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Outline
• Introduction: central exclusive production, the Durham model...

• Production of lower mass objects, some processes of interest:

‣ Exclusive production of heavy quarkonium:

‣ Exotic quarkonium like-states: the X(3872)

‣ Exclusive production of meson pairs:

‣ Exclusive photoproduction:
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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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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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‘Durham Model’ of Central Exclusive Production
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‘Durham Model’ of central exclusive production

• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2

eik and S2
enh.

• In the limit that the outgoing
protons scatter at zero angle, the
centrally produced state X must
have JP

Z = 0+ quantum numbers.

XQ⊥

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )
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• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
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‘Durham Model’ of central exclusive production

• The generic process pp → p + X + p is modeled perturbatively by the
exchange of two t-channel gluons.

• The use of pQCD is justified by the presence of a hard scale ∼ MX/2.
This ensures an infrared stable result via the Sudakov factor: the
probability of no additional perturbative emission from the hard process.

• The possibility of additional soft
rescatterings filling the rapidity
gaps is encoded in the ‘eikonal’
and ‘enhanced’ survival factors,
S2

eik and S2
enh.

• In the limit that the outgoing
protons scatter at zero angle, the
centrally produced state X must
have JP

Z = 0+ quantum numbers.
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• Protons can have some small       (scatter at non-zero angle), but if this is too 
big, they break up        strong suppression in non                 configuration.

p?
!

Jz = gg axis ⇡ beam axis

JP
z = 0+
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Heavy quarkonium CEP

• CEP via this mechanism can in general produce any C–even object 
which couples to gluons: Higgs, BSM objects...but also dijets, light 
meson pairs, quarkonium states...

• Quarkonium CEP provides a rich phenomenology: 
! There are a wide range of conventional states, each of which 

exhibits characteristic features in the exclusive mode, e.g.: 

‣ Different angular distributions of the forward protons. 

‣ Hierarchy in production cross sections of different           states. 
! Could shed light on the various ‘exotic’ charmonium states 

observed recently, e.g. Z(3930) =                 and X(3872) =?    
(arXiv:1302.6269 → quantum numbers        ). 

! Can also produce C–odd states via photoproduction: 

�c2(2P )

1++

�IP,OIP ! J/ ,⌥...

JPC

Wednesday, 15 May 13



      CEP�c
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χcJ CEP

Produced via gg → χcJ subprocess: by demanding exclusivity, we are
selecting χcJ state to be colour–singlet.
Can use old potential model results to calculate coupling, giving for e.g.
the χc0

V (gg → χc0) ∼ φ′P(0)(q1⊥ · q2⊥)
p⊥→0
= φ′P(0)Q

2
⊥ , (1)

where φ′P(0) is usual wavefunction derivative at the orgin. Can be
extracted from (potential model, Lattice) fits, or approximately normalized
to χc0 total width. Cancels in cross sections ratios (σ(χc0)/σ(χc1)...).
Spin of produced state determines form of vertex and behaviour in the
forward proton (p⊥ → 0) limit. .
.
.
.
.
.

χcJδab

φ
′ P
(0
)
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�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.
• Measurements made by CDF and LHCb, by vetoing on additional activity in 

given     range in the                        channel (favours            ).
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χc CEP (2)

• Recent LHCb data: select
‘exclusive’ χc → J/ψγ events by
vetoing on additional activity in
given η range, and applying
subtractions for remaining
inclusive background.

• LHCb see2:
σ(pp→pp(µ+µ−+γ))

Br(J/ψ→µ+µ−)Br(χcJ→J/ψγ) LHCb (nb) SuperCHIC (nb)
χc0 13 ± 6.5 20
χc1 0.80 ± 0.35 0.49
χc2 2.4 ± 1.1 0.26

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

→ Good data/theory agreement for χc(0,1) states (within quite large theory
uncertainty), but a significant χc2 excess (relativistic and/or
non–perturbative corrections, inclusive contamination...?).

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

�c1

�c2

Jz = 0

⌘ �c ! J/ �

J = 1

�c(1,2)

(Ronan’s talk)

gg
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• LHCb see:

      CEP : comparison to data�c
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χc CEP (2)

• Recent LHCb data: select
‘exclusive’ χc → J/ψγ events by
vetoing on additional activity in
given η range, and applying
subtractions for remaining
inclusive background.

• LHCb see2:
σ(pp→pp(µ+µ−+γ))

Br(J/ψ→µ+µ−)Br(χcJ→J/ψγ) LHCb (nb) SuperCHIC (nb)
χc0 13 ± 6.5 20
χc1 0.80 ± 0.35 0.49
χc2 2.4 ± 1.1 0.26

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

→ Good data/theory agreement for χc(0,1) states (within quite large theory
uncertainty), but a significant χc2 excess (relativistic and/or
non–perturbative corrections, inclusive contamination...?).

