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Outline
• Motivation: why study      collisions at the LHC?

• Exclusive production:

• Inclusive production:

‣ How do we model it?
‣ How do we measure it?
‣ Example processes: lepton pairs, anomalous couplings, light-by-light 
scattering, axion-like particles and massive resonances.
‣ Outlook - tagged protons at the LHC.

‣ How well do we understand it?
‣ Connection to exclusive case- precise determination.
‣ Predictions for LHC/FCC.

��
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The proton and the photon

• The proton is an electrically charged object- it can radiate photons.

p p p

! As well as talking about quarks/gluons in the initial state, we 
should consider the photon.

• How large an effect is this? Where is it significant? Can it be a 
background to other processes? How can we exploit this QED 
production mode?
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Why is it interesting?
• In era of high precision phenomenology at the LHC: NNLO 
calculations rapidly becoming the ‘standard’. However:

• Thus at this level of accuracy, must consider a proper account of 
EW corrections. At LHC these can be relevant for a range of 
processes (                                                         ).

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

! EW and NNLO QCD corrections can be comparable in size.

W , Z, WH, ZH, WW , tt, jets...

R

• For consistent treatment of these, must 
incorporate QED in initial state: photon-
initiated production.

X
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• Unlike the quarks/gluons, photon is colour-singlet object: can 
naturally lead to exclusive final state, with intact outgoing protons.

Why is interesting?

• Exclusive photon-initiated processes of great interest. Potential for 
clean, almost purely QED environment to test electroweak sector and 
probe possible BSM signals.
• Protons can be measured by tagging detectors installed at ATLAS/
CMS. Handle to select events and provides additional information.
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Central exclusive diffraction

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

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

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

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

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

pp ! p + X + p

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

MX
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Exclusive production: theory

d�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.

X

��
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Exclusive production: theory

Rd�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.

X

��
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Exclusive production



Central Exclusive Diffraction

.....
.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
....

.
....

.
.....

.
....

.
.....

.
....

.
....

.

Central exclusive diffraction

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

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

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

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

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

pp ! p + X + p

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

Exclusive final state can be produced via three different mechanisms, 
depending on kinematics and quantum numbers of state:

Gluon-induced

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

p
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the so–called ‘enhanced’ survival factor [59, 69, 129]: while this is expected to have a much less
significant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clarified by future CEP measurements.

We may in principle consider the CEP of any C–even particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the low x and Q2 region, where it is currently quite poorly determined from global fits. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and non–perturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.

X

Q?

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )

Fig. 5.1: The perturbative mechanism for the exclusive process pp ! p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP
2.1 Introduction
Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identification,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector
The LHCb detector [3] is fully instrumented between pseudorapidities, h , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from

51

Photon-inducedFig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement of W and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 2.7 between leading leptons, and 160 <W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings l

g and Dk

g is the following

L ⇠ (W †
µn

W µAn �W
µn

W †µAn

)

+(1+Dk

g

)W †
µ

W
n

Aµn

+

l

g

M2
W

W †
rµ

W µ

n

Anr

). (5.27)

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

g and Dk

g only modifies the normalization and the low mass events
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Photoproduction
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Fig. 5.10: Invariant mass of the J/yJ/y system in (left) exclusive and (right) inclusive events. The
shaded area is the theoretical prediction of Ref. [26]

3 Future measurement at low/medium luminosity: motivation
3.1 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p

Q
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Fig. 5.11: Diagrams representing the exclusive diffractive g p !V p amplitude.

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

V/W 2, are the color-dipole approach and the
kT -factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form

¡mA(g⇤(Q2
)p !V p;W, t = 0) =

Z 1

0
dz

Z

d2r yV (z,r)y

g

⇤
(z,r,Q2

)s(x,r) , (5.3)

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

g

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

s(x,r) =
4p

3
aS

Z d2
k

k

4
∂xg(x,k2

)

∂ log(k2
)

h

1� exp(ikr)
i

, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient

58

C-even, couples to gluons

Couples to photons

C-odd, couples to photons + gluons

8
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Selecting exclusive events

Central Exclusive Diffraction
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Central exclusive diffraction

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

h(p1)h(p2) → h(p′
1) + X + h(p′

2)

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

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

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

pp ! p + X + p

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

MX

3

 1) Gap-based selection: no extra activity in large enough rapidity region.

VETOVETO

‣ No guarantee of pure exclusivity - BG with proton breakup outside veto 
region. Large enough gap      BG small and can be subtracted.

‣ Pile-up contaminating gap? Either: low pile-up running (dedicated runs/
LHCb defocussed beams) or can veto on additional charged tracks only 
(already used to select charged -                        -by ATLAS/CMS/LHCb).

)

l+l�, W+W�
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Selecting exclusive events
 2) Proton tagging: pp ! p + X + p

• Defining feature of exclusive events: protons intact after collision,

! If we can measure the outgoing protons, possible to select 
purely exclusive event sample.

• Basic principle: use LHC beam magnet as a spectrometer. After 
interaction protons have                   and will gradually bend out of 
beam line.
• Insert ‘roman pot’ detectors at             from beam line and             
from IP. Reconstruct momenta and measure arrival time of protons.

E <
p
s/2

O(100m)O(mm)
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Proton tagging at the LHC
• These detectors are installed:

‣ CMS-TOTEM Precision Proton Spectrometer - CT-PPS. 

‣ ATLAS Forward Proton - AFP.

• In both cases ‘roman pot’ detectors installed at                from IPs. 
Measure position (     proton momentum loss) and arrival time 
(      pile-up rejection) of protons.

• In early stages of data taking. In 2017 will both be fully ready to 
take data during normal LHC running.

⇠ 200m

⇠
!

1 Introduction

1.1 Overview of the CMS-TOTEM Precision Proton Spectrometer

We plan to add precision proton tracking and timing detectors in the very forward region on both sides of
CMS, to study central exclusive production in proton-proton collisions, namely the process pp ! pXp,
in which the protons do not dissociate and interact via photon or colour-singlet exchange to produce
the system X in the central region. The CMS-TOTEM Precision Proton Spectrometer (CT-PPS) is
a magnetic spectrometer that uses the LHC magnets between the Interaction Point (IP) and detector
stations at ⇠ 210m from the IP on both sides, to bend protons that have lost a small fraction of their
momentum out of the beam envelope so their trajectories can be measured. The layout of the beam line
in the 210 m region after the first Long Shutdown (LS1) is shown in Figure 1.

The CT-PPS detectors consists of a silicon tracking system to measure the position and direction of the
protons, and a set of timing counters to measure their arrival time. This in turn allows the reconstruction
of the mass and momentum as well as the z coordinate of the primary vertex of the centrally produced
system, irrespective of its decay mode. The detector covers an area of about 4 cm2 on each arm. In total
it uses 144 pixel readout chips and has⇠200 timing readout channels. The total cost of the detectors and
infrastructure is below 1 MCHF.

220m 215m 204m !IP5 

2 new horizontal 
cylindrical RPs (1 in LS1) 

2 horizontal box-shaped RPs 

Figure 1: The layout of the CT-PPS detectors in the 210 m region after LS1. The cylindrical Roman Pots
are equipped with timing detectors for PU rejection. The upgraded box-shaped Roman Pots (RPs) are
equipped with pixel detectors to measure the displacement of the scattered protons w.r.t. the beam.

Central exclusive production (CEP) provides a unique method to access a variety of physics topics,
such as new physics via anomalous production of W and Z boson pairs, high transverse momentum
(p

T

) jet production, and possibly the production of new resonances. These studies can be carried out in
particularly clean experimental conditions thanks to the absence of proton remnants. The detection of the
two final state protons, scattered at almost zero-degrees, in very forward near-beam detectors, provides a
striking signature. The measurement of the leading protons allows to fully determine the kinematics of
the central system. Well defined final states in the CMS central detector matching the protons kinematics
can then be selected and precisely reconstructed.

The exclusive two-photon production of pairs of photons, W and Z bosons provides a novel and unique
testing ground for the electroweak gauge boson sector. The virtualities of the exchanged photons are
on average very small, which makes the LHC a quasi-real photon collider with centre-of-mass energy
approaching 1 TeV – a region so far unexplored. The detection of �� ! W

+
W

� events allows to
measure the quartic gauge coupling WW�� with high precision. We expect to achieve of the order of
10

3�4 times better sensitivity to anomalous quartic gauge couplings than LEP [1]-[8] and Tevatron [9].

A number of physics studies will be aimed at the understanding of the QCD mechanisms involved in
CEP. Exclusive di-jet production with M(jj) up to ⇠ 700� 800 GeV allows the study of pure gluon jet
samples with small contamination of quark jets. The detailed characterization of gluon jets in this data
sample relative to quark jets may improve the efficiency of gluon vs. quark jets separation, which is of

1

Status Detectors 
• NEAR Station: 3 3D pixel detector layers 
• FAR Station:    4 3D pixel detector layers – HV short on 1st 

layer but still 95% efficient 
– modules are tuned and timed 

• Trigger (each station): 2-out-of-3 layers with HitOR ON 
– Local Trigger Board (HitBUS chip) Î Air-core Cables Î CTP 
– AFP is within the (last BX of the) ATLAS Latency ! 

