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Outline

• CEP: brief introduction.

• SuperChic 2: what’s new.

• Present results for some example processes.

• Ongoing work: the photon PDF with rapidity gaps.

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

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

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

the outgoing protons are expected to be highly sensitive to the spin–parity of the produced quarkonium2752

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

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

Experimental results and outlook2755

A favourable decay mode of the cc meson is to J/yg , with the only significant experimental background2756

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

0
p

0 where only one photon is identified from the subsequent2757

pion decays.2758

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

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

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

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

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

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

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

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

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

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

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

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

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

agreement with the theoretical predictions of 4, 10, 3 pb. Only the relative cross sections for cc2 to cc0 of2771

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

This is consistent with the CDF measurement of p

+

p

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

+

p

�
2773

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

at the Tevatron [38] are due to the cc0. As discussed above, one possible reason for this discrepancy is2775

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

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

events separately for each cc state.2778

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

ticular interest are the decays to two pions or two kaons, which are not possible for cc1 and are about2780

four times higher for cc0 than for cc2. In addition, the mass resolution in this channel is about a factor2781
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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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Chapter 5

Central Exclusive Production and Photon Exchanges

1 Introduction
Central exclusive production (CEP) is the reaction

pp( p̄)! p+X + p(p̄) ,

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

The CEP process requires the t–channel exchange of a colour–singlet object, so that outgoing
protons can remain intact. More generally, in the language of Regge theory, in order for the cross
section not to vanish with rising rapidity gaps between the final state particles, the t–channel exchanges
must have a running spin J(t) � 1, and cannot transfer charge, isospin, or colour. One possibility to
achieve this is the two–photon fusion process gg ! X , where the radiated quasi–real photons couple
to the electromagnetic charge of the whole protons. This is discussed in section. Another possibility
is to consider so–called ‘double pomeron exchange’, where both protons interact strongly, ‘emitting’
pomerons exchange, which then ‘fuse’ to create the object IPIP ! X . As will be discussed in Section 1.2,
provided the object X mass is large enough, this process can be considered in the framework of pQCD,
that is by considering gluon, rather than pomeron, interactions. Finally it is possible for both photon and
pomeron emission to take place, i.e. IPg ! X . This ‘photoproduction’ process will be discussed below.

1.1 Photon–induced processes
1.4.1 to redistribute partly here -first attempt below - have put introduction entirely here and
rewritten a little LHL

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

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

49

Central exclusive production (CEP) is the interaction

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

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

X

X

X = jets, J/ ,⇡+⇡�,W+W�...

Also: Odderon
Can (principally) occur through IPIP , IP� and �� interactions

3



‘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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‘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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‘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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HKRS: arXiv:1005.0695...   M.G. Albrow, T.D. Coughlin, J.R. Forshaw, Prog.Part.Nucl.Phys 65 (2010) 149-184

(QCD mediated)
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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/

L.A. Harland-Lang (IPPP, Durham) 23 / 24

+  (2S)

LHL talk at EDS Blois 2013

! Additional processes to add, but also theoretical improvements to be 
included.

SuperChic v1

5



New MC for CEP released in August. Based on original SuperChic, but 
with significant extensions.

‣ Correct inclusion of Sudakov factor
‣ Consistent treatment of ‘skewed’ gluon PDFs
‣ Full (differential) treatment of soft survival effects

• Theoretical developments:

• LHAPDF interface.
• Complete calculation performed ‘on-line’, and structured so that 
additional processes can be easily added.

T.D. Coughlin and J.R. Forshaw, JHEP 1001 (2010) 121

LHL, Phys. Rev. D88 (2013) 3, 034029

SuperChic v2

6
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Exclusive physics at the LHC with SuperChic 2

L.A. Harland–Lang1, V.A. Khoze2,3, M.G. Ryskin3

1Department of Physics and Astronomy, University College London, WC1E 6BT, UK
2Institute for Particle Physics Phenomenology, University of Durham, Durham, DH1 3LE

3Petersburg Nuclear Physics Institute, NRC Kurchatov Institute, Gatchina,
St. Petersburg, 188300, Russia

Abstract

We present a range of physics results for central exclusive production processes at
the LHC, using the new SuperChic 2 Monte Carlo event generator. This includes
significant theoretical improvements and updates, most importantly a fully differential
treatment of the soft survival factor, as well as a greater number of generated processes.
We provide an overview of the latest theoretical framework, and consider in detail a
selection of final states, namely exclusive 2 and 3 jets, photoproduced vector mesons,
two–photon initiated muon and W boson pairs and heavy χc,b quarkonia.

1 Introduction

Central Exclusive Production (CEP) is the reaction

pp(p̄) → p+X + p(p̄) ,

where ‘+’ signs are used to denote the presence of large rapidity gaps, separating the systemX
from the intact outgoing protons (anti–protons). Over the last decade there has been a steady
rise of theoretical and experimental interest in studies of this process in high–energy hadronic
collisions, see [1–4] for reviews. Theoretically, the study of CEP requires the development of
a framework which is quite different from that used to describe the inclusive processes more
commonly considered at hadron colliders. Moreover, the dynamics of the CEP process leads
to unique predictions and effects which are not seen in the inclusive mode. Experimentally,
CEP represents a very clean signal, with just the object X and no other hadronic activity
seen in the central detector (in the absence of pile up).
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Abstract

We present a range of physics results for central exclusive production processes at
the LHC, using the new SuperChic 2 Monte Carlo event generator. This includes
significant theoretical improvements and updates, most importantly a fully differential
treatment of the soft survival factor, as well as a greater number of generated processes.
We provide an overview of the latest theoretical framework, and consider in detail a
selection of final states, namely exclusive 2 and 3 jets, photoproduced vector mesons,
two–photon initiated muon and W boson pairs and heavy χc,b quarkonia.

1 Introduction

Central Exclusive Production (CEP) is the reaction

pp(p̄) → p+X + p(p̄) ,

where ‘+’ signs are used to denote the presence of large rapidity gaps, separating the systemX
from the intact outgoing protons (anti–protons). Over the last decade there has been a steady
rise of theoretical and experimental interest in studies of this process in high–energy hadronic
collisions, see [1–4] for reviews. Theoretically, the study of CEP requires the development of
a framework which is quite different from that used to describe the inclusive processes more
commonly considered at hadron colliders. Moreover, the dynamics of the CEP process leads
to unique predictions and effects which are not seen in the inclusive mode. Experimentally,
CEP represents a very clean signal, with just the object X and no other hadronic activity
seen in the central detector (in the absence of pile up).
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• MC + user manual available on Hepforge:
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• Processes generated:
‣ SM Higgs boson

‣ Jets:

‣ Double quarkonia:

‣                                                

‣ 

‣ 

‣ Photoproduction: 

‣ Two-photon interactions: 

‣ Photoproduction: 

‣ Two-photon interactions in electron/positron collisions

Light meson pairs: ⇡⇡, KK, ⇢⇢, ⌘(0)⌘(0), ��

�c,b: two body and J/ , ⌥ + � channels

⌘c,b

gg, heavy/massless qq, ggg, massless gqq

J/ ,  (2S) and ⌥ HERA fit

J/ J/ , J/  (2S) and  (2S) (2S)

New

New

New

New

⇢ and �New

W+W�, l+l� and Higgs

New

9



Theoretical improvements
• Sudakov factor:

The factor Rg is given by

Rg =
Hg(

x
2 ,

x
2 ;Q

2
⊥)

xg(x,Q2
⊥)

(2.6)

and accounts for the skewed effect (Hg is the skewed gluon distribution, see for exam-

ple [18]). Rg is approximately equal to 1.2(1.4) at the LHC(Tevatron)1 [9, 19]. The fg
distributions also include a Sudakov factor [17,20]:

T (Q⊥, µ) = exp

(

−
∫ ŝ/4

Q2
⊥

dk2⊥
k2⊥

αs(k2⊥)

2π

∫ 1−∆

0
dz

[

zPgg(z) +
∑

q

Pqg(z)

])

(2.7)

where

∆ =
k⊥

k⊥ + µ
, (2.8)

µ = 0.62
√
ŝ . (2.9)

The Sudakov factor resums logarithmically enhanced soft and collinear virtual corrections

and accounts for the fact that real radiation from the process is forbidden.

The claim is that this expression resums logarithms in ŝ/Q2
⊥, to next-to-leading log-

arithmic accuracy. That is, it takes into account all terms of order αn
s ln

m(ŝ/Q2
⊥), with

m = 2n, 2n − 1. This requires a precise specification of both the lower limit on the k⊥
integral in equation (2.7) and the cutoff on the z integral as z → 1. Note that the upper

cutoff on the k⊥ integral corresponds to non-collinear hard radiation and as such there is

no logarithm associated with this region. Thus, to next-to-leading logarithmic accuracy,

only its order of magnitude is required.

The lower cutoff on the k2⊥ integral must be of the order of Q2
⊥, since radiation of

a much lower transverse momentum would not be able to resolve the exchanged colour

singlet system, the size of which is of order 1/|Q⊥|. To extract the precise value, the

Durham group use the fact that this region, with k⊥ ∼ |Q⊥| and the momentum fraction

integral producing a logarithm, may be described within the BFKL framework [21–24] (see

for example [25]). The BFKL summation of the momentum fraction logarithms implies

the following replacement [26]:

∫

d2k⊥
k2⊥

→
∫

d2k⊥
k2⊥

(

1−
Q2

⊥

k2⊥ + (Q⊥ − k⊥)2

)

≈
∫

Q2
⊥

d2k⊥
k2⊥

(2.10)

Thus determining the lower limit. We shall discuss this point in more detail in section 4.1.

Having specified the lower limit in this way, the Durham group fix the cutoff on the

z integral, which they state is due to wide angle soft gluon radiation [27], by considering

the cross-section for two on-shell gluons to fuse to produce a Higgs plus one additional real

gluon, which they then argue, thanks to unitarity, may be used to imply the form of the

virtual corrections making up the CEP Sudakov factor. To be more specific, they consider

1For a LHC running at 14 TeV.

– 4 –

with � = k?/MX T.D. Coughlin and J.R. Forshaw, JHEP 1001 (2010) 121

Different value taken in Durham results before the CF paper, but this 
correct prescription used after. Accounted for in MC. 

• Skewed gluon PDF often related to standard unintegrated gluon by

with ‘skewness factor’     . However more exact form can be readily 
implemented in MC:

R̃g

Rg

MSTW08LO PDFs, Q2 = 2.5GeV2
.

.

2

1.9

1.8

1.7

1.6

1.5

1.4

1.3

R̃g/Rg

.

.

x

0.10.010.0010.0001

1.4

1.2

1

R̃g

Rg

MSTW08LO PDFs, Q2 = 50GeV2
.

.

2

1.9

1.8

1.7

1.6

1.5

R̃g/Rg

.

