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SM Physics (with tagged protons)
• The LHC offers a wide range of possibilities for exploring the Standard 
Model with tagged protons. Some examples:

Central Exclusive 
Production

Soft Physics

Inclusive Hard 
Diffraction

★ Glueball searches.
★ Properties of gluon jets.
★ Dileptons - exclusive 
photon and proton structure.
★ Vector meson production 
and the gluon/saturation.
★ Wigner distribution.

★ Testing the Odderon 
discovery.
★ A broad programme 
improving our understanding 
of       interactions.

★ Single diffractive jet, Z, W 
and          production.
★ Double pomeron 
exchange - dijes and    + jets.

J/ 

�
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• Measure through special runs and/or tagged protons + high lumi
• Focus here on CEP (     my work), but not to forget the others…
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Central Exclusive Diffraction
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Central exclusive diffraction

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

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

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

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

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

• Diffractive: colour singlet exchange between colliding protons, with 
large rapidity gaps (‘+’) in the final state.
• Exclusive: hadron lose energy, but remain intact after the collision.
• Central: a system of mass        is produced at the collision point and only 
its decay products are present in the central detector.

MX

3

hh ! h + X + h

Central Exclusive Production



Advantages of CEP

• Clean, definite final state: object    + nothing else from interaction.

• Protons intact and can be tagged     provides additional information 
about central state, as well as selection of CEP events.

• Exclusive nature of the final state and kinematics of this provide 
important constraints on the final state (spin-parity-colour selection).

X
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Figure 2: Invariant mass distributions in the regions of (left) the J/ and (right)  (2S)
mass peaks for events with exactly two tracks, no photons and a dimuon with p

T

below
900MeV/c. The overall fits to the data are shown by the full curves while the dashed
curves show the background contributions.
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Figure 3: Feynman diagrams displaying (a) exclusive J/ photoproduction and (b) inelastic
J/ photoproduction where a small number of additional particles are produced due to
gluon radiation and (c,d) proton dissociation.

and  (2S) ! J/ +X productions. The non-resonant background is evaluated by fitting
the dimuon invariant-mass distribution, parameterizing the resonances with a Crystal
Ball function [17] and the continuum with an exponential function. Figure 2 displays
the fit results. The non-resonant background is estimated to account for (0.8 ± 0.1)%
and (16 ± 3)% of the events within 65MeV/c2 of the known J/ and  (2S) mass values,
respectively.

3.2 Inelastic background determination

The requirement of two tracks and no other visible activity enriches the sample in exclusive
events. However, this does not guarantee that there is no other activity in the regions
outside the LHCb acceptance. The contributions from two non-exclusive processes have
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Naturally provides complementary handle to study BSM/SM in 
comparison to inclusive production.
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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

g is the following

L ⇠ (W †
µn

W µAn �W
µn

W †µAn

)

+(1+Dk

g

)W †
µ

W
n

Aµn

+

l

g

M2
W

W †
rµ

W µ

n

Anr

). (5.27)

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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Photoproduction
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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

0
dz

Z

d2r yV (z,r)y

g

⇤
(z,r,Q2

)s(x,r) , (5.3)

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

s(x,r) =
4p

3
aS

Z d2
k

k

4
∂xg(x,k2

)

∂ log(k2
)

h

1� exp(ikr)
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

58

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.

2



QCD-induced CEP

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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• Pure QCD production. Theory depends on scale of process:

★ Lower mass systems- tools of Regge theory. 
`Double Pomeron Exchange’. 
★ Hadron spectroscopy in unprecedented high 
energy ‘gluon-rich’ environment.
★ Particularly interesting: glueball (+ other exotic 
searches).

1.3. Regge theory 29
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Figure 1.9: Double Pomeron exchange diagram for the production of a particle or system of
particles X, of mass MX .

quite a successful description of all such soft diffractive reactions.