• Readout: 
– Tunnel (FE-I4ÎHitBUS chipÎOptoboard) Î USA15 (HSIO2/RCE 

system) Î ROS 
 

• New 3D pixel sensors from CNM are at IFAE and seem much 
superior to the existing sensors – will be installed during the 
EYETS 
 30MAY2016 5 Elba Wkshp 

3rd Elba Workshop on Forward 
Physics @ LHC Energy 
 
30 May – 1 June 2016 

Joao Varela, LIP  

The CMS-TOTEM 
Proton Precision 
Spectrometer 

CERN-LHCC-2014-021  

CT-PPS TECHNICAL DESIGN REPORT 
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Timing and pile-up rejection

13 N
ic

o
lo

 C
a

rt
ig

lia
, I

N
FN

, T
o

rin
o

, C
o

rt
o

n
a

, 2
0 

A
p

ril
 2

01
5 

Why do we need timing? 
Pileup! At each bunch crossing, there are many interactions (~ 50) 

A precision of ~ 10 ps is needed in the detection of the leading proton to 

associate the proton to the correct vertex using “z-by-timing” 

proton 

2 pots for Timing 2 pots for Tracking 

~5 cm 

• Pile-up! At LHC expect          interactions per bunch crossing:
‣ If we measure two intact protons, which of these central interactions is 
the right one??
‣ Probability for two protons from independent single-diffractive 
interactions (                        ) is high. What about this BG?

• Solution: fast timing detectors measure arrival time of protons        
convert to expected     position of central vertex. For              
precision can control pile-up BG. Achieved in current detectors with 
further improvements foreseen.

⇠ 50

⇠ 10 psz

pp ! p + X

!

N. Cartaglia, 
INFN, April 2015
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Mass acceptance
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Figure 17: Mass acceptance as a function of centrally produced mass for exclusive dijet events produced
in gluon fusion (left, computed with ExHuME), and exclusive WW events produced in photon-photon
processes (right, computed with FPMC). In the simulation, a coincidence of the tracking detectors placed
at z=204 m and z=215 m is required. The estimated acceptance is shown as a solid blue (red) line when
the tracking detectors are located at a distance of 15 (20) � from the beam center. Shaded bands indicate
the statistical uncertainties.

2.5 Timing detectors

The occupancy and performance of the time-of-flight detectors are studied for different detector geome-
tries. Here again, an average of 50 pileup interactions mixed with the primary interaction is assumed.
Smearing effects due to vertex position, beam energy dispersion, beam angular divergence, and crossing
angle are simulated.

Segmentation of the timing detector active area is considered for both the baseline option of the QUAR-
TIC detectors, and for the study-option of solid state finely-segmented “diamond-like” detectors (dis-
cussed in Sections 5.5 and 5.6). The QUARTIC timing detector geometry is physically limited by the
transversal dimensions of the detector bars and by the size of the available photodetectors, but also by the
outgoing proton direction/angle, as each particle must be contained within the same detector bar in order
to maximize the signal yield and minimize the cross-talk between neighboring bars. We estimate that the
latter is not a limiting factor as, at the CT-PPS location, the deflection in x per mm travelled in z is small,
and less than �x(per mm) ' 0.10 µm. On the other hand, the “diamond-like” detector segmentation
offers a flexible geometry by allowing the optimization of the detector occupancy depending on the dis-
tance from the beam center, thus reducing the occupancy rates closer to the beam. In the simulation, each
L-shaped QUARTIC bar has the same (x, y) transversal section of 3⇥ 3 mm2; the “diamond-like” cells
have a y-dimension of 5 mm, with a variable width (in x) varying from 0.3 mm (close to the beam) up
to 4.6 mm (away from the beam). Multiple hits in the same cell “blind” the detector functionality, and
therefore –when this happens– the time-of-flight information cannot be used for rejecting pileup events.
Such instances are thus contributing as a source of inefficiency to the data analysis. Figure 20 shows
the resulting occupancies for the two geometries, when pileup and beam-related backgrounds (as dis-
cussed in detail in Section 2.6) are considered. It is clear that the diamond-like configuration is superior.
However, even with average pileup of 50, the baseline configuration is still able to function.

Occupancy distributions (at the z-location of the timing detectors) are compared in Figure 21 for different
average pileup multiplicities of µ = 25 and µ = 50. For this additional study, samples analogous to those
discussed in Section 2.2 and with an average number of pileup interactions µ = 25 are produced. In view

25

Preparing for the 2nd AFP Arm 
• AFP has excellent two-proton missing mass acceptance: 

– e.g. for an object produced by pp→p+X+p, X→γγ : 

30MAY2016 15 Elba Wkshp 

14 TeV, β*=55 cm 

• Momentum loss    of protons related to mass of central system:

M2
X = ⇠1⇠2s

• The    acceptance is directly related to distance     of the RPs from 
the IP: for         have       .

! Decreasing     leads to acceptance at larger        . Turns out 
that for                   this gives                          .

⇠

⇠ d
d " ⇠ #

MXd
d ⇠ 200m MX & 500GeV

Detectors at                 
under discussion         
covers                  .

d ⇠ 400m

)
MX ⇠ Mh



Production mechanisms

Recall three production mechanisms:

Gluon-induced

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

p
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the so–called ‘enhanced’ survival factor [59, 69, 129]: while this is expected to have a much less
significant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clarified by future CEP measurements.

We may in principle consider the CEP of any C–even particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the low x and Q2 region, where it is currently quite poorly determined from global fits. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and non–perturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.

X

Q?

x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )

Fig. 5.1: The perturbative mechanism for the exclusive process pp ! p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP
2.1 Introduction
Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identification,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector
The LHCb detector [3] is fully instrumented between pseudorapidities, h , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from

51

Photon-inducedFig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement of W and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 2.7 between leading leptons, and 160 <W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings l

g and Dk

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

g and Dk

g only modifies the normalization and the low mass events
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3 Future measurement at low/medium luminosity: motivation
3.1 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p
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Fig. 5.11: Diagrams representing the exclusive diffractive g p !V p amplitude.

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

V/W 2, are the color-dipole approach and the
kT -factorization.

Within the color-dipole framework, the forward diffractive amplitude shown in Fig. 6.8 takes the
form
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⇤
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)s(x,r) , (5.3)

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

g

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

s(x,r) =
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)

∂ log(k2
)

h

1� exp(ikr)
i

, (5.4)

which in turn is related to the transverse-momentum dependent (or unintegrated) gluon distribution (see
Ref. [35] and references therein). Let us try to understand the behaviour of the amplitude A salient
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• Naively expect strong interaction to dominate-               .

from hadronic data. Although there is some uncertainty in the precise level of suppression (in particular
in its dependence on the c.m.s. energy

p
s), it is found to be a sizeable effect, reducing the CEP cross

section by about two orders of magnitude. It is in addition expected that there may be some suppression
due to rescatterings of the protons with the intermediate partons in the hard process. This is encoded
in the so–called ‘enhanced’ survival factor [59, 69, 129]: while this is expected to have a much less
significant effect to the eikonal survival factor, the precise level of suppression remains uncertain and
may be clarified by future CEP measurements.

We may in principle consider the CEP of any C–even particle which couples to gluons within
this mechanism, and an important advantage of these reactions is that they provide an especially clean
environment in which to investigate in detail the properties of a wide range of SM and BSM states [58,
71, 72, 127, 131]. In addition, as described above, the theoretical framework is sensitive to both hard
and, through the survival factors, soft aspects of QCD, as well as depending sensitively on the gluon
PDF in the low x and Q2 region, where it is currently quite poorly determined from global fits. This
process therefore provides a very promising framework within which to study various aspects of QCD,
both perturbative and non–perturbative, and new physics at the LHC in the future. Some representative
CEP processes are discussed below.

X
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x2

x1

Seik Senh

p2

p1

fg(x2, · · · )

fg(x1, · · · )

Fig. 5.1: The perturbative mechanism for the exclusive process pp ! p + X + p, with the eikonal and
enhanced survival factors shown symbolically.

2 LHCb results on CEP
2.1 Introduction
Although designed with b-physics in mind, the LHCb detector is well suited to the detection and study of
CEP due to its ability to trigger and reconstruct low mass central systems, its good particle identification,
its large pseudorapidity acceptance, and the running conditions of the LHC.

A brief description of the LHCb detector and the features that make it suitable for identifying CEP
is given in Sec. 2.2. Following this, preliminary and published measurements are presented divided up
by the production mechanism: photon-Pomeron fusion is dealt with in Sec. 2.3; two photon physics is
described in Sec. 2.4; and QCD exclusive production is discussed in Sec. 2.5.