.

x

0.10.010.0010.0001

1.4

1.2

1

Figure 5: ‘Exact’ and ‘approximate’ expressions for the ratio Hg(x/2, x/2)/H(x, 0), Rg

and R̃g, calculated using (9) with Hg(x/2, x/2) given by (14), and using (10), respectively.
MSTW08LO PDFs [28] are used, with scales Q2 = 2.5, 50GeV2.

with [35]4

∆ =
k⊥
MX

. (22)

Using (14) we may then readily evaluate (20) to calculate the CEP amplitude (17). However,
commonly in the literature, two approximations are made (see for instance [13–18] for some
representative examples of this). Firstly, any scale dependence of the factor Rg is ignored:
that is, the scale dependence of the diagonal and generalized gluon PDFs (14) are assumed
to be the same. Secondly, the value of Rg is often found by assuming that the gluon density
exhibits the low–x behaviour of (7), and fitting the power λg. In this case we may write (20)
as

fg(x, x
′, Q2

⊥, µ
2) ≈ R̃g

∂

∂ ln(Q2
⊥
)

[
xg(x,Q2

⊥)
√

T (Q⊥, µ2)
]
, (23)

where R̃g is given by (10). While these assumptions have the benefit of simplifying the
calculation, avoiding the computationally expensive integration of (5), their reliability is
certainly not guaranteed. Indeed, from (17) we can see that the CEP cross section will
depend on the GPDF to the fourth power, and so some care is needed. Using the simple
form (14), we can evaluate (20) and test the validity of these approximations.

The question of the latter approximation, in which the gluon density is assumed to exhibit
the low–x behaviours (7) has already been considered in the literature, see [26] and references
therein for more details. In Fig. 5 we show the ‘exact’ and ‘approximate’ expressions, Rg and

4This updated prescription for the z cutoff is used in all papers from [37] onwards by the authors.
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not couple to the hard process3 is much lower than the momentum fractions x1,2 ∼ MX/
√
s

of the active gluons, in the physically relevant Q⊥ ≪ MX regime: for the Higgs case ⟨Q⊥⟩ is
O(GeV) and MX = Mh ≈ 126 GeV, and so x′ ∼ 0.01 x. In the notation of Fig. 1, we have
x ≈ ξ ≪ 1 and, recalling Fig. 3, we may therefore use (14) to calculate the relevant GPDF
to good accuracy.

More specifically, we recall that the perturbative CEP amplitude can be written as [32–34]

T = π2

∫
d2Q⊥

Q6
⊥

fg(x1, x
′

1, Q
2
⊥, µ

2)fg(x2, x
′

2, Q
2
⊥, µ

2)M(gg → X) , (17)

where for simplicity we will consider throughout this section the limit that the outgoing
proton p⊥ = 0 : this approximation will not affect the conclusions which follow. Here,
M(gg → X) is the colour–averaged, normalised sub–amplitude for the gg → X process

M(gg → X) ≡ −
2

M2
X

1

N2
C − 1

∑

a,b

δabQµ
⊥
Qν

⊥V
ab
µν , (18)

where MX is the central object mass, a, b are the gluon colour indices, and V ab
µν is the gg → X

vertex. We take µ = MX/2 for the factorization scale. Taking the example of Standard Model
Higgs boson production, the CEP amplitude (17) is given by

THiggs = Aπ3

∫
dQ2

⊥

Q4
⊥

fg(x1, x
′

1, Q
2
⊥, µ

2)fg(x2, x
′

2, Q
2
⊥, µ

2) , (19)

where A is a constant given in [13]. The fg’s in (17) are the skewed gluon densities of the
proton, unintegrated over the gluon transverse momentum, and corresponding to the x′ ≪ x
limit. They are related to the (integrated) GPDF via [35, 36]

fg(x, x
′, Q2

⊥, µ
2) =

∂

∂ ln(Q2
⊥
)

[
Hg

(x
2
,
x

2
;Q2

⊥

)√
T (Q⊥, µ2)

]
,

=
∂

∂ ln(Q2
⊥
)

[
Rg

(
xg(x,Q2

⊥)
)√

T (Q⊥, µ2)
]
. (20)

where Rg is defined in (9), which we have introduced to make contact with previous section,
and T is the Sudakov factor which ensures that the active gluon does not emit additional
real partons in the course of the evolution up to the hard scale µ, so that the rapidity gaps
survive. It is given by

T (Q2
⊥, µ

2) = exp

(
−

∫ µ2

Q2
⊥

dk2
⊥

k2
⊥

αs(k2
⊥
)

2π

∫ 1−∆

0

[
zPgg(z) +

∑

q

Pqg(z)

]
dz

)
. (21)

3This is unrelated to the integration variable x′ in (11). Using the variables of Fig. 1, we have x1,2 = xa,
x′
1,2 = xb.
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Figure 2: Integrands of (14, 15), for different x values. MSTW08L0 PDFs [28] are used, at
the scale Q2 = 10GeV2. In the quark case the sum of u, d and s PDFs are taken, and the
integrand is multiplied by an additional factor of x.

where b = 2x′/x. Using this, and integrating (11) by parts, we find that the surface term
vanishes, and we get

Hg

(x
2
,
x

2
, Q2

)
=

4x

π

∫ 1

x/4

dy y1/2(1− y)1/2 g

(
x

4y
,Q2

)
, (14)

Hq

(x
2
,
x

2
, Q2

)
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2

π

∫ 1

x/4

dy y1/2(1− y)−1/2 q

(
x

4y
,Q2

)
x > 0 ,

2

π

∫ 1

x/4

dy y1/2(1− y)−1/2 q

(
x

4y
,Q2

)
x < 0 ,

(15)

where Hg is symmetric in x. We have relabelled x → x/2 for the sake of comparison with
(10), and reintroduced the explicit scale dependence for clarity. We also show the result for
the quark GPDF, which follows from a similar derivation to the gluon case. It can readily
be shown that using the small x assumption of (7) in the above expressions reproduces the
result (10), as it must1.

In Fig. 2 we show the integrands of (14,15), for a range of x values, taking MSTW08LO
PDFs [28] at scale Q2 = 10GeV2 for illustration. In the quark case we multiply for illustration
by an additional factor of x: recalling (9) and (1), this will give a clearer picture of the size
of Rq at different x values. We can see that in both cases the integrand is dominated by the

1In fact, (14, 15) and (10) are only equivalent when we take the lower limit x/2 → 0 in (14, 15). However,
as we are in the x ≪ 1 regime, and observing the form of the integrand in Fig. 2, which are strongly peaked
towards y = 1, it is clear that this is a very good approximation. This point was as also discussed in [26].

6

with

R̃g

LHL, Phys. Rev. D88 (2013) 3, 034029
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Survival factor

• Survival factor,       : probability of no additional soft proton-proton 
interactions, spoiling exclusivity of final-state.

• Not a constant: depends sensitively on the outgoing proton      vectors. 
Physically- survival probability will depend on impact parameter of 
colliding protons. Further apart        less interaction, and              . 

p?

!

S2
eik

S2
eik ! 1

! Need to include survival factor differentially in MC.

      and       : Fourier conjugates.bt p?

11



• Averaged survival factor given by (in impact parameter space)

hS2
eiki =

R
d

2b1t d
2b2t |T (s,b1t,b2t)|2 exp(�⌦(s, bt))R
d

2 b1td
2b2t |T (s,b1t,b2t)|2

One-channel for
illustration

in      space this is equivalent to 

hS2
eiki =

R
d2p1? d2p2? |T (s,p1? ,p2?) + T res(s,p1? ,p2?)|2R

d2p1? d2p2? |T (s,p1? ,p2?)|2

where ‘screened’ amplitude is given by 

T res(s,p1? ,p2?) =
i

s

Z
d2k?
8⇡2

Tel(s,k
2
?) T (s,p

0
1? ,p

0
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Figure 1: The bare amplitude A(a) and the rescattering correction A(b) for the double-diffractive

process pp → p + M + p.

2 The bare amplitude

The amplitude A(a) of Fig. 1(a), describing the high energy double-diffractive production of

a heavy system M , can be expressed in terms of the generalised (skewed) unintegrated gluon
densities fg(x, x′, t, Qt, µ). Here µ ≃ M/2 is the scale of the hard gg → M subprocess, and t is
the transverse momentum squared transferred through the ‘hard’ QCD Pomeron (that is the

two-gluon system). Essentially the gluon distribution fg opens up and describes the internal
structure of the ‘hard’ QCD Pomeron, whose exchange mediates the diffractive process (1).

For the exclusive reaction (1) the bare amplitude of Fig. 1(a) is, to single log accuracy, given
by [15]

A(a) =
1

N2
c − 1

∫ d2Qt

Q4
t

fg (x1, . . . Qt, µ) fg (x2, . . . Qt, µ)M (6)

where M is the matrix element of the hard gg → M subprocess. For example, the cross section

for the gg → gg subprocess, relevant to high ET dijet production [1, 16, 17], is

dσ̂

dt
= |M|2 =

9

4

πα2
s

E4
T

. (7)

For small |xi − x′

i|, which is appropriate for high energy double diffraction, and t = 0, the
skewed unintegrated density fg can be calculated from knowledge of the conventional integrated

gluon [18, 19]. The precise form of the t dependence of fg is not well known. Recall, however,
that fg (. . . Qt, µ) contains a Sudakov-like factor T (Qt, µ) which reflects the chance that a gluon

with transverse momentum Qt remains untouched in the evolution up to the hard scale µ—a
necessary condition for the survival of the rapidity gap, see, for example, [15, 16, 20]. It is
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Opacity, relates to prob. of no inelastic scattering
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• In        space we can therefore write

2.4. Absorptive corrections and rapidity gap survival 55

Ω(s, bt) reaches a maximum at zero impact parameter, and decreases to zero as bt →∞.

Within this one–channel approach the survival probability is therefore given by (2.49),

with the replacement χ(s, bt)→ Ω(s, bt). The proton opacity can be fitted to the available

hadronic data using (2.57)–(2.59). However, as it depends on the c.m.s. energy
√

s

(although this dependence is only expected to be quite weak [88]), the survival factor

represents an important source of uncertainty, in particular when considering previously

unprobed values of s.

To explicitly calculate the expected suppression of the CEP cross section due to eikonal

survival effects we can write

dσ

dyX

=

Z
d2p1⊥d2p2⊥

|T (s,p1⊥ ,p2⊥))|2
162π5

S2
eik(s,p1⊥ ,p2⊥) , (2.60)

where T is given by (2.35) and the gap survival factor S2
eik(bt) = exp(−Ω(s, bt)) in impact

parameter space, see (2.49). Working in momentum space we should calculate the CEP

amplitude including rescattering effects T res by integrating over the transverse momentum

k⊥ carried round the Pomeron loop (represented by the grey oval labelled ‘S2
eik’ in Fig. 2.6),

with the k⊥ dependence of the screening amplitude given by the Fourier transform of Tel

(2.56). The amplitude including rescattering corrections is then

T res(s,p1⊥ ,p2⊥) =
i

s

Z
d2k⊥

8π2
Tel(s,k

2
⊥) T (s,p�

1⊥ ,p�
2⊥) , (2.61)

where p�
1⊥ = (p1⊥−k⊥) and p�

2⊥ = (p2⊥+k⊥). We must add this to the ‘bare’ amplitude

excluding rescattering effects to give the full physical amplitude, which we can square to

give the CEP cross section including eikonal survival effects

dσ

dyX

∝
Z

d2p1⊥d2p2⊥ |T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2 . (2.62)

In general there is clearly a non-trivial interference between the bare and screened am-

plitude that will depend on the choice of soft rescattering model as well as the particular

hard process gg → X. To make contact with the notation of (2.60), we note that

S2
eik(s,p1⊥ ,p2⊥) ≡ |T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2

|T (s,p1⊥ ,p2⊥)|2 , (2.63)
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Ω(s, bt) reaches a maximum at zero impact parameter, and decreases to zero as bt →∞.