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

• See clear suppression in              states. Do not expect to see (or find) in 
inclusive production.
• Good data/theory agreement for              states (within quite large 
theory uncertainty), but significant         excess:
‣ Theory: relativistic corrections? Sensitivity to low gluon        (is      
the        mass large enough to justify full pQCD treatment: ‘non-
perturbative’ corrections.
‣ Experiment: inclusive contamination could favour      . . Closer study 
of cross section ratios as a function of meson      will clarify situation.

�c(1,2)

�c(0,1)

�c2

Q?
�c

p?

CERN-LHCb-CONF-2011-022 HKRS: arXiv:0909.4748

HKRS: arXiv:0909.4748
Pasechnik, Szczurek, Teryaev: arXiv:0912.4251

�c2

HKRS: arXiv:1204.4803
Wednesday, 15 May 13



      CEP : two-body decays�c
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χc → π+π−,KK CEP

χc0 → π+π−
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.
.
.
.
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.
.
.
.
.

• (Exclusive) continuum π+π− background expected to be under control, at least
once reasonable cuts (k⊥ > 1.5 GeV, |η| < 1) have been imposed ⇒
χc0 → π+π− (and K+K−) channel should give a clean χc0 CEP signal3.

3Phys. Lett. B 701 (2011) 434, Eur. Phys. J. C 72 (2012) 2110.
P. Lebiedowicz, R. Pasechnik and A. Szczurek, Phys. Lett. B 701 (2011) 434.
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• (Exclusive) continuum π+π− background expected to be under control, at least
once reasonable cuts (k⊥ > 1.5 GeV, |η| < 1) have been imposed ⇒
χc0 → π+π− (and K+K−) channel should give a clean χc0 CEP signal3.

3Phys. Lett. B 701 (2011) 434, Eur. Phys. J. C 72 (2012) 2110.
P. Lebiedowicz, R. Pasechnik and A. Szczurek, Phys. Lett. B 701 (2011) 434.
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�c ! ⇡⇡, KK, ⇤⇤, pp... Consider decays: 

•        decay cannot occur, while            branchings are of similar                      
size        expect        dominance.
• (Exclusive) continuum background expected to be under control, at 
least once reasonable cuts have been imposed.

could give clean exclusive signal) �c(0,2) ! ⇡+⇡� (K+K�)

�c1

) �c0

HKRS: arXiv:1204.4803, Lebiedowicz, Pasechnik, Szczurek: arXiv:1108.2522
�c(0,2)
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Exotic charmonium-like states
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‘Exotic’ charmonium-like states

• A ‘zoology’ of XYZ
charmonium-like states
above the open charm
threshold has recently been
observed at Belle, Babar,
the Tevatron and LHC
(arXiv:1010.5827– table).

• Many interpretations
(molecular states,
tetraquarks, ccg hybrids,
conventional
charmonium...) on the
market and many quantum
numbers still unassigned.

L.A. Harland-Lang (IPPP, Durham) 10 / 24

• A ‘zoology’ of XYZ 
charmonium-like states 
above the open charm 
threshold has recently 

been observed at Belle, 
Babar, the Tevatron and 
LHC (arXiv:1010.5827- 

table).
• Many interpretations 

(molecular states, 
tetraquarks, hybrids, 

conventional...) on the 
market, and many 

quantum numbers still 
unassigned.
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X(3872)

• Discovered by Belle in 2003,
confirmed by Babar, at the
Tevatron and the LHC.

• Could be of exotic nature: loosely
bound hadronic molecule,
diquark-antidiquark (‘tetraquark’)
and hybrid (ccg · · · ). However,
conventional cc interpretation is
still possible.

• Possible JPC assignments were 1++ or 2−+.
• New LHCb data (arXiv:1302.6269) rejects 2−+ at 8 sigma level
→ ηc2(11D2) ruled out.

• Exotic interpretations still possible or conventional χc1(23P1)
charmonium?

L.A. Harland-Lang (IPPP, Durham) 11 / 24

The X(3872)
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Insight from CEP
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Insight from CEP

• In CEP the state X is produced directly, i.e. at short distances:
gg → X (3872) and nothing else. → would be clear evidence of a direct
production mode.

• In an inclusive environment, for which additional soft quarks, D–mesons
etc can be present/emitted it should be easier to form molecular state.
Will expect additional suppression in exclusive case.

→ Can shed further light by comparing to the rate of χc1(13P1) production,
as seen by LHCb. Up to mass effects, cross section ratio should be given
by ratio of squared wavefunction derivatives at the origin |φ′P(0)|2. .
.
.
.
.
.
.
.
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• In CEP the state X is produced directly, i.e. at short distances:
gg → X (3872) and nothing else. → would be clear evidence of a direct
production mode.

