! (2S) signal could obtained from two and
four charged-particle-only final states using the double arm RP triggered event sample without requiring
any muon identification. Proton tagging also allows to determine the pT spectrum of the produced J/!
meson essentially without background, even at larger pT’s, where proton dissociation events dominate
the existing measurements. The Odderon, the C-odd partner of the Pomeron, is predicted to significantly
modify the large pT part of the spectrum [158], which a CMS-TOTEM measurement could test. Up
to now there is no compelling experimental evidence for the existence of Odderon exchange, despite it
being predicted by QCD.

Fig. 5.23: A central diffractive three-jet event recorded by TOTEM and CMS in a " # = 90m run at
$

s =
8 TeV. The upper part of the figure displays the central part of the event, as seen in CMS; the lower part
displays the proton information in the TOTEM Roman Pots.

5.2.2.3 Search for missing mass and momentum candidates

Central Diffractive (CD) processes provides simultaneous and precise measurement of the initial and
final state kinematics, which can be used to search for events with missing mass or missing momentum

74

¥ With               of high      CMS-TOTEM running:

!  Expect about 10000 CEP events with                        . Expect BG much lower.
!  Obtained sample will enable studies of azimuthal angle        between proton   
vectors, proton      distributions, and system        distribution -          
comprehensive test of theory (inc. gap survival probability)

! !

M X

M X ! 300GeV

100 pb! 1 ! !

M X > 60 GeV

! !
p! M X

multiplicity events have three or more identiÞed muons. The invariant mass distribution of the two pair-3119

wise combinations is given in the left plot of Fig. 5.12 and shows an accumulation of events at theJ/ !3120

and! (2S) masses in a region of phase space that is otherwise empty. The right plot in Fig. 5.12 shows3121

the higher mass combination when asking that the lower mass combination is consistent with theJ/ !3122

meson. There are 37J/ ! J/ ! , 5 J/ !! (2S) and no! (2S)! (2S) candidates. The only substantial back-3123

ground to theJ/ ! J/ ! signal comes fromJ/ !! (2S) where! (2S) ! J/ ! X with X unreconstructed.3124

After correcting for detector acceptance and efÞciencies, the measured cross sections for pairs of S-wave3125

mesons with 2< y < 4.5, which are exclusivewithin the LHC acceptance, are" J/ ! J/ ! = 58± 10± 6 pb,3126

" J!! (2S) = 63+ 27
" 18± 10 pb, and" ! (2S)! (2S) < 237 pb at the 90% conÞdence level. The search for P-wave3127

pairs has a single candidate for#c0#c0 that is also consistent withJ/ !! (2S) production, and so upper3128

limits at the 90% conÞdence level are set on the production of#c0,#c1 and#c2 pairs at 69,000, 45 and3129

141 pb, respectively.3130
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Fig. 5.12: (Left) Invariant masses of the two di-muon candidates. (Right) The higher mass di-muon
candidate having required the lower mass candidate to be consistent with theJ/ ! mass.

The numbers quoted above are for di-mesons detected in the absence of any other activity inside3131

the LHCb acceptance. In order to compare with theory predictions, a correction needs to be made for3132

events which are not truly exclusive. This is determined to be(42± 13)% with a large uncertainty due to3133

the low number ofJ/ ! J/ ! events observed, and leads to a measurement of elastic CEPJ/ ! J/ ! with3134

2 < y < 4.5, at an average
#

s = 7.6 TeV, of 24± 9 pb. This is in fair agreement with the predictions3135

of [91], see Section 5.3.8. There is a sizeable uncertainty on the theoretical prediction, due in large part3136

to the poorly understood low-x gluon PDF that enters with the fourth power in the theoretical calculation.3137

More data, both to pin down the gluon PDF (as described in Sec. 5.4.4) and to improve theJ/ ! J/ ! CEP3138

measurement will enable a more precise comparison.3139

In Fig. 5.13, the invariant mass of the exclusive signal is compared to that of an inclusive measure-3140

ment of doubleJ/ ! production, performed by LHCb [94]; both have a similar shape. The data in the3141

inclusive measurement are shifted to slightly higher masses than the theory, and this has been discussed3142

as possible evidence for double parton scattering [93] or tetraquark states [95]. The former is negligi-3143

ble in CEP due to the ultra-peripheral nature of the collision (see [91] for further discussion), and thus3144

with more statistics, the exclusive measurement will become sensitive to the presence of higher mass3145

resonances. Similar complementary measurements will be possible with proton tagging at high$$ in3146

CMS-TOTEM and ATLAS-ALFA.3147

5.3.9 Jet production3148

Motivation and theory3149

Exclusive jet production [96, 97], in particular of a 2Ðjet system (j j ), has been of great importance3150

in testing the underlying perturbative CEP formalism. Moreover, as discussed below, there is much3151
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MX(min) gg qq ggg gqq
75 110 0.53 2.8 0.27
150 3.7 8.9! 10" 3 0.50 0.049
250 0.13 2.6! 10" 4 0.012 7.1! 10" 4

Table 5.1: PartonÐlevel predictions for exclusive two and three jet production cross sections (in pb) at the
LHC for different cuts on the minimum central system invariant massMX. The jets are required to have
transverse momentump# > 20 GeV forMX(min) = 75,100 GeV andp# > 40 GeV forMX(min) = 250
GeV and pseudorapidity|! | < 2.5. The AntiÐkt algorithm withR= 0.6 is used in the three jet case. The
quark jet cross sections are summed over Þve ßavours, so that the purelyb quark cross sections are ap-
proximately a factor of Þve smaller than those displayed here. Predictions made using theSuperCHIC
2 MC [98].

which may be quite different between the experimentally distinguishablebbg andgggcases, as well as3178

to the corresponding inclusive cases.3179

Experimental results and outlook3180

Fig. 5.14: A central diffractive three-jet event recorded by TOTEM and CMS in a" $ = 90m run at
%

s=
8 TeV. The upper part of the Þgure displays the central part of the event, as seen in CMS; the lower part
displays the proton information in the TOTEM Roman Pots.

In 2008, the CDF collaboration reported [25] the observation and cross section measurement of3181

exclusive jet production using a data sample of 310 pb" 1, at
%

s = 1.96 TeV and forEjet
# > 10 GeV,3182

selected by tagging the outgoing antiÐproton and requiring a rapidity gap in the proton direction (which3183

was not tagged). They presented both dijet invariant massMj j and jet transverse momentaEjet
# distri-3184

butions, out to quite highMj j & 130 GeV, andEjet
# & 35 GeV, and it was found that the perturbative3185

approach of the Durham model described the data well. This observation was later supported by the3186

measurement of the D0 collaboration [101], which found evidence for exclusive dijet production with3187

Mj j > 100 GeV. The Þrst study of di-jet production at
%

s= 7 TeV is presented in [102], which however3188
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Fig. 5.12: (Left) Invariant masses of the two di-muon candidates. (Right) The higher mass di-muon
candidate having required the lower mass candidate to be consistent with theJ/ ! mass.
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Fig. 5.15: The difference of the vertex z-coordinate as reconstructed by the ATLAS main detector and
the one reconstructed from the AFP time measurement. The integral of the distribution is normalised to
1. The AFP time resolution of 10 ps has been assumed for background rejection. The exclusive signal
is plotted as a solid black line, whereas the backgrounds are a dotted green (non-diffractive jet produc-
tion), dashed-dotted blue (single diffractive jet production) and dashed red (double Pomeron exchange
jet production) lines. The black dashed line represents the value of the applied cut.

is limited to single-diffractive (SD) di-jet production and has no measurement of the scattered proton.3189

An older study also exists with Tevatron data, presented in [103]3190

In high b

⇤ runs, CMS-TOTEM and ATLAS-ALFA can study CD dijets with ET > 20 GeV at any3191

MX . Some two- and three-jet events, though not truly exclusive since M( j j, j j j) << M(pp), were already3192

seen by CMS and TOTEM during the short high-b ⇤ run in July 2012. Common data were recorded with3193

a CMS trigger on two jets with ET > 20 GeV. Selecting events with a proton in each direction in the3194

TOTEM RPs, extremely clean events with jets were found, as shown in Fig. 5.14. With 100 pb�1 of high3195

b

⇤ running, a sample of about 10,000 CEP jet events with MX > 60 GeV is expected, since the expected3196

visible cross section for CMS-TOTEM is about 100 pb [2]. The expected number of background events is3197

significantly lower [88]. The obtained sample will enable studies of the azimuthal difference f between3198

the scattered protons, the shape of the proton t-distribution and the overall cross section behaviour with3199