2.2 The LHCb detector
The LHCb detector [3] is fully instrumented between pseudorapidities, h , of 2 and 4.5 and includes
a high-precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding the
pp interaction region [4], a large-area silicon-strip detector located upstream of a dipole magnet with a
bending power of about 4Tm, and three stations of silicon-strip detectors and straw drift tubes [5] placed
downstream of the magnet. Different types of charged hadrons are distinguished using information from
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Fig. 5.31: Di-photon exclusive Standard Model production via QCD (left) and photon induced (right)
processes at the lowest order of pertubation theory.

whereas the photon induced ones (QED processes) dominate at higher diphoton masses [176]. It is
very important to notice that the W loop contribution dominates at high diphoton masses [174, 175, 177]
whereas this contribution is omitted in most studies. This is the first time that we put all terms inside a
MC generator, FPMC [179].

6.1.2 Standard Model WW and ZZ prduction
In the Standard Model (SM) of particle physics, the couplings of fermions and gauge bosons are con-
strained by the gauge symmetries of the Lagrangian. The measurement of W and Z boson pair pro-
ductions via the exchange of two photons allows to provide directly stringent tests of one of the most
important and least understood mechanism in particle physics, namely the electroweak symmetry break-
ing.

The process that we study is the W pair production induced by the exchange of two photons [178].
It is a pure QED process in which the decay products of the W bosons are measured in the central detector
and the scattered protons leave intact in the beam pipe at very small angles and are detected in AFP or
CT-PPS. All these processes as well as theb different diffractive backgrounds were implemented in the
FPMC Monte Carlo [179].

After simple cuts to select exclusive W pairs decaying into leptons, such as a cut on the proton
momentum loss of the proton (0.0015 < x < 0.15) — we assume the protons to be tagged in AFP or
CT-PPS at 210 and 420 m — on the transverse momentum of the leading and second leading leptons at
25 and 10 GeV respectively, on Emiss

T > 20 GeV, Df > 2.7 between leading leptons, and 160 <W < 500
GeV, the diffractive mass reconstructed using the forward detectors, the background is found to be less
than 1.7 event for 30 fb�1 for a SM signal of 51 events [178].

6.2 Triple anomalous gauge couplings
In Ref. [180], we also studied the sensitivity to triple gauge anomalous couplings at the LHC. The
Lagrangian including anomalous triple gauge couplings l
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The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l

g and Dk

g only modifies the normalization and the low mass events
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• However QCD enhancement can also be a weakness: exclusive 
event requires no extra gluon radiation into final state. Requires 
introduction of Sudakov suppressing factor:

follow, and only one transverse momentum scale is taken into account by the prescription

Q1 = min{Q⊥, |(Q⊥ − p1⊥)|} ,

Q2 = min{Q⊥, |(Q⊥ + p2⊥)|} . (2.4)

The longitudinal momentum fractions carried by the gluons satisfy

(

x′ ∼
Q⊥√
s

)

≪
(

x ∼
MX√

s

)

. (2.5)

The t dependence of the fg’s is not well known, but in the limit that the protons scatter

at small angles, we can assume a factorization of the form

fg(x, x
′, Q2, µ2; t) = fg(x, x

′, Q2, µ2)FN (t) , (2.6)

where the t-dependence is isolated in a proton form factor, which we take to have the

phenomenological form FN (t) = exp(bt/2), with b = 4GeV−2.

In the kinematic region specified by (2.5), the skewed unintegrated densities are given

in terms of the conventional (integrated) densities g(x,Q2
i ). To single log accuracy, we

have4

fg(x, x
′, Q2, µ2) = Rg

∂

∂ logQ2

[

xg(x,Q2)
√

Tg(Q2, µ2)
]

, (2.7)

where Tg is the usual 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. Rg is the ratio of the skewed x′ ≪ x unintegrated gluon distribution

to the conventional diagonal density g(x,Q2). For x ≪ 1 it is completely determined [55].

The explicit form for Tg is given by resumming the virtual contributions to the DGLAP

equation. It is given by

Tg(Q
2
⊥, µ

2) = exp

(

−
∫ µ2

Q2
⊥

dk2
⊥

k2
⊥

αs(k2⊥)

2π

∫ 1−∆

0

[

zPgg(z) +
∑

q

Pqg(z)

]

dz

)

. (2.8)

Here we fix the upper cutoff on the z integral in order to correctly resum the single soft

ln(1−z) terms due to wide angle soft gluon emission. It was previously claimed in Ref. [11]

that this could be achieved by taking the upper limit to be

∆old =
k⊥

k⊥ + 0.62MX
. (2.9)

However, as has been shown in [56], this result is incorrect, and the correct choice of cutoff

is in fact

∆ =
k⊥

k⊥ +MX
. (2.10)

i.e. of the same form as (2.9), but with the replacement 0.62MX → MX . As has been noted

in [56], the correct inclusion of these single logarithms is quite significant, giving a factor
4In actual calculations, we use a more precise phenomenological form given by Eq. (26) of [54].

– 5 –

• Increasing              larger phase space for extra gluon emission         
stronger suppression in exclusive QCD cross section. Gluons like to 
radiate!
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Figure 17: Mass acceptance as a function of centrally produced mass for exclusive dijet events produced
in gluon fusion (left, computed with ExHuME), and exclusive WW events produced in photon-photon
processes (right, computed with FPMC). In the simulation, a coincidence of the tracking detectors placed
at z=204 m and z=215 m is required. The estimated acceptance is shown as a solid blue (red) line when
the tracking detectors are located at a distance of 15 (20) � from the beam center. Shaded bands indicate
the statistical uncertainties.

2.5 Timing detectors

The occupancy and performance of the time-of-flight detectors are studied for different detector geome-
tries. Here again, an average of 50 pileup interactions mixed with the primary interaction is assumed.
Smearing effects due to vertex position, beam energy dispersion, beam angular divergence, and crossing
angle are simulated.

Segmentation of the timing detector active area is considered for both the baseline option of the QUAR-
TIC detectors, and for the study-option of solid state finely-segmented “diamond-like” detectors (dis-
cussed in Sections 5.5 and 5.6). The QUARTIC timing detector geometry is physically limited by the
transversal dimensions of the detector bars and by the size of the available photodetectors, but also by the
outgoing proton direction/angle, as each particle must be contained within the same detector bar in order
to maximize the signal yield and minimize the cross-talk between neighboring bars. We estimate that the
latter is not a limiting factor as, at the CT-PPS location, the deflection in x per mm travelled in z is small,
and less than �x(per mm) ' 0.10 µm. On the other hand, the “diamond-like” detector segmentation
offers a flexible geometry by allowing the optimization of the detector occupancy depending on the dis-
tance from the beam center, thus reducing the occupancy rates closer to the beam. In the simulation, each
L-shaped QUARTIC bar has the same (x, y) transversal section of 3⇥ 3 mm2; the “diamond-like” cells
have a y-dimension of 5 mm, with a variable width (in x) varying from 0.3 mm (close to the beam) up
to 4.6 mm (away from the beam). Multiple hits in the same cell “blind” the detector functionality, and
therefore –when this happens– the time-of-flight information cannot be used for rejecting pileup events.
Such instances are thus contributing as a source of inefficiency to the data analysis. Figure 20 shows
the resulting occupancies for the two geometries, when pileup and beam-related backgrounds (as dis-
cussed in detail in Section 2.6) are considered. It is clear that the diamond-like configuration is superior.
However, even with average pileup of 50, the baseline configuration is still able to function.

Occupancy distributions (at the z-location of the timing detectors) are compared in Figure 21 for different
average pileup multiplicities of µ = 25 and µ = 50. For this additional study, samples analogous to those
discussed in Section 2.2 and with an average number of pileup interactions µ = 25 are produced. In view

25

• Situation summarised in ‘effective’ exclusive       and      .         
luminosities. This Sudakov suppression in QCD cross section leads 
to  enhancement in       already* for                           - well before 
CT-PPS/AFP mass acceptance region.
! Can study      collisions at the LHC with unprecedented        . 

gg ��
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�� MX & 200GeV

�� s��

*Caveat - this is enhancement in initial state only. 
Of course depends on coupling to produced state.
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Heavy ions
• LHC is not just a proton-proton collider- in addition have heavy ions 
(               ) collisions.
• On the face of it strange thing to consider for exclusive production…
AA, Ap

• However for heavy ion physics it is quite natural…
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Heavy ions - ultra-peripheral collisions
• Ions do not necessarily collide ‘head-on’ - for ‘ultra-peripheral’ 
collisions, with                      the ions can interact purely via EM and 
remain intact       exclusive       -initiated production.

b > R1 +R2

) ��

• Ions interact via coherent photon exchange- feels whole charge      
of ion       cross section          . For e.g. Pb-Pb have                   
enhancement!