• In an inclusive environment, for which additional soft quarks, D–mesons
etc can be present/emitted it should be easier to form molecular state.
Will expect additional suppression in exclusive case.

→ Can shed further light by comparing to the rate of χc1(13P1) production,
as seen by LHCb. Up to mass effects, cross section ratio should be given
by ratio of squared wavefunction derivatives at the origin |φ′P(0)|2. .
.
.
.
.
.
.
.
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• In CEP the state X is produced directly, i.e. at short distances: 
                           and nothing else.      would be clear evidence of a 
direction production mode.
• In an inclusive environment, for which additional soft quarks,            
D-mesons etc can be present/emitted it should be easier to form 
molecular state (arXiv:1305.0527, 1008.2868, 0911.2016...). Will expect 
additional suppression in exclusive case.
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A Mechanism for Hadron Molecule Production in pp̄(p) Collisions

A Esposito∗, F Piccinini†, A Pilloni∗ and AD Polosa∗
∗Dipartimento di Fisica, Sapienza Università di Roma, Piazzale A Moro 2, Roma, I-00185, Italy

† INFN, Sezione di Pavia, Via Bassi 6, I-27100, Pavia, Italy

We propose a mechanism allowing the formation of loosely bound molecules of charmed mesons
in high energy proton-(anti)proton collisions.

PACS: 12.39.Mk, 13.75.-n

Introduction . The problem of understanding the loosely bound hadron molecule formation in pp̄(p) collisions
at Tevatron and LHC energies is still open. A recent measurement by the CMS Collaboration [1] basically
confirms, at higher energies, older Tevatron results on the prompt production of X(3872) which were first
addressed in [2]. Looking at these new results [1], the questions remain the same as those raised in [2]: how is
that possible that a very long lived molecule of a D0 and a D∗0 meson, with binding energy compatible with
zero, could be formed within the bulk of the hadrons ejected in very high energy pp̄(p) collisions? Is it the
X(3872) that molecule?
The reply given in [2] to the former question was sharply negative. In that paper we performed numerical

simulations with standard hadronization algorithms (Herwig and Pythia) tuned to fit data on the production of
open charm mesons and sought D0D̄∗0 pairs with reasonably low relative momentum in their centre of mass so
as to be eligible candidates for becoming molecular loosely bound states. The number of selected pairs allowed
to estimate an upper bound on the prompt [12] production cross section of the X(3872) which was found to be
at least 30 times smaller than the experimental value.
Our analysis was reproduced, with similar results, in [3], where it was also observed that a more appropriate

treatment of Tevatron data would rather indicate a discrepancy with theoretical expectations by a factor of 300.
Such a gap did not seem to be unbridgeable to the authors of [3], who resorted to final state interaction (FSI)

mechanisms in the D0D̄∗0 system in order to improve the theoretical cross section up to the experimental value.
The approach there used was criticised in [4] leaving the controversy somewhat unsolved [5].
Molecular X(3872). On the other hand, during the last few years, the idea of a molecular X , in diverse

incarnations [6], has been corroborated by the lack of observation of its nearly degenerate charged partners,
required by the antagonist tetraquark model [7]. For these reasons we come back here to the problem of the X
formation in high energy hadron collisions being motivated by a completely different approach.

D̄0∗

D0

π

D0

θ

θ′

FIG. 1: The elastic scattering of a D0 (or D∗0) with a pion among those produced in hadronization could
reduce the relative momentum k0 in the centre of mass of the D0D̄0∗ pair.

In our view the X could rather be the meson-molecule analogue of the stable deuterium.
Given the large number of pions produced in the neighbourhood of the open charm meson pairs in momentum

phase space, it is plausible that some of those pions could scatter elastically on the D0 or D∗0 component of
the would-be-molecule changing the relative momentum in the centre of mass of the pair, k0, towards lower
values - see Fig. 1. We can assume the initial total energy E of the pair to be positive. However, if k0 = |k0|
gets smaller due to an interaction with the pion, E might be found shifted down to some negative - close to
zero - value, provided that the D0D̄∗0 pair is under the influence of some (unknown) attractive potential, say
a square well potential, similar to the simplest description of deuterium.
In these respects the X would be a genuine, negative energy, bound state of D0D̄∗0 whose lifetime is en-

tirely regulated by the lifetime of the shorter lived component D∗0; we would estimate then a total width
Γtot(X) ! 65 keV [8]. There are no energetic arguments to stabilize the D∗ in the attractive potential.

k0 < 50 MeV 0π 1π 3π

Herwig 10 19 802

Pythia 3 21 814

TABLE I: The population of the the k0 < 50 MeV bin (D0D̄∗0 pairs), after 0, 1, 3, πD(∗) interactions.