Finally, we can consider the ‘double Pomeron exchange’ (DPE) diagram shown in

Fig. 1.9, where now both hadrons ‘emit’ a Pomeron and these ‘fuse’ to form some particle

(or system of particles) X. In this case either or both protons can dissociate, although we

will be concerned with the case where both protons remain intact: this then corresponds

to the CEP process which is the subject of this thesis. The study of DPE has a long

history, which we do not describe here– we refer the reader to [49] for a comprehensive

review. We can write the amplitude for the process AB → A + X + B in the factorized

form

M = A(s1, t1)A(s2, t2)M(IPIP → X) , (1.53)

whereM(IPIP → X) is the amplitude for the two fusing Pomerons to create the object

X. A(si, ti) gives the amplitude for Pomeron exchange between the proton i and the

object X, that is the pX elastic scattering amplitude, see (1.51),

A(si, tt) = β(ti)

µ
si

s0

∂αIP (t)

, (1.54)

where si = (p�
i+pX)2, and the IPX coupling is included in the definition ofM(IPIP → X).

The overall structure of the DPE mechanism shown in Fig. 1.9 is somewhat reminiscent

of the standard inclusive hadron–hadron collision process pp→ X+... shown in Fig. 1.5. In

this case, as described in sections 1.1.2 and 1.1.3, provided the produced object invariant

mass MX is high enough, then the smallness of the strong coupling αS(M2
X) and the

★ Higher mass systems- apply pQCD. 

★ One example: exclusive jet production. CEP 
theory: dominantly     colour singlet dijets. Novel 
features (radiation patterns/zeros) in trijets.
★ Others: exclusive Higgs… Lower mass: 
quarkonia (exotic/conventional),       …

gg

LHL, V. A. Khoze, M. G. Ryskin, Eur. Phys. J. 
C76 (2016) no.1, 9
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Photon-induced CEP and BSM

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 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

g is the following

L ⇠ (W †
µn

W µAn �W
µn

W †µAn

)

+(1+Dk

g

)W †
µ

W
n

Aµn

+

l

g

M2
W

W †
rµ

W µ

n

Anr

). (5.27)

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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• Of particular interest for BSM is the photon-initiated channel:

★ Clean and well understood       initial state.

★ Impact of non-QED physics (e.g. MPI      `survival probability’) low.

★ Tagged protons: take data during nominal runs.

★ Prospects for e.g. anomalous coupling (Christophe’s talk) and LbyL in PbPb/pp. 

★ Other possibilities for EW-coupled BSM physics (Monopoles, SUSY…) Cross 
sections often low       higher lumi. definitely helps.

★ SM benchmark: high mass        production. Sensitive to pp physics, photon PDF 
in non-inclusive environment…

��

!

!
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Tools: SuperChic MC

exclusive continuum background is expected to be manageable [44, 45]. The CEP of the odd–parity hc,b2749

states, for which the cross sections are predicted to be similarly suppressed to the higher spin cc,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 spin–parity of the produced quarkonium2752

state, as well as to the soft survival factors. Finally, exclusive photoproduction of C–odd quarkonia (J/y ,2753

y(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 cc meson is to J/yg , with the only significant experimental background2756

being contamination from y(2S)! J/yp

0
p

0 where only one photon is identified 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 cc mesons with 37 pb�1 of2759

data. The selection of events proceeds as for the J/y 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

fitted to expectations from the SuperCHIC simulation [31, 46] for cc0,cc1.cc2 signal contributions and2762

the y(2S) background. The CDF collaboration made the first observation [38] of CEP of cc mesons2763

but because of the limited mass resolution, assumed it all to consist of cc0 mesons. The mass resolution2764

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

cc2 dominates although much of that is due to the higher branching fraction for this state to decay to2766

J/yg . 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 the pT of the reconstructed meson. The cross sections times branching fractions are2769

measured to be 9± 5,16± 9,28± 12 pb for cc0,cc1,cc2, respectively, slightly higher but in reasonable2770

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for cc2 to cc0 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 p

+

p

� CEP [47], where a limit on the cc0 ! p

+

p

�
2773

cross section is set which indicates that less than ⇠ 50% of the previously observed cc ! J/yg events2774

at the Tevatron [38] are due to the cc0. 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 fit can be performed in order to estimate the fraction of exclusive2777

events separately for each cc state.2778

Further discrimination of the cc 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 cc1 and are about2780

four times higher for cc0 than for cc2. In addition, the mass resolution in this channel is about a factor2781
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• A MC event generator for CEP 
processes. Common platform for:

‣ QCD-induced CEP.

‣ Photoproduction.

‣ Photon-photon induced CEP.

