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Outline

• In this talk I will provide a brief outline of the SuperChic MC 
generator relevant to quarkonium production.

• Caveat: no substantial updates to SC with respect quarkonia for ~ 5 
years. However hopefully this talk can initiate some new ideas for future!
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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 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).
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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 pT 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 the 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 Dkg is the following

L ⇠ (W †
µnW µAn �WµnW †µAn)

+(1+Dkg)W †
µWnAµn +

l g

M2
W

W †
rµW µ

nAnr). (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 Dkg 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

Q

Q̄

F(x,) = @G(x,)/@ log 2

(1� z,�~k?)

(z,~k?)
 V (z, k?)

VM = J/ , 0,⌥,⌥0, . . .�

~�~

p p

W 2

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)yg⇤(z,r,Q2)s(x,r) , (5.3)

where x = M2
V/W 2, yV and yg 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 d2k
k4

∂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
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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 di!ractive 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 di"cult 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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Selecting CEP events

Veto
<latexit sha1_base64="UDz/Uza7DUBPmyv8JTjxaimre8M=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkkpfWyk4MZlBVsL7VAyaaaNzSRDkhHK0H9w40IRt/6PO//GTFtBRQ9cOJxzL/feE8SCG4vQh5dbW9/Y3MpvF3Z29/YPiodHXaMSTVmHKqF0LyCGCS5Zx3IrWC/WjESBYLfB9DLzb++ZNlzJGzuLmR+RseQhp8Q6qTugEz6kw2IJlRFCGGOYEVyvIUeazUYFNyDOLIcSWKE9LL4PRoomEZOWCmJMH6PY+inRllPB5oVBYlhM6JSMWd9RSSJm/HRx7RyeOWUEQ6VdSQsX6veJlETGzKLAdUbETsxvLxP/8vqJDRt+ymWcWCbpclGYCGgVzF6HI64ZtWLmCKGau1shnRBNqHUBFVwIX5/C/0m3Usa1cvW6WmpdrOLIgxNwCs4BBnXQAlegDTqAgjvwAJ7As6e8R+/Fe1225rzVzDH4Ae/tE8HWj0M=</latexit>�c

• CEP events can be selected either by:

★Tagging outgoing protons with dedicated AFP (ATLAS) and 
CT-PPS detectors (CMS). Here mass acceptance is well above 
quarkonium region (except special runs).

                         22K. Jakobs, ATLAS Experiment, ICHEP 2020                                                                                                                                       

Observation of proton scattering in association with lepton pairs   

•  Forward scattering of incident protons is a hallmark prediction of photon fusion 
 
•  Measured in ATLAS Forward Proton spectrometer (AFP)  

 

σfid (ee+p)  = 11.0 ± 2.6 (stat) ± 1.2 (syst) ± 0.3 (lumi)  fb 
σfid (µµ+p)  =   7.2 ± 1.6 (stat) ± 0.9 (syst) ± 0.2 (lumi)  fb 
 
Obs. significance: well above 5σ for both (ee) and (µµ)  

Good agreement with SM expectations 

ATLAS-CONF-2020-041  AFP data recorded 2017 at high µ  

Fractional proton energy  
loss from scattered proton   

Fractional proton energy  
loss from lepton kinematics  

First cross-section measurement using proton-tagging 
in photon-fusion processes at the LHC 

Exclusive diphoton production with intact protons

Search for exclusive diphoton production with intact protons detected in the 
TOTEM detector
• Data collected in 2016, IntL = 9.6 fb-1, will extend to the total 110 fb-1 of 

Run 2
• Addressing high mass,  M!! > 350 GeV
• Extension of SM Lagrangian with 8-dim term of 4-photon interaction:

CMS PAS EXO-18-014 
TOTEM NOTE 2020-003

No events observed when requiring matching between the mass and 
rapidity extracted from photons and protons.
Upper limits at 95% CL on the 4-photon anomalous quartic couplings:

Elastic selection: 1-!"|/# <0.005
266 events

with

03/08/20 CMS highlights ICHEP 2020 15

★Vetoing on additional tracks in detector 
region. Selects dominantly CEP, though 
still have proton dissociation.
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• A MC event generator for CEP 
processes. Common platform for:

‣ QCD-induced CEP.

‣ Photoproduction.

‣ Photon-photon induced CEP.