Within this one–channel approach the survival probability is therefore given by (2.49),

with the replacement χ(s, bt)→ Ω(s, bt). The proton opacity can be fitted to the available

hadronic data using (2.57)–(2.59). However, as it depends on the c.m.s. energy
√

s

(although this dependence is only expected to be quite weak [88]), the survival factor

represents an important source of uncertainty, in particular when considering previously

unprobed values of s.

To explicitly calculate the expected suppression of the CEP cross section due to eikonal

survival effects we can write

dσ

dyX

=

Z
d2p1⊥d2p2⊥

|T (s,p1⊥ ,p2⊥))|2
162π5

S2
eik(s,p1⊥ ,p2⊥) , (2.60)

where T is given by (2.35) and the gap survival factor S2
eik(bt) = exp(−Ω(s, bt)) in impact

parameter space, see (2.49). Working in momentum space we should calculate the CEP

amplitude including rescattering effects T res by integrating over the transverse momentum

k⊥ carried round the Pomeron loop (represented by the grey oval labelled ‘S2
eik’ in Fig. 2.6),

with the k⊥ dependence of the screening amplitude given by the Fourier transform of Tel

(2.56). The amplitude including rescattering corrections is then

T res(s,p1⊥ ,p2⊥) =
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s

Z
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8π2
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2
⊥) T (s,p�

1⊥ ,p�
2⊥) , (2.61)

where p�
1⊥ = (p1⊥−k⊥) and p�

2⊥ = (p2⊥+k⊥). We must add this to the ‘bare’ amplitude

excluding rescattering effects to give the full physical amplitude, which we can square to

give the CEP cross section including eikonal survival effects

dσ
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∝
Z

d2p1⊥d2p2⊥ |T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2 . (2.62)

In general there is clearly a non-trivial interference between the bare and screened am-

plitude that will depend on the choice of soft rescattering model as well as the particular

hard process gg → X. To make contact with the notation of (2.60), we note that

S2
eik(s,p1⊥ ,p2⊥) ≡ |T (s,p1⊥ ,p2⊥) + T res(s,p1⊥ ,p2⊥)|2

|T (s,p1⊥ ,p2⊥)|2 , (2.63)

p?

These expressions, suitably generalised to multi-channel case, are used in 
the MC to give the correct differential treatment of        .S2

eik
KMR, Eur. Phys. J. C73 (2013) 2503

‘Bare’ amplitude

Not a constant!
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• The observation of CEP with tagged protons also provides additional 
information about survival factors...

p1⊥ > 0.5 GeV
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Figure 11: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the

√
s = 13 TeV LHC, with soft survival effects omitted.

Results are shown for the four choices of cuts shown in Fig. 10, and for a cut |yπ| < 2 on the
centrally produced pions. For display purposes the predictions are normalized in the first φ
bin, to the prediction where no cuts are applied to the outgoing protons.

survival effects. In Fig. 10 we show this distribution at the LHC (
√
s = 13 TeV) for the

four different soft models described in [30]. While for the full cross section it appears that
there is only a fairly small difference in shape between the different models, once cuts are
placed on the magnitude of the proton p⊥, this difference becomes more apparent. Moreover,
we can observe a very distinct ‘diffractive’ dip structure, with the distributions reaching a
minimum at a particular value of φ. This is a consequence of the destructive interference
between the screened and bare amplitudes in (16), which becomes particularly pronounced
at higher proton p⊥, corresponding to a less peripheral interaction where survival effects are
stronger. For a particular value of φ this interference is strongest, resulting in the observed
minimum in the φ distribution (such an effect was predicted in [44], see also [?,49]). For the
sake of comparison, in Fig. 11 we show the φ distributions for these different cuts, without
survival effects included (i.e. simply taking the ‘bare’ amplitude of (3)), and we can see that
this dip behaviour disapears completely. As the form of the screened amplitude depends
on the particular soft model, we may expect the position and depth of this minimum to be
sensitive to this, as well as depending on the particular cuts imposed on the proton p⊥. In
fact, it appears from Figs. 10 that the position of the minimum does not depend too strongly
on the choice of model, but nonetheless the overall shape of the φ distribution does show
some variation. We note that these distributions are largely independent of the details of
the meson production subprocess (i.e. the shape taken for meson form factor, although for
completeness we note that the exponential form factor (4) is taken here), and so represent
a potentially unique handle with which to test the different available models for soft proton
interactions. For this reason, the observation of, for example π+π− and/or K+K− CEP with
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Figure 10: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the

√
s = 13 TeV LHC, for the four soft models of [30].

Results are also shown for different cuts on the magnitude of the proton p⊥, and for a cut
|yπ| < 2 on the centrally produced pions. For display purposes the predictions are normalized
in the first φ bin, to the model 1 predictions.
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S2 S2off on

• Distribution in angle     between outgoing protons strongly effected, in model 
dependent way.
• In particular true when larger values of proton      are selected. Cancellation between 
screened and unscreened amplitudes leads to characteristic ‘diffractive dip’ structure

V. A. Khoze, A.D. Martin and M.G. Ryskin, hep-ph/0203122
 LHL, V.A. Khoze, M.G. Ryskin and W.J. Stirling, arXiv:1011.0680

LHL, V.A. Khoze and M.G. Ryskin, arXiv:1312.4553

KMR arxiv.1306.2149
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Example process:        photoproductionJ/ 

Figure 2: Schematic diagrams for the exclusive photoproduction process pp → pV p with (a)
and without (b) screening corrections included.will update figure when I can

photon is emitted from either proton not sure if it is worth including interference (or
exactly how to)- if not, then a comment saying it is reasonable to neglect them
should be put here. For the case of two–photon production γγ → X, the corresponding
cross section is

dσpp→pXp

dΩ
=

∫
dσγγ→X(Wγγ)

dΩ

dLγγ

dWγγ
dWγγ , (17)

where W is the γγ c.m.s. energy. The γγ luminosity is given by

dLγγ

dW
=

2Wγγ

s

∫
dyX n(x1)n(x2) , (18)

where yX is the object rapidity and x1,2 =
Wγγ√

s exp(±yX), while n(xi) is the photon number
density:

n(xi) =

∫
dNT (ξi) δ(ξi − xi) . (19)

3.2 Soft survival effects

For photon–mediated processes, survival effects can be included exactly as described in Sec-
tion 2.2, however some additional care is needed. From (10) we can see that it is the ampli-
tude for the production process that is the relevant object when including these effect. On
the other hand, (16) and (17) and the flux (12) are defined at the cross section level, with
the squared amplitude for the photon–initiated subprocesses summed over the (transverse)
photon polarisations.

To translate these expressions to the appropriate amplitude level, it is important to in-
clude the photon transverse momentum q⊥ dependence in the appropriate way, corresponding

6

• C-odd         : produced exclusively through        fusion.

• Observed by LHCb and ALICE at the LHC.

W (GeV)
210 310

 (n
b)

σ

10

210

310

LHCb (W+ solutions)
LHCb (W- solutions)
H1
ZEUS
Fixed target experiments
Power law fit to H1 data

LHCb

Figure 6: Photoproduction cross-section as a function of the centre-of-mass of the photon-proton
system with the power-law fit from [8] superimposed. The LHCb data points for W+(W�) are
derived assuming the power-law fit for W�(W+). The uncertainties are correlated between bins.
Fixed target results are from the E401 [33], E516 [34] and E687 [35] collaborations.

Exclusive production of J/ in pp collisions is related to photoproduction through

d�

dy

pp!pJ/ p

= r+k+
dn

dk+
�

�p!J/ p

(W+) + r�k�
dn

dk�
�

�p!J/ p

(W�) (3)

where dn/dk± are photon fluxes for photons of energy k± ⇡ (M
J/ 

/2) exp(±|y|),
(W±)2 = 2k±

p
s, and r± are absorptive corrections as given, for example, in [5, 30]. The

LHCb results cannot unambiguously determine the photoproduction cross-section due
to contributions from both W+ and W�, corresponding to the photon being either an
emitter or a target, respectively. However, a comparison can be made to the HERA photo-
production results using the power-law relationship, �

�p!J/ p

(W ) = 81(W/90GeV)0.67 nb,
determined by the H1 collaboration [8]. A model-dependent measurement of �

�p!J/ p

(W+)
is obtained from the LHCb di↵erential cross-section measurement by applying Eq. 3
and assuming the power-law result for �

�p!J/ p

(W�), while ��p!J/ p

(W�) is obtained by
assuming the power-law result for �

�p!J/ p

(W+). The result of this procedure is shown
in Fig. 6, which compares the modified LHCb data with HERA and fixed target pho-
toproduction results: note that there are two correlated points plotted for each LHCb
measurement, corresponding to the W+ and W� solutions. It was shown in our previous
publication [11] that the LHCb data were consistent, within large statistical uncertainties,
with a simple power-law extrapolation of HERA J/ photoproduction results to LHC
energies. With increased statistics, an extrapolation of the power-law obtained in [8] is in
marginal agreement with the LHCb data.
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• Survival effects less important compared to pure QCD CEP, but not 
negligible, in particular for precise comparisons.
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   photoproduction: theory
• Different approaches to modeling        photoproduction available.

• In Superchic, take simple fit to HERA data:

 [GeV]pγW
30 100 200

 p
) [

nb
]

ψ
 J

/
→

 p
 

γ(
σ

30

100

200

300
 photoproductionψElastic J/

2 = 0.1 GeV〉2Q〈
2|t| < 1.2 GeV

H1 data HE
H1 data LE
H1(2005)
Fit HE, LE, H1(2005)
Zeus(2002)
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Figure 9: Elastic cross sections as a function of W�p from this measurement compared to previ-
ous measurements at HERA [4, 5]. The shaded band represents a fit to the present data and [4]
together with its uncertainties.
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2 GeV2 for a) photoproduction and b) electroproduction. ⟨Q2⟩ indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form
dσ/dt ∝ ebt in Wγp bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2 GeV2 for a) photoproduction and b) electroproduction. ⟨Q2⟩ indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form
dσ/dt ∝ ebt in Wγp bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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Figure 4: Sample radiation zero plot.

considered here. At the LHC, while coherent J/ψ photoproduction in ultra peripheral p–
Pb collisions has been measured by ALICE at

√
sNN = 5.02 TeV [37], LHCb have made

increasingly precise measurements of J/ψ (and ψ(2S)) photoproduction in pp collisions [38,
39] at

√
s = 7 TeV. We will focus here on production 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 γp → V p subprocess cross section we take the

linear fit
dσγp→V p

dq22⊥
= NV

(
Wγp

1GeV

)δV

bV e−bV q22⊥ . (23)

For the case of J/ψ production we take Nψ = 3.97 nb and δψ = 0.64, consistently with the
HERA fit [40], which finds Nψ = 3.97± 0.05 and δψ = 0.67± 0.03; these precise choices will
be justified below. For the Υ(1S) we take the values of NΥ = 0.12 pb and δΥ = 1.6 from [41],
although we note that in this case these are quite poorly constrained by the existing HERA
data. The slope bV is fitted using a Regge–based parameterisation

bV = b0 + 4α′ log

(
Wγp

90GeV

)
, (24)

with b0 = 4.6GeV−2 and α′ = 0.12GeV−2, consistently with the HERA measurement [42].
In the absence of any precise measurements in the cases of Υ(1S) and ψ(2S) production, we
assume that these values are universal, although theoretically this is not necessarily to be
expected refs.