) / Z4 Z4 ⇠ 5⇥ 107

• Photon flux in ion tends to be cutoff at high         , but potentially 
very sensitive to lower mass objects with EW quantum numbers.

MX



• Have developed a MC for a range of CEP processes, widely used 
for LHC analyses. Available on Hepforge:

SuperChic
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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

95

| (rad)q6 - /|
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

/5
0

/
Ev

en
ts

 p
er

 

0
2
4
6
8

10
12
14
16
18
20
22

p+aa p+A pc) p
Data
SuperCHIC MC
(Normalized to data)



20

 collisions - theory��



21

Modelling exclusive      collisions
• In exclusive photon-mediated interactions, the colliding protons must 
both coherently emit a photon, and remain intact after the interaction. 
How do we model this?
• Answer is well known- the ‘equivalent photon approximation’ (EPA): 
cross section described in terms of a flux of quasi-real photons radiated 
from the proton, and the              subprocess cross section.
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Equivalent photon approximation

• Initial-state              emission can be to very good approximation 
factorized from the              process in terms of a flux:

The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonance R in the central detector. The background from over-
lapping non–exclusive pile–up interactions may be controlled by ensuring that the ‘missing
mass’ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of ‘fast timing’ detectors
to check if the photon and proton scattering points are the same, see [19, 43].

By selecting exclusive events we naturally enhance the relative contribution from the
��–initiated subprocess, see [20]. In particular, for the gg–initiated case, which can occur
exclusively through the ‘Durham’ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the theta–function and with a much lower kc

? = Q
0

=
O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusive gg luminosity in the relevant kinematic regions is ⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the final state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the ‘survival factor’: see Appendix A for further
discussion. For gg–induced production this suppresses the cross section by a further ⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the ��–initiated process there is also some suppression from the fact that, while the
dominant component of the input PDF, �(x,Q

0

), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the final state. More precisely, we calculate the exclusive �� luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasi–real photons are emitted
by the incoming proton i = 1, 2 with a number density given by
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where x
i

and q
i? are the longitudinal momentum fraction and transverse momentum of the

photon i, respectively, and Q2

i

is the modulus of the photon virtuality. The functions F
E

and
F
M

are the usual proton electric and magnetic form factors
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with
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in the dipole approximation, where G
E

and G
M

are the ‘Sachs’ form factors. The ‘EPA’ ��
luminosity is given by
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) . (27)
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The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonance R in the central detector. The background from over-
lapping non–exclusive pile–up interactions may be controlled by ensuring that the ‘missing
mass’ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of ‘fast timing’ detectors
to check if the photon and proton scattering points are the same, see [19, 43].

By selecting exclusive events we naturally enhance the relative contribution from the
��–initiated subprocess, see [20]. In particular, for the gg–initiated case, which can occur
exclusively through the ‘Durham’ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the theta–function and with a much lower kc

? = Q
0

=
O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusive gg luminosity in the relevant kinematic regions is ⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the final state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the ‘survival factor’: see Appendix A for further
discussion. For gg–induced production this suppresses the cross section by a further ⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the ��–initiated process there is also some suppression from the fact that, while the
dominant component of the input PDF, �(x,Q

0

), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the final state. More precisely, we calculate the exclusive �� luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasi–real photons are emitted
by the incoming proton i = 1, 2 with a number density given by
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where x
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and q
i? are the longitudinal momentum fraction and transverse momentum of the

photon i, respectively, and Q2
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is the modulus of the photon virtuality. The functions F
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in the dipole approximation, where G
E

and G
M

are the ‘Sachs’ form factors. The ‘EPA’ ��
luminosity is given by
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• Cross section then given in terms of       `luminosity’:

with

��

p ! p�

�� ! X

d�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

Not exact equality: see later
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Exclusive production: theory

d�pp!pXp

dM2
XdyX

⇠
dLEPA
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dM2
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�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.
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Exclusive production: theory
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• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.
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Proton form factors

The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonance R in the central detector. The background from over-
lapping non–exclusive pile–up interactions may be controlled by ensuring that the ‘missing
mass’ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of ‘fast timing’ detectors
to check if the photon and proton scattering points are the same, see [19, 43].

By selecting exclusive events we naturally enhance the relative contribution from the
��–initiated subprocess, see [20]. In particular, for the gg–initiated case, which can occur
exclusively through the ‘Durham’ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the theta–function and with a much lower kc

? = Q
0

=
O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusive gg luminosity in the relevant kinematic regions is ⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the final state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the ‘survival factor’: see Appendix A for further
discussion. For gg–induced production this suppresses the cross section by a further ⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the ��–initiated process there is also some suppression from the fact that, while the
dominant component of the input PDF, �(x,Q

0

), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the final state. More precisely, we calculate the exclusive �� luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasi–real photons are emitted
by the incoming proton i = 1, 2 with a number density given by
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where x
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and q
i? are the longitudinal momentum fraction and transverse momentum of the
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in the dipole approximation, where G
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and G
M

are the ‘Sachs’ form factors. The ‘EPA’ ��
luminosity is given by
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Higher Energy Electron-Proton Scattering
!Use electron beam from SLAC LINAC: 5 < Ebeam < 20 GeV

•Detect scattered electrons using the
“8 GeV Spectrometer”

e!

"

bending magnets 12m

High q2 Measure

P.N.Kirk et al., Phys Rev D8 (1973) 63

High q2 Results
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Point-like proton

A.F.Sill et al., Phys. Rev. D48 (1993) 29
R.C.Walker et al., Phys. Rev. D49 (1994) 5671

!Form factor falls rapidly with
•Proton is not point-like 
•Good fit to the data with “dipole form”:

!Taking FT find spatial charge and 
magnetic moment distribution

with
•Corresponds to a rms charge radius

! Although suggestive, does not 
imply proton is composite !

! Note: so far have only considered 
ELASTIC scattering; Inelastic scattering
is the subject of next handout

( Try Question 11)
Figure 1: Fig. 27 in [Hof56], with figure caption
“The square of the FF plotted against q2. q2 is given in
units of 1026cm−2. The solid line is calculated for the
exponential model with rms radii=0.80 × 10−13cm.”

Figure 2: Feynman diagram for the single-photon ex-
change, or Born term, for elastic ep scattering.

where q⃗, p⃗beam and p⃗e are the center-of-mass (CM) momentum transfer, and incident and scattered electron
momenta, respectively. The historically significant results of these measurements of the proton FF are in
Fig. 1.

2.1.1 The Dirac and Pauli nucleon form factors

A direct connection between the reduced charge and magnetic moments discussed in [Ros50] and measurable
observables was first proposed by Clementel and Villi [Cle56], who defined FFs on the basis of Rosenbluth’s
discussion of effective charge and magnetic moments, following [Schi49], as F1(q) = e′

e and F2(q) = κ′e′

κ0e , with
q = 2

√
EbeamEe sin θe

2 . These FFs were then introduced in experimental papers by Hofstadter and cowork-
ers [Hof56, McA56, Hof58], who generalized the “effective” charge and magnetic moment concepts by asso-
ciating the first with the deviation from a point charge Dirac particle (Dirac FF, F1), and the second with the
deviation from a point anomalous magnetic moment (Pauli FF, F2).

In lowest order, elastic scattering of an electron by the proton is the result of the exchange of a single virtual
photon of invariant mass squared q2 = ω2−q⃗ 2 = −4EbeamEe sin2 θe

2 , (the last step neglects the electron mass),
where ω = Ebeam − Ee, the energy loss of the electron, and q⃗ = p⃗beam − p⃗e, the vector momentum change of
the electron; θe is the Lab electron scattering angle. For scattering in the space like region, q2 is negative. 1

The time-like region, where q2 is positive, can be accessed for example in e−e+ → pp̄ or pp̄ → e−e+; it
will not be discussed in this review.

Given the smallness of the fine structure constant α ∼ 1/137, it has been common until recently, to neglect
all higher order terms, except for the next order in α which is treated as a radiative correction, thus implicitly
assuming that the single photon diagram, corresponding to the Born approximation, is determinant of the
relation between cross section and FFs; we will revisit this point in section 3.5. In the single photon-exchange

1In this review we will use natural units, with energy and mass in GeV, momentum in GeV/c and invariant four-momentum
transfer squared in (GeV/c)2. As is common practice in the literature we will put c=1 for convenience and denote momentum
transfer squared in GeV2, although (GeV/c)2 is understood.
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ep

The exclusive channel is particularly relevant in light of the forward proton detectors
approved for installation at ATLAS (AFP [16]) and already installed at CMS (CT-PPS [18]):
such exclusive events can be selected by tagging the outgoing intact protons in association
with a measurement of the resonance R in the central detector. The background from over-
lapping non–exclusive pile–up interactions may be controlled by ensuring that the ‘missing
mass’ and rapidity information reconstructed from the outgoing protons is consistent with
the measurement in the central detector, as well as through the use of ‘fast timing’ detectors
to check if the photon and proton scattering points are the same, see [19, 43].