MX , providing a good test of different models [2, 104, 105].3200

Such high b

⇤ measurements are complementary to the possibilities with the CT-PPS and AFP3201

detectors, in standard LHC running, which only have access to MX & 300 GeV , but with much higher3202

integrated luminosities. Measurement feasibilities in this scenario have been the subject of detailed3203

studies, in the case of both detector set–ups: these are summarised in the following sections.3204

5.3.10 Jet production: ATLAS feasibility study3205

In this section, a feasibility study for exclusive jet production, performed for
p

s = 14 TeV, and using the3206

ATLAS detector equipped with the AFP stations is summarised. The full analysis is described in [106].3207

Exclusive dijet events were generated using the FPMC generator [162]. Further details of the3208

tools used for generating non–diffrative dijet and single/double Pomeron exchange events, as well as3209

additional proton–proton interactions are given in [106]. In order to simulate the detector response, all3210

events were reconstructed using the ATLAS full simulation chain [107].3211

Due to the distance from the beam assumed in this analysis, the minimal energy loss visible in3212

the AFP detectors is xmin ⇡ 0.02, which translates to a jet momentum of about 140–150 GeV. One3213

proton is required in each AFP station, reducing the ND background by an order of magnitude. The3214

difference between the primary vertex z position reconstructed by the ATLAS main detector and the one3215

reconstructed from the AFP time measurement, Dz, is required to be less than 3.5 mm.3216

The Dz distribution for signal and background events is shown in Figure 5.15. The broad distri-3217

109

jet production overlaid with protons from pile-up interactions. After all selection requirements the signal3247

to background ratio is increased from 10�6 to ⇠ 0.57.3248

The analysis was repeated for the average number of interactions of µ = 46 and an integrated3249

luminosity of 300 fb�1. The selection criteria for these conditions are similar to the ones used in the µ =3250

23 analysis. The dominant background from ND dijet events overlaid with protons from minimum bias3251

events increases with respect to the signal, as the probability of producing this combinatorial background3252

increases quadratically with the number of interactions per beam bunch crossing.3253

The leading jet transverse momentum above a given threshold for the integrated luminosity L =3254

40(300) fb�1 and average number of interactions of µ = 23(46) are presented in upper (lower) panels3255

of Fig. 5.18. Although the statistical significance is roughly the same in both scenarios, the impact3256

of statistical and background uncertainties is much larger in the latter situation. Improvements in the3257

AFP timing detector resolution and/or the analysis method are needed in order to control the background3258

modelling uncertainties. For example, if the background is measured in control regions to an accuracy3259

of ⇠ 1% then the accuracy of the cross section measurement would be similar to that for µ = 23.3260

In summary, while the initial signal to background ratio for exclusive jet production in AFP is3261

about 10�6, after dedicated signal selection cuts have been applied, this reduces to about 0.57 (0.16)3262

for µ = 23 (46). In both cases the statistical errors are considerably smaller. The biggest uncertainty3263

is associated with the modelling of the background from ND dijet events overlapping with two protons3264

from pile-up events. The impact of the ND background on the measurement ultimately depends on the3265

success of data–driven methods using dedicated control regions. In case of L = 40 fb�1 and µ = 23, the3266

measurement will be challenging, but potentially feasible. On the other hand, in order to make such a3267

measurement in a higher pile-up environment, much better control of systematic effects is needed.3268

5.3.11 Jet production: CT–PPS feasibility study3269

In this section, a detailed study of the measurement possibilities for exclusive jet production with the3270

CT-PPS detectors, based on the experimental techniques developed in Refs. [25, 102], is summarised.3271

Events are selected by requiring a time coincidence in both arms of the CT-PPS. Leading protons3272

are required to be in the CT-PPS fiducial region, and the arrival time difference at the CT-PPS location3273

depends on the z-vertex position, zPPS, and must be consistent with the vertex position of the central3274

di-jet system, zvertex. The expected time resolution of 10 ps (30 ps) is assumed. Two jets with recon-3275

structed transverse momenta pT > 100(150) GeV in the central (|! | < 2.0) detector are required. Jets3276

are reconstructed using the anti-kT jet clustering algorithm with a distance parameter of 0.5 [47]. Finally,3277

the instrumental background in the PPS from additional sources is accounted for, as discussed in Chap-3278

ter 9. The main physics backgrounds are from minimum bias events –including SD and DPE events– in3279

coincidence with either two jets in the central detector or another leading proton within the PPS detector3280

acceptance. A cut on the time-of-flight difference Dt that varies according to the z-vertex position, which3281

keeps approximately 60% (50%) of signal events while reducing the inclusive di-jet background by a3282

factor 33 (18), for a 10 (30) ps timing resolution, is chosen.3283

Fig. 5.19 (left) shows the di-jet mass fraction, Rjj = Mjj/MX, and the rapidity difference (right)3284

of the jet system (yjj) and the proton system, yX = 0.5 · ln(" 1/" 2). Consistency is required between3285

the values of the jet mass system measured in the central detector (Mjj) and in the PPS (MX), and the3286

requirement 0.70 < Rjj < 1.15 is applied. A selection cut of |(yjj� yX)| < 0.1 is also required.3287

The track multiplicity associated to the di-jet vertex is used to discriminate exclusive signal events3288

against backgrounds. In particular, techniques developed in [109] are exploited. Two variables that3289

account for the “exclusivity” of the event by counting the number of extra tracks between the jets, both3290

in # and ! , are built, denoted by N#
tracks and N!

tracks. All tracks from the primary vertex are considered and3291

the area of�1.0 (+1.0) away from the minimum (maximum) jet ! coordinates is defined, ! min and ! max.3292

Then, the number of extra tracks that are below (above) the ! min (! max) position are counted. Similarly,3293
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butions for ND and SD jet production are due to the size of the beamspot, as in these cases protons are3218

coming from pile-up interactions. The tails in case of DPE jet production are due to the events in which3219

one ÔhardÕ proton was not seen in the AFP, but there was an additional pile-up proton. For DPE jets3220

with pT > 150 GeV such a situation is quite probable as protons are expected to lose a lot of their initial3221

energy. The exclusive signal was generated with both protons in the AFP acceptance; here, the width is3222

mainly due to the AFP timing resolution. When more than one proton was observed in a given station,3223

all combinatoric possibilities were considered and the one with the smallest! zwas taken.3224

For signal events, the kinematics of the central dijet system can be estimated from the forward pro-3225

ton measurements, and correlated with the kinematics reconstructed from the jet four-momenta. Fig. 5.163226

(left) shows the ratio of the dijet mass reconstructed from the jet four-vectors to that obtained from the3227

proton kinematics. The exclusive signal can be enhanced with respect to the background by the following3228

cuts:|yj j ! yX| < 0.075 and 0.9 < mj j
mX

< 1.15. These requirements provide further background reduction3229

by about three orders of magnitude.3230

The lack of both underlying event activity and proton/Pomeron remnants provides another handle3231
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¥ Dominant BG from non-diff. events overlayed with pile-up protons. With 
suitable cuts, and using timing detectors, realistic S/B looks to be feasible:
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Fig. 5.21: Graphical illustration of the event yields for signal and background processes as a function of
the cuts applied. A time resolution of 10 ps is assumed, and an average pile up multiplicity ofµ = 50
(25) is taken in the left (right) Þgure. Yields are normalized to an integrated luminosity of 1 fb! 1.

Table 5.2: Number of expected signal and background (SD, DPE, and inclusive dijets) events (after the
Ntracks cut), for separate bins of missing massMX. Yields normalized to an integrated luminosity of
1 fb! 1 are shown for average pile up multiplicities ofµ = 25 andµ = 50. Statistical uncertainties are
shown. A timing resolution of 10 ps is assumed.