• For pp, pA and AA collisions.  Weighted/unweighted events (LHE, 
HEPMC) available- can interface to Pythia/HERWIG etc as required.

SuperChic 4

https://superchic.hepforge.org

• Full treatment of proton 
dissociation for photon-
initiated production in pp 
collisions currently available 
for lepton pair production.
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Quarkonium Production in SC
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!cJ CEP

Produced via gg ! !cJ subprocess: by demanding exclusivity, we are
selecting !cJ state to be colour–singlet.
Can use old potential model results to calculate coupling, giving for e.g.
the !c0

V (gg ! !c0) " "!P(0)(q1" · q2")
p!#0
= "!P(0)Q

2
" , (1)

where "!P(0) is usual wavefunction derivative at the orgin. Can be
extracted from (potential model, Lattice) fits, or approximately normalized
to !c0 total width. Cancels in cross sections ratios (#(!c0)/#(!c1)...).
Spin of produced state determines form of vertex and behaviour in the
forward proton (p" ! 0) limit. .
.
.
.
.
.

!cJ"ab

!
! P
(0
)
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1 Introduction

The use of di!ractive 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 di"cult 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

• Two relevant production mechanisms: QCD-induced 
and photoproduction.

• QCD induced:
<latexit sha1_base64="g7yqFsy7YpisP9GYYUOGRopRv5o=">AAACD3icdZDLSgMxFIYz9VbrrerSTbAoLkpJSullV3TjsoK9QGcYMmnahmYuJBmhDH0DN76KGxeKuHXrzrcx01a8oAcCH/9/Difn9yLBlUbo3cqsrK6tb2Q3c1vbO7t7+f2DjgpjSVmbhiKUPY8oJnjA2pprwXqRZMT3BOt6k4vU794wqXgYXOtpxByfjAI+5JRoI7n5U5uOuZtQNCvCJeIvLM+KNtPEpW6+gEoIIYwxTAHXqshAo1Ev4zrEqWWqAJbVcvNv9iCksc8CTQVRqo9RpJ2ESM2pYLOcHSsWETohI9Y3GBCfKSeZ3zODJ0YZwGEozQs0nKvfJxLiKzX1PdPpEz1Wv71U/Mvrx3pYdxIeRLFmAV0sGsYC6hCm4cABl4xqMTVAqOTmr5COiSRUmwhzJoTPS+H/0CmXcLVUuaoUmufLOLLgCByDM4BBDTTBJWiBNqDgFtyDR/Bk3VkP1rP1smjNWMuZQ/CjrNcP2eub8w==</latexit>�c0,�c1,�c2, ⌘c

<latexit sha1_base64="X5pEITRtJ6ZQKVIYDlnnq5YCEMw=">AAACD3icdZDLSgMxFIYz9VbrrerSTbAoLkpJSullV3TjsoK9QGcYMmnahmYuJBmhDH0DN76KGxeKuHXrzrcx01a8oAcCH/9/Difn9yLBlUbo3cqsrK6tb2Q3c1vbO7t7+f2DjgpjSVmbhiKUPY8oJnjA2pprwXqRZMT3BOt6k4vU794wqXgYXOtpxByfjAI+5JRoI7n5U5uOuZt4aFaES8RfWJ4VbaaJ67n5AiohhDDGMAVcqyIDjUa9jOsQp5apAlhWy82/2YOQxj4LNBVEqT5GkXYSIjWngs1ydqxYROiEjFjfYEB8ppxkfs8MnhhlAIehNC/QcK5+n0iIr9TU90ynT/RY/fZS8S+vH+th3Ul4EMWaBXSxaBgLqEOYhgMHXDKqxdQAoZKbv0I6JpJQbSLMmRA+L4X/Q6dcwtVS5apSaJ4v48iCI3AMzgAGNdAEl6AF2oCCW3APHsGTdWc9WM/Wy6I1Yy1nDsGPsl4/ANOfm+8=</latexit>�b0,�b1,�b2, ⌘b

 via range of 2, 4 body decays.

• How is this modelled?
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• In a nutshell:

QCD-induced CEP

particle momenta, and so such an averaging will omit the influence this can have on the
predicted distributions as well as only providing an approximate estimate of the (process–
dependent) overall suppression.