In Table 2 we show cross sections predictions for J/ψ → µ+µ− production at
√
s = 7 and

13 TeV, with the final–state muons restricted to lie within the LHCb acceptance (2 < ηµ <
4.5), as well as for central production (−1 < ηµ < 1) at

√
s = 13 TeV. The muons are decayed

11

� = 0.67± 0.03
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2 GeV2 for a) photoproduction and b) electroproduction. ⟨Q2⟩ indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form
dσ/dt ∝ ebt in Wγp bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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   photoproduction: resultsJ/ 

recall these predictions are (roughly) the lowest values in good agreement 
with the H1 fit (can be up to ~ 40% higher).

• We find:

� [pb]

2 < ηµ < 4.5 −1 < ηµ < 1√
s = 7 TeV

√
s = 13 TeV

√
s = 13 TeV

σψbare 360 512 250

σψsc. 278 405 216

⟨S2
eik⟩ 0.77 0.79 0.86

Table 2: Cross section predictions (in pb) for exclusive J/ψ → µ+µ− photoproduction at√
s = 7 TeV in pp collisions, for different values of the c.m.s. energy

√
s and different

cuts on the muon pseudorapidities. Results are shown for the ‘bare’ and ‘screened’ cross
sections, i.e. excluding and including soft survival effects, respectively, and the resulting
average suppression due to these is also given.

the latter case model 4 of [36] taken, although the results are in fact almost insensitive to
this choice is there an explanation for this? Perhaps because I have assumed a
universal Pomeron-proton coupling in the subprocess? Needs commenting on.

The 7 TeV prediction is in excellent agreement with the LHCb measurement of [31]

σJ/ψ→µ+µ−
(2 < ηµ < 4.5) = 291± 7± 19 pb , (25)

where the first error is statistical and the second is systematic. However, it is important to
emphasise that the predicted value depends sensitively on the precise form of the linear fit
in (23) to the γp → J/ψp subprocess cross section1 in particular the value of the power δψ.
As described above we have chosen a value which is at the lower end of the uncertainty band
of the HERA fit. Taking a larger value will lead to an increase in the cross section, with for
example δψ = 0.70, on the upper end of the uncertainty band giving a ∼ 40% larger result,
although a more precise evaluation of the uncertainty must account for the error on Nψ and
the anti–correlation between this and δψ. 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 δψ. It is therefore clear from Table 2 that without the
inclusion of soft survival effects, the LHCb data is in strong tension with such a linear fit to
HERA data.

To examine the influence of survival effects further, we can also consider the distribution
with respect to the J/ψ rapidity, shown2 in Fig. 4. As discussed in Section 2.2 the survival
factor is not constant, and will therefore have an effect 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–off with increasing rapidity. This is to be expected:

1Indeed the prediction in Table 2 is somewhat higher than the value quoted in [31]. This difference is due
to a smaller value that is now taken for δψ, as well as the updated model of survival effects.

2The 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 [31] using a previous version of Superchic, these do not imply any additional model dependence.
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! Predictions with screening effects favoured.

What about differential tests?

• LHCb measure:

LHCb acceptance,             decay including spin corr.µ+µ�

colour–singlet gg initial state [52, 53].

4.2 Exclusive vector meson photoproduction

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

√
sNN = 5.02 TeV [54], and LHCb have made

increasingly precise measurements of J/ψ (and ψ(2S)) photoproduction in pp collisions [9,55]
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 γp → V p subprocess cross section we take the
power–law fit

dσγp→V p

dq22⊥
= NV

(

Wγp

1GeV

)δV

bV e−bV q22⊥ . (25)

For the case of J/ψ production we take Nψ = 3.97 nb and δψ = 0.64, consistently with the
HERA fit [56], which finds Nψ = 3.97± 0.05 and δψ = 0.67± 0.03; these precise choices will
be justified below. For the Υ(1S) we take the values of NΥ = 0.12 pb and δΥ = 1.6 from [57],
although we note that in this case these are quite poorly constrained by the existing HERA
data. The slope bV is fitted using a Regge–based parameterisation

bV = b0 + 4α′ log

(

Wγp

90GeV

)

, (26)

with b0 = 4.6GeV−2 and α′ = 0.2GeV−2, consistently with the HERA measurement [58]. In
the absence of any precise data in the cases of Υ(1S) and ψ(2S) production, we assume that
these values are universal.

2 < ηµ < 4.5 −1 < ηµ < 1√
s = 7 TeV

√
s = 13 TeV

√
s = 13 TeV

σψbare 359 511 333

σψsc. 278 406 291

⟨S2
eik⟩ 0.77 0.79 0.87

Table 3: Cross section predictions (in pb) for exclusive J/ψ → µ+µ− photoproduction in
pp collisions, for different values of the c.m.s. energy

√
s and different cuts on the muon

pseudorapidities. Results are shown for the ‘bare’ and ‘screened’ cross sections, i.e. excluding
and including soft survival effects, respectively, and the resulting average suppression due to
these is also given.
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Figure 2: Schematic diagrams for the exclusive photoproduction process pp → pV p with (a)
and without (b) screening corrections included.will update figure when I can

photon is emitted from either proton not sure if it is worth including interference (or
exactly how to)- if not, then a comment saying it is reasonable to neglect them
should be put here. For the case of two–photon production γγ → X, the corresponding
cross section is

dσpp→pXp

dΩ
=

∫
dσγγ→X(Wγγ)

dΩ

dLγγ

dWγγ
dWγγ , (17)

where W is the γγ c.m.s. energy. The γγ luminosity is given by

dLγγ

dW
=

2Wγγ

s

∫
dyX n(x1)n(x2) , (18)

where yX is the object rapidity and x1,2 =
Wγγ√

s exp(±yX), while n(xi) is the photon number
density:

n(xi) =

∫
dNT (ξi) δ(ξi − xi) . (19)

3.2 Soft survival effects

For photon–mediated processes, survival effects can be included exactly as described in Sec-
tion 2.2, however some additional care is needed. From (10) we can see that it is the ampli-
tude for the production process that is the relevant object when including these effect. On
the other hand, (16) and (17) and the flux (12) are defined at the cross section level, with
the squared amplitude for the photon–initiated subprocesses summed over the (transverse)
photon polarisations.

To translate these expressions to the appropriate amplitude level, it is important to in-
clude the photon transverse momentum q⊥ dependence in the appropriate way, corresponding

6

• Photon virtuality has kinematic minimum

where 

!
assuming photon emitted from proton 1 positive

z-direction

Forward production        higher photon       and less peripheral interaction    )
) Smaller    

• Predicted rapidity distribution steeper due to 
survival effects:
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dσ/dyψ [nb],
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Figure 4: Distributions with respect the J/ψ rapidity yψ at
√
s = 7 TeV, compared to the

LHCb data points from [31]. Theory curves corresponding to the ‘bare’ and ‘screened’ cross
sections, i.e. excluding and including soft survival effects, respectively, are shown, and the
integrated cross sections are normalised to the data for display purposes. The correlated
systematic errors are not shown.

as yψ increases, so does the fractional momentum ξ = Mψeyψ/
√
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 effect is also seen in Table 2, when comparing the average
survival factor between the central and forward predictions. We can see that this steepening
greatly improves the agreement between the shape of the rapidity distribution and the data.
On the other hand, adjusting the input value of δψ in (23) in the range consistent with the
HERA leads to much smaller changes in the predicted distribution. Although the agreement
is still far from perfect3, the overall trend of the data clearly prefers the screened prediction.
Although this conclusion is only strictly true in the context of the simple linear HERA fit
(23), nonetheless this illustrates the importance of a full inclusion of soft survival effects in
any more realistic theoretical model, as in e.g. [33, 37].

We may also consider the distribution with respect to the J/ψ transverse momentum pψ⊥ .
This is an important variable in the LHCb measurements [30,31], for which the selected events
contain a non–negligible fraction of events with proton dissociation and/or additional particle
production that falls outside the LHCb rapidity coverage. To subtract this background the
measured p2ψ⊥

distribution is fitted by a sum of two exponentials∼ exp(−bp2ψ⊥
), corresponding

to the elastic and proton dissociative contributions. The data is well fit by such a parametric

3However, we note that the correlated errors are not shown in Fig. 4, and would need to be included in a
full comparison.
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Figure 5: Distributions with respect the J/ψ transverse momentum at
√
s = 7 TeV, cor-

responding to the ‘bare’ and ‘screened’ cross sections for J/ψ → µ+µ− production, i.e.
excluding and including soft survival effects, respectively. The muons are required to have
pseudorapidity 2 < ηµ < 4.5, and the integrated bare cross section is normalised to the
screened value for display purposes.

form, and in [31] LHCb find
bψel = 5.70± 0.11GeV−2 (26)

for the elastic pure CEP contribution, while for the proton dissociative contribution the
value of the corresponding slope is significantly smaller, reflecting the larger average p⊥ in this
inelastic case. Recalling that in CEP the sum of the proton transverse momenta is transferred
directly to the produced object, this fitted value reflects a non–trivial interplay between the
elastic electromagnetic and Pomeron form factors, given in (12) and (23) respectively. While
the electromagnetic form factors generally prefer smaller values of the proton p⊥ and so will
have a smaller impact on bel (26), this cannot necessarily be neglected completely, in particular
in the forward region (or more generally, at larger Wγp) where the slope of the Pomeron form
factor in (24) can be quite high. In addition, we will expect screening corrections to have some
influence on this value: in particular, as the expected suppression is larger at higher proton
p⊥, we will expect these to increase bel compared to the bare case, see [38] for additional
discussion. Such an effect, although fairly small, is clearly seen in Fig. 5, where the J/ψ
transverse momentum distributions in the screened and bare cases are shown. Performing a
least–squares fit for p2ψ⊥

< 0.4GeV2 we find the distributions can be well fitted by a simple
exponential with slopes

bbareel = 5.0GeV2 bbareel = 5.5GeV2 (27)

with a ∼ ± 0.1GeV2 error due to the uncertainty on the HERA fit [34] in (24), while a
smaller error ∼ ± 0.02GeV2 due to the fitting procedure. We can see that the bare result is
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• Proton      transferred directly to         . Higher              less peripheral, and 
stronger screening.      Survival effects will steepen        distribution.

• Fit as an exponential                      with 

with                       error from parameter 
uncertainty in HERA fit to        vertex.