By selecting exclusive events we naturally enhance the relative contribution from the
��–initiated subprocess, see [20]. In particular, for the gg–initiated case, which can occur
exclusively through the ‘Durham’ mechanism described in [44], there is a strong Sudakov
suppression (given by (18) without the theta–function and with a much lower kc

? = Q
0

=
O(GeV)) associated with the requirement of no additional parton emission from the hard
process. As a result, the exclusive gg luminosity in the relevant kinematic regions is ⇠ 3
orders of magnitude smaller than in the inclusive case. In addition, for the final state to be
exclusive there must be no underlying event activity associated with the hard process. The
probability for this to occur is known as the ‘survival factor’: see Appendix A for further
discussion. For gg–induced production this suppresses the cross section by a further ⇠ 2
orders of magnitude, so that the exclusive cross section is suppressed in total by a very large
factor of ⇠ 105.

In the ��–initiated process there is also some suppression from the fact that, while the
dominant component of the input PDF, �(x,Q

0

), is due to coherent emission from the proton,
any further DGLAP evolution cannot occur, as this will produce secondary particles and spoil
the exclusivity of the final state. More precisely, we calculate the exclusive �� luminosity in
the usual equivalent photon approximation (EPA) [45]. The quasi–real photons are emitted
by the incoming proton i = 1, 2 with a number density given by
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where x
i

and q
i? are the longitudinal momentum fraction and transverse momentum of the

photon i, respectively, and Q2

i

is the modulus of the photon virtuality. The functions F
E

and
F
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are the usual proton electric and magnetic form factors
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in the dipole approximation, where G
E

and G
M

are the ‘Sachs’ form factors. The ‘EPA’ ��
luminosity is given by
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• The photon flux:

is given in terms of the proton electric/magnetic form factors             :             
‣ Related to charge/magnetic moment distribution of protons.
‣ Very precisely measured from elastic      scattering.

• To first approx. given in term so ‘dipole’ form factors:
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d�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.

X

��
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Exclusive production: theory

Rd�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.

X

��

X

Soft survival factor
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Soft survival factor

• In any     collision event, there will in general be ‘underlying event’ 
activity, i.e. additional particle production due to      interactions 
secondary to the hard process (a.k.a. ‘multiparticle interactions’, MPI).

• Our     -initiated interaction is no different, but we are now requiring 
final state with no additional particle production (     + nothing else).

! Must multiply our cross section by probability of no 
underlying event activity, known as the soft ‘survival factor’.

pp

��

pp

X

arXiv:0901.3176
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Soft survival factor

• Underlying event generated by soft QCD. Cannot use pQCD        take 
phenomenological approach to this non-pert. observable.
• Naively: might expect probability to produce extra particles from 
underlying event to be high, and indeed generally it is. 
• Not true for      -initiated processes - interaction via quasi-real photon 
exchange      large proton separation     , and prob. of UE low. 

��

)

b⊥

p

p

V.A. Khoze, A.D. Martin, M.G. 
Ryskin, arXiv:1306.2149

Protons far apart ) less interaction ) survival factor, S2

soft

⇠ 1

S2

soft

⇠ 0.7� 0.9

! Impact of non-QED physics is low.

small model dep.

) b?
b? ⇠ 1/p?
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Exclusive production: theory

d�pp!pXp

dM2
XdyX

⇠
dLEPA
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dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.
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Exclusive production: theory

Rd�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

• Recall formula for exclusive     -initiated production in terms of EPA 
photon flux

• Why is this not an exact equality? Because we are asking for final state 
with intact protons, object      and nothing else- colliding protons may 
interact independently: ‘Survival factor’.

X

��

X

Q2 ⌧ 1GeV2
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Simple test: lepton pairs

• ATLAS (arXiv:1506.07098) have measured exclusive   and    pair 
production      use                    to compare to this.

e µ

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Phys. Lett. B. CERN-PH-EP-2015-134
18th August 2015

Measurement of exclusive �� ! `+`� production in proton–proton

collisions at

p
s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

This Letter reports a measurement of the exclusive �� ! `+`� (` = e, µ) cross-section in
proton–proton collisions at a centre-of-mass energy of 7 TeV by the ATLAS experiment
at the LHC, based on an integrated luminosity of 4.6 fb�1. For the electron or muon pairs
satisfying exclusive selection criteria, a fit to the dilepton acoplanarity distribution is used to
extract the fiducial cross-sections. The cross-section in the electron channel is determined to
be�excl.

��!e+e� = 0.428 ± 0.035 (stat.) ± 0.018 (syst.) pb for a phase-space region with invariant
mass of the electron pairs greater than 24 GeV, in which both electrons have transverse
momentum pT > 12 GeV and pseudorapidity |⌘| < 2.4. For muon pairs with invariant mass
greater than 20 GeV, muon transverse momentum pT > 10 GeV and pseudorapidity |⌘| <
2.4, the cross-section is determined to be�excl.

��!µ+µ� = 0.628 ± 0.032 (stat.) ± 0.021 (syst.) pb.
When proton absorptive e↵ects due to the finite size of the proton are taken into account in
the theory calculation, the measured cross-sections are found to be consistent with the theory
prediction.

c� 2015 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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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

12

) SuperChic
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Comparison to ATLAS

• Using results from above:

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

12

! Excellent agreement for          and reasonable for        . 
Role of coherent photon emission seen experimentally at 
the LHC and small and under control impact of (non-
pert) QCD effects confirmed experimentally.

e+e� µ+µ�

µ+µ� e+e�

�
EPA

0.768 0.479

�
EPA

· hS2i 0.714 0.441

hS2i 0.93 0.92

ATLAS data 0.628± 0.032± 0.021 0.428± 0.035± 0.018

Table 6: Cross section predictions (in pb) for exclusive muon and electron pair production
at

p
s = 7 TeV. The muons (electrons) are required to have p? > 10(12) GeV, and in both

cases |⌘l| < 2.4. Results are shown for the ‘bare’ and ‘screened’ cross sections, i.e. excluding
and including soft survival e↵ects, respectively, and the resulting average suppression due to
these is also given. These are compared to the ATLAS data [73].

� above the data, i.e. a lower value of the average soft suppression appears to be preferred.
Such a discrepancy may indicate that a further refinement of the modelling of the opacity
in the high b

t

region, to which two–photon induced processes are sensitive, is required, or
alternatively may be a result of contamination from non–exclusive events due, for example, to
proton dissociation, although a detailed attempt is made in [73] to subtract this background
and account for any uncertainty on this in the systematic error on the data. Further measure-
ments, ideally di↵erential in m

ll

, as well as with tagged protons, thus e↵ectively eliminating
the possibility of proton dissociation, will be of great use in clarifying this issue. It is worth
emphasising that as the two–photon production process is theoretically so well understood,
this represents a particularly clean probe of soft survival e↵ects, in particular if the outgoing
protons are tagged.

These results highlight the importance of a proper treatment of screening corrections,
which is still often not included in the literature. In the recent work of [74] for example,
where the question of constraining the photon PDF in exclusive l+l� and W+W� production
is considered, soft survival e↵ects, which as noted above may be particularly important if
proton dissociative events are included, are omitted3. Another important example of this is
in [76], where an evaluation of the survival factor for two–photon induced processes is given,
the predictions of which are compared to in the ATLAS data in [73]. While a di↵erential
treatment of the survival factor is given, and for example the same qualitative decrease with
M

X

as in Fig. 7 is seen, the correct photon q? dependence, described in Section 3.2, is not
included in this work; in impact parameter space, only the b

t

dependence of the photon flux
(12) is included, and not that of the �� ! X subprocess. This omits entirely any process–
dependence in the survival factor, and will not give a reliable estimate for the expected
suppression. After an explicit calculation, we find that including only the b

t

dependence of

3Moreover, 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 [75].
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Anomalous couplings

• Limits have been set at LEP, and in inclusive final-states at the 
Tevatron and LHC. How does the exclusive case compare?      

W+W�

�� ! W+W�
qq ! W+W�)

!

• Exclusive              production: no contribution from                                 
sensitive to                          process alone.

Directly sensitive to any deviations from the SM gauge 
couplings. Predicted in various BSM scenarios.