With these considerations in mind, we present in this paper results of the new SuperChic
2 MC generator. This contains a range of theoretical improvements compared to the previ-
ous version, most significantly including a fully di!erential treatment of the survival factor,
maintaining the explicit dependence of this on the particle momenta in all cases. As well
as the processes generated in the original MC, exclusive 2 and 3 jet, quarkonia (J/! and
!(2S)) pair, SM Higgs boson production and the photoproduction of " and # mesons are
now implemented. In addition, the two–photon production of $$, W+W! and lepton pairs
are included; this is the first MC implementation of such photon–induces processes which
includes a complete treatment of soft survival e!ects. The case of a e+e! initial state is also
implemented for these processes.

The outline of this paper is as follows. In Section 2 we summarise the theoretical ingredi-
ents of the Durham model of QCD–mediated CEP, and describe how the soft survival factor
can be included di!erentially in theoretical predictions and in a MC. In Section 3 we describe
the theory of photon–induced processes, again providing details of how a full treatment of
the survival factor can be achieved. In Sections 4.1 to 4.4 we present results of this MC for
a range of processes: exclusive 2 and 3 jet production in Section 4.1; exclusive vector meson
photoproduction in Section 4.2; two–photon induced W+W! and lepton pair production in
Section 4.3; heavy %c,b quarkonia production in Section 4.4. In Section 4.5 a summary is
presented of all processes that are generated, including some motivation for specific measure-
ments that may be performed at the LHC. In Section 5 we briefly describe the SuperChic 2
MC and its public availability. Finally, in Section 6 we present a summary and outlook.

2 QCD processes

2.1 Basic formalism

CEP processes that proceed purely by the strong interaction can be described by the ‘Durham’
model, a pQCD–based approach that may be applied when the object mass MX is su"ciently
high, see [1, 3, 24] for reviews. The formalism used to calculate the perturbative CEP cross
section is explained in detail elsewhere [1, 6, 25–29] and we will only present a very brief
summary here. The perturbative CEP amplitude, corresponding to the diagram shown in
Fig. 1, can be written as

T = &2

!

d2Q" M
Q2

"(Q" ! p1!)
2(Q" + p2!)

2
fg(x1, x

#
1, Q

2
1, µ

2
F ; t1)fg(x2, x

#
2, Q

2
2, µ

2
F ; t2) , (1)

where Q" is the transverse momentum in the gluon loop, with the scale Q2
i = Q2

" in the
forward proton limit (see e.g. [6] for a prescription away from this limit), and M is the

3

Related to standard gluon PDFs + Sudakov factor of no gluon emission

Integral over gluon loop

XQ!

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )

Figure 1: The perturbative mechanism for the QCD–induced exclusive process pp ! p +
X + p, with the eikonal and enhanced survival factors shown symbolically.

colour–averaged, normalised sub–amplitude for the gg ! X process

M "
2

M2
X

1

N2
C # 1

!

a,b

!abqµ1!q
!
2!
V ab
µ! . (2)

Here a and b are colour indices, MX is the central object mass, V ab
µ! is the gg ! X vertex,

qi! are the transverse momenta of the incoming gluons, and ti is the squared momentum
transfer to the outgoing protons. The fg’s in (1) are the skewed unintegrated gluon densities
of the proton. These correspond to the distribution of gluons in transverse momentum Q!,
which are evolved in energy up to the hard scale µF , such that they are accompanied by
no additional radiation, as is essential for exclusive production. While the gluon momentum
fractions xi are set by the mass and rapidity of the final state, the fractions xi

" carried by
the screening gluon must in general be integrated over at the amplitude level. However, for
the dominant imaginary part of the amplitude we have x" $ x, and it can be shown that the
fg’s may be simply written as

fg(x, x
", Q2

!, µ
2
F ) =

"

" ln(Q2
!)

"

Hg

#x

2
,
x

2
;Q2

!

$

%

Tg(Q!, µ2
F )

&

, (3)

where Hg is the generalised gluon PDF [30], which for CEP kinematics can be related to
the conventional PDFs [29, 31]. The Tg in (3) is a Sudakov factor, which corresponds to the
probability of no extra parton emission from each fusing gluon.