• LHCb have measured this quite precisely:
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Figure 5: Distributions with respect the J/ψ transverse momentum at
√
s = 7 TeV, cor-

responding to the ‘bare’ and ‘screened’ cross sections for J/ψ → µ+µ− production, i.e.
excluding and including soft survival effects, respectively. The muons are required to have
pseudorapidity 2 < ηµ < 4.5, and the integrated bare cross section is normalised to the
screened value for display purposes.

form, and in [31] LHCb find
bψel = 5.70± 0.11GeV−2 (26)

for the elastic pure CEP contribution, while for the proton dissociative contribution the
value of the corresponding slope is significantly smaller, reflecting the larger average p⊥ in this
inelastic case. Recalling that in CEP the sum of the proton transverse momenta is transferred
directly to the produced object, this fitted value reflects a non–trivial interplay between the
elastic electromagnetic and Pomeron form factors, given in (12) and (23) respectively. While
the electromagnetic form factors generally prefer smaller values of the proton p⊥ and so will
have a smaller impact on bel (26), this cannot necessarily be neglected completely, in particular
in the forward region (or more generally, at larger Wγp) where the slope of the Pomeron form
factor in (24) can be quite high. In addition, we will expect screening corrections to have some
influence on this value: in particular, as the expected suppression is larger at higher proton
p⊥, we will expect these to increase bel compared to the bare case, see [38] for additional
discussion. Such an effect, although fairly small, is clearly seen in Fig. 5, where the J/ψ
transverse momentum distributions in the screened and bare cases are shown. Performing a
least–squares fit for p2ψ⊥

< 0.4GeV2 we find the distributions can be well fitted by a simple
exponential with slopes

bbareel = 5.0GeV2 bbareel = 5.5GeV2 (27)

with a ∼ ± 0.1GeV2 error due to the uncertainty on the HERA fit [34] in (24), while a
smaller error ∼ ± 0.02GeV2 due to the fitting procedure. We can see that the bare result is
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! Survival effects again greatly improve description. Arguably less model-
dependent. Crucial to include in any precise phenomenological predictions.
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Figure 6: Distributions with respect the J/ψ transverse momentum at
√
s = 7 TeV, cor-

responding to the ‘bare’ and ‘screened’ cross sections for J/ψ → µ+µ− production, i.e.
excluding and including soft survival effects, respectively. The muons are required to have
pseudorapidity 2 < ηµ < 4.5, and the integrated bare cross section is normalised to the
screened value for display purposes.

measured p2ψ⊥
distribution is fitted by a sum of two exponentials∼ exp(−bp2ψ⊥

), corresponding
to the elastic and proton dissociative contributions. The data are well fit by such a parametric
form, and in [39] LHCb find

bψel = 5.70± 0.11GeV−2 (26)

for the elastic pure CEP contribution, while for the proton dissociative contribution the
value of the corresponding slope is significantly smaller, reflecting the larger average p⊥ in this
inelastic case. Recalling that in CEP the sum of the proton transverse momenta is transferred
directly to the produced object, this fitted value reflects a non–trivial interplay between the
elastic electromagnetic and Pomeron form factors, given in (12) and (23) respectively. While
photon exchange generally prefers smaller values of the proton p⊥ and so will have a smaller
impact on bel (26), this cannot necessarily be neglected completely, in particular in the forward
region (or more generally, at larger Wγp) where the slope of the Pomeron form factor in (24)
can be quite high. In addition, we will expect screening corrections to have some influence
on this value: in particular, as the expected suppression is larger at higher proton p⊥, we will
expect these to increase bel compared to the bare case, see [46] for additional discussion. Such
an effect, although fairly small, is clearly seen in Fig. 6, where the J/ψ transverse momentum
distributions in the screened and bare cases are shown. Performing a least–squares fit for
p2ψ⊥

< 0.4GeV2 we find the distributions can be well fitted by a simple exponential with
slopes

bbareel = 5.0GeV−2 bsc.el = 5.5GeV−2 (27)

14
with a ∼ ± 0.1GeV−2 error due to the uncertainty on the HERA fit [42] in (24), while a
smaller error ∼ ± 0.02GeV2 due to the fitting procedure. We can see that the bare result is
inconsistent with the quite precise LHCb measurement, but that the introduction of survival
effects greatly reduces this tension. While the predicted rapidity distributions in Fig. 5 and
the preference for screening corrections found in that case depend on the validity of the power–
law fit (23) outside the original Wγp region of the HERA fit, the parameterisation (24) is
grounded in more fundamental principles of Regge–theory: the value of the slope is driven by
the structure of the Pomeron–proton vertex and the slope α′ of the exchanged Pomeron, while
the contribution from the heavy vector boson vertex will be very small. This behaviour is
therefore expected to be present in a more realistic models such as [41,45], and thus this result
provides a more certain, and less model–dependent indication of the importance of a correct,
fully differential, inclusion of survival effects. Interestingly, it appears that the predicted
value may be somewhat lower than the measurement; further theoretical investigation of the
model dependence of the result, as well as experimentally a more precise measurement of bel,
in particular as a function of the J/ψ rapidity, would help to clarify this.

2 < ηµ < 4.5 −1 < ηµ < 1√
s = 8 TeV

√
s = 13 TeV

√
s = 13 TeV

σψbare 3.35 6.40 1.40

σψsc. 2.03 4.14 1.17

⟨S2
eik⟩ 0.61 0.65 0.84

Table 3: Cross section predictions (in pb) for exclusive Υ → µ+µ− photoproduction at√
s = 8 TeV in pp collisions, for different values of the c.m.s. energy

√
s and different

cuts on the muon pseudorapidities. Results are shown for the ‘bare’ and ‘screened’ cross
sections, i.e. excluding and including soft survival effects, respectively, and the resulting
average suppression due to these is also given.

Finally, in Table 3, we show predictions for the exclusive Υ(1S) → µ+µ− production,
at

√
s = 8 and 13 TeV, and for the same muon cuts as in Table 2. The cross sections are

generally smaller, ∼ pb, as are the average suppression factors, due again to the larger values
of ξ in (12), as discussed above, as well as the slightly larger

√
s for the 8 TeV predictions.

5 Other processes

Will add predictions for γγ and χc, perhaps a plot for meson pair, but not sure-
idea to just give a few results rather than something exhaustive.

In the coming years the LHC will take increasingly precise data at unprecedented energies.
This presents the possibility for a wide programme of exclusive measurements, building on
those already performed at 7 and 8 TeV ref to yellow rep.. For this reason a much wider
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Figure 4: Sample radiation zero plot.

considered here. At the LHC, while coherent J/ψ photoproduction in ultra peripheral p–
Pb collisions has been measured by ALICE at

√
sNN = 5.02 TeV [37], LHCb have made

increasingly precise measurements of J/ψ (and ψ(2S)) photoproduction in pp collisions [38,
39] at

√
s = 7 TeV. We will focus here on production 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 γp → V p subprocess cross section we take the

linear fit
dσγp→V p

dq22⊥
= NV

(
Wγp

1GeV

)δV

bV e−bV q22⊥ . (23)

For the case of J/ψ production we take Nψ = 3.97 nb and δψ = 0.64, consistently with the
HERA fit [40], which finds Nψ = 3.97± 0.05 and δψ = 0.67± 0.03; these precise choices will
be justified below. For the Υ(1S) we take the values of NΥ = 0.12 pb and δΥ = 1.6 from [41],
although we note that in this case these are quite poorly constrained by the existing HERA
data. The slope bV is fitted using a Regge–based parameterisation

bV = b0 + 4α′ log

(
Wγp

90GeV

)
, (24)

with b0 = 4.6GeV−2 and α′ = 0.12GeV−2, consistently with the HERA measurement [42].
In the absence of any precise measurements in the cases of Υ(1S) and ψ(2S) production, we
assume that these values are universal, although theoretically this is not necessarily to be
expected refs.

In Table 2 we show cross sections predictions for J/ψ → µ+µ− production at
√
s = 7 and

13 TeV, with the final–state muons restricted to lie within the LHCb acceptance (2 < ηµ <
4.5), as well as for central production (−1 < ηµ < 1) at

√
s = 13 TeV. The muons are decayed

11
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Two-photon initiated processes

• Two-photon initiated exclusive processes are in principle very well 
understood (standard equiv. photon approx.). Proposed as luminosity test 
and probe of anomalous gauge couplings.

subprocess cross section

σi
pp→pV p =

∫
dNT (ξi) σ

i
γp→V p , (16)

integrated over the relevant phase space region. As the transverse momentum transferred by
the photon exchange is typically much smaller than that due to the proton–Pomeron vertex,
we may safely ignore interference effects, so that the total cross section is simply given by
summing over i = 1, 2, i.e. allowing for the case that the photon is emitted from either
proton. For two–photon production γγ → X, the corresponding cross section is

dσpp→pXp

dΩ
=

∫
dσγγ→X(Wγγ)

dΩ

dLγγ

dWγγ
dWγγ , (17)

where W is the γγ c.m.s. energy. The γγ luminosity is given by

dLγγ

dWγγ dyX
=

2Wγγ

s
n(x1)n(x2) , (18)

where yX is the object rapidity and x1,2 =
Wγγ√

s exp(±yX), while n(xi) is the photon number
density:

n(xi) =

∫
dNT (ξi) δ(ξi − xi) . (19)

3.2 Soft survival effects

For photon–mediated processes, survival effects can be included exactly as described in Sec-
tion 2.2, however some additional care is needed. From (10) we can see that it is the ampli-
tude for the production process that is the relevant object when including these effect. On
the other hand, (16) and (17) and the flux (12) are defined at the cross section level, with
the squared amplitude for the photon–initiated subprocesses summed over the (transverse)
photon polarisations.

To translate these expressions to the appropriate amplitude level, it is important to in-
clude the photon transverse momentum q⊥ dependence in the appropriate way, corresponding
to a correct treatment of the photon polarisation, see [43]. To demonstrate this, we will only
consider the FE term in (12) in what follows, but will comment on the contribution of the
magnetic form factor at the end. Schematic diagrams for the bare and screened photopro-
duction amplitudes are shown in Fig. 2, with the relevant momenta indicated. Using the
same decomposition that leads to (4), then the photoproduction amplitude corresponding to
the figure behaves as

T (q1⊥) ∼ qx1⊥(A
+ − A−) + iqy1⊥(A

+ + A−) , (20)

where A± is the γp → V p amplitude for a photon of ± helicity and q1⊥ is defined in Fig. 2 for
the bare and screened amplitudes, while if the photon is emitted from the other proton we

8

• However: in proton-proton collisions a correct inclusion of      essential.

• General considerations: the EPA flux prefers small photon virtualities 

Finally, besides the effect of eikonal screening Seik, there is some suppression caused by the
rescatterings of the protons with the intermediate partons [37,40,41]. This effect is described
by the so-called enhanced Reggeon diagrams and usually denoted as S2

enh, see Fig. 1. The
precise size of this effect is uncertain, but due to the relatively large transverse momentum
(and so smaller absorptive cross section σabs) of the intermediate partons, it is only expected
to reduce the corresponding CEP cross section by a factor of at most a ‘few’, that is a much
weaker suppression than in the case of the eikonal survival factor. Due to this uncertainty,
in the current version of the MC these effects are omitted entirely, however by observing
any departure from the MC predictions, for example in the invariant mass MX distributions,
such enhanced survival effects may still be investigated.