Exclusive di-jets DPE SD Inclusive dijets S:B
pile upµ = 25
MX " 500 GeV 4.0± 0.2 0.2± 0.1 0± 1 1± 1 3:1
500< MX " 800 GeV 3.1± 0.2 0.3± 0.1 0± 1 15± 1 1:5
MX > 800 GeV 0.3± 0.1 0.3± 0.1 1± 1 4± 1 1:18
pile upµ = 50
MX " 500 GeV 2.8± 0.2 0.6± 0.2 0± 1 5± 1 1:2
500< MX " 800 GeV 2.3± 0.2 0.7± 0.3 1.3± 1.0 26± 1 1:12
MX > 800 GeV 0.3± 0.1 0± 1 0± 1 9± 1 1:30

been studied. A signal-to-background ratio of S:B# 1:3 can be achieved in the less harsh condition with3307

pile up of µ = 25 (after the ÒNtracksÓ cut). Fig. 5.21 (right) illustrates the evolution of the event yields3308

as a function of the cuts applied for a time resolution of 10 ps. Table 5.2 summarises the yields of3309

signal and background events (after theNtracks cut) estimated in bins of separate missing mass regions,3310

MX < 500 GeV (where most of the signal is expected), 500< MX < 800 GeV, andMX > 800 GeV. Yields3311

normalized to an integrated luminosity of 1 fb! 1 are shown for average pile up multiplicities ofµ = 253312

andµ = 50, and a timing resolution of 10 ps is assumed.3313

5.4 PhotonÐinduced and photoproduction processes3314

In this Section, theoretical discussion of twoÐphoton induced and photoproduction processes, and moti-3315

vations for future measurements, are presented.3316

5.4.1 Introduction3317

High energy charged particles are a source of a ßux of WeizsŠcker-Williams (WW) photons [36, 37].3318

At the LHC, this opens the possibility to study photonÐhadron interactions at unprecedented energies.3319
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in the calorimeters above the noise threshold. A dedicated trigger was employed to maintain a low3426

electron threshold throughout the data-taking period. The background, extrapolated from the sideband3427

region in the calorimeter tower and track multiplicities, was determined to be 0.85± 0.28 events. In3428

the data 17 events were observed, in agreement with the LPAIR prediction of 16.3± 1.3 events from3429

the sum of elastic and proton dissociation production. In theµ

+
µ

! channel events were selected by3430

requiring two muons withpT > 4 GeV,|! | < 2.1, andm(µµ) > 11.5 GeV, with no other charged tracks3431

associated to the dimuon vertex. This selection method allowed for a much higher efÞciency in the3432

presence of pile up, compared to the CMSe+ e! analysis. A template Þt to thepT(µµ) distribution3433

was then performed, to extract the elastic component of the cross section. The resulting Þducial cross3434

section was 3.38+ 0.58
! 0.55(stat.) ± 0.16(syst.) ± 0.14(lumi.) pb, consistent at the" 1" level with the LPAIR3435

prediction. In both thee+ e! andµ

+
µ

! channels, the shapes of the single lepton and pair distributions3436

were observed to be in good agreement with the predictions. In the context of the CMS### WW3437

analysis, high-mass### µµ events were also analyzed using a much larger sample of 5 fb! 1 in order3438

to study the proton dissociation contribution, as well as the effects of pile up on the selection [125].3439

5.4.4 Diffractive photoproduction #p # V p3440

Motivation and theory: available models3441
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Fig. 5.24: Representative diagram for the exclusive#p # V pproduction of a vector mesonV.

Two largely equivalent approaches to modelling the exclusive photoproduction of a vector meson3442

of massMV at a#p center-of-mass energyW, applicable at small values ofx = M2
V/W2, are the color-3443

dipole approach andkT-factorization. Within the color-dipole framework (see e.g. [115, 129, 130] and3444

references therein), the amplitude depicted in Fig. 8.27 takes the form3445

A#p# E+ p
T (x,!D) = i

!
d2!r

! 1

0

dz
4$

!
d2!b (Y$

EY#)T e! i[!b! (1! z)!r]á!D d" qøq

d2!b

"
(1+ %2), (5.15)

wherez(1! z) is the longitudinal momentum fraction of the quark (antiÐquark),D denotes the transverse3446

momentum lost by the outgoing proton (t = ! D2) andx is the Bjorken variable. The variableb is the3447

transverse distance from the center of the target to the center of mass of theqøq dipole and the factor in3448

the exponential arises when one takes into account non-forward corrections to the wave functions [131].3449

The factor of
#

1+ %2 in (5.15) is a correction to account for the real part of theS-matrix element for3450

dipoleÐproton scattering. A common ansatz for the differential dipole cross section for theqøq pair to3451

scatter elastically off the proton is given by [132]3452

d" qøq

d2!b
= 2

$
1! exp

%
!

$2

2Nc
r2&S(µ2) Rgxg(x,µ2) T(b)

&'
, (5.16)

where the factorRg relates the generalized gluon PDF (the same object introduced in (5.1)) that is relevant3453

in this situation to the standard diagonal gluon PDF, see [12,134]. The scaleµ

2 is related to the dipole size3454
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in the calorimeters above the noise threshold. A dedicated trigger was employed to maintain a low3426

electron threshold throughout the data-taking period. The background, extrapolated from the sideband3427

region in the calorimeter tower and track multiplicities, was determined to be 0.85± 0.28 events. In3428

the data 17 events were observed, in agreement with the LPAIR prediction of 16.3± 1.3 events from3429
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presence of pile up, compared to the CMSe+ e! analysis. A template Þt to thepT(µµ) distribution3433

was then performed, to extract the elastic component of the cross section. The resulting Þducial cross3434
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Two largely equivalent approaches to modelling the exclusive photoproduction of a vector meson3442

of massMV at a#p center-of-mass energyW, applicable at small values ofx = M2
V/ W2, are the color-3443

dipole approach andkT-factorization. Within the color-dipole framework (see e.g. [115, 129, 130] and3444

references therein), the amplitude depicted in Fig. 8.27 takes the form3445
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wherez(1! z) is the longitudinal momentum fraction of the quark (antiÐquark),! denotes the transverse3446

momentum lost by the outgoing proton (t = ! ! 2) andx is the Bjorken variable. The variableb is the3447

transverse distance from the center of the target to the center of mass of theqøq dipole and the factor in3448

the exponential arises when one takes into account non-forward corrections to the wave functions [131].3449

The factor of
#

1+ %2 in (5.15) is a correction to account for the real part of theS-matrix element for3450

dipoleÐproton scattering. A common ansatz for the differential dipole cross section for theqøq pair to3451

scatter elastically off the proton is given by [132]3452
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where the factorRg relates the generalized gluon PDF (the same object introduced in (5.1)) that is relevant3453

in this situation to the standard diagonal gluon PDF, see [12,134]. The scaleµ2 is related to the dipole size3454
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3 Future measurement at low/medium luminosity: motivation

3.1 PhotonÐinduced processes

3.1.1 Diffractive photoproduction" p ! V p

Two largely equivalent approaches to exclusive diffractive production of a vector meson of massMV

at " p cms energyW, applicable at small values ofx = M2
V/ W2, are the color-dipole approach and the

kT-factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

! mA(" " (Q2)p ! V p;W,t = 0) =
! 1

0
dz

!
d2r ! V(z, r) ! " " (z, r,Q2) # (x, r) , (5.3)

wherex = M2
V/ W2, ! V and! " are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. Theqøq separationr is conserved during the interaction (and so
are the longitudinal momentum fractionsz,1# zcarried byq and øq). Color dipoles of sizer are diagonal
states of theS-matrix and interact with the proton with the cross section

# (x, r) =
4$
3

%S

! d2&
&4

' xg(x,&2)
' log(&2)

"
1# exp(i&r)

#
, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient
feature of the diffractive vector meson production is that itselfamplitude effectively samples the dipole
cross section at the so-called scanning radius [36,37]:
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¥ Consider Ôcolour dipoleÕ model:

r ! rS "
6

!
Q2 + M2

V

, (5.5)

For a quick estimate of the asymptotic behaviour, one can expand the exponential in eq.(5.4), so that for
small dipoles:

! (x, r) =
" 2

3
r2#S(q2)xg(x,q2) , q2 "

10
r2 , (5.6)

which, when inserted into (5.3) leads to [36]:

! mA($#p $ V p) " r2
S! (x, rS) "

1
Q2 + M2

V
%

1
Q2 + M2

V
xg(x, øQ2) , (5.7)

For heavy quarks the effective hard scale is approximatelyøQ2 ! (Q2 + M2
V)/ 4. In the case of exclusive

production inpp, pA or AA collisions the photoproduction regimeQ2 = 0 prevails, so that, for example
for J/ %photoproduction the hard scale is! 2.4GeV2.

On the one hand such a smallish hard scale appears to imply that the robust pQCD based predic-
tions may be a hard task. And indeed, prediction of the absolute size of theJ/ %diffractive cross section
are still beset with sizeable model uncertainties. On the other hand, such a scale is rather close to what
one may expect for a saturation scale e.g. in the case of a heavy nucleus. These saturation effects reßect
themselves in the small-x behaviour of the (unintegrated) glue and therefore affect mainly the energy
dependence of the photoproduction cross section.

3.1.2 kT -factorization approach

The kT-factorization representation of the forward amplitude could be easily obtained by inserting the
relation (5.4) between dipole cross section and the unintegrated amplitude into (5.3). For a detailed
discussion and many references, see Ref. [38], The imaginary part of the amplitude for the$p $ V p
process, for vanishing transverse momentum transfer# = 0, can now be written as a convolution of an
impact factor for the$ $ V transition and an unintegrated gluon distribution of the target.