We can decompose (2) in terms of on–shell helicity amplitudes, neglecting small o!–shell
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!cJ CEP

Produced via gg ! !cJ subprocess: by demanding exclusivity, we are
selecting !cJ state to be colour–singlet.
Can use old potential model results to calculate coupling, giving for e.g.
the !c0

V (gg ! !c0) " "!P(0)(q1" · q2")
p!#0
= "!P(0)Q

2
" , (1)

where "!P(0) is usual wavefunction derivative at the orgin. Can be
extracted from (potential model, Lattice) fits, or approximately normalized
to !c0 total width. Cancels in cross sections ratios (#(!c0)/#(!c1)...).
Spin of produced state determines form of vertex and behaviour in the
forward proton (p" ! 0) limit. .
.
.
.
.
.

!cJ"ab

!
! P
(0
)
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i.e. colour singlet          
amplitude, for particular 
helicity configuration.
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gg ! X

• In addition include ‘survival factor’ probability of no MPI (will not 
discuss in detail here).

1 Introduction

The use of di!ractive 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 di"cult 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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• Use of pQCD picture justified by high scale of process ~           .

1.3. Regge theory 29

2
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"1(t1)

"2(t2)

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

Caveat
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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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Mqq

• For e.g.       this might be at limit of region of validity         non 
perturbative picture?
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• pQCD approach only included in SC.



Production
�cJ : L = 1, S = 1, JPC = (0, 1, 2)++ cc meson states, M�c ⇡ 3.5 GeV.

• Production cross sections determined by unique CEP kinematics:

‣         : in the non-relativistic quarkonium approximation coupling to       in             
a               state vanishes (dominant configuration for CEP).

‣        : Landau-Yang theorem forbids coupling of a             particle to on-shell 
gluons (true to good approximation in CEP).  Additionally suppressed by 
specific form of vertex.

�c1

�c2

Jz = 0

J = 1

• No suppression in                expect strong hierarchy in rates. Completely 
different to inclusive case.
• Colour singlet                : no room for NRQCD… 
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!cJ CEP

Produced via gg ! !cJ subprocess: by demanding exclusivity, we are
selecting !cJ state to be colour–singlet.
Can use old potential model results to calculate coupling, giving for e.g.
the !c0

V (gg ! !c0) " "!P(0)(q1" · q2")
p!#0
= "!P(0)Q

2
" , (1)

where "!P(0) is usual wavefunction derivative at the orgin. Can be
extracted from (potential model, Lattice) fits, or approximately normalized
to !c0 total width. Cancels in cross sections ratios (#(!c0)/#(!c1)...).
Spin of produced state determines form of vertex and behaviour in the
forward proton (p" ! 0) limit. .
.
.
.
.
.

!cJ"ab

!
! P
(0
)
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!c CEP (2)

• Recent LHCb data: select
‘exclusive’ !c ! J/"# events by
vetoing on additional activity in
given $ range, and applying
subtractions for remaining
inclusive background.

• LHCb see2:
!(pp!pp(µ+µ!+"))

Br(J/#!µ+µ!)Br($cJ!J/#") LHCb (nb) SuperCHIC (nb)
!c0 13 ± 6.5 20
!c1 0.80 ± 0.35 0.49
!c2 2.4 ± 1.1 0.26

! See clear suppression in !c(1,2) states. Do not expect (or find) for
inclusive production.

! Good data/theory agreement for !c(0,1) states (within quite large theory
uncertainty), but a significant !c2 excess (relativistic and/or
non–perturbative corrections, inclusive contamination...?).

2LHCb-CONF-2011-022
L.A. Harland-Lang (IPPP, Durham) 6 / 24

�c0 )

gg

LHL et al.: arXiv:0909.4748, 1005.0695
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gg ! �c
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• Measurements made by CDF and LHCb, by vetoing on additional activity 
in given     range in the                        channel (favours            ).

• CDF show good agreement with Durham predictions, 
while LHCb see:
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!c CEP (2)

• Recent LHCb data: select
‘exclusive’ !c ! J/"# events by
vetoing on additional activity in
given $ range, and applying
subtractions for remaining
inclusive background.

• LHCb see2:
!(pp!pp(µ+µ!+"))

Br(J/#!µ+µ!)Br($cJ!J/#") LHCb (nb) SuperCHIC (nb)
!c0 13 ± 6.5 20
!c1 0.80 ± 0.35 0.49
!c2 2.4 ± 1.1 0.26

! See clear suppression in !c(1,2) states. Do not expect (or find) for
inclusive production.

! Good data/theory agreement for !c(0,1) states (within quite large theory
uncertainty), but a significant !c2 excess (relativistic and/or
non–perturbative corrections, inclusive contamination...?).