3 Photon mediated processes

3.1 Basic formalism

Exclusive photon–exchange processes in pp collisions are described in terms of the equivalent
photon approximation [42]. The quasi–real photons are emitted by the incoming proton
i = 1, 2 with a flux given by

dNT (ξi) =
α

π

d2qi⊥
q2i⊥ + ξ2im

2
p

dξi
ξi

(
q2i⊥

q2i⊥ + ξ2im
2
p

(1− ξi)FE(Q
2
i ) +

ξ2i
2
FM(Q2

i )

)
, (12)

where ξi and qi⊥ are the longitudinal momentum fraction and transverse momentum of the
photon, respectively; in the absence of rescattering, we have simply qi⊥ = −pi⊥ , see Fig. 2
below. The functions FE and FM are given in terms of the proton electric and magnetic form
factors, via

FM(Q2
i ) = G2

M(Q2
i ) FE(Q

2
i ) =

4m2
pG

2
E(Q

2
i ) +Q2

iG
2
M(Q2

i )

4m2
p +Q2

i

, (13)

with

G2
E(Q

2
i ) =

G2
M(Q2

i )

7.78
=

1
(
1 +Q2

i /0.71GeV2
)4 , (14)

in the dipole approximation, where GE and GM are the ‘Sachs’ form factors. The modulus
of the photon virtuality Q2

i is given by

Q2
i =

q2i⊥ + ξ2im
2
p

1− ξi
, (15)

i.e. it is cut off at a minimum Q2
i,min = ξ2im

2
p/(1− ξi).

The cross section for the photoproduction of a state V , for the case that the photon is
emitted from proton i, is then simply given in terms of the photon flux (12) and the γp → V p

7

and therefore interaction highly peripheral         hS2i ⇠ 1

• But still important for precise treatment, and as before if          large or for 
forward production, then         is smaller.

⇠ ⇠ W��p
s
e±yX

!

S2

W��

hS2i

EPA luminosity
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Figure 7: Average survival factor ⟨S2
elk⟩ = dσscr./dσbare as a function of the central system

invariant mass MX for muon pair production, at
√
s = 14 TeV. The muons are required to

have p⊥ > 2.5 GeV and |η| < 2.5.

pair invariant mass, with a very similar result found in the case of W pair production. We
also show in Table 5 the total W boson pair production cross section, where the suppression
factor is smaller still, due to the different helicity structure of the production amplitudes (for
which the T±± amplitudes are non–vanishing).

Finally, the muon pair production cross section, but with the outgoing protons required
to have transverse momentum p⊥ < 0.1 GeV is shown: by placing such a cut, the reaction is
required to be highly peripheral, and it can be seen that the suppression factor is extremely
close to unity. On the other hand, as discussed in [63], in the case that one or both protons
dissociate the reaction is generally much less peripheral, and a proper inclusion of soft survival
effects become crucial; this can lead to sizeable deviations in the data with respect to the
result of e.g. the LPAIR MC [64,65], which does not include these effects.

These results highlight the importance of a proper treatment of soft survival effects,
which is still often not included in the literature. In the recent work of [66] for example,
where the question of constraining the photon PDF in exclusive l+l− and W+W− production
is considered, soft survival effects, which as noted above may be particularly important if
proton dissociative events are included, are omitted entirely5.

5Moreover, in the semi–exclusive case it is not the standard photon PDF which enters in the hard cross
section. Rather, the PDF must be evolved using a modified form of the DGLAP equation in which emission
in the experimentally relevant rapidity region is forbidden; this will be the subject of a future study [86].

21

scale J/ψ production process. Moreover, due to the cancellation effects discussed above, it
is possible to achieve a good fit for much higher values of δ, and instead we set δΥ = 0.7,
with the normalisation NΥ = 6 pb found from the resulting fit, for which the χ2/d.o.f ∼ 1.
The predicted cross section at

√
s = 8 TeV within the LHCb acceptance is shown in Table 4,

and the fit value is seen to be in completely consistent with the LHCb measurement [59]
of 0.22 ± 0.07 pb. Predictions for

√
s = 13 TeV are also given: these contain a ∼ 50%

uncertainty due to the error in the extracted parameters of the power–law fit.

4.3 Two–photon mediated processes

µ+µ− µ+µ−, Mµµ > 2MW µ+µ−, pprot.⊥ < 0.1 GeV W+W−

σbare 6240 11.2 3170 87.5

σsc. 5990 9.58 3150 71.9

⟨S2
eik⟩ 0.96 0.86 0.994 0.82

Table 5: Cross section predictions (in fb) for exclusive muon and W boson pair production
at

√
s = 13 TeV. The muons are required to have p⊥ > 5 GeV and |η| < 2.5, and are shown

with and without an additional cut of Mµµ > 2MW , while in the W boson case, no cuts
are imposed. Results are shown for the ‘bare’ and ‘screened’ cross sections, i.e. excluding
and including soft survival effects, respectively, and the resulting average suppression due to
these is also given.

As discussed above, the two-photon exclusive production of lepton (electron and muon)
and W boson pair production is included in the MC; in this section we present a very brief
selection of results for these processes. In Table 5 we show predictions for the muon and W
boson pair production cross sections, with and without soft survival effects included4. In the
case of muon pair production, with the muons required to have p⊥ > 5 GeV and |η| < 2.5,
we can see that, as expected from the discussion in Section 3, the average soft suppression
factor is close to unity, due to the peripheral two–photon interaction, as well as the vanishing
of the T±± amplitudes for massless leptons discussed further in Section 3.2. However, as seen
in the previous section, as the system invariant mass increases, we will expect the photon
momentum fraction xγ ∝ MX to increase. This will lead to a higher average photon virtuality,
see (15), and therefore for the average survival factor to be smaller for this less peripheral
interaction. We also show the prediction for the same muon pair cross section, but subject to
the requirement that Mµµ > 2MWW ; while the suppression factor is still quite close to unity,
it is clearly lower. This reduction in the survival factor with MX seen more clearly in Fig. 7
where the average suppression factor is shown for muon pair production as a function of the

4We note that the predictions for the bare cross sections are consistent with the corresponding results
from FPMC [8].
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• Consider                   for          
production: clear drop with       
seen.
• Recall expression for survival factor:

! Important to correctly include     dependence of subprocess amplitude 

•          production: the                  amplitudes vanish for             initial state 
photons. It turns out this leads to less absorption than naive expectations.
• In particular, this leads to dependence on event selection: by demanding 
small               , get        very close to 1.

hS2(MX)i
MX

MX = W��

l+l� �� ! l+l�

p?(l
+l�) hS2i

Jz = 0
(massless leptons)

V.A. Khoze, A.D. Martin, R.Orava, M.G. Ryskin, Eur. 
Phys. J. C19 (2001) 313-322

hS2
eiki =

R
d

2b1t d
2b2t |T (s,b1t,b2t)|2 exp(�⌦(s, bt))R
d

2 b1td
2b2t |T (s,b1t,b2t)|2

bt

�� ! X

µ+µ�
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• ATLAS data on exclusive          and           production: arXiv:1506.07098.

• Important of including survival effects is discussed, and measurements compared 
to predictions of Dyndal & Schoeffel- form of one-channel calculation, with 
specific assumptions about the form of the opacity:

M. Dyndal and L. Schoeffel, Phys. Lett. B741 (2015) 66-70
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Figure 5: The survival factor as a function of the energy fractions of the protons carried
by the interacting photons, x1 and x2.

However, we can expect some deviations when performing more accurate
computations of cross sections using Pnon�inel(b) in equation (6), and then in
equation (1).

3. Results

Following the previous section, the first important issue is to quantify the
size of the correction when we take into account the finite size of colliding
protons. We define the survival factor as

S2
�� =

R
b1>rp

R
b2>rp

n(~b1,!1)n(~b2,!2)Pnon�inel(|~b1 �~b2|)d2~b1d2~b2
R
b1>0

R
b2>0 n(

~b1,!1)n(~b2,!2)d2~b1d2~b2
, (7)

where the numerator contains the finite size e↵ects encoded in the function
Pnon�inel(b) and dedicated bounds of the integrations over ~b1 and ~b2, whereas
the denominator represents the integral over all impact parameters with no
constraint.

Trivially, this factor will always be smaller than unity. Then, the devi-
ation with respect to unity will quantify the overestimation done when the
finite size e↵ects are neglected. This is first illustrated in figure 5, where we
present the two-dimensional dependence of S2

�� as a function of x1 and x2,

9

does not include      dependence of                    amplitude.

! Misses important physics, may overestimate suppression due to      .

• ATLAS measure:

Table 3: Definition of the electron and muon channel fiducial regions for which the exclusive cross-sections are
evaluated.

Variable Electron channel Muon channel
p`T > 12 GeV > 10 GeV
|⌘` | < 2.4 < 2.4
m`+`� > 24 GeV > 20 GeV

the standard dipole form-factors and the improved model parameterisation including pQCD corrections
from Ref. [60]. The latter includes a fit uncertainty and the prediction furthest away from the dipole
form-factors is chosen.

Similarly, for the µ+µ� channel,

Rexcl.
��!µ+µ� = 0.791 ± 0.041 (stat.) ± 0.026 (syst.) ± 0.013 (theor.) ,

�EPA
��!µ+µ� = 0.794 ± 0.013 (theor.) pb .

The resulting fiducial cross-section for the electron channel is measured to be

�excl.
��!e+e� = 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb .

This value can be compared to the theoretical prediction, including absorptive corrections to account for
the finite size of the proton [10]:

�EPA, corr.
��!e+e� = 0.398 ± 0.007 (theor.) pb .

For the muon channel, the fiducial cross-section is measured to be

�excl.
��!µ+µ� = 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb ,

to be compared with [10]:
�EPA, corr.
��!µ+µ� = 0.638 ± 0.011 (theor.) pb .

The uncertainty of each prediction includes an additional 0.8% uncertainty related to the modelling of
proton absorptive corrections. It is evaluated by varying the e↵ective transverse size of the proton by 3%,
according to Ref. [64]. Figure 4 shows the ratios of the measured cross-sections to the EPA calculations
and to the prediction with the inclusion of absorptive corrections. The measurements are in agreement
with the predicted values corrected for proton absorptive e↵ects. The figure includes a similar CMS
cross-section measurement [18].