1

1 Introduction

A nonnegligible fraction of proton-proton collisions at the CERN LHC involves (quasi-real)
photon interactions that provide a unique opportunity to study high-energy gg processes at
center-of-mass energies and integrated luminosities much higher than previously available [1].
Using the

p
s = 7 TeV data collected during Run 1 of the LHC, where Run 1 refers to the

LHC data collection period between 2010-2012, measurements of gg ! µ+µ� [2, 3] and gg !
e+e� [3, 4] production were performed, followed by the first studies of gg ! W+W� [5].
The latter process, occurring at leading order via the diagrams shown in Fig. 1, is particularly
well suited to search for physics beyond the standard model (SM). Such deviations from the
SM may be quantified through anomalous quartic gauge couplings (AQGC) of operators of
dimension-6 or -8 [6, 7]. Specific models including anomalous gauge-Higgs couplings [8, 9],
as well as composite Higgs [9–11] or warped extra dimensions [10] scenarios, will also result
in deviations from the SM predictions for the gg ! W+W� (differential and/or integrated)
cross sections. Prior to the LHC, limits on AQGC were obtained through triboson (Zgg and
W+W�g) production, and WW ! gg scattering at LEP [12–18], and through gg ! W+W�

scattering at the Tevatron [19]. Anomalous quartic gauge couplings have been explored at the
LHC through triboson (Wgg or WVg, where V is a W or Z boson) production [20, 21], and
same-charge WW ! WW scattering [22, 23].

Figure 1: Quartic (left), t-channel (center), and u-channel (right) diagrams contributing to the
gg ! W+W� process at leading order in the SM. The p(⇤) indicates that the final state pro-
ton(s) remain intact (“exclusive” or “elastic” production), or dissociate (“quasi-exclusive” pro-
duction).

This paper presents an update of the 7 TeV CMS gg ! W+W� measurement [5], largely fol-
lowing the same analysis strategy as for 7 TeV but using the 8 TeV data set collected in 2012. The
signal topology considered is pp ! p(⇤)W+W�p(⇤), where the p(⇤) indicates that the final state
protons either remain intact (“exclusive” or “elastic” production), or dissociate into an unde-
tected system (“quasi-exclusive” or “proton dissociation” production). The W+W� ! µ±e⌥
(plus undetected neutrinos) channel is the final state used to search for a signal, as the back-
grounds due to Drell–Yan (DY) and gg ! `+`� production are smaller than in the same-flavor
final states. Events in which one or both of the W bosons decay into a tau lepton, with a
subsequent decay of the tau to a muon or electron and neutrinos, are also included in the sig-
nal. In contrast to exclusive production, inclusive W+W� production is always accompanied
by underlying event activity originating from semihard multiple-parton interactions and from
softer “spectator” partons at forward rapidities. This will almost always result in the produc-
tion of additional detectable charged particles from the µ±e⌥ vertex. The experimental signa-
ture for the signal therefore consists of a muon-electron pair with large transverse momentum
pT(µ±e⌥), the vector pT sum of the pair, originating from a common primary vertex with no
additional charged particles detected.

Composite Higgs, warped 
extra dimensions….
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Anomalous couplings - data

Coupling ⇤cuto↵ Observed allowed range [GeV �2] Expected allowed range [GeV �2]
aW

0 /⇤
2 500 GeV [�0.96 ⇥ 10�4, 0.93 ⇥ 10�4] [�0.90 ⇥ 10�4, 0.87 ⇥ 10�4]

aW
C /⇤

2 500 GeV [�3.5 ⇥ 10�4, 3.3 ⇥ 10�4] [�3.3 ⇥ 10�4, 3.1 ⇥ 10�4]
aW

0 /⇤
2 1 [�1.7 ⇥ 10�6, 1.7 ⇥ 10�6] [�1.5 ⇥ 10�6, 1.6 ⇥ 10�6]

aW
C /⇤

2 1 [�6.4 ⇥ 10�6, 6.3 ⇥ 10�6] [�5.9 ⇥ 10�6, 5.8 ⇥ 10�6]

Table 9: The observed allowed ranges for aW
0 /⇤

2 and aW
C /⇤

2, for dipole form factor with ⇤cuto↵ = 500 GeV and
without form factor (⇤cuto↵ ! 1). The regions outside the quoted ranges are excluded at 95% confidence-level.

Coupling ⇤cuto↵ Observed allowed range [GeV�4] Expected allowed range [GeV�4]
fM,0/⇤4 500 GeV [�3.7 ⇥ 10�9, 3.6 ⇥ 10�9] [�3.5 ⇥ 10�9, 3.4 ⇥ 10�9]
fM,1/⇤4 500 GeV [�13 ⇥ 10�9, 14 ⇥ 10�9] [�12 ⇥ 10�9, 13 ⇥ 10�9]
fM,0/⇤4 1 [�6.6 ⇥ 10�11, 6.6 ⇥ 10�11] [�5.8 ⇥ 10�11, 6.2 ⇥ 10�11]
fM,1/⇤4 1 [�24 ⇥ 10�11, 25 ⇥ 10�11] [�23 ⇥ 10�11, 23 ⇥ 10�11]

Table 10: The allowed ranges for dimension-8 couplings values derived from the aW
0 and aW

C parameters, for a
dipole form factor with ⇤cuto↵ = 500 GeV and without form factor. The regions outside the quoted ranges are
excluded at 95% confidence-level. The limits on fM,2,3/⇤4 can be determined using the relations: fM,2 = 2 ⇥ fM,0
and fM,3 = 2 ⇥ fM,1.
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Figure 14: The observed log-likelihood 95% confidence-level contour and 1D limits for the case with a dipole form
factor with ⇤cuto↵ = 500 GeV. The CMS combined 7 and 8 TeV result [14] is shown for comparison.
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• ATLAS + CMS data:               pair production with no associated 
charged tracks       use this veto to extract quasi-exclusive signal. Use 
data-driven method to subtract non-exclusive BG (           ).

W ! l⌫

)

16 9 Results
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Figure 10: Excluded values of the anomalous coupling parameters aW
0 /L2 and aW

C /L2 with
Lcutoff = 500 GeV. The exclusion regions are shown for the CMS measurements of gg !
W+W� at 7 TeV (outer contour), 8 TeV (middle contour), and the 7+8 TeV combination (inner-
most contour). The areas outside the solid contours are excluded by each measurement at 95%
CL. The cross indicates the one-dimensional limits obtained for each parameter from the 7 and
8 TeV combination, with the other parameter fixed to zero.

• These data place the most stringent constraints to date on AGCs:        
two orders of mag. better than LEP, and ~ order of mag. tighter than 
equivalent inclusive LHC.
• Direct consequence of exclusive selection       precisely understood    
collisions, but at a hadron collider.

) ��

p ! p⇤
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Light-by-light scattering

• Possibility for first observation of light-by-light scattering: until very 
recently not seen experimentally, sensitive to new physics in the loop. 
Same final state sensitive to axion-like particle production.
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

• Analysis of d’Enterria and Silveira (arXiv:1305.7142,1602.08088): 
realistic possibility, in particular in           collisions.

26/02/2016, 15:29Physics - Synopsis: Spotlight on Photon-Photon Scattering

Page 1 of 2https://physics.aps.org/synopsis-for/10.1103/PhysRevLett.111.080405

Synopsis: Spotlight on Photon-Photon
Scattering
August 22, 2013

Theory suggests that the Large Hadron Collider might be able to detect for the first time the very
weak interaction between two photons.

Despite what movie lightsabers suggest, light beams pass through each other without e!ect.
However, two photons will, on rare occasion, bounce o! each other. This elastic photon-photon
scattering, which occurs via intermediate particles, has never been observed directly, but a new
analysis in Physical Review Letters shows that the Large Hadron Collider (LHC) at CERN could detect
around  photon-photon events per year.

Photons only interact with charged particles, so they shouldn’t interact with themselves. But
quantum physics allows for a photon to temporarily fluctuate into a particle-antiparticle pair (such
as an electron-positron pair), and one of these charged particles can absorb a second photon. When
these intermediate particles recombine, they emit two photons. The whole process appears as two
photons ricocheting o! each other, but it has only been observed indirectly by its e!ect on the
magnetic moments of the electron and muon.

In their direct detection strategy, David d’Enterria of CERN, Switzerland, and Gustavo Silveira of the
Catholic University of Louvain in Belgium propose using the large flux of “quasireal” photons in the
LHC. These are not physical photons but instead are the carriers of the strong electromagnetic

Wikimedia Commons/Brews ohare
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Light-by-light scattering
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ATLAS NOTE
ATLAS-CONF-2016-111

26th September 2016

Light-by-light scattering in ultra-peripheral Pb+Pb collisions atp
sNN =5.02 TeV with the ATLAS detector at the LHC

The ATLAS Collaboration

Abstract

This note reports evidence for light-by-light scattering, using 480 µb�1 of Pb+Pb collision
data at psNN =5.02 TeV recorded by the ATLAS experiment at the LHC. After background
subtraction and analysis corrections, the cross section of �� ! �� process for photon trans-
verse momentum, ET > 3 GeV, photon pseudorapidity, |⌘ | < 2.4, diphoton invariant mass
greater than 6 GeV, diphoton transverse momentum lower than 2 GeV and diphoton aco-
planarity below 0.01, has been measured to be 70 ± 20 (stat.) ± 17 (syst.) nb, which is in
agreement with the SM prediction of 49 ± 10 nb.