2LHCb-CONF-2011-022
L.A. Harland-Lang (IPPP, Durham) 6 / 24

CERN-LHCb-CONF-2011-022 

• See clear suppression in              states. Do not expect to see (and do 
not see) in inclusive production.
• Good data/theory agreement for              states (within quite large 
theory uncertainty), but significant         excess. Could be due to proton 
dissociation (forward shower counters...?), or further theory input 
could be needed (relativistic/non-perturbative corrections...).  

�c2

�c(0,1)

�c ! J/ �⌘ �c(1,2)

LHCb, arXiv:1307.4285 : first inclusive      �c0
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•           production:
‣  Smaller cross sections (        )...
‣  ...but smaller theoretical uncertainty ( higher        )

•           production:
‣  Odd parity       expected to be suppressed. Test experimentally!
‣  

�b

⇠ pb

MX

⌘c,b
)

⌘c ⇠ 0.1 nb, ⌘b ⇠ 0.1 pb

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

!b0(1P) IG (JPC ) = 0+(0 + +)
J needs confirmation.

Observed in radiative decay of the !(2S), therefore C = +. Branch-
ing ratio requires E1 transition, M1 is strongly disfavored, therefore
P = +.

!b0(1P) MASS!b0(1P) MASS!b0(1P) MASS!b0(1P) MASS

VALUE (MeV) DOCUMENT ID

9859.44±0.42±0.31 OUR EVALUATION9859.44±0.42±0.31 OUR EVALUATION9859.44±0.42±0.31 OUR EVALUATION9859.44±0.42±0.31 OUR EVALUATION From average ! energy below, using !(2S)
mass = 10023.26 ± 0.31 MeV

" ENERGY IN !(2S) DECAY" ENERGY IN !(2S) DECAY" ENERGY IN !(2S) DECAY" ENERGY IN !(2S) DECAY

VALUE (MeV) DOCUMENT ID TECN COMMENT

162.5 ±0.4 OUR AVERAGE162.5 ±0.4 OUR AVERAGE162.5 ±0.4 OUR AVERAGE162.5 ±0.4 OUR AVERAGE

162.56±0.19±0.42 ARTUSO 05 CLEO !(2S) ! !X

162.0 ±0.8 ±1.2 EDWARDS 99 CLE2 !(2S) ! !"(1P)
162.1 ±0.5 ±1.4 ALBRECHT 85E ARG !(2S) ! conv.!X
163.8 ±1.6 ±2.7 NERNST 85 CBAL !(2S) ! !X
158.0 ±7 ±1 HAAS 84 CLEO !(2S) ! conv.!X

• • • We do not use the following data for averages, fits, limits, etc. • • •

149.4 ±0.7 ±5.0 KLOPFEN... 83 CUSB !(2S) ! !X

!b0(1P) DECAY MODES!b0(1P) DECAY MODES!b0(1P) DECAY MODES!b0(1P) DECAY MODES

Mode Fraction (!i /!) Confidence level

!1 "!(1S) ( 1.76±0.35) %

!2 D0X < 10.4 % 90%

!3 #+#"K+K"#0 < 1.6 # 10"4 90%

!4 2#+#"K"K0
S < 5 # 10"5 90%

!5 2#+#"K"K0
S 2#0 < 5 # 10"4 90%

!6 2#+2#"2#0 < 2.1 # 10"4 90%

!7 2#+2#"K+K" ( 1.1 ±0.6 ) # 10"4

!8 2#+2#"K+K"#0 < 2.7 # 10"4 90%

!9 2#+2#"K+K" 2#0 < 5 # 10"4 90%

!10 3#+2#"K"K0
S #0 < 1.6 # 10"4 90%

!11 3#+3#" < 8 # 10"5 90%

!12 3#+3#"2#0 < 6 # 10"4 90%

!13 3#+3#"K+K" ( 2.4 ±1.2 ) # 10"4

!14 3#+3#"K+K"#0 < 1.0 # 10"3 90%

!15 4#+4#" < 8 # 10"5 90%

!16 4#+4#"2#0 < 2.1 # 10"3 90%

HTTP://PDG.LBL.GOV Page 1 Created: 7/12/2013 14:50

also for J = 1, 2

Other States
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Quarkonium pair production

g1(!1)

g2(!2)

"1(!3)

"2(!4)

Figure 2: Typical Feynman diagram contributing to gg ! J/"J/" process.

vector meson pairs1. In this case the calculation was performed in the ‘hard exclusive’
formalism of [35,36], for which the quark, anti–quark caries some general momentum fraction
x, (1 " x) of the parent meson, respectively: as we are considering the non–relativistic
approximation (taken in e.g. [4–9] ), we simply assume x = 1/2. In addition, to account for
the di!erent normalizations of the spin projections, we must make the replacement

fM !