8 Conclusion

Using 4.6 fb�1 of data from pp collisions at a centre-of-mass energy of 7 TeV the fiducial cross-sections
for exclusive �� ! `+`� (` = e, µ) reactions have been measured with the ATLAS detector at the
LHC. Comparisons are made to the theory predictions based on EPA calculations, as included in the Her-
wig++ MC generator. The corresponding data-to-EPA signal ratios for the electron and muon channels
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• Superchic 2 predictions: �(µ+µ�) = 0.74 pb �(e+e�) = 0.46 pb

! Good agreement for         , some tension with          . Higher precision and more 
differential (in e.g.                 ) data will shed more light on this. Tagged protons: 
eliminate dissociative BG.

hS2
eiki ⇠ 0.94
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Figure 4: Function P

non�inel

(b) = |1� �(b)|2 compared with the step function ⇥(b� 2R).
P (b) represents the probability for no inelastic interaction in a proton-proton collision at
impact parameter b.

becomes

f(!1)f(!2) !
Z Z

n(~b1,!1)n(~b2,!2)Pnon�inel(|~b1 �~b2|)d2~b1d2~b2, (6)

where the bounds of integrations are still b1 > rp, b2 > rp. The non-

overlapping condition |~b1 � ~b2| > 2rp is not needed any longer. It follows

as a consequence of the e↵ect of the function Pnon�inel(|~b1�~b2|). Indeed, this
function represents the probability that there is no interaction (no overlap)
between the two colliding protons in impact parameter space. Following [18],
we make the natural assumption that a probabilistic approximation gives a
reasonable estimate of the absorption e↵ects. Then, we can write [18]

Pnon�inel(b) = |1� exp(�b2/(2B))|2,

where the value of B = 19.7 GeV�2 is taken from a measurement at
p
s = 7

TeV by the ATLAS experiment [19] (see figure 4). At
p
s = 13 TeV, we

will use the extrapolated value B = 21 GeV�2. In figure 4, we compare
Pnon�inel(b) with the step function ⇥(b� 2rp), which is the first approxima-
tion that we have described above to quantify a non-overlapping condition
between both protons. We see that both functions are roughly comparable.
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Ongoing project: the photon PDF with rapidity gaps

• As well as exclusive processes considered in previous slides, can also 
consider inclusive, or semi-inclusive photon--initiated processes.

p2

p1

f e l

e lf

p1

p2

+

−

l

l

p2

p1

X2

X1
f ine

+

−

l

l

f ine

p2

p1

f e l

f

p1

+

X
ine

2

l −

l

p2

p1

f

e lf

+

−

X1

ine

p2

l

l

FIG. 1: Different mechanisms of two-photon production of dileptons.

perturbative treatment embedded in the DGLAP evolution equation applies. In this corner
of the phase space the structure functions are very well known. When going outside of the
perturbative regime the situation is less clear. Several parametrizations were presented in
the literature [20–25]. The applicability of the different parametrizations is limited and not
well tested.

Thus in two-photon processes one may need structure functions in very different corners of
the (x,Q2) space. It is not clear a priori which regions are needed for particular experiments
i.e. specific kinematical cuts. We wish to discuss some examples related to particular past
and modern experiments.

This paper is organized as follows: in section III, we briefly review the different formalism
employed in our calculations. We also discuss the different structure functions used as an
input in the kT -factorization approach. In section IV we show our numerical results of various
dilepton distributions for the kinematics, and cuts, relevant for different experiments. These
are, at the presently highest available energies, ATLAS and CMS, which measure central
rapidities, and LHCb with coverage at forward rapidities. We also discuss examples for the
lower energies of RHIC, as well as data taken in 1980’s at the ISR at still lower energy. We
summarize our results in Conclusions section.

3

Fig: M. Luszczak et al., 1510.00294

� =

Z
dx1 dx2 �(x1, µ

2) �(x2, µ
2)�̂(�1�2 ! X)

•                : photon PDF, distribution of photons 
within proton, determined from (QED) DGLAP 
evolution of starting distribution                .

• For inclusive production have usual factorization:

�(x, µ2)

�(x, µ2
0)

• But what about diffractive/semi-inclusive 
processes?
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• Consider photon PDF at scale        (           ) :the DGLAP evolution from Q2
0 to Q2:

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+
∑

q

Pγq(z) q(
x

z
,Q

′2)

)
. (1)

Here q(x,Q2) is the quark distribution and Pγq(z) is the quark q to the photon
spliting function. At the LO the splitting functions read

Pγq(z) = e2q
1 + (1− z)2

z
Pγγ(z) = −2

3

∑

q

e2q δ(1− z) , (2)

where eq is the quark charge. The above equations correspond to the fully
inclusive distribution, that is without any gap survival conditions. The input
γ(x,Q2

0) term may be written in terms of the coherent component due to the
elastic process, p → p+ γ, and p → N∗ excitation (p → N∗ + γ), see [18], as
well as a component due to emission from the individual quarks within the
proton (i.e. the direct analogue of perturbative emission in the QCD case).
In the former cases, there is naturally a large rapidity gap between the intact
proton or the N∗ excitation. This is also the case for the incoherent term,
due to q → qγ: since the input value of Q2

0 ∼ 1 GeV2 is small and we have the
kinematic requirement kt < Q0, this implies that the transverse momentum
k⊥ of the final–state quark is also small, and the rapidity of the produced
secondaries is large, that is, similar to the outgoing proton/N∗ rapidity in
the coherent case 1.

Thus, in general we have that the input term γ(x,Q2
0) is unaffected by

the requirement of additional rapidity gap vetoes. Next, we consider the
second term in (1), that is due to DGLAP evolution from Q2

0 to Q2. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton
momentum p⃗ to a photon with longitudinal momentum xp (where p = |p⃗|)
and squared transverse momentum

k2
t = (1− z)Q

′2 , (3)

1For very large rapidity gaps, i.e. as the limit of the gap region approaches ymax =
± log(mp/

√
s), the decay products of the excited system may extend into the gap region.

In this case, we have to consider each component of the input contribution individually,
keeping only the part for which the produced secondaries do not spoil the rapidity gap.
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inclusive distribution, that is without any gap survival conditions. The input
γ(x,Q2

0) term may be written in terms of the coherent component due to the
elastic process, p → p+ γ, and p → N∗ excitation (p → N∗ + γ), see [18], as
well as a component due to emission from the individual quarks within the
proton (i.e. the direct analogue of perturbative emission in the QCD case).
In the former cases, there is naturally a large rapidity gap between the intact
proton or the N∗ excitation. This is also the case for the incoherent term,
due to q → qγ: since the input value of Q2

0 ∼ 1 GeV2 is small and we have the
kinematic requirement kt < Q0, this implies that the transverse momentum
k⊥ of the final–state quark is also small, and the rapidity of the produced
secondaries is large, that is, similar to the outgoing proton/N∗ rapidity in
the coherent case 1.

Thus, in general we have that the input term γ(x,Q2
0) is unaffected by

the requirement of additional rapidity gap vetoes. Next, we consider the
second term in (1), that is due to DGLAP evolution from Q2

0 to Q2. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton
momentum p⃗ to a photon with longitudinal momentum xp (where p = |p⃗|)
and squared transverse momentum

k2
t = (1− z)Q

′2 , (3)

1For very large rapidity gaps, i.e. as the limit of the gap region approaches ymax =
± log(mp/

√
s), the decay products of the excited system may extend into the gap region.

In this case, we have to consider each component of the input contribution individually,
keeping only the part for which the produced secondaries do not spoil the rapidity gap.
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Q2

•              : input PDF, given in terms of :

⇠ M2
X

�(x,Q2
0)

The photon PDF with rapidity gaps
• Want to calculate distribution of photons in semi-exclusive case, i.e. with 
large rapidity gap veto between central system and dissociation system. 
Corresponds to experimental situation in absence of proton tagging.

‣ ‘Coherent’ component: elastic                   and low mass excitations, leads 
naturally to rapidity gap.

p ! p+ �

‣ ‘Incoherent’ component: emission from 
individual quark lines. As we have kinematic 
constraint on quark                              , the 
rapidity of produced secondaries is large.

k? < Q0 ⇠ 1GeV

PDFs and QED: other considerations
• Recent paper by Martin and Ryskin suggests other way in which theory 
input may need to be refined.
• Major part of                 (in particular at low    ) comes from ‘coherent’ 
emission, i.e. elastic process, due to EM charge of entire proton. 
Theoretically well understood process.

coherentcoherentp p

p

non-coherent

J J

M > M'

Figure 1: The coherent and incoherent contributions to the photon PDF, �p(x,Q2), corresponding,

respectively, to photon emission directly from the proton and from a quark.

most sensitivity to the low-mass Drell-Yan data [5]. However, the uncertainties observed in the

resulting photon PDFs are huge, especially at low x.

The preliminary CTEQ analysis [3] proceeds di↵erently. CTEQ keep a similar theoretical

form of the distributions �(x,Q2

0

) to that proposed by MRST, but with an arbitrary normal-

isation parameter, which is expressed as the momentum fraction, p
0

(�), carried by the input

photon. They find that the constraint coming from the energy-momentum sum rule is weak

(allowing p

0

(�) to range up to 5%), while to fit the updated ZEUS data for ep ! e�X [6]

requires p

0

(�) ⇠ 0.1 � 0.2%, using the valence quark induced input (3) and allowing for the

extra normalisation parameter.

Unlike the above analyses, here we emphasize that the major part of the input, �p(x,Q2

0

),

especially at low x, comes from the coherent emission of the photon from the ‘elastic’ proton,

which can be calculated theoretically with good accuracy. The process is sketched in Fig. 1.

(The previous analyses are based only on incoherent emission from individual quarks within

the proton.) The uncertainty on our determination �

p(x,Q2

0

) = �

p

coh

+ �

p

incoh

comes essentially

only from the relatively small contribution �

p

incoh

which, from a hadron viewpoint, actually

corresponds to the QED excitations of the proton into higher mass states. However, here,

in Section 3 we adopt the quark viewpoint, and calculate this contribution as the incoherent

emission of photons from quarks within the proton. This contribution turns out to be relatively

small. Therefore, since �p

coh

may be calculated with good accuracy, it means that the uncertainty

in the theoretically determined photon input distributions is expected to be small; essentially

coming from the uncertainty in the ‘extrapolation’ of valence quarks needed to estimate the

contribution to �

p

incoh

coming from the region below the starting scale Q
0

. We will quantify this

uncertainty below.

We summarize the discussion of this Section in Table 1.

3

Group input photon PDF data

MRST [1] model for �p

incoh

predict ep ! e�X

NNPDF [2] freely parametrised fit to LHC Drell-Yan

CTEQ [3] prelim. parametrise with p

0

(�) fit to ep ! e�X

this work calculate �

p

coh

(dominates) predict ep ! e�X

+ model for �p

incoh

Table 1: An outline of the procedure used by the various groups to determine the photon PDF.