! mM &$,&V (W,#2 = 0) = W2c$
&

4"# em

4" 2

" d2'
' 4 #S(q2)F (x1,x2, ' )

%
" dzd2k

z(1' z)
%V(z,k) I&$,&V (z,k, ' ) , (5.8)

Here, the unintegrated gluon distributionF (x1,x2, ' 1) is appears off-diagonal (ÒskewedÓ) in longitudinal
momentum fractions. At the small-x values of relevance, the skewed distribution can be reconstructed
from the diagonal one [39]. The explicit expressions forI&$,&V can be found in Ref. [38]. For heavy
vector mesons, helicityÐßip transitions may be neglected, so that one can safely take&$ = &V.

Besides the unintegrated gluon distribution the second important nonperturbative input is the (Òra-
dialÓ) light-cone wave function%V(z,k) of the vector meson.

The relativistic vertex for theV $ Q øQ for thes-wave vector meson is [41,51]:

( µ øu(pQ)%µ v(p øQ) = [ M2 ' M2
V]%V(z,k2) øu(pQ)

#
$µ '

pµ
Q ' pµ

øQ

M + 2mQ

$
v(p øQ) ( µ , (5.9)

where( µ is the polarization vector of the vector meson. andpµ
Q, øQ are the on-shell fourÐmomenta of the

Q, øQ quarks,p2
Q, øQ = m2

Q. The invariant mass of theQ øQ pair is given in terms of light-cone variables as

M2 =
k2 + m2

Q

z(1' z)
. (5.10)
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3 Future measurements at low/medium luminosity: motivation

3.1 PhotonÐinduced processes

3.1.1 Diffractive photoproduction" p ! V p

Two largely equivalent approaches to exclusive diffractive production of a vector meson of massMV

at " p cms energyW, applicable at small values ofx = M2
V/ W2, are the color-dipole approach and the

kT-factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

! mA(" " (Q2)p ! V p;W,t = 0) =
! 1

0
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!
d2r ! V(z, r) ! " " (z, r,Q2) # (x, r) , (5.3)

wherex = M2
V/ W2, ! V and! " are the light-cone wave functions for the quark-antiquark Fock states of

the vector meson and photon respectively. Theqøq separationr is conserved during the interaction (and so
are the longitudinal momentum fractionsz,1# zcarried byq and øq). Color dipoles of sizer are diagonal
states of theS-matrix and interact with the proton with the cross section
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which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient
feature of the diffractive vector meson production is that itselfamplitude effectively samples the dipole
cross section at the so-called scanning radius [36,37]:
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and Ô    -factorizationÕ approach:
Sensitive to low-x gluon

k!

Need to go beyond standard collinear factorization

in the calorimeters above the noise threshold. A dedicated trigger was employed to maintain a low3426

electron threshold throughout the data-taking period. The background, extrapolated from the sideband3427

region in the calorimeter tower and track multiplicities, was determined to be 0.85± 0.28 events. In3428

the data 17 events were observed, in agreement with the LPAIR prediction of 16.3± 1.3 events from3429

the sum of elastic and proton dissociation production. In theµ+ µ! channel events were selected by3430
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section was 3.38+ 0.58
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analysis, high-mass### µµ events were also analyzed using a much larger sample of 5 fb! 1 in order3438

to study the proton dissociation contribution, as well as the effects of pile up on the selection [125].3439

5.4.4 Diffractive photoproduction #p # V p3440

Motivation and theory: available models3441

Q

øQ

F (x, ! ) = " G(x, ! )/ " log! 2

(1 ! z, ! #k" )

(z,#k" )
$V (z, k" )

V M = J/ $, $#, ! , ! #, . . .%

#!! #!

p p

W2

Fig. 5.24: Representative diagram for the exclusive#p # V pproduction of a vector mesonV.

Two largely equivalent approaches to modelling the exclusive photoproduction of a vector meson3442
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momentum lost by the outgoing proton (t = ! ! 2) andx is the Bjorken variable. The variableb is the3447

transverse distance from the center of the target to the center of mass of theqøq dipole and the factor in3448
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where the factorRg relates the generalized gluon PDF (the same object introduced in (5.1)) that is relevant3453

in this situation to the standard diagonal gluon PDF, see [12,134]. The scaleµ2 is related to the dipole size3454
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momentum lost by the outgoing proton (t = ! D2) andx is the Bjorken variable. The variableb is the3447

transverse distance from the center of the target to the center of mass of theqøq dipole and the factor in3448

the exponential arises when one takes into account non-forward corrections to the wave functions [131].3449

The factor of
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Fig. 5.33: NLO gluon resulting from a fit to the available HERA and LHCb data on J/ ! photoproduction,
taken from [116].

quently Z-photoproduction can be considered as a good test of pQCD (due to the high Z-mass scale).3583

The largest uncertainty is the gap survival probability; such measurements would therefore be sensitive3584

to such soft survival effects.The prediction of [115] is, for Z production at the LHC, d"
dy (y = 2.5) = 1.73585

fb, and 1.4 fb at y = 0. The prediction of [147] is in agreement; for
!

s = 14 TeV it is 11 fb for all y(Z),3586

and d"
dy peaks at |y| = 3.3587

Measuring the process with both protons detected requires forward proton detectors at 420 m, but3588

with CT-PPS Stage 1 or AFP at z" 220 m, and a Z boosted to 2 ! |yZ| ! 3 one proton can be measured.3589

If the event is really exclusive the proton momentum is well known from pz(Z), even if the other proton3590

dissociates. Even allowing for the Z branching fractions of only 3.63% for each of the e+ e# and µ+ µ#
3591

channels, the process should be observable with 100 fb# 1 of integrated luminosity. Assuming an efficient3592

trigger, which should include a proton, the prediction gives 24 $ A$ f events in 100 fb# 1, where A is the3593

acceptance and efficiency, and f " 1.5 – 2 is a factor allowing the other proton to dissociate. A control of3594

the background is provided by considering W % e/ µ + ET/ candidates, which cannot occur exclusively.3595

Experimental results and outlook3596

The LHCb collaboration has made two measurements of J/ ! and ! (2S) production at
!

s= 7 TeV, one3597

with an integrated luminosity of 37 pb# 1 (2010 data) [141], and one with 930 pb# 1 (2011 data) [56].3598

The selection starts by triggering on low multiplicity events containing two muons. The events are then3599

selected as exclusive inside the LHCb acceptance by requiring no additional charged tracks or neutral3600

deposits in the detector. The invariant mass of the two muons after the trigger and after the selection3601

is shown in Fig. 5.34 for the 37 pb# 1 sample. Within a falling continuum, there are clear signals after3602

the trigger requirements for several vector mesons: #,J/ ! , ! (2S), ! (1S), ! (2S). With the additional3603

exclusivity requirements, only charmonia signals remain visible in this limited data sample. Candidate3604

events for J/ ! and ! (2S) mesons in the larger 930 pb# 1 sample can be seen in Fig. 5.35.3605

Three backgrounds are considered in extracting the elastic signal: non-resonant di-muon pro-3606

duction, feed-down from other mesons and inelastic J/ ! production. The non-resonant background is3607

determined from the fit shown in Fig. 5.35. Feed-down is only considered for the J/ ! selection and can3608

come from $c0, $c1, $c2 or ! (2S) decays, with the other decay products being below the threshold for3609

detection or outside the LHCb acceptance. Feed-down from $c % J/ !% is evaluated to be (7.6 ± 0.9)%3610
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selection of events starts by triggering on low multiplicity events containing two muons. The events
are then selected as exclusive inside the LHCb acceptance by requiring no additional charged tracks
or neutral deposits in the detector. The invariant mass of the two muons after the trigger and after
the selection is shown in Fig. 5.2 for the 37 pb! 1 sample. Within a falling continuum, there are clear
signals after the trigger requirements for several vector mesons:! ,J/ " , " (2S), ! (1S), ! (2S). With the
additional exclusivity requirements, only charmonia signals remain visible in this limited data sample.
Candidate events forJ/ " and" (2S) mesons in the larger 930 pb! 1 sample can be seen in Fig. 5.3.
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Fig. 5.3: Invariant mass of selected di-muon candidates in 930 pb! 1 of data.

Three backgrounds are considered in extracting the elastic CEP signal: non-resonant di-muon
production; feed-down from other mesons; and inelasticJ/ " production. The non-resonant background
is determined from the Þt shown in Fig. 5.3. Feed-down is only considered for theJ/ " selection and can
come from#c0,#c1, #c2 or " (2S) decays, with the other decay products being below the threshold for
detection or outside the LHCb acceptance. Feed-down from#c " J/ "$ is evaluated to be(7.6± 0.9)%
by selecting events in which the photon is seen and using the simulation to estimate the number of events
in which it would be undetected. Feed-down from the decays" (2S) " J/ " X is estimated from the
simulation, which has been normalised to the observed number of events from the decay" (2S) " µµ ,
and contributes(2.5± 0.2)% of theJ/ " sample.