!

3

#M!
R0(0) , (7)

where fM is the meson decay constant, defined in [34], and R0(0) is the J/" wave function at
the origin. Making these replacements we therefore expect the helicity amplitudes T"1"2,"3"4
for transverse J/" polarizations, in the M2

X/M
2
! ! # limit, to be given by2

T"1"2,++ = T"1"2,!! = 0 , (8)

T++,+! = T++,!+ = T!!,+! = T!!,!+ = 0 , (9)

T+!,+! = T!+,!+ = "$ab
8|R0(0)|2

#M!

16#2%2
s

ŝ
cos &(1 + cos &) , (10)

T!+,+! = T+!,!+ = $ab
8|R0(0)|2

#M!

16#2%2
s

ŝ
cos &(1" cos &) , (11)

where
$
ŝ = MX is the invariant mass of the J/" pair, !1,2 are the helicities of the incoming

gluons and !3,4 are the helicities of the outgoing J/" mesons, while a, b are the gluon colour

1As discussed in [34], the massless gg ! V V amplitudes receive no contribution from the ‘ladder–type’
diagrams, where the qq pairs forming the meson come from the same quark line: these cannot contribute in
the case of J/! production due to C–parity conservation.

2We note that all of the explicit expressions presented in this paper and in [34, 37] correspond to taking
the azimuthal angle " = 0 for the outgoing particle momenta. Taking a non–zero value can introduce an
overall "–dependent phase for some helicity configurations, which while having no e!ect in spin–summed the
normal inclusive case, must be included in (5) to give the correct result for the exclusive cross section.
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• Quarkonium pair production also generated:
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 (2S) (2S)

indices3. Here (8) simply results from helicity conservation along the massless quark lines,
while (9) follows from the well–known fact that a tree–level amplitude for the scattering of
massless particles must have at least 2 particles of both + and ! helicity (with all particle
momenta defined as incoming) to be non–zero [38]. For the case that exactly two particles
have the same helicity the amplitudes are ‘maximally helicity violating’ (MHV), and in such
a situation very simple expressions for these can be written down [38–40]. It is precisely this
simplicity that explains why the expressions (10) and (11) are so concise; recalling that these
expressions result from the contribution of 31 separate Feynman diagrams [34], this would
not in general be expected.

Considering now the case of longitudinal polarizations, we expect

T!1!2,0± = T!1!2,±0 = 0 , (12)

T++,00 = T!!,00 = 0 , (13)

T+!,00 = T!+,00 = !!ab
8|R0(0)|2

"M"

16"2#2
s

ŝ

!

cos2 $ !
CF

Nc

"

. (14)

Here (13) again simply follows from helicity conservation along the massless quark line.
The expression (14) has the remarkable feature, first observed in [34] for the case of ""
production, that it vanishes for a particular value of cos2 $ (corresponding to $ " ±48").
This vanishing of a Born amplitude for the radiation of massless gauge bosons, for a certain
configuration of the final state particles, is a known e!ect, usually labeled a ‘radiation zero’,
see for instance [41, 42]. While this e!ect, which is present in all theories with massless
gauge bosons, is expected to occur in QCD, it is usually neutralised along with colour by
the averaging of hadronisation. Double J/% production therefore presents an interesting
possibility to observe such a QCD radiation zero, although an experimentally challenging
one, in particular as it is not easy to select dominantly longitudinally polarized J/% mesons.
We note that this possibility is not limited to the purely exclusive mode: as the amplitudes
(14) are the only non–zero ones, such a radiation zero should also be present at high enough
ŝ inclusively, for longitudinal J/% polarizations, although in this case there may be colour
octet (as well as higher–order) contributions to consider, which would not be expected to
exhibit such zeros.