3 Improved input distributions for the photon PDFs

Here we will follow the MRST approach, but will use much improved starting distributions for

the photon PDFs of the proton and neutron. Indeed, we have

�

N(x,Q2

0

) = �

N

coh

+ �

N

incoh

(5)

where N = p, n. As discussed above, and sketched in Fig. 1, the contribution �

p

coh

is caused

by coherent photon emission from the proton that remains intact, whereas �
incoh

is due to non-

coherent emission from individual quarks. The coherent emission from the proton is given by

[7]

�

p

coh

(x,Q2

0

) =
↵

QED

2⇡

[1 + (1� x)2]

x

Z |t|<Q

2
0

0

dq

2

t

q

2

t

(q2
t

+ x

2

m

2

p

)2
F

2

1

(t) , (6)

where q

t

is the transverse momentum of the emitted photon and

t = �
q

2

t

+ x

2

m

2

p

1� x

. (7)

F

1

is the electromagnetic proton form factor corresponding to �

µ

at the vertex. For the neutron

we have

�

n

coh

(x,Q2

0

) = 0. (8)

For the non-coherent emission from individual quark lines we use an improved form of (3)

�

p

incoh

(x,Q2

0

) =
↵

2⇡

Z
1

x

dz

z


4

9
u

0

(
x

z

) +
1

9
d

0

(
x

z

)

�
1 + (1� z)2

z

Z
Q

2
0

|tmin|

dt

t�m

2

q

�
1� F

2

1

(t)
�
, (9)

where

t

min

= � x

(1� x)

�
m

2

�

� (1� x)m2

N

�
(10)

accounts for the fact that the lowest possible proton excitation is the �-isobar. The final factor

(1�F

2

1

) in (9) is the probability to have no intact proton in the final state. We have to exclude

an intact proton as its contribution is calculated separately in (6).

4

�(x,Q2) x
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• At LO in    the photon PDF is generated by the               transition, 
governed by splitting function           .P�q(z)

The photon PDF with rapidity gaps
• Thus PDF from input term (emission up to scale                    ) naturally 
generates rapidity gaps. What about DGLAP evolution to hard scale               ?Q ⇠ MX

the DGLAP evolution from Q2
0 to Q2:

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+
∑

q

Pγq(z) q(
x

z
,Q

′2)

)
. (1)

Here q(x,Q2) is the quark distribution and Pγq(z) is the quark q to the photon
spliting function. At the LO the splitting functions read

Pγq(z) = e2q
1 + (1− z)2

z
Pγγ(z) = −2

3

∑

q

e2q δ(1− z) , (2)

where eq is the quark charge. The above equations correspond to the fully
inclusive distribution, that is without any gap survival conditions. The input
γ(x,Q2

0) term may be written in terms of the coherent component due to the
elastic process, p → p+ γ, and p → N∗ excitation (p → N∗ + γ), see [18], as
well as a component due to emission from the individual quarks within the
proton (i.e. the direct analogue of perturbative emission in the QCD case).
In the former cases, there is naturally a large rapidity gap between the intact
proton or the N∗ excitation. This is also the case for the incoherent term,
due to q → qγ: since the input value of Q2

0 ∼ 1 GeV2 is small and we have the
kinematic requirement kt < Q0, this implies that the transverse momentum
k⊥ of the final–state quark is also small, and the rapidity of the produced
secondaries is large, that is, similar to the outgoing proton/N∗ rapidity in
the coherent case 1.

Thus, in general we have that the input term γ(x,Q2
0) is unaffected by

the requirement of additional rapidity gap vetoes. Next, we consider the
second term in (1), that is due to DGLAP evolution from Q2

0 to Q2. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton
momentum p⃗ to a photon with longitudinal momentum xp (where p = |p⃗|)
and squared transverse momentum

k2
t = (1− z)Q

′2 , (3)

1For very large rapidity gaps, i.e. as the limit of the gap region approaches ymax =
± log(mp/

√
s), the decay products of the excited system may extend into the gap region.

In this case, we have to consider each component of the input contribution individually,
keeping only the part for which the produced secondaries do not spoil the rapidity gap.

4

the DGLAP evolution from Q2
0 to Q2:

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+
∑

q

Pγq(z) q(
x

z
,Q

′2)

)
. (1)

Here q(x,Q2) is the quark distribution and Pγq(z) is the quark q to the photon
spliting function. At the LO the splitting functions read

Pγq(z) = e2q
1 + (1− z)2

z
Pγγ(z) = −2

3

∑

q

e2q δ(1− z) , (2)

where eq is the quark charge. The above equations correspond to the fully
inclusive distribution, that is without any gap survival conditions. The input
γ(x,Q2

0) term may be written in terms of the coherent component due to the
elastic process, p → p+ γ, and p → N∗ excitation (p → N∗ + γ), see [18], as
well as a component due to emission from the individual quarks within the
proton (i.e. the direct analogue of perturbative emission in the QCD case).
In the former cases, there is naturally a large rapidity gap between the intact
proton or the N∗ excitation. This is also the case for the incoherent term,
due to q → qγ: since the input value of Q2

0 ∼ 1 GeV2 is small and we have the
kinematic requirement kt < Q0, this implies that the transverse momentum
k⊥ of the final–state quark is also small, and the rapidity of the produced
secondaries is large, that is, similar to the outgoing proton/N∗ rapidity in
the coherent case 1.

Thus, in general we have that the input term γ(x,Q2
0) is unaffected by

the requirement of additional rapidity gap vetoes. Next, we consider the
second term in (1), that is due to DGLAP evolution from Q2

0 to Q2. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton
momentum p⃗ to a photon with longitudinal momentum xp (where p = |p⃗|)
and squared transverse momentum

k2
t = (1− z)Q

′2 , (3)

1For very large rapidity gaps, i.e. as the limit of the gap region approaches ymax =
± log(mp/

√
s), the decay products of the excited system may extend into the gap region.

In this case, we have to consider each component of the input contribution individually,
keeping only the part for which the produced secondaries do not spoil the rapidity gap.

4

↵

Purely virtual

• Require that emitted quark lies in rapidity interval             , beyond LRG 
region        kinematic considerations show this can be included in DGLAP 
evolution via a simple     function constraint on          integration region.

yLRGyX yq yp

�
emission

| {z }

Figure 1: Schematic diagram corresponding diffractive topology described in
text, corresponding to case that quark of rapidity yq is emitted beyond the
edge of a LRG region.

and to a s–channel quark with longitudinal momentum

p′q =
x(1− z)

z
p . (4)

Due to strong kt ordering, the transverse momentum of the recoiled quark
is given by −kt, that is equal and opposite to that of the final–state photon.
The rapidity of this quark is

yq ≃ − ln
kt
2p′q

. (5)

We require that the quark be produced with rapidity greater than some yLRG,
corresponding to the end of the experimentally defined gap2: in this case, it
is convenient to work in terms of the rapidity interval, δemission = yp − yLRG

between the edge of the gap and outgoing proton in which the quark may
be emitted, see Fig. 1. The condition yq > yLRG in this notations takes the
form

yp − yq = ln

(
kt
mp

z

x(1− z)

)
< δemission , (6)

and thus to obtain the modified photon PDF, corresponding to the kinematics
with a LRG present, we have to supplement the integrand in (1) by a Θ

2For consistency we work in terms of particle rapidities, although experimentally it is
generally the pseudorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap;
for massless particles these variables are of course equivalent.

5

!
�
emission

⇥ z,Q2

q ! q�

Q0 ⇠ 1GeV
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The photon PDF with rapidity gaps
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PreliminaryPreliminary

• First look: consider MRST2004QED PDFs: particular model for                and 
then DGLAP evolution. 
• Consider different values of                where secondary emission is allowed.

yLRGyX yq yp

�
emission

| {z }

Figure 1: Schematic diagram corresponding diffractive topology described in
text, corresponding to case that quark of rapidity yq is emitted beyond the
edge of a LRG region.

and to a s–channel quark with longitudinal momentum

p′q =
x(1− z)

z
p . (4)

Due to strong kt ordering, the transverse momentum of the recoiled quark
is given by −kt, that is equal and opposite to that of the final–state photon.
The rapidity of this quark is

yq ≃ − ln
kt
2p′q

. (5)

We require that the quark be produced with rapidity greater than some yLRG,
corresponding to the end of the experimentally defined gap2: in this case, it
is convenient to work in terms of the rapidity interval, δemission = yp − yLRG

between the edge of the gap and outgoing proton in which the quark may
be emitted, see Fig. 1. The condition yq > yLRG in this notations takes the
form

yp − yq = ln

(
kt
mp

z

x(1− z)

)
< δemission , (6)

and thus to obtain the modified photon PDF, corresponding to the kinematics
with a LRG present, we have to supplement the integrand in (1) by a Θ

2For consistency we work in terms of particle rapidities, although experimentally it is
generally the pseudorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap;
for massless particles these variables are of course equivalent.

5

! Clear suppression vs. inclusive case, in particular at lower     .
�
emission

�(x,Q2
0)

x

26



The photon PDF with rapidity gaps

• In addition to secondary particle production due to DGLAP               
splitting, rapidity gaps may be spoilt by additional soft proton-proton 
interaction         need to include survival factor,       .

q ! q�

! S2

• However, the size of        depends on amount of ‘perturbative’            
emission, and this explicitly breaks simple factorization picture:

� =

Z
dx1 dx2 �(x1, µ

2) �(x2, µ
2)�̂(�1�2 ! X)

⇠
⇣
�(x1, Q

2
0) +

Z
dQ02

Q

02

Z 1

x1

dz

z

P

�q

(z) · · ·
⌘⇣

�(x2, Q
2
0) +

Z
dQ02

Q

02

Z 1

x2

dz

z

P

�q

(z) · · ·
⌘
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�
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Figure 1: Schematic diagram corresponding diffractive topology described in
text, corresponding to case that quark of rapidity yq is emitted beyond the
edge of a LRG region.

and to a s–channel quark with longitudinal momentum

p′q =
x(1− z)

z
p . (4)

Due to strong kt ordering, the transverse momentum of the recoiled quark
is given by −kt, that is equal and opposite to that of the final–state photon.
The rapidity of this quark is

yq ≃ − ln
kt
2p′q

. (5)

We require that the quark be produced with rapidity greater than some yLRG,
corresponding to the end of the experimentally defined gap2: in this case, it
is convenient to work in terms of the rapidity interval, δemission = yp − yLRG

between the edge of the gap and outgoing proton in which the quark may
be emitted, see Fig. 1. The condition yq > yLRG in this notations takes the
form

yp − yq = ln

(
kt
mp

z

x(1− z)

)
< δemission , (6)

and thus to obtain the modified photon PDF, corresponding to the kinematics
with a LRG present, we have to supplement the integrand in (1) by a Θ

2For consistency we work in terms of particle rapidities, although experimentally it is
generally the pseudorapidity ηLRG = − ln [tan (θLRG/2)] which defines the edge of the gap;
for massless particles these variables are of course equivalent.

5

• Multiplying out gives four terms, each with its own      . The size of the 
‘effective’ photon PDF for rapidity gap events depends on what other proton 
is doing. Work is ongoing on this.

S2

S2
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Summary and outlook
• Have discussed new ‘SuperChic 2’ MC. Builds on previous MC, but 
with significant changes/extensions:

‣ Theoretical improvements, most important a fully differential treatment 
of survival effects. Crucial to have this in many cases.
‣ Completely re-structured: LHAPDF interface, and complete calculation 
performed ‘on-line’, structured so that additional processes can be easily 
added.
‣ New processes added: jets, Higgs, two-photon interactions, double 
quarkonia...
‣ In the immediate future:         production will be included. Other 
processes?

DD

• Paper on the arxiv: arXiv:1508.02718.

• Briefly outlined ongoing work on the photon PDF in events with 
rapidity gaps: paper out soon.
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