The third background source is the largest and is also the most poorly determined for this analysis
and all other CEP analyses that LHCb has performed. This consists of centrally producedJ/ " or " (2S)
mesons that appear exclusive inside the LHCb acceptance, but have activity outside of the active area
of the detector, originating either from additional gluon radiations or low mass diffractive dissociation
of one or both protons. Assuming that thep2

T distribution for both the elastic and inelastic components
can be described by exponential functions, exp(! bp2

T), a Þt to the data is performed to determine the
b values and the relative sizes of both components. The results are shown in Fig. 5.4 and an overall
purity of 0.592± 0.012 is obtained for theJ/ " sample and 0.52± 0.07 for the" (2S) sample. It is
also worth noting that the Þttedb values are consistent with the photoproduction results from the H1
collaboration [10], once the difference in the centre-of-mass of the photon-proton system has been taken
into account.

After correcting for the detector efÞciency and acceptance, the differential cross-section as a func-
tion of rapidity,y, is calculated and is shown in Fig. 5.5 compared to predictions at LO and ÔNLOÕ from
Refs. [11, 12]. The ÔNLOÕ calculation is not a full next-to-leading-order calculation but includes the
dominant effects. The experimental points are plotted with their statistical and total uncertainties. Most
of the total uncertainty is correlated bin-to-bin and so the overall shape is well determined by the data,
which Þts the ÔNLOÕ predictions better than LO, for both theJ/ " and" (2S) mesons.

53

¥ After corrections (in particular for proton dissociation):
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Fig. 5.4: Transverse momentum squared of (a)J/ ! and (b)! (2S) candidates. The Þtted contributions
from the CEP signal, the inelastic and feed-down backgrounds are indicated in the legend.
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Fig. 5.5: Differential cross-section for (a)J/ ! and (b)! (2S) compared to LO and NLO predictions.

2.4 Two-photon physics

Physics from the fusion of two photons in proton-proton collisions can be accessed when the central
system can not be produced by the strong force. The non-resonant production of lepton pairs is a QED
process that can be predicted with about 1% precision [13], and so the experimental measurement of this
process is, in principle, an excellent way to determine the machine luminosity precisely.

A preliminary measurement of the cross-section for muon pairs produced through two-photon
fusion has been made by the LHCb collaboration [14] using the small 2010 data sample of 37 pb! 1.
The selection is as described in Sec. 2.3 and the candidate events are those in Fig. 5.2, with masses
above 2.5 GeV but outside mass windows around the vector meson resonances. To determine the elastic
CEP component, a Þt to the transverse momentum distribution is made, using a template shape from
the LPAIR simulation [15, 16] to describe the elastic signal events and using data, (low multiplicity
di-muon candidates that have additional tracks,) to describe the background. A comparison of this data-
driven background estimate to the simulation of inelastic di-muon production, where one or both protons
dissociate, shows good agreement (see the left plot in Fig. 5.6,) albeit with rather large uncertainties
due to the limited statistics. The Þt to the signal candidates in the right plot of Fig. 5.6 also shows
good agreement and an almost pure sample of di-muons from elastic di-photon fusion is obtained when
requiring thepT of the pair to be below 100 MeV. A cross-section times branching fraction estimate of
67± 19 pb for both muons produced inside the LHCb acceptance is in agreement with the theoretical
prediction of 42 pb, but is a long way from the aim of a few-percent measurement.

There are only 40 candidates withpT < 100 MeV in the analysis of 37 pb! 1 of data, but im-
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Next run: HERSCHEL

¥ LHCb:        and             production measured  in           channel at                    .J/! ! (2S) µ+ µ! !
s = 7 TeV

¥ ALICE: measurement in ultraperipheral p-Pb collisions. Consistent with LHCb.
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¥ In addition can look at photoproduction with tagged protons.

!  Extrapolating from LHCb need                lumi. to perform measurement.

!  Expect                       candidates in          decay mode with        .

!  Proton tagging: no dissociation, even at higher             sensitivity to 
Odderon, through measurement of proton      distribution.

! 1 pb! 1

p! !
p!
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Fig. 5.24: Representative diagram for the exclusive#p # V pproduction of a vector mesonV.

Two largely equivalent approaches to modelling the exclusive photoproduction of a vector meson3442
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the exponential arises when one takes into account non-forward corrections to the wave functions [131].3449

The factor of
#

1+ %2 in (5.15) is a correction to account for the real part of theS-matrix element for3450

dipoleÐproton scattering. A common ansatz for the differential dipole cross section for theqøq pair to3451

scatter elastically off the proton is given by [132]3452

d" qøq

d2!b
= 2

$
1! exp

%
!

$2

2Nc
r2&S(µ2) Rgxg(x,µ2) T(b)

&'
, (5.16)

where the factorRg relates the generalized gluon PDF (the same object introduced in (5.1)) that is relevant3453

in this situation to the standard diagonal gluon PDF, see [12,134]. The scaleµ

2 is related to the dipole size3454
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Fig. 5.33: NLO gluon resulting from a fit to the available HERA and LHCb data on J/ ! photoproduction,
taken from [116].

quently Z-photoproduction can be considered as a good test of pQCD (due to the high Z-mass scale).3583

The largest uncertainty is the gap survival probability; such measurements would therefore be sensitive3584

to such soft survival effects.The prediction of [115] is, for Z production at the LHC, d"
dy (y = 2.5) = 1.73585

fb, and 1.4 fb at y = 0. The prediction of [147] is in agreement; for
!

s = 14 TeV it is 11 fb for all y(Z),3586

and d"
dy peaks at |y| = 3.3587

Measuring the process with both protons detected requires forward proton detectors at 420 m, but3588

with CT-PPS Stage 1 or AFP at z" 220 m, and a Z boosted to 2 ! |yZ| ! 3 one proton can be measured.3589

If the event is really exclusive the proton momentum is well known from pz(Z), even if the other proton3590

dissociates. Even allowing for the Z branching fractions of only 3.63% for each of the e+ e# and µ+ µ#
3591

channels, the process should be observable with 100 fb# 1 of integrated luminosity. Assuming an efficient3592

trigger, which should include a proton, the prediction gives 24 $ A$ f events in 100 fb# 1, where A is the3593

acceptance and efficiency, and f " 1.5 – 2 is a factor allowing the other proton to dissociate. A control of3594

the background is provided by considering W % e/ µ + ET/ candidates, which cannot occur exclusively.3595

Experimental results and outlook3596

The LHCb collaboration has made two measurements of J/ ! and ! (2S) production at
!

s= 7 TeV, one3597

with an integrated luminosity of 37 pb# 1 (2010 data) [141], and one with 930 pb# 1 (2011 data) [56].3598

The selection starts by triggering on low multiplicity events containing two muons. The events are then3599

selected as exclusive inside the LHCb acceptance by requiring no additional charged tracks or neutral3600

deposits in the detector. The invariant mass of the two muons after the trigger and after the selection3601

is shown in Fig. 5.34 for the 37 pb# 1 sample. Within a falling continuum, there are clear signals after3602

the trigger requirements for several vector mesons: #,J/ ! , ! (2S), ! (1S), ! (2S). With the additional3603

exclusivity requirements, only charmonia signals remain visible in this limited data sample. Candidate3604

events for J/ ! and ! (2S) mesons in the larger 930 pb# 1 sample can be seen in Fig. 5.35.3605

Three backgrounds are considered in extracting the elastic signal: non-resonant di-muon pro-3606

duction, feed-down from other mesons and inelastic J/ ! production. The non-resonant background is3607

determined from the fit shown in Fig. 5.35. Feed-down is only considered for the J/ ! selection and can3608

come from $c0, $c1, $c2 or ! (2S) decays, with the other decay products being below the threshold for3609

detection or outside the LHCb acceptance. Feed-down from $c % J/ !% is evaluated to be (7.6 ± 0.9)%3610
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overcome efÞciency losses in the muon reconstruction and triggering at low muonpTÕs, the exclusive3648