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

• Not just theoretical idea. Very recent 
ATLAS prelim. data: first evidence for light-
by-light scattering in Pb-Pb collisions taken 
with                       .
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The normalisation is performed using the condition:

f norm,b
gg!�� =

Ndata(Aco > b) � Nsig(Aco > b) � N��!ee (Aco > b)
Ngg!�� (Aco > b)

, (2)

for each value of b, where Ndata is the number of observed events, Nsig is the expected number of
signal events and N��!ee is the expected background. This procedure is demonstrated in Figure 10.
The normalisation factors are found to be f norm,b=0.01

gg!�� = 0.3 ± 0.2 (stat.) for b = 0.01, f norm,b=0.02
gg!�� =

0.5 ± 0.3 (stat.) for b = 0.02 and f norm,b=0.03
gg!�� = 0.6 ± 0.5 (stat.) for b = 0.03. The background due to

CEP is thus estimated to be 0.9 ± 0.5 counts.
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Figure 10: The diphoton acoplanarity distribution for events in the signal region (p��T < 2 GeV) before (left) and
after (right) applying the CEP gg ! �� background normalisation. The normalisation procedure is performed in
the Aco > 0.01 region.

7 Results

7.1 Kinematic distributions

Photon kinematic distributions for events satisfying all selection criteria are shown in Figure 11. In total,
13 events were observed in data where 7.3 signal events and 2.6 background events are expected. In
general, a good agreement between data and MC is observed. The result of each step of the selection
applied to the data, signal and background samples is shown in Table 2.

7.2 Cross section measurement

The cross section for the �� ! �� process is measured in a fiducial phase space, defined by the following
requirements on the diphoton final state, reflecting the selection at reconstruction level: Both photons
have to be within |⌘ | < 2.4 with a transverse energy of ET > 3 GeV. The invariant mass of the di-photon
system has to be m�� > 6 GeV with a transverse momentum of p��T < 2 GeV. In addition, the photons

14

1 Introduction and measurement strategy

One of the key features of Maxwell’s Equations is their linearity, from which follows the superposition
principle. This forbids e�ects like light-by-light (LbyL) scattering, �� ! ��, which is a pure quantum-
mechanical process. It was realised in the early history of Quantum Electrodynamics (QED) that this e�ect
is related to the polarisation of the vacuum [1]. In QED, the �� ! �� reaction proceeds at lowest order
in the fine structure constant via virtual one-loop box diagrams involving fermions (Figure 1), which is
an O(↵4

em) ⇡ 3⇥ 10�9 process. However, in various extensions of the Standard Model (SM), extra virtual
contributions are possible, making the measurement of LbyL scattering sensitive to new physics [2–10].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in the measurements of
the anomalous magnetic moment of the electron and muon [11, 12], where it is predicted to contribute
substantially. The �� ! �� reaction has been measured in photon scattering in the Coulomb field of a
nucleus (Delbrück scattering) [13–16] and in the photon splitting process [17].

LbyL interactions can also occur in relativistic heavy ion collisions at large impact parameters, i.e. larger
than twice the radius of the ions (Figure 2). The strong interaction does not play a role in these ‘ultra-
peripheral collision’ (UPC) events. The feasibility of measuring �� ! �� scattering in hadron–hadron
collisions was recently studied in Ref. [18]. Relativistic ions generate strong electromagnetic (EM) fields,
e.g. 1014 T from the coherent action of the lead nucleus with atomic number Z = 82 protons, which can
be described in the equivalent photon approximation (EPA) [19, 20]. Here, the EM-fields are interpreted
as beam of quasi-real photons with a virtuality of �Q2 < 1/R2, where R is the radius of the charge
distribution and so Q2 < 4 ⇥ 10�3 GeV2 for nuclei with atomic mass number A & 16. The cross-section
of the photon–photon interactions scale with ⇠ Z4, i.e. is enhanced for ion beams.

Figure 1: Diagrams for Delbrück scattering (left), photon splitting
(middle) and elastic LbyL scattering (right). Each cross denotes ex-
ternal field legs, e.g., an atomic Coulomb field or a strong background
magnetic field.

~v  −c

=

Z

Z
em−fields

em−fields

~

v  c~~Pb

Pb

. .

Figure 2: Illustration of an ultraperipheral col-
lision of two lead ions.

In this measurement, the final-state signature of interest is the exclusive production of two photons,
Pb+Pb ! Pb+Pb + � + � where the diphoton final-state is measured in the central detector, and the
incoming lead ions (Pb) survive the EM interaction, with a possible EM excitation [21]. Hence, it
is expected to detect two low-energy photons and no further activity in the detector, in particular no
reconstructed charged-particle tracks coming from an interaction region. In this analysis, the fiducial
cross-section of the process �� ! �� in lead–lead collisions, recorded at a centre-of-mass energy ofp

sNN =5.02 TeV is measured. This data set was recorded with the ATLAS detector in 2015 and has an
integrated luminosity of

R
Ldt = 480 µb�1 after removing events in periods of time in which there were

2

L = 480µb�1
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Axion-like particles

Searching for axion-like particles with ultra-peripheral heavy-ion collisions

Simon Knapen,1, 2 Tongyan Lin,1, 2 Hou Keong Lou,1, 2 and Tom Melia1, 2

1Department of Physics, University of California, Berkeley, California 94720, USA
2Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Dated: July 22, 2016)

We show that ultra-peripheral heavy-ion collisions at the LHC can be used to search for axion-
like particles with mass below 100 GeV. The Z4 enhanced photon-photon luminosity from the ions
provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits
from recasting multi-photon searches at LEP II and the LHC, which are more stringent than those
currently in the literature for the mass range 100 MeV to 100 GeV.

I. INTRODUCTION

A number of outstanding experimental and theoretical
observations point to an incompleteness of the standard
model (SM); notable examples include the existence of
dark matter, the strong CP problem, and the hierarchy
problem. Proposed resolutions typically involve the in-
troduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in
its capacity as a energy-frontier proton-proton (p-p) col-
lider, has a suite of dedicated searches for many di↵erent
new physics scenarios (for an overview, see Ref. [1, 2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb and
ALICE have all recorded proton-lead (p-Pb) and lead-
lead (Pb-Pb) collisions. For Pb-Pb collisions at the LHC,
the design luminosity is ⇠ 1 nb�1

/year, with an eventual
center-of-mass energy per nucleon of

p
s

NN

= 5.5 TeV.
With this reduced luminosity and lower per-nucleon col-
lision energy, heavy-ion collisions are not optimized for
typical beyond the SM (BSM) physics searches. How-
ever, the large charge of the lead ions (Z = 82) results in
a huge Z

4 enhancement for the coherent photon-photon
luminosity, which can in principle be exploited to search
for new physics that couples predominantly to photons.
Interestingly, this coherent enhancement extends to ener-
gies above 100 GeV, essentially because the wavelength of
such high energy photons is still longer than the Lorentz-
contracted size of the ultra-relativistic Pb ions.

These coherent electromagnetic interactions occur in
ultra-peripheral collisions (UPCs), where the impact pa-
rameter is much larger than the ion radius, such that
the ions scatter quasi-elastically and remain intact. (See
Ref. [3–5] for reviews of the subject.) Such exclusive pro-
cesses are characterized by a lack of additional detector
activity and a large rapidity gap between the produced
particles and outgoing beams. This allows very e�cient
background rejection of non-exclusive interactions and
provides a clean environment to search for new particles.
One particularly fascinating early proposal was a search
for the SM Higgs boson in photon fusion [6–8]. Although
the rate for this process is too small for the planned lu-
minosity at the LHC [9], it is nevertheless a very instruc-
tive benchmark for the study of exclusive particle pro-

duction in UPCs. Other early proposals include searches
for e.g. supersymmetry [10] or extra dimensions [11], but
have not been competitive with the analogous searches
with p-p collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. Relatively light pseudoscalar bosons
are natural ingredients in a large class of models which
invoke the breaking of approximate symmetries. The ⇡

0

and ⌘ are known examples of this type of particle in the
SM. In extensions of the SM, such particles can couple to
the electromagnetic sector through a Lagrangian of the
form

L
a

=
1

2
(@a)2 � 1

2
m

2

a

a

2 � 1

4

a

⇤
F

e
F , (1)

where a is the new pseudoscalar, often referred to as
an axion-like particle (ALP), F̃

µ⌫ ⌘ 1

2

✏

µ⌫⇢�

F

⇢�

, m

a

is the mass of the ALP, and 1/⇤ is the coupling con-
stant. We also consider the same interaction arising from
the ALP coupling to hypercharge, through the opera-
tor � 1

4 cos

2
✓W

a

⇤

B

e
B. Although we take a pseudoscalar as

a benchmark, our conclusions apply for scalars as well,
upon substituting F̃ (B̃) with F (B) in Eq. (1).