The results showed in Table I are indicating qualitatively that the mechanism described in this letter indeed
occurs in numerical simulations of pp̄ collisions and might play an important role in physical events. For a full
determination of prompt production cross sections we need to switch from pp̄ → cc̄ to the full QCD generation
pp → cc̄ + gg + gq + qq... which is a harder task in terms of numerical computation, yet, from the exploration
here reported, we have a clear clue on what to expect.
Conclusions. We have presented a new mechanism to explain the prompt formation of loosely bound open

charm meson molecules at hadron colliders as induced by elastic scattering with comoving pions. Simplified
numerical simulations show that pions produced in hadronization might be effective at decresing the relative
momentum in the center of mass of the D meson pair which, if under the influence of an attractive potential,
might therefore be found at some small negative energy, like in a shallow bound state in a potential well. Such a
bound state will have a lifetime which is as long as the D∗0 one, Γ ∼ 65 keV, still well below actual experimental
resolution. With the results of the full numerical simulations we will provide expected prompt cross sections
for the production of the X(3872) at the LHC.
Considering the known limits of the available hadronization models, the results of numerical simulations have

to be taken as compelling but qualitative descriptions of the suggested mechanism. We believe that several
more investigations in this direction are possible.
Acknowledgements. A.P. wishes to thank E. Braaten for stimulating discussion.
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C odd states :                                  J/ , (2S),⌥, ...

V

γ∗(Q2)

x x′

p p

Figure 8: Schematic picture of pQCD mechanism for the photoproduction of
heavy quarkonia.

fit will not reproduce this full result completely, and may be less reliable for other
PDF choices (the fit was performed using MRST99 PDFs only). Moreoever, the
‘full’ result of [14] is also incomplete, in that it does not account for the results
of [15], in particular in the limit on the z integration in (20). Nonetheless, it
approximately includes the effect of the ∂Rg/∂ lnQ2

⊥ term in (19), and so we can
see in Table 1 that the Higgs cross sections calculated using this fit reproduce
to quite good approximation the complete result. Thus, the previous results
of [17] do not need to be significantly modified. Nonetheless, it is clear that the
form of (19) for the skewed PDFs should in general be used.

4 The photoproduction of heavy quarkonia

Another process in which the gluon GPDF plays a crucial role is the photopro-
duction of heavy quarkonia

γ∗p(p) → V p(p) , (25)

where we will consider the cases V = J/ψ,Υ(1S). Due to the presence of
the hard scale set by the quark mass, this can be modelled perturbatively, as
shown in Fig. 8. The colour singlet V p interaction is mediated by a two–gluon
exchange in the t–channel, with the coupling of this to the proton given by the
gluon GPDF. We have

x′ =
M2

V −M2
qq

W 2
# x =

M2
qq +Q2

W 2
, (26)

where W is the γV c.m.s energy and Q2 is the photon virtuality. In the non–
relativistic limit, we have MV → Mqq and so x′ → 0, in which case we are in
the x = ξ regime described in Section 2.1, with the gluon GPDF given by (13).
The lowest–order formula for the photoproduction cross section is given by [19]

dσ

dt
(γ∗p → V p)|t=0 =

ΓeeM3
V π

3

48α

[
αs(Q

2
)

Q
2 xg(x,Q

2
)

]2 (
1 +

Q2

M2
V

)
, (27)

10

• Can also produce C-odd states exclusively, via                     . Can model 
using pQCD framework:

�IP ! V

d�(�p ! V p)

dp2
?

⇡ 16�ee⇡
3
↵s(Q2)

3↵M5
[xg(x,Q2)]2e�bp2

?
,

where Q

2
= M

2
/4, x = M/

p
s exp(�y), and �ee = �(... ! e

+
e

�
).

! Sensitive to gluon at low x

• However, other corrections to consider: 
relativistic effects,                   , real part of 
amplitude, gluon      ,             , NLO....
• Also: ‘b-sat’ models for scattering of       
dipole off proton, may be more 
appropriate for this elastic process.

Simplified formula !

MV 6= 2mq

k? x

0 6= 0
qq

Motyka, Watt: arXiv:0805.2113, Kowalski, M, W: hep-ph/0606272....

Martin, Nockles, Ryskin, Teubner: arXiv:0709.4406....
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Exclusive (J/ψ,ψ(2S),Υ...) production (2)

• Can also occur in ep collisions:
γp → J/ψ(Υ)p measured at
HERA.

• This can trivially be translated into
a cross section in pp collisions:
only difference is in e v.s. p EM
form factor.