J/! analysis will be done on two charged-particle-only Þnal states using the double arm RP triggered3649

event sample without any muon identiÞcation requirement. In 5 pb! 1 of integrated luminosity, more3650

than 1000 J/! candidates are expected in theµ+ µ! decay mode with little background. This will allow3651

a detailed study of the azimuthal angular difference" of the outgoing protons and for thepT spectrum3652

of the produced J/! meson to be determined, essentially without background, even at largerpTÕs, where3653

proton dissociation events dominate the existing measurements. As discussed in Section 5.4.2, the Odd-3654

eron, the C-odd partner of the Pomeron, is predicted to signiÞcantly modify the largepT part of the3655

spectrum [122], which a CMS-TOTEM or ATLAS-ALFA measurement could test. Up to now there is3656

no compelling experimental evidence for the existence of Odderon exchange, despite it being predicted3657

by QCD.3658

5.5 Exploratory physics3659

The study of BSM signatures in the CEP channel, which usually have very low cross sections and sig-3660

nal to background ratios, can be very competitive with and complementary compared to standard LHC3661

searches. In this section, some examples of such processes are given.3662

5.5.1 Search for invisible objects via the missing mass and momentum methods3663

Motivation and theory3664

CEP processes provide a possibility for simultaneous and precise measurements of the initial and Þnal3665

state kinematics, which can be used to search for events with missing mass or missing momentum signa-3666

tures, see e.g. [150]. This opens up ways to search for new physics that might have escaped the searches3667

of the general purpose detectors, CMS and ATLAS, e.g. in scenarios where the new physics couples3668

dominantly or only to gluons.3669

Experimental results and outlook3670

A preliminary analysis has been performed on the data of the common CMS-TOTEM#" = 90 m run at3671 #
s = 8 TeV in July 2012, with a search for missing mass events performed on the existing data samples3672

of double arm RP triggered and jet triggered events [151]. Only CEP events with a central mass,Mcentral,3673

! MX are examined to avoid contamination from pile up events.Mcentral is reconstructed from the sum3674

of the CMS particle ßow objects and the missing momentum,P/ , is reconstructed from the difference of3675

the sum of the proton momenta and the sum of the momenta of the particle ßow objects. The rapidity3676

gaps,! $ = ! ln %, predicted by the proton%measurements (missing momentum fraction) are veriÞed3677

using the T2 detector with a rapidity coverage of 5.3 < |$ | < 6.5. To probeO(pb) cross sections for the3678

two signal topologies described below, a statistics of double-arm RP-triggered and of jet-triggered events3679

corresponding to an integrated luminosity of$ 100 pb! 1 is needed.3680

To verify the performance and the search methodology, control samples of events were selected3681

both in double arm RP triggered and in the jet triggered samples with the following requirements: the3682

presence of charged particles in T2, when allowed by the rapidity gaps predicted by the%measurements,3683

and no charged particles in T2, when not allowed by the rapidity gaps predicted by the%measurements.3684

Many such events, corresponding to standard CEP events, were found in both the double arm RP trig-3685

gered and jet triggered data samples and these will be used for a determination of the inclusive CEP3686

event and CEP jet cross sections, respectively. One such candidate in the jet sample withMcentral %MX3687

is shown in Fig. 5.14.3688

A Þrst signal topology, depicted schematically in Fig. 5.38(a), are events with charged particles3689

in T2 violating the%-predicted rapidity gaps. This could happen if a particle is created in the CEP3690

reaction and some of its decay products go into the T2$ acceptance region. Such events would be used3691

to search for the production of new particles by studying theMX (andMX ! Mcentral) distributions. No3692
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¥ Range of topics to consider (magnetic monopole searches, missing mass, 
technipions), with detailed study of anomalous coupling searches presented.

sociated state as a simple consequence of baryon number conservation (i.e. the dissociated state will3776

always contain either a proton or a neutron). Usually, the energy of such protons is too small to reach the3777

forward detectors, however the high cross section of the process means that the resulting background is3778

non-negligible.3779

In Fig. 5.41 the particle flow for double diffractive events with the signature of invisible particles3780

production is presented, i.e. empty central detectors and two forward protons with 0.02 < x < 0.123781

(measurements with low-b ⇤ optics). It has been assumed that the central detector can measure particles3782

with |h | < 5 and pT > 200 MeV (both charged and neutral), and Pythia 8 has been used here and in the3783

results which follow. The very thin parabolic shape at 10 < |h | < 14 corresponds to the forward protons.3784

One can clearly see that the majority of particles have 6 < |h | < 9, and thus vetoing on activity in this3785

regions will suppress a significant part of the background.3786

Fig. 5.41: Particle flow for double diffractive events consistent with the signature of invisible particle
production (empty central detectors and two forward protons with 0.02 < x < 0.12).

(a) (b)
Fig. 5.42: Distributions of (a) relative momentum loss and (b) missing mass for events with the signature
of invisible particle production (empty central detectors and two forward protons with 0.02 < x < 0.12).
The effect of an additional veto from the TOTEM tracker and CMS FSCs is presented.

It is interesting to consider the relative momentum loss and missing mass distributions for these3787

background events. These are presented in Figs. 5.42 (a) and 5.42 (b), respectively, where in addition the3788

effects of a veto with the TOTEM Telescope detectors and CMS FSCs are presented.3789
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This results in a considerable cross section for production in the tracker acceptance of|! | < 2.5, which
makes the measurement in ATLAS possible.
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Fig. 5.28: Left: the total cross section as a function of pion pseudorapidity. Right: the correlation
between the pseudorapidies of the pions, black frames represent the acceptance regions of the ATLAS
tracker and forward calorimeters.

Figure 5.29 (left) presents the distribution relevant for the discussed measurement Ð pion transverse
momentum in the|! | < 2.5 region. The initial distribution is shown together with the distribution after
the ALFA tag requirement. In order to take into account the tracking efÞciency, Figure 5.29 (right)
presents the dependence of the visible cross section as a function of the transverse momentum threshold.
Measurements ofpT = 100 MeV have been performed in ATLAS (e.g. minimum bias analysis [3]),
but the efÞciency for such low-pT tracks was quite small (about 10%). On the other hand, such small
efÞciency was obtained for events when the reconstruction algorithms had to deal with many particle
tracks. For very clean events of exclusive pion production, where only two tracks are expected, it should
be possible to adjust the reconstruction to obtain a much better efÞciency. In addition, after the LHC
restart in 2015 the ATLAS detector will be equipped in a new tracking layer Ð IBL. This should also
improve the tracking efÞciency at low transverse momentum values.

Finally, Figure 5.30 presents a possible measurement of the" + " ! invariant mass that could be
performed with 100µb! 1 of integrated luminosity (30 hours of data acquisition time assuming the lu-
minosity value of 1027 cm! 2s! 1) for the experimental condisions assumed before. It is worth reminding
that on top of such distribution one can expect to see various resonances (#0, f0, f2) that also contribute
to the pion pair production, but are not included in the model used for this analysis.

5.3.4 Summary

A possibility of performing an exclusive measurement ofpp " p" + " ! p process at the LHC was dis-
cussed, with the focus on measuring the pions in the ATLAS central tracking detector and the diffractively
scattered protons in the ALFA detectors. The main experimental parameters were studied and the visible
cross section was estimated to 12µb. For 100µb! 1 of integrated luminosity, which can be collected
during the ALFA runs with$# = 90 m, this cross section corresponds to over 2000 measured events.

6 Prospects for high luminosity measurements

6.1 Standard Model exclusive%%, WW and ZZ production

6.1.1 Standard Model exclusive%%production at the LHC: Photon and gluon induced processes

In Fig. 5.31, we show the leading processes leading to two photons and two intact protons in the Þnal
state as an example. The Þrst diagram (left) corresponds to exclusive QCD diphoton production via gluon
exchanges (the second gluon ensures that the exchange is colorless leading to intact protons in the Þnal
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¥ SM              production: pure QED process. Direct probe of EW symmetry 
breaking.

Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.
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Fig. 5.32: Diphoton production cross section as a function of the diphoton mass requesting two intact
protons in the Þnal state and the photons to have a transverse momentum larger than 10 GeV. The QCD
exclusive processes (Khoze Martin Ryskin) in full line dominate at low masses while QED diphoton
production dominates at higher masses (dashed lines). The QED production corresponds to diphoton
production via lepton/fermion loops (dotted line) andW boson loops (dashed-dotted line).

important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is theW pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of theW bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusiveW pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015< ! < 0.15) Ñ we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m Ñ on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, onEmiss

T > 20 GeV,! " > 2.7 between leading leptons, and 160< W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb! 1 for a SM signal of 51 events [178].
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Fig. 5.33: (left) Number of events for signal due to different values of anomalous couplings after all cuts
(see text) for a luminosity of 30 fb! 1 and (right) 5! discovery contours for all theWW andZZ quartic
couplings at

"
s= 14 TeV for a luminosity of 30 fb! 1 and 200 fb! 1.

6.2 Triple anomalous gauge couplings

In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings" # and! $# is the following

L # (W 
µ%Wµ A%! Wµ%W  µ A%)

+( 1+ ! $#)W 
µW%Aµ%+

" #

M2
W

W 
&µWµ

%A%&). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass for" # and! $# only modiÞes the normalization and the low mass events
have to be retained. The sensitivity on triple gauge anomalous couplings is a gain of about a factor 3
with respect to the LEP limits, which represents one of the best reaches before the LHC.