• Most complete generator of its kind. Code and manual available at:

https://superchic.hepforge.org

LHL, V. A. Khoze, M. G. Ryskin, Eur. Phys. J. 
C76 (2016) no.1, 9



What SuperChic does/doesn’t do

• QCD-induced production:

★ SM Higgs.
★ Jets.
★ Quarkonia
★ Light meson pairs 
★ 

• Photoproduction:

★ Light mesons (        ).
★ Quarkonia (              )

⇢,�
J/ ,⌥

•Photon-induced production:

★ Lepton pair.
★  W pair.
★       (LbyL in      ).
★ SM Higgs

��

�� pp

• All in official release. Not done, but available unofficially: heavy ion 
collisions, SUSY, Monopoles…

• Work currently ongoing to include heavy ion collisions (     LbyL in PbPb), 
including full treatment of QCD-induced BG. Expect update in O(month).

!

• Other available generator: FPMC (Christophe’s talk).



Low-mass spectroscopy: tools

• Key example - glueball searches (special runs).

• To my knowledge no public tool for low mass resonances via CEP.

• Dime MC: models continuum (                  ).

• Possibility (in principle) to extend for resonance searches. 
16

Figure 4. Processes favouring glueball G production, where J/ψ and Υ are
respectively the lowest mass cc̄ and bb̄ mesons with JPC = 1−−.

(ii) Central production of mesons: In double diffractive high energy processes the

incoming hadrons scatter with small momentum transfers and carry on the initial
valence quarks. In Regge theory this process is dominated by “double Pomeron

exchange”. If the Pomeron is viewed as a gluon dominated object then glueball

production is enhanced in this reaction (pp → p gb p). The different contributing

processes within QCD have been discussed in [47].

(iii) pp̄ annihilation: The annihilation of quarks may proceed through intermediate
gluons and the formation of glueballs (pp̄→ gb+M).

(iv) Decay of excited heavy quarkonium Y (n) to ground state Y : In the example

Y (n) → Y +X the hadrons X are emitted from intermediate gluons and therefore

could be formed through an intermediate glueball.

(v) Decay of heavy quark b → sg: This QCD process (through “penguin” diagram)
may hadronize involving a glueball according to B → Kgb [48].

(vi) Leading particle in gluon jet: In analogy to the fragmentation of the primary quark q

of a q-jet into an energetic meson M(qq̄′) which carries q as valence quark, there may

be the fragmentation of the primary gluon of a gluon jet into an energetic meson

M(gg) which carries the initial gluon as valence gluon g → gb+X (section 9).

3.2.2. Suppression of glueballs in γγ processes. Having neutral constituents a glueball

couples to photons only through loop processes and then it is suppressed in γγ reactions.

3.3. Supernumerous states among qq̄ nonets?

Mesons with light quark constituents (u, d, s quarks) are classified in nonets of 3 × 3

states (octet+singlet). A well known example is the pseudoscalar nonet of lowest mass

with π, K, η near flavour octet and η′ near singlet. It is the aim of meson spectroscopy

to establish the appropriate classification of mesons. They should fit into nonets of qq̄

states - possibly, there are also exotic states like tetra-quark qqq̄q̄ or hybrid qq̄g states.
If there are glueballs in addition there should be supernumerous states which do not fit

into a nonet classification of the meson spectrum.

https://dimemc.hepforge.org

⇡⇡,KK...

LHL, V. A. Khoze, M. G. Ryskin, Eur. Phys. J. 
C74 (2014) 2848



YP Contributions

• Experimental 
contributions from:

★ ALICE (E. Kryshen, C Mayer)
★ ATLAS (J. Gramling, K. Schmeiden, M. Rijssenbeek).
★ CMS (C. Royon).

• Theory: provide contribution giving motivation/predictions (SuperChic) for 
CEP in the HL-LHC:

★ Exclusive Jets.
★ High mass lepton pair production.
★ SM Higgs (?).
★ Charm sector.

★ BSM: anomalous coupling (C. Royon), 
monopoles, SUSY…
★ Light-by-light scattering: predictions 
and BGs in pp and PbPb.

• Contact will continue with the LHC Forward Physics Working group.

• Other topics: lower mass spectroscopy (glueballs, exotics…). Inclusive 
diffraction. Soft physics…

• Focus on physics opportunities with tagged protons + high lumi, and special 
runs (special optics, heavy ions etc).