0
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Wγp [GeV]

σ
(γ

p 
→

 J
/ψ

p)
 [n

b] H1
ZEUS
Fit

〈Q2〉 = 0.05 GeV2

a)

H1

• This can be fit well using a simple parameterization (expected from
Regge)

dσ(γp → J/ψ(Υ) + p)
dp2

⊥
∝ W δ

γpe−bWγpp2
⊥ ,

• Measured for energies up to Wγp ≈ 300 GeV, i.e. |yψ| < 1.4 at
√

s = 7
TeV.

→ LHC can probe new energies at forward rapidities, but these fits should
give reliable predictions for these (seen by LHCb arXiv:1301.7084) .
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Exclusive (J/ψ,ψ(2S),Υ...) production (2)

• Can also occur in ep collisions:
γp → J/ψ(Υ)p measured at
HERA.

• This can trivially be translated into
a cross section in pp collisions:
only difference is in e v.s. p EM
form factor.
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• Measured for energies up to Wγp ≈ 300 GeV, i.e. |yψ| < 1.4 at
√
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TeV.

→ LHC can probe new energies at forward rapidities, but these fits should
give reliable predictions for these (seen by LHCb arXiv:1301.7084) .
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Figure 6: Dependence of J/ photoproduction cross-section on the centre-of-mass energy of
the photon-proton system. The blue (red) triangles represent the data from H1 (ZEUS) [3,4].
The black dots and squares are derived from the LHCb di↵erential cross-section as a
function of rapidity. The dashed and full lines are the power law dependences determined
from the HERA and LHCb data, respectively. The uncertainty on the LHCb power law
determination is shown by the shaded band.

shape r(y) = 0.85� 0.1|y|/3. The fit to the data in Table 4 gives values of a = 0.8+1.2

�0.5

nb
and � = 0.92± 0.15 with a �2 of 4.3 for 8 degrees of freedom, indicating the results are
consistent with the hypothesis of a power law dependence. The values obtained are also
consistent with the results from HERA, albeit with much larger uncertainties.

5.1 Evaluation of the photon-proton cross-section

The di↵erential cross-sections for the process pp ! pJ/ p given in Table 4 are transformed
into cross-sections for the process �p ! J/ p using a re-arrangement of Eq.(3)

�

�p!V p

(W±) =
1/r(y)d�

dy

pp!pV p

� k⌥
dn

dk⌥
�

�p!V p

(W⌥)

k±
dn

dk±

. (6)

The photoproduction cross-sections at W

+

and W� are determined independently
using Eq.(6) and substituting into the right-hand side the expected cross-section for the
alternative W solution from the power law determined above.

12
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CEP of meson pairs

Consider production of a pair of light mesons   

h(p1)h(p2) ! h(p01) + MM + h(p02)

• At reasonable meson       a pQCD treatment can be used, using the 
‘hard exclusive’ formalism to model                      subprocess.       
Theory: relevant amplitudes display many interesting features.
• At lower      enter the soft regime, and must use Regge theory       
double Pomeron exchange.
! Experimentally can probe  transition between theses regimes.
•              CEP : sensitive to gluonic component of 
•                    CEP : background to 

k?
gg ! MM

k?

⌘(0)⌘(0)

⇡⇡(KK...) �c ! ⇡⇡(KK)

HKRS: arXiv:1304.4262, 1302.2004, 1204.4803, 1105.1626
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Perturbative regime

• For reasonable meson       model                      process using ‘hard 
exclusive’ formalism. Amplitude is written as

where           is (pert.) parton level amplitude and         is (non pert.) 
wavefunction for collinear partons to form parent meson.
•  The allowed parton-level diagrams depend on the meson quantum 
numbers. Leads to interesting predictions.....

M�1�2(s, t) =

Z 1

0
dx dy �(x)�(y)T�1�2(x, y; s, t)
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γγ CEP: π0π0 background (1)

• Exclusive production of pair of π0 mesons, with one photon from each
decay either undetected or two photons merging.

• Pure QCD process, so would expect it to be dominant over γγ CEP.
However, we find this is not the case for perturbative contribution.

• gg → π0π0 cross section contains numerically small factor (fπ/E⊥)4.
• Jz = 0 amplitude vanishes (i.e. V++ = V−− = 0) and so fusing gluons will

principally be in a |Jz | = 2 state, which is heavily suppressed. This
follows from:

! Generalisation of previous result
for γγ → π0π0.4

! Known MHV amplitude for
general gg → qqqq process. g2(λ2)

g1(λ1)

k3

k4

4S. J. Brodsky and G. P. Lepage, Phys. Rev. D 24
(1981) 1808.

L.A. Harland-Lang (IPPP, Durham) 16 / 24

• For flavour non-singlet mesons     
(                  ) diagrams of type 
shown contribute. Vanish for                  
gluons.        Strong suppression in              
CEP cross sections expected.

T�1�2 �(x)

⇡⇡,KK...