6.3 Quartic WW and ZZ anomalous couplings

The parameterization of the quartic couplings based on Ref. [181] is adopted. The cuts to select quartic
anomalous gauge couplingWW events are similar as the ones we mentioned in the previous section,
namely 0.0015< ' < 0.15 for the tagged protons corresponding to the AFP or CT-PPS detector at 210
and 420 m,Emiss

T > 20 GeV,! ( < 3.13 between the two leptons. In addition, a cut on thepT of the
leading leptonpT > 160 GeV and on the diffractive massW > 800 GeV are requested since anomalous
coupling events appear at high mass. After these requirements, we expect about 0.7 background events
for an expected signal of 17 events if the anomalous coupling is about four orders of magnitude lower
than the present LEP limit [182] (|aW

0 / " 2| = 5.4 10! 6) or two orders of magnitude lower with respect
to the D0 and CDF limits [183] for a luminosity of 30 fb! 1. The strategy to select anomalous coupling
ZZ events is analogous and the presence of three leptons or two like sign leptons are requested. Table 1
gives the reach on anomalous couplings at the LHC for luminosities of 30 and 200 fb! 1 compared to the
present OPAL limits from the LEP accelerator [182]. More recent limits were published recently by the
D0 and CMS collaborations [183] onaW

0 andaW
C , and they are respectively 1.5 10! 4 and 5 10! 4 from

CMS with a form factor of 500 GeV,

Fig. 5.33 shows the number of expected events for signal as a function of the anomalous coupling
value (left) and the 5! discovery contours for allWW andZZ anomalous couplings for 30 and 200 fb! 1

(right). It is possible to reach the values expected in extra dimension models. The tagging of the protons
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µ%Wµ A%! Wµ%W  µ A%)

+( 1+ ! $#)W 
µW%Aµ%+

" #

M2
W

W 
&µWµ

%A%&). (5.27)

The strategy is the same as for the SM coupling studies: we Þrst implement this lagrangian in FPMC [179]
and we select the signal events when theZ andW bosons decay into leptons. The difference is that the
signal appears at high mass for" # and! $# only modiÞes the normalization and the low mass events
have to be retained. The sensitivity on triple gauge anomalous couplings is a gain of about a factor 3
with respect to the LEP limits, which represents one of the best reaches before the LHC.

6.3 Quartic WW and ZZ anomalous couplings

The parameterization of the quartic couplings based on Ref. [181] is adopted. The cuts to select quartic
anomalous gauge couplingWW events are similar as the ones we mentioned in the previous section,
namely 0.0015< ' < 0.15 for the tagged protons corresponding to the AFP or CT-PPS detector at 210
and 420 m,Emiss

T > 20 GeV,! ( < 3.13 between the two leptons. In addition, a cut on thepT of the
leading leptonpT > 160 GeV and on the diffractive massW > 800 GeV are requested since anomalous
coupling events appear at high mass. After these requirements, we expect about 0.7 background events
for an expected signal of 17 events if the anomalous coupling is about four orders of magnitude lower
than the present LEP limit [182] (|aW

0 / " 2| = 5.4 10! 6) or two orders of magnitude lower with respect
to the D0 and CDF limits [183] for a luminosity of 30 fb! 1. The strategy to select anomalous coupling
ZZ events is analogous and the presence of three leptons or two like sign leptons are requested. Table 1
gives the reach on anomalous couplings at the LHC for luminosities of 30 and 200 fb! 1 compared to the
present OPAL limits from the LEP accelerator [182]. More recent limits were published recently by the
D0 and CMS collaborations [183] onaW

0 andaW
C , and they are respectively 1.5 10! 4 and 5 10! 4 from

CMS with a form factor of 500 GeV,

Fig. 5.33 shows the number of expected events for signal as a function of the anomalous coupling
value (left) and the 5! discovery contours for allWW andZZ anomalous couplings for 30 and 200 fb! 1

(right). It is possible to reach the values expected in extra dimension models. The tagging of the protons
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¥ Find much increased reach (or discovery potential) beyond existing limits. 
Proton tagging the only known way to provide such stringent limits.                                               
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using the ATLAS Forward Physics detectors is the only method at present to test so small values of
quartic anomalous couplings.

Couplings OPAL limits Sensitivity @L = 30 (200) fb! 1

[GeV! 2] 5s 95% CL
aW

0 /! 2 [-0.020, 0.020] 5.4 10! 6 2.6 10! 6

(2.7 10! 6) (1.4 10! 6)
aW

C /! 2 [-0.052, 0.037] 2.0 10! 5 9.4 10! 6

(9.6 10! 6) (5.2 10! 6)
aZ

0/! 2 [-0.007, 0.023] 1.4 10! 5 6.4 10! 6

(5.5 10! 6) (2.5 10! 6)
aZ

C/! 2 [-0.029, 0.029] 5.2 10! 5 2.4 10! 5

(2.0 10! 5) (9.2 10! 6)

Table 5.2: Reach on anomalous couplings obtained ing induced processes after tagging the protons in
AFP or CT-PPS compared to the present OPAL limits. The 5s discovery and 95% C.L. limits are given
for a luminosity of 30 and 200 fb! 1 [178]

The search for quartic anomalous couplings betweeng andW bosons was performed again after
a full simulation of the ATLAS detector including pile up [184] assuming the protons to be tagged in
AFP or CT-PPS at 210 m only. Integrated luminosities of 40 and 300 fb! 1 with, respectively, 23 or
46 average pile-up events per beam crossing have been considered. In order to reduce the background,
eachW is assumed to decay leptonically (note that the semi-leptonic case in under study). The full list
of background processes used for the ATLAS measurement of Standard ModelWW cross-section was
simulated, namelytøt, WW, WZ, ZZ, W+ jets, Drell-Yan and single top events. In addition, the additional
diffractive backgrounds mentioned in the previous paragraph were also simulated, The requirement of
the presence of at least one proton on each side of AFP or CT-PPS within a time window of 10 ps allows
us to reduce the background by a factor of about 200 (50) forµ = 23 (46). ThepT of the leading lepton
originating from the leptonic decay of theW bosons is required to bepT > 150 GeV, and that of the next-
to-leading leptonpT > 20 GeV. Additional requirement of the dilepton mass to be above 300 GeV allows
us to remove most of the diboson events. Since only leptonic decays of the W bosons are considered,
we require in addition less than 3 tracks associated to the primary vertex, which allows us to reject a
large fraction of the non-diffractive backgrounds (e.g.tøt, diboson productions,W+ jet, etc.) since they
show much higher track multiplicities. Remaining Drell-Yan and QED backgrounds are suppressed by
requiring the difference in azimuthal angle between the two leptons" f < 3.1. After these requirements,
a similar sensitivity with respect to fast simulation without pile-up was obtained.

6.4 Quartic photon anomalous couplings

6.4.1 Theretical motivations

In this section, four-photon (4g) interactions through diphoton production via photon fusion with in-
tact outgoing protons are considered. In the assumption of a new physics mass scale! heavier than
experimentally accessible energyE, all new physics manifestations can be described using an effective
Lagrangian valid for! " E. Among these operators, the pure photon dimension-eight operators

L 4g

= z

g

1 Fµn

FµnF
rs

Frs + z

g

2 Fµn

FnrF
rl

Fl µ (5.28)

can induce thegggg process, highly suppressed in the SM [174, 185]. We discuss here possible new
physics contributions toz g

1,2 that can be probed and discovered at the LHC using the forward proton
detectors.
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¥ Anomalous 4-photon interactions common in BSM models, e.g. loops of heavy 
charged particles, dilatons expected in strongly-coupled theories and KK 
gravitons can all induce anomalous couplings:

using the ATLAS Forward Physics detectors is the only method at present to test so small values of
quartic anomalous couplings.
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Table 5.2: Reach on anomalous couplings obtained in" induced processes after tagging the protons in
AFP or CT-PPS compared to the present OPAL limits. The 5! discovery and 95% C.L. limits are given
for a luminosity of 30 and 200 fb! 1 [178]

The search for quartic anomalous couplings between" andW bosons was performed again after
a full simulation of the ATLAS detector including pile up [184] assuming the protons to be tagged in
AFP or CT-PPS at 210 m only. Integrated luminosities of 40 and 300 fb! 1 with, respectively, 23 or
46 average pile-up events per beam crossing have been considered. In order to reduce the background,
eachW is assumed to decay leptonically (note that the semi-leptonic case in under study). The full list
of background processes used for the ATLAS measurement of Standard ModelWW cross-section was
simulated, namelytøt, WW, WZ, ZZ, W+ jets, Drell-Yan and single top events. In addition, the additional
diffractive backgrounds mentioned in the previous paragraph were also simulated, The requirement of
the presence of at least one proton on each side of AFP or CT-PPS within a time window of 10 ps allows
us to reduce the background by a factor of about 200 (50) forµ = 23 (46). ThepT of the leading lepton
originating from the leptonic decay of theW bosons is required to bepT > 150 GeV, and that of the next-
to-leading leptonpT > 20 GeV. Additional requirement of the dilepton mass to be above 300 GeV allows
us to remove most of the diboson events. Since only leptonic decays of the W bosons are considered,
we require in addition less than 3 tracks associated to the primary vertex, which allows us to reject a
large fraction of the non-diffractive backgrounds (e.g.tøt, diboson productions,W+ jet, etc.) since they
show much higher track multiplicities. Remaining Drell-Yan and QED backgrounds are suppressed by
requiring the difference in azimuthal angle between the two leptons" # < 3.1. After these requirements,
a similar sensitivity with respect to fast simulation without pile-up was obtained.

