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Interest - Forward Proton Spectrometry
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Exclusive final state can be produced via three different mechanisms, 
depending on kinematics and quantum numbers of state:

QCD-induced

Photon-inducedFig. 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 the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ 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 of W and Z 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 the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W 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 exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 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 l

g and Dk
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The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l

g and Dk

g only modifies the normalization and the low mass events
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Fig. 5.10: Invariant mass of the J/yJ/y 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 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p
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Fig. 5.11: Diagrams representing the exclusive diffractive g p !V p amplitude.

Two largely equivalent approaches to exclusive diffractive production of a vector meson of mass
MV at g p cms energy W , applicable at small values of x = M2

V/W 2, 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(g⇤(Q2
)p !V p;W, t = 0) =

Z 1
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where x = M2
V/W 2, yV and y

g

are the light-cone wave functions for the quark-antiquark Fock states of
the vector meson and photon respectively. The qq̄ separation r is conserved during the interaction (and so
are the longitudinal momentum fractions z,1� z carried by q and q̄). Color dipoles of size r are diagonal
states of the S-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
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C-even, couples to gluons

C-even, Couples to photons

C-odd, couples to photons + gluons
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 Each one offers different possibilities…

Production Mechanisms

1 Introduction

The use of diffractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detecting protons that have lost only

about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which

are unique to the LHC, and difficult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely

favourable environment to search for, and identify the nature of, new particles at the LHC. The
first that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,

gluinonia, radions, and indeed any new object which has 0++ (or 2++) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By “central exclusive” we mean a process

of the type pp → p +X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced system X . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First, if the outgoing protons remain intact and scatter through small angles then, to a very

good approximation, the primary active di-gluon system obeys a Jz = 0, C-even, P-even,
selection rule [12]. Here Jz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers

of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state. Secondly, because the process is exclusive, the energy loss of the outgoing protons

is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system. Thirdly, in many

topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due to Jz = 0 selection, leading-
order QCD bb̄ production is suppressed by a factor (mb/ET )2, where ET is the transverse energy

of the b, b̄ jets. Therefore, for a low mass Higgs, MH
<
∼ 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive process pp → p + X + p. The system X is

produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.
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X = H, jj...

Fig. 90: Schematic diagram of the production of a system X in (left) two–photon (right) QCD–initiated
central exclusive production.

7 Forward physics
7.1 Photon-induced collisions at the HL–LHC50

Central exclusive production (CEP) corresponds to the production of a central system X , and nothing
else, with two outgoing intact protons:

pp→ p + X + p . (57)

Such a process may be mediated by photon exchange, with the elastic photon emission vertex leaving
the protons intact, see Fig. 90 (left). A range of SM (e.g. X = γγ, Zγ, ZZ, `¯̀) and BSM states (e.g.
X = axion–like particles, monopoles, SUSY particles) may be produced in this way. These have the
benefit of:

– The theoretical framework to model the underlying production mechanism, based on the equiva-
lent photon approximation [771], is very well understood. Moreover, due to the peripheral nature
of the interaction the possibility for additional inelastic proton–proton interactions (in other words
of multiple–particle interactions) is very low.

– As the mass of the central system increases, the relative size of any contribution from QCD–
initiated production, see section 7.2, becomes increasingly small [772], due to the strong Sudakov
suppression in vetoing on additional QCD radiation.

CEP therefore offers a unique opportunity at the LHC to observe the purely photon–initiated pro-
duction of electromagnetically charged objects at the LHC in a clean and well understood environment;
in this context the LHC is effectively used as a photon–photon collider. The cross sections for such
processes can be relatively small, in particular at higher mass, and therefore to select such events it is
essential to run during nominal LHC running with tagged protons. The increased statistics available
during the HL–LHC stage will allow these studies to push to higher masses and lower cross sections,
increasing the discovery potential. A detailed study for the example case of anomalous quartic gauge
couplings is discussed below.

7.1.1 Anomalous quartic gauge couplings with proton tagging at the HL–LHC51

This section discusses the discovery potential of anomalous quartic gauge interactions at the LHC via
the measurement of central exclusive production (see Refs. [773–780]). The central system X is recon-
structed in the central detector (CMS, ATLAS) while the outgoing protons, which remain intact due to

50Section edited by L. Harland-Lang.
51Contribution by C. Baldenegro and C. Royon.
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Best sensitivity to Anomalous Quartic Gauge
Couplings comes by tagging final state
protons
• HL-LHC studies: γγ →Zγ and γγ → γγ

• Overlap with EF04, see slides [1] [2]
• Central exclusive dijet production via
gluon exchange detailed here.
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Fig. 91: Expected bounds at 95% CL on the anomalous quartic coupling for 300 fb−1 and at the HL-
LHC with 3000 fb−1 (no time-of-flight measurement) (left). Expected bounds at 95% CL on the anoma-
lous couplings at the HL-LHC with time-of-flight measurement with precision of 10 ps and without
time-of-flight measurement (right).

to 5 · 10−14 GeV−4 with 300 fb−1 at 14 TeV, and down to 1 · 10−14 GeV−4 at the HL-LHC with a
luminosity of 3000 fb−1 without using time-of-flight information. The last bound can be improved by a
factor of ∼ 1.2 if the timing precision is of 10 ps.