For UPCs, the total cross section for ALP production
in the narrow width approximation is given by

�

a

=
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2

m

a

�(a ! ��)L
��

(m2

a

), (2)

where �(a ! ��) = 1

64⇡

m

3
a

⇤

2 is the decay width of the
ALP into photons, and L

��

(m2

a

) is the photon-photon
luminosity, evaluated at m

a

.
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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• Consider same                transition: sensitive to coupling of light axion-
like particle to photons.
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FIG. 4. Left: Expected sensitivity to the operator 1

4

1

⇤

aF F̃ in heavy-ion UPCs at the LHC (green solid and dashed curves,
for a Pb-Pb luminosity of 1 nb�1 and 10 nb�1, respectively). Shown for comparison is the limit from 36 pb�1 of exclusive p-p
collisions [22] (red dot-dash). New and updated exclusion limits from LEPII (OPAL 2�, 3�) [24] and from the LHC (ATLAS 2�,
3�) [36, 37] are indicated by the various shaded regions (see text). Right : The analogous results for the operator 1

4 cos

2 ✓W

1

⇤

aBB̃.

The LEPI, 2� (teal shaded) region is taken from [38].

IV. RESULTS AND DISCUSSION

The ALP parameter space is already substantially con-
strained by cosmological and astrophysical observations,
as well as by a broad range of intensity frontier experi-
ments (see e.g. [41] for a review). In the regime of interest
for UPCs (1 GeV . m

a

. 100 GeV), the existing con-
straints however come from LEP and LHC [38, 42, 43].

In Fig. 4 we show the expected sensitivity from UPCs,
both for the current (1 nb�1) and the high luminosity
(10 nb�1) Pb-Pb runs.1 For each mass point we com-
puted the expected Poisson limit [44] assuming the entire
signal falls into a bin equal to twice the mass resolution.
We also show the analogous limit from the p-p analysis
performed by CMS [22], although we find it is not com-
petitive with other LHC limits. For the BB̃ operator, the
expected limits from heavy-ion collisions are competitive
with the other collider limits, whereas for the FF̃ oper-
ator they are significantly stronger.

The existing exclusion limits come from beam dumps
[45, 46], LEPII [24] and the (p-p) LHC [36, 37]. For the
LHC three photon search, we recast the published limits
on the Higgs decay h ! aa ! 4� in [37] by rescaling the
acceptances for the cuts from the Higgs model to the case
of associated production of the ALP with a photon. (This

1

Even though the integrated luminosity is higher, the expected

limits from the p-Pb runs are not competitive due to a less favor-

able Z2

scaling of the rate. Collisions of lighter ions, e.g. Ar-Ar,

could be competitive if the integrated luminosity is increased by

two to three orders of magnitude compared to Pb-Pb.

is possible since Ref. [37] only requires three rather than
four photons.) There should also exist an LHC limit for
m

a

& 60 GeV, but with the available public information
we were not able to reliably extract it (see e.g. [38, 42, 43]
for projected limits). For the BB̃ operator we also show
the limit from Z

0 ! a� [37], which we cut o↵ at m

a

⇡ 70
GeV due to the p

�

T

> 17 GeV cut in [37].

For the mass region 50MeV–8 GeV, we derive a new
exclusion limit on the aF F̃ operator from associated pro-
duction, e

+

e

� ! �a ! 3�, by utilizing data from the
OPAL inclusive 2� search [24]. For such ALP masses
the decay photons are collimated but no explicit photon
isolation is required in [24]. This improves on previous
limits from associated production [38], which were de-
rived using LEPI data.

Below m

a

. 5 GeV the signal in Fig. 1 falls below the
trigger thresholds, and it is an interesting puzzle as to
how the reach can be extended to this regime. To fur-
ther probe this region with Pb-Pb collisions, we consid-
ered: i) an o↵-shell a would provide a new contribution
to light-by-light scattering; ii) associated production, for
example with electrons �� ! a e

+

e

�; and, iii) ALP pair-
production �� ! aa. Unfortunately, these signal cross
sections do not provide enough sensitivity compared to
existing constraints: for ⇤ = 1 TeV we find 0.004 nb,
0.2 nb and 0.01 nb, respectively.

In summary, we have found that heavy-ion collisions
at the LHC can provide the best limits on ALP-photon
couplings for 5GeV < m

a

< 100 GeV. The very large
photon flux and extremely clean event environment in
heavy-ion UPCs provides a rather unique opportunity to
search for BSM physics.
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We show that ultra-peripheral heavy-ion collisions at the LHC can be used to search for axion-
like particles with mass below 100 GeV. The Z4 enhanced photon-photon luminosity from the ions
provides a large exclusive production rate, with a signature of a resonant pair of back-to-back
photons and no other activity in the detector. In addition, we present both new and updated limits
from recasting multi-photon searches at LEP II and the LHC, which are more stringent than those
currently in the literature for the mass range 100 MeV to 100 GeV.

I. INTRODUCTION

A number of outstanding experimental and theoretical
observations point to an incompleteness of the standard
model (SM); notable examples include the existence of
dark matter, the strong CP problem, and the hierarchy
problem. Proposed resolutions typically involve the in-
troduction of new particles or even whole new sectors
beyond the SM. The Large Hadron Collider (LHC), in
its capacity as a energy-frontier proton-proton (p-p) col-
lider, has a suite of dedicated searches for many di↵erent
new physics scenarios (for an overview, see Ref. [1, 2]).

Beyond p-p collisions, the LHC also collides heavy ions
at unprecedented energies. ATLAS, CMS, LHCb and
ALICE have all recorded proton-lead (p-Pb) and lead-
lead (Pb-Pb) collisions. For Pb-Pb collisions at the LHC,
the design luminosity is ⇠ 1 nb�1

/year, with an eventual
center-of-mass energy per nucleon of

p
s

NN

= 5.5 TeV.
With this reduced luminosity and lower per-nucleon col-
lision energy, heavy-ion collisions are not optimized for
typical beyond the SM (BSM) physics searches. How-
ever, the large charge of the lead ions (Z = 82) results in
a huge Z

4 enhancement for the coherent photon-photon
luminosity, which can in principle be exploited to search
for new physics that couples predominantly to photons.
Interestingly, this coherent enhancement extends to ener-
gies above 100 GeV, essentially because the wavelength of
such high energy photons is still longer than the Lorentz-
contracted size of the ultra-relativistic Pb ions.

These coherent electromagnetic interactions occur in
ultra-peripheral collisions (UPCs), where the impact pa-
rameter is much larger than the ion radius, such that
the ions scatter quasi-elastically and remain intact. (See
Ref. [3–5] for reviews of the subject.) Such exclusive pro-
cesses are characterized by a lack of additional detector
activity and a large rapidity gap between the produced
particles and outgoing beams. This allows very e�cient
background rejection of non-exclusive interactions and
provides a clean environment to search for new particles.
One particularly fascinating early proposal was a search
for the SM Higgs boson in photon fusion [6–8]. Although
the rate for this process is too small for the planned lu-
minosity at the LHC [9], it is nevertheless a very instruc-
tive benchmark for the study of exclusive particle pro-

duction in UPCs. Other early proposals include searches
for e.g. supersymmetry [10] or extra dimensions [11], but
have not been competitive with the analogous searches
with p-p collisions.

In this Letter, we present an application of heavy-ion
collisions to search for scalar and pseudoscalar particles
produced in photon fusion (Fig. 1) and with mass in the
range 5 to 100 GeV. Relatively light pseudoscalar bosons
are natural ingredients in a large class of models which
invoke the breaking of approximate symmetries. The ⇡

0

and ⌘ are known examples of this type of particle in the
SM. In extensions of the SM, such particles can couple to
the electromagnetic sector through a Lagrangian of the
form

L
a

=
1

2
(@a)2 � 1

2
m

2

a

a

2 � 1

4

a

⇤
F

e
F , (1)

where a is the new pseudoscalar, often referred to as
an axion-like particle (ALP), F̃

µ⌫ ⌘ 1

2

✏

µ⌫⇢�

F

⇢�

, m

a

is the mass of the ALP, and 1/⇤ is the coupling con-
stant. We also consider the same interaction arising from
the ALP coupling to hypercharge, through the opera-
tor � 1

4 cos

2
✓W

a

⇤

B

e
B. Although we take a pseudoscalar as

a benchmark, our conclusions apply for scalars as well,
upon substituting F̃ (B̃) with F (B) in Eq. (1).

For UPCs, the total cross section for ALP production
in the narrow width approximation is given by

�

a

=
8⇡

2

m

a

�(a ! ��)L
��

(m2

a

), (2)

where �(a ! ��) = 1

64⇡

m

3
a

⇤

2 is the decay width of the
ALP into photons, and L

��

(m2

a

) is the photon-photon
luminosity, evaluated at m

a

.
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FIG. 1. Exclusive ALP production in ultra-peripheral Pb-Pb
collisions.
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• Discussed in Kapen et al. (1607.06083) - find that in heavy ion 
collisions can set the strongest limits yet on these couplings.

3

Pb

Pb

Pb

Pb

�

� Pb