)

k? gg ! MM

Jz = 0

Seen in CDF      data (arXiv:1112.0858):                                      
Theory:     

N(⇡0⇡0
) < 0.35 @ 95 % confidence

�(⇡0⇡0)/�(��) ⇡ 1%
��

Brodsky, Lepage: Phys.Rev. D24 (1981) 1808....

(E?(�) > 2.5GeV)
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Flavour singlet mesons

g(λ1)

g(λ2)

k3

k4

• For flavour singlet mesons a second set of diagrams can contribute, 
where      pair is connected by a quark line.
• For flavour non-singlets vanishes from isospin conservation (      is 
clear, for      the       and        Fock components interfere destructively).
• In this case the             amplitude does not vanish       expect strong 
enhancement in        CEP and (through           mixing) some 
enhancement to.         rate is predicted to be large!
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Numerical results

ρ0ρ0
η′η′
ηη′
ηη

π+π−

σ(E⊥ > Ecut), (pb), |ηM | < 1, MSTW08LO,
√

s = 7 TeV

.

-

Ecut [GeV]
1412108642

10000

100

1

0.01

0.0001

1e-06

1e-08

π0π0

ηη

ηη′
η′η′

dσ

dMX
[pb/GeV], E⊥ > 2.5 GeV, |ηM | < 1,

√
s = 1.96 TeV

-

-

MX [GeV]

14121086

100

10

1

0.1

0.01

0.001

0.0001

1e-05

1e-06

1e-07

.
.
.
.
.
.
.
.
.

• Strong enhancement in flavour singlet states clear, with precise η′/η
hierarchy given by choice of η − η′ mixing angle.

• CEP cross sections for vector mesons (ρρ, ωω, φφ) can be calculated.
• Would naively expect π0π0 CEP to be an important background to γγ

CEP, but we find this not to be the case. (However: higher twist effects,
NNLO corrections... could increase π0π0 rate by a factor ‘a few’.)

• New CDF γγ data (arXiv:1112.0858): N(π0π0)/N(γγ) < 0.35 @ 95%
confidence → supports our result (Theory: σ(π0π0)/σ(γγ) ≈ 0.01).

L.A. Harland-Lang (IPPP, Durham) 18 / 24
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⇡±

⇡0 uu dd
Jz = 0 )
⌘0⌘0 ⌘ � ⌘0

⌘0⌘0
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The gluonic component of the ⌘0(⌘)
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Flavour–singlet mesons: gluonic contribution

• In QCD, a SU(3) flavour singlet state can be come not only from a |qq〉
(∼ |uu + dd + ss〉) combination, but also from a pure gluon configuration
(simplest is |gg〉).

• The η′ (and to a lesser extent η) meson should therefore mix with such a
|gg〉 ‘glueball’ state (c.f. η′ mass problem).

→ The gg → η(′)η(′) process will receive a contribution from the gg → qqgg
and gg → gggg parton–level diagrams5.

.

.

.

.

.

.

.

.

.

.

Tqq

g(λ1)

g(λ2)

k3

k4

Tgq

g(λ1)

g(λ2)

k3

k4

Tgg

g(λ1)

g(λ2)

k3

k4

5LHL, V.A.Khoze, M.G. Rysin, W.J. Stirling, arXiv:1302.2004.
L.A. Harland-Lang (IPPP, Durham) 19 / 24

•  The flavour singlet      (and, through mixing    ) should contain a      
component. But no firm consensus about its size. 

!   The                        process will receive a contribution from  the  

                     and                     parton level diagrams.

!  Use              CEP as a probe of the size of this     component.

⌘0 ⌘ gg

gg ! ⌘(0)⌘(0)

gg ! ggqq gg ! gggg

⌘(0)⌘(0) gg

Thomas, arXiv: 0705.1500...
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gg contribution: results

aG2 (µ
2
0) = 19

aG2 (µ
2
0) = 0

aG2 (µ
2
0) = −19

dσ(η′η′)/dMX [pb/GeV],
√

s = 1.96 TeV, φCZ

.
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• As an example, take fit of arXiv:1206.4870 for gluon wavefunction ∼ of
same size as φq(x). Extracted from Fη′,γ(Q2), to which it enters at NLO
and gives a small ∼ 10% correction.

• In contrast, gg contribution enters at LO for the CEP of η′η′ (ηη, ηη′)
mesons. Numerically, we find that with this fit we would expect a ∼ order
of magnitude increase in the CEP rate!

→ CEP provides a potentially sensitive probe of the gg component of the
η, η′ mesons. Can look at e.g. cross section ratios to pin this down.
Data hopefully to come soon.
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gg contribution: results
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• As an example, take fit of arXiv:1206.4870 for gluon wavefunction ∼ of
same size as φq(x). Extracted from Fη′,γ(Q2), to which it enters at NLO
and gives a small ∼ 10% correction.