We have confirmed by taking the result in [4] and making the relevant replacements
discussed above that this does indeed reduce to these simple results in the ŝ/M2

" # $
limit. Thus, in the high–energy limit only a small number of the possible helicity amplitudes

3We can see from these expressions that the non–zero gg # J/!J/! amplitudes scale as % 1/ŝ in the
high energy limit, with similar results holding for longitudinal polarizations, and so we might naively expect
a % 1/ŝ3 scaling in the subprocess cross section. However, in fact some of the amplitudes contain terms
which while strictly vanishing in the M! # 0 limit, have near singularities as | cos "| # 1 that are regulated
by the non–zero J/! mass. This actually results in a % 1/ŝ2 scaling in the high energy limit, as was found
in [13], when the cross section is integrated over all cos ". However, as soon as any cut is placed to remove the
| cos "| # 1 forward phase space region, the expected % 1/ŝ3 scaling is restored, and the expressions (8)–(14)
can be used: as such a cut will always be placed experimentally, it is this scaling that is phenomenologically
relevant, in both the exclusive and inclusive cases.
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• Various interesting features observed, including radiation zeros.
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Figure 6: Comparison of LHCb measurement [14] of J/!J/! invariant mass distribution with
theory prediction, calculated as described in the text. In all cases the result is normalized to
the data.

of the theoretical uncertainty on this distribution, we also show predictions corresponding
to varying the renormalization and factorization scales by a factor of 2 up and down, and
we can see that the shape of the distribution is relatively insensitive to this (there is some
variation in the shape due to the PDF choice, although this is also small). Thus the the-
oretical uncertainty on the shape of this distribution, which is driven by the form of the
contributing matrix elements, as well as factors specific to the exclusive channel, such as the
MX dependent Sudakov factor in (4), is much smaller than that in the total cross section nor-
malization (we recall this scale variation gives a ! !

÷ 3 spread in the cross section). Clearly
a higher statistics measurement of exclusive double J/! production, which would allow a
closer comparison between theory and data, both in the absolute cross section normalization
and invariant mass (and other) distributions, is desirable. We can see from Table 2 that the
predicted cross sections for

"
s = 14 TeV are a factor of ! 2 larger, while in Table 3 we show

predictions for central rapidities at both
"
s = 8 and 14 TeV, and can see that the predicted

cross sections can be larger still.
It is clear from the discussion above that there are some important uncertainties in the

absolute cross section predictions for J/!J/! CEP. One possibility to reduce these is to
consider more di!erential observables, the shape of which will be much less sensitive to
these uncertainties. An example of this is the J/! pair invariant mass distribution shown in
Fig. 6 and discussed above. It is also interesting to consider the J/! transverse momentum
distribution, as shown in Fig. 7 (left): here the scalar average of the J/! transverse momenta
is taken (the individual transverse momenta are in general not exactly equal due to the non–
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• Agreement good with LHCb data.

14

R. Aaij et al. [LHCb], J. Phys. G: Nucl. Part. Phys. 41 
(2014) 115002.

LHL, V.A. Khoze, M.G. Ryskin, J.Phys.G 42 (2015) 5, 055001
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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

Q

Q̄

F(x,) = @G(x,)/@ log 2

(1� z,�~k?)

(z,~k?)
 V (z, k?)

VM = J/ , 0,⌥,⌥0, . . .�

~�~

p p

W 2

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)yg⇤(z,r,Q2)s(x,r) , (5.3)

where x = M2
V/W 2, yV and yg 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 d2k
k4

∂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

• Modelled in SC:
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⌥1S

via leptonic decays.

such a cut on Aij and with !!ij greater and less than 60! is shown; for exclusive production,
we anticipate a strong suppression in the !!ij < 60! region. For comparison results for
a colour summed inclusive sample of 1000 events are also shown: a strong suppression in
the ratio of events passing the !!ij < 60! to !!ij > 60! cuts in the exclusive case is seen
in comparison to the inclusive. Although these results are at LO and parton–level only,
and may be washed out somewhat in a more realistic treatment, including in particular
parton shower/higher–order e"ects as well as background events, this may nonetheless be a
promising measurement possibility. By comparing such a ratio with the measured sample of
events dominantly due to CD jet production (for which there is no colour–singlet requirement
and therefore no observable radiation zeros), a more robust signal of this suppression may
be observable.