Constraining γγγZ coupling via pp→ p(γγ → γZ)p

The γγγZ interaction is induced at one-loop level in the SM via loops of fermions and W± bosons.
Loops of heavy particles charged under SU(2)L×U(1)Y contribute to the γγγZ couplings. The dimension-
eight effective operators are LγγγZ = ζ3γZ

1 FµνFµνF
ρσZρσ + ζ3γZ

2 FµνF̃µνF
ρσZ̃ρσ , which induce the

γγγZ interaction. This induces the anomalous γγ → γZ scattering and generates the rare SM decay
Z → γγγ. This coupling can be probed in pp→ p(γγ → γZ)p reactions. The sub-process was imple-
mented in the FPMC event generator as well.

Since the exclusive channel is very clean, it allows the possibility of studying exclusive Zγ pro-
duction with theZ boson decaying into a charged lepton pair or to hadrons (dijet or large radius jet signa-
ture). The signature (Z → `¯̀) +γ is much cleaner, but has vastly fewer events than (Z → hadrons) +γ
final states. A similar event selection is applied on the exclusive Zγ production as in the exclusive γγ
case. The sensitivity on the anomalous coupling at 95% CL combining both channels at 14 TeV with
300 fb−1 of data is on the order of 1 · 10−13 GeV −4 (see Fig. 92). For the HL-LHC with 3000 fb−1 it
scales down to 1 · 10−14 GeV−4 when combining both channels. The time-of-flight measurement can
improve the expected bounds by a factor of ∼ 2 .
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Fig. 92: Expected bounds on the anomalous couplings at 95% CL with 300 fb−1 and 3000 fb−1 at the
HL-LHC (no time-of-flight measurement) (left). Expected bounds at 95%CL for timing precisions of
δt = 2, 5, 10 ps at the HL-LHC (right).

7.2 Central exclusive production: QCD prospects52

The CEP process may be mediated purely by the strong interaction, and in such a case if the mass of the
central system is large enough a perturbative approach may be applied, via the diagram shown in Fig. 90
(right), see [782, 783] for reviews. As well as probing QCD in a novel regime, the exclusive nature of
this process has the benefit that the produced object obeys a quantum number selection rule. Namely
the object must be C even, while the production of P even states with Jz = 0 angular momentum
projection on the beam axis is strongly dominant. From the point of view of the production of new
BSM states or the understanding of existing QCD bound states (e.g. exotic quarkonia) this therefore
has the benefit of identifying the produced object quantum numbers. The Jz = 0 selection implies that
only certain helicity configurations in the underlying gg → X production process contribute, which
also leads to unique phenomenological consequences. A detailed discussion of this selection rule can
be found in [783] and the references therein. Two example processes, namely exclusive jet and Higgs
boson production, are discussed briefly below. These represent higher mass test cases relevant to HL–
LHC running with tagged protons at ATLAS or CMS. The possibilities for the observation of lower mass
objects with the ALICE detector will be addressed in section 7.4.

The exclusive production of jets provides a new and unexplored area of QCD phenomenology.
This process has been first observed at the Tevatron [784, 785]. The quantum number selection rule dis-
cussed above has a number of consequences that are quite distinct from the standard inclusive channels.
In particular, the production of purely gluonic dijets is predicted to be strongly dominant, allowing a
study of purely gg jets from a colour–singlet initial state. In the three–jet case the presence of ‘radi-
ation zeros’ [786], that is a complete vanishing in the leading order amplitudes for certain kinematic
configurations, is expected. This phenomena is well known in electroweak processes, but this is the only
known example of a purely QCD process where this occurs. Some representative predictions for the
HL–LHC are shown in Table 54. These are calculated using the SUPERCHIC 2.5 MC generator [787],
which provides the most up to date predictions for CEP processes. The cross sections are suppressed

52Contribution by L. Harland-Lang.
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Forward Central Matching
10

What is CT-PPS?

• Joint CMS and TOTEM project: https://cds.cern.ch/record/1753795,
see Fabio’s talk

• LHC magnets bend scattered protons out of the beam envelope

• Detect scattered protons a few mm from the beam (both sides of CMS)

• First data taking in 2016:∼ 15 fb−1

Require forward proton kinematics to be “matched” with the
centrally produced system to greatly suppress backgrounds.

Forward proton detectors
reconstruct the momentum loss
from the intact protons

Conservation of momentum

• Mass matching

• Rapidity matching

Phys. Rev. D 89, 114004 2/2