6.4 Quartic photon anomalous couplings
6.4.1 Theretical motivations

In this section, four-photon (4" ) interactions through diphoton production via photon fusion with in-
tact outgoing protons are considered. In the assumption of a new physics mass scale! heavier than
experimentally accessible energyE, all new physics manifestations can be described using an effective
Lagrangian valid for! " E. Among these operators, the pure photon dimension-eight operators

L 4" = $"
1 Fµ%Fµ%F&! F&! + $"

2 Fµ%F%&F&' F' µ (5.28)

can induce the"""" process, highly suppressed in the SM [174, 185]. We discuss here possible new
physics contributions to$"

1,2 that can be probed and discovered at the LHC using the forward proton
detectors.
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Table 5.3: Number of signal (for a baseline coupling of Gev! 4) and background events after various
selections for an integrated luminosity of 300 fb! 1 andµ = 50 at

"
s= 14 TeV. At least one converted

photon is required. The standard cuts correspond to the AFP or CT-PPS acceptance (0.015< ! < 0.15)
and the request of the photonpT to be above 50 GeV

Cut / Process Signal Excl. DPE e+ e! , dijet "" +
+ pile-up pile-up

standard 20.8 3.7 48.2 2.8á104 1.0á105

pT1 > 200GeV,pT2 > 100 GeV 17.6 0.2 0.2 1.6 2968
m"" > 600 GeV 16.6 0.1 0 0.2 1023

pT2/ pT1 > 0.95, |! #| > $ ! 0.01 16.2 0.1 0 0 80.2
p

! 1! 2s= m"" ± 3% 15.7 0.1 0 0 2.8
|y"" ! ypp| < 0.03 15.1 0.1 0 0 0

!!/mmiss
ppm
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Fig. 5.35: Diphoton to missing proton mass ratio (left) and rapidity difference (right) distributions
for signal considering two different coupling values (10! 12 and 10! 13GeV! 4, see Eq. 5.28) and for
backgrounds after requirements on photonpT, diphoton invariant mass,pT ratio between the two photons
and on the angle between the two photons. At least one converted photon is required. The integrated
luminosity is 300 fb! 1 and the average pile-up isµ = 50.

As for the previous studies, the anomalous"""" process has been implemented in the Forward
Physics Monte Carlo (FPMC) generator [179]. The FPMC generator was also used to simulate the
background processes giving rise to two intact protons accompanied by two photons, electrons or jets that
can mimic the photon signal. Those include exclusive SM production of"""" via lepton and quark boxes
and"" # e+ e! . The central exclusive production of"" via two-gluon exchange, not present in FPMC,
was simulated using ExHuME [188]. This series of backgrounds is called ÒExclusive" in Table 5.3 and
Figs. 2, 3. FPMC was also used to produce"" , Higgs to"" and dijet productions via double pomeron
exchange (called DPE background in Table 5.3 and Fig. 2). Such backgrounds tend to be softer than
the signal and can be suppressed with requirements on the transverse momenta of the photons and the
diphoton invariant mass. In addition, the Þnal-state photons of the signal are typically back-to-back and
have about the same transverse momenta. Requiring a large azimuthal angle|! #| > $ ! 0.01 between
the two photons and a ratiopT,2/ pT,1 > 0.95 greatly reduces the contribution of non-exclusive processes.

Additional background processes include the quark and gluon-initiated production of two photons,
two jets and Drell-Yan processes leading to two electrons. The two intact protons arise from pile-up
interactions (these backgrounds are called"" + pile-up and e+ e! , dijet + pile-up in Table 5.3).These
events were produced using HERWIG [189] and PYTHIA [190]. The pile-up background is further
suppressed by requiring the proton missing invariant mass to match the diphoton invariant mass within
the expected resolution and the diphoton system rapidity and the rapidity of the two protons to be similar.
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The number of expected signal and background events passing respective selections is shown in
Table 5.3 for an integrated luminosity of 300 fb! 1 for a center-of-mass energy of 14 TeV. Exploiting the
full event kinematics with the forward proton detectors allows to completely suppress the background
with a signal selection efÞciency after the acceptance cuts exceeding 70%. Tagging the protons is ab-
solutely needed to suppress the!! + pile-up events. Further background reduction is even possible by
requiring the photons and the protons to originate from the same vertex that provides an additional re-
jection factor of 40 for 50 pile-up interactions, showing the large margin on the background suppression.
A similar study at a higher pile-up of 200 was performed and led to a very small background. The sen-
sitivities on photon quartic anomalous couplings are given in Table 5.4. The sensitivity extends up to
7á10! 15 GeV! 4 allowing us to probe further the models of new physics described above.

Table 5.4: 5" discovery and 95% CL exclusion limits on#1 and#2 couplings inGeV! 4 (see Eq. 5.28)
with and without form factor (f.f.) with! "=1 TeV, requesting at least one converted photon (# 1 conv.
! ) or not (all ! ). All sensitivities are given for 300 fb! 1 andµ = 50 pile-up events (medium luminosity
LHC) except for the numbers of the last column which are given for 3000 fb! 1 and µ = 200 pile-up
events (high luminosity LHC) where we do not request converted photons in the case of ATLAS.

Luminosity 300 fb! 1 300 fb! 1 300 fb! 1 3000 fb! 1

pile-up (µ) 50 50 50 200

coupling # 1 conv.! # 1 conv.! all ! all !
(GeV! 4) 5 " 95% CL 95% CL 95% CL

#1 f.f. 1. á10! 13 9.á10! 14 5.á10! 14 2.5á10! 14

#1 no f.f. 3.5á10! 14 2.5á10! 14 1.5á10! 14 7.á10! 15

#2 f.f. 2.5á10! 13 1.5á10! 13 1.á10! 13 4.5á10! 14

#2 no f.f. 7.5á10! 14 5.5á10! 14 3.á10! 14 1.5á10! 14

If discovered at the LHC,!!!! quartic anomalous couplings would be a major discovery related
to the existence of extra dimensions in the universe asa an example. In addition, it might be inveestigated
if there could be a link with some experiments in atomic physics. As an example, the Aspect photon
correlation experiments [191] might be interpreted via the existence of extra dimensions. Photons could
communicate through extra dimensions and the deterministic interpretation of Einstein for these exper-
iments might be true if such anomalous couplings exist. From the point of view of atomic physics, the
results of the Aspect experiments would depend on the distance of the two photon sources. Further
more, it is clear that extra dimensions might be relevant also for the fast expansion of the universe within
inßation models.

6.5 Conclusion

In this short report, we detailled the interest of tagging the intact protons to study in detailWW, ZZ
and!! productions via photon exchanges. Uprecedented sensitivities can be achieved at the LHC in the
CMS-TOTEM and ATLAS experiments on quartic anomalous couplings, especially on!!!! couplings,
that will lead to one of the best sensitivity on extra dimensions at the LHC.
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couplings.
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Processes not mentioned...

!  ÔExoticÕ quarkonia:

!  Photon pairs

!  Light meson pairs: 

!  Low mass resonances and glueballs

!  Quarkonia pairs: 

¥ QCD:

¥ Two-photon collisions :         (luminosity monitor)

¥ Exploratory physics:

!  Invisible objets/missing momenta

!  Magnetic monopoles

!  New strong dynamics/technipions

X (3872), Y (3940)...

!! , KK , " (!)" (!), ##...

J/!J/! , J/!! (2S), ! (2S)! (2S)...

l+ l !
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Conclusion

¥ The CEP chapter contains a rich physics menu.

¥ Motivations and possibilities for gluon and photon induced measurements 
discussed.

¥ LHCb: wide range of measurements already made, with more to come.

¥ CMS-TOTEM/ALFA: wide range of very interesting measurements, with tagged 
protons, using                          of integrated lumi. of high      running.

¥  High lumi. running: SM vector boson production and (BSM) anomalous 
coupling measurements/exclusion. The latter possible with much higher precision 
than currently possible otherwise.

¥ Many processes not discussed here but in chapter. ÔFinalÕ version in draft report: 
see there for more details.

! 1 " 100 pb! 1 ! !
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