• In contrast, gg contribution enters at LO for the CEP of η′η′ (ηη, ηη′)
mesons. Numerically, we find that with this fit we would expect a ∼ order
of magnitude increase in the CEP rate!

→ CEP provides a potentially sensitive probe of the gg component of the
η, η′ mesons. Can look at e.g. cross section ratios to pin this down.
Data hopefully to come soon.
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• Find that the relevant                           amplitudes do not vanish   
for             incoming gluons       no suppression present. Enter at 
same (leading) order to      component.

• Taking the central fit of arXiv:1206.4870, we would expect a ~ 
order of magnitude increase in the              cross section!
!  CEP provides a potentially sensitive probe of the     component 
of the        mesons. Cross section ratios can pin this down further.

Jz = 0

gg ! ggqq(gg)

)

gg
⌘, ⌘0

HKRS: arXiv:1302.2004

⌘(0)⌘(0)

qq
Kroll, Passek-Kumericki

NLO contribution to �⇤� ! ⌘(0)
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The low      region....
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γγ CEP: π0π0 background (2)

• For low values of pion p⊥, expect
non-perturbative double
Pomeron/Reggeon exchange
mechanism to contribute,
mediated via an off-shell pion.

p1

p2

M4

M3

M∗

p (p)

p

IP2

IP1

.

.

• Uncertainty in what to take for form factor of off-shell pion (‘soft’ vs ‘hard’
fit), which suppresses high values of final state pion p⊥, leads to quite
large uncertainty in expected rate.

• Expect smooth transition with increasing p⊥ between non-perturbative (∼
real amplitude) and perturbative (∼ imaginary amplitude) dominance.

• Measurement of π0π0/π
+π− CEP in low p⊥ region would help constrain

off-shell pion form factor.

L.A. Harland-Lang (IPPP, Durham) 22 / 24

• The scale of the meson pair 
production process is set by the 
meson      .
• As this decreases (and cross 
section increases!), a 
perturbative treatment cannot be 
trusted.

• Can model process in this regimes using Regge theory: double 
Pomeron exchange picture.
• Important theoretical uncertainties in such a model (                   form 
factor, ‘rescattering’ corrections, additional exchanges in the t-
channel...).
• Data can test these non-perturbative models, and could probe the 
transition to the perturbative region...

k?

k?

IP !MM⇤
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The SuperCHIC MC
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SuperCHIC MC

A MC event generator including8:
• Simulation of different CEP processes, including all spin correlations:

χc(0,1,2) CEP via the χc → J/ψγ → µ+µ−γ decay chain.
χb(0,1,2) CEP via the equivalent χb → Υγ → µ+µ−γ decay chain.
χ(b,c)J and η(b,c) CEP via general two body decay channels
Physical proton kinematics + survival effects for quarkonium CEP at RHIC.
Exclusive J/ψ and Υ photoproduction.
γγ CEP.
Meson pair (ππ, KK , ηη...) CEP.

• More to come (dijets, open heavy quark, Higgs...?).
→ Via close collaboration with CDF, STAR and LHC collaborations, in both

proposals for new measurements and applications of SuperCHIC, it is
becoming an important tool for current and future CEP studies.

8The SuperCHIC code and documentation are available at
http://projects.hepforge.org/superchic/
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! Via close collaboration with experimental collaborations, in both 
proposals for new measurements and applications of SuperCHIC, it is 
becoming an important tool for current and future CEP studies at the LHC.
Suggestions for additional modes etc to include/study are welcome!

Plans to develop further:
Herwig++, updated 
survival factors....
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Summary and Outlook
• CEP in hadron collisions offers a promising and complementary 
framework within which to study Standard Model and new physics 
signals.
• Exclusive processes during low pile-up/luminosity LHC (selected 
with rapidity vetoes) can serve as ‘standard candles’ for the exclusive 
Higgs, and other new physics, but are of interest in their own right.
• Many observables to look at/work on:
‣ C - even quarkonia (     ,      ,       ...)
‣ Photoproduction of C - odd states (                             )
‣ Exotic bound states
‣ Light meson pairs
‣ Diphotons
‣ Dijets
‣ Lepton pairs
‣...

• Hopefully many more CEP results to come in the future!

�c �b ⌘c,b
J/ , ⌥, Z(?), ...
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Back up
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χb CEP
• Higher χb mass means cross section is more perturbative and so is better

test of theory, although rate is ∼ 3 orders of magnitude smaller than χc .
• J assignment of χb states still experimentally undetermined: CEP could

shed light on this.
• Calculation exactly analogous to χc case

|V0+ |2 : |V1+ |2 : |V2+ |2 ∼ 1 :

〈
p2
⊥
〉

M2
χ

:

〈
p2
⊥
〉2

〈
Q2

⊥
〉2 ∼ 1 :

1
400

:
1

36

→ Do not expect to see χb1, which is strongly suppressed by χb mass.
• Measurement of ratio of χb to γγ (E⊥ = 5 GeV) CEP rates would

eliminate certain uncertainties (i.e. dependence on survival factors).