Finally, it is again worth emphasising that the only requirement on the production mech-
anism for such zeros to occur is that the initial–state gluons be in a colour–singlet state, with
the particle polarisations playing no role, and so the pure CEP case is not the only possibil-
ity to observe these zeros. As described above, events with proton dissociation may also be
considered, but it would also be interesting to examine if jet properties such as the colour
flow and multiplicity might be used to isolate the contribution from a colour–singlet initial
state, and so investigate these zeros in an inclusive environment. For example, the so–called
jet pull angle variable has been shown to be useful in identifying jets which originate from a
colour–singlet gg initial state [57, 58].

4.2 Exclusive vector meson photoproduction

In this section we will consider the photoproduction of vector mesons, focussing on the
J/" and #(1S) cases; although "(2S) production is also included in the MC, it will not
be considered here. At the LHC, coherent J/" photoproduction in ultra peripheral p–Pb
collisions has been measured by ALICE at

!
sNN = 5.02 TeV [59], and LHCb have made

increasingly precise measurements of J/" (and "(2S)) photoproduction in pp collisions [9,60]
at

!
s = 7 TeV. We will focus here on production (in pp collisions) in the forward region

relevant to the LHCb acceptance, but will also show some representative results for central
production.

Following the notation of Fig. 2, for the #p " V p subprocess cross section we take the
power–law fit

d$!p"V p

dq22!
= NV

!

W!p

1GeV

""V

bV e#bV q22! . (25)

For the case of J/" production we take N# = 3.97 nb and %# = 0.64, consistently with the
HERA fit [61], which finds N# = 3.97± 0.05 and %# = 0.67± 0.03; these precise choices will
be justified below. For the #(1S) we take the values of N! = 0.12 pb and %! = 1.6 from [62],
although we note that in this case these are quite poorly constrained by the existing HERA
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• Cross section taken from simple power law fit:

i.e. suitable for testing validity of this fit/
basic MC studies, but no complete 
theoretical treatment in SC for now.
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Figure 5: Distributions with respect the J/! rapidity y! at
!
s = 7 TeV, compared to the

LHCb data points from [9]. Theory curves corresponding to the ‘bare’ and ‘screened’ cross
sections, i.e. excluding and including soft survival e!ects, respectively, are shown, and the
integrated cross sections are normalised to the data for display purposes. The correlated
systematic errors are not shown.

" 40% larger result, although a more precise evaluation of the uncertainty must account for
the error on N! and the anti–correlation between this and "!. We therefore choose this value
to give a good fit to the LHCb data. However, this should be considered as a lower bound
on the predicted cross sections, due to the low choice of "!. It is therefore clear from Table 3
that without the inclusion of soft survival e!ects, the LHCb data are in strong tension with
such a fit to HERA data.

To examine the influence of survival e!ects further, we can also consider the distribution
with respect to the J/! rapidity, shown1 in Fig. 5. As discussed in Section 2.2 the survival
factor is not constant, and will therefore have an e!ect on the predicted distributions of
the final–state particles. This is seen clearly in the figure, with the inclusion of screening
corrections leading to a steeper fall–o! with increasing rapidity. This is to be expected:
as y! increases, so does the fractional momentum # = M!ey!/

!
s (for the dominant case

that the photon is emitted from the proton moving in the positive z direction), leading to
a larger minimum photon Q2, see (15). The reaction therefore becomes less peripheral, and
the survival factor will decrease. This e!ect is also seen in Table 3, when comparing the
average survival factor between the central and forward predictions. On the other hand,
adjusting the input value of "! in (25) within the range consistent with the HERA data

1The data points corrected from the fiducial measurement are shown so as to remove the influence of
the muon cuts, giving a clearer demonstration of the underlying theory; as the correction factors are in fact
derived in [9] using a previous version of SuperChic, these do not imply any significant model dependence.
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• Survival effects included fully, and 
found to modify rapidity distributions

LHL, V.A. Khoze, M.G. Ryskin, 
Eur.Phys.J.C 76 (2016) 1, 9
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Summary/What is not included
• SuperChic MC: general purpose tool for CEP production, 
including quarkonia.

• Range of QCD-induced and photoproduction processes 
implemented. Not included currently:
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★ Exotic quarkonia: X(3872)…possibilities to shed light on 
their nature via CEP?
★ QCD modelling of underlying photoproduction process.
★ Proton dissociation: only purely exclusive case include 
(intact protons). Recently implemented for photon-initiated 
production. QCD case more complex.

• Production mechanism(s) generic & all key elements in SC: 
reasonably straightforward to add in new processes. Open to 
future collaboration on this/new ideas.