• Predictions for χb CEP via the Υγ decay chain (at yχ = 0):√
s (TeV) 1.96 7 10 14

dσ
dyχb

(pp → pp(Υ + γ)) (pb) 0.60 0.75 0.78 0.79
dσ(1+)
dσ(0+) 0.050 0.055 0.055 0.059
dσ(2+)
dσ(0+) 0.13 0.14 0.14 0.14
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ηc,b production

• gg → η vertex calculated as in χ case, but normalisation set in terms of
S-wave meson wavefunction at the origin φS(0), which can be related to
Γtot(ηc) and Γ(Υ(1S) → µ+µ−) widths.

• Amplitude squared has Lorentz structure

|V0− |2 ∝ p2
1⊥

p2
2⊥

sin2(φ) ,

i.e. it is suppressed relative to χ0 rate by a factor ∼
〈
p2
⊥
〉2

/2
〈
Q2

⊥
〉2, with

a characteristic azimuthal angular distribution of the outgoing protons.
• An explicit calculation gives:

√
s (TeV) dσ/dyη(ηc) (pb) dσ/dyη(ηb) (pb)

1.96 200 0.15
7 200 0.14
14 190 0.12

L.A. Harland-Lang (IPPP, Durham) 8 / 24
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JPz = 0+ selection rule (2)
In the limit of forward protons (p⊥ = 0), the CEP subamplitude becomes .
.
.
.
.
.

CEP:

qµ1⊥q
ν
2⊥Vµν

Q⊥

p⊥ = 0

p⊥ = 0

XVµν

qµ1⊥

qν2⊥

= Vµν

+Qµ
⊥

−Qν
⊥

∫

d2Q⊥→ Q2
⊥δ

ijVij

If we consider the on–shell gg → X vertex Vµν , then we have the equality
δij Vij = Vxx + Vyy = (εµ1 (+)εν2 (+) + εµ1 (−)εν2 (−))Vµν ≡ V++ + V−− ,

.

.

.

.

.

On-shell gg → X :

εµ1ε
ν
2Vµν

Vµν

εµ1

εν2

X δij→

Vµν

εµ1 (−) εν1(−)

⇒ Jz = 0

+

Vµν

εµ1 (+) εν1(+)

⇒ Jz = 0

Even under P

→ Fusing gluons/object X have zero Jz along gg axis, and are in an even
parity state. Only Jz = 0 on–shell helicity amplitudes V++,V−− will
contribute (up to small O(Q2

⊥/M2
X ) corrrections fusing gluons are

on–shell).
L.A. Harland-Lang (IPPP, Durham) 9 / 33
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Forward proton angular distributions

dσ
dφdyχ

χc(0+)

.
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φ
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dpφdyχ

ηc(0−)

.
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0

Figure: distribution (in
arbitrary units) within the
perturbative framework of
the difference in azimuthal
angle of the outgoing
protons for the CEP of
different JP cc states at√

s = 14 TeV. The solid
(dotted) line shows the
distribution including
(excluding) the survival
factor, while the dashed
line shows the distribution
in the small p⊥ limit
excluding the survival
factor..

.

.

→ Measurement of azimuthal angle, φ, between outgoing protons and
proton p⊥ distributions via forward proton taggers would allow a clear
discrimination between the different J states, as well as possibly probing
different models of soft diffraction (which will predict in general different
distributions).
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γγ CEP

γγ CEP: represents clean signal, with less of the theory issues related to,
e.g. χc CEP. → ideal ‘standard candle’.
Sensitive to gluon PDF in the low-x ,Q2 region, where there is a large
uncertainty (recall σCEP ∼ (xg)4).
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γγ CEP: comparison with data
CDF γγ data7 for E⊥(γ) > 2.5 GeV, |η(γ)| < 1. They find σγγ = 2.48+0.40

−0.35
(stat) +0.40

−0.51 (syst) pb,
Theory predictions: 2.2 pb (CTEQ6L), 1.42 pb (MSTW08LO) and 0.35 pb
(MRST99), with approx. uncertainties ∼ ×

÷2.
π0π0 BG observed to be small, in agreement with non–trivial Durham
prediction (follows from Jz = 0 selection rule): N(π0π0)/N(γγ) < 0.35 @
95% confidence → supports our result (Theory: σ(π0π0)/σ(γγ) ≈ 0.01).
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7CDF Collaboration, T. Aaltonen et al., Phys. Rev. Lett. 108, 081801 (2012) 1112.0858. (plots
taken from here)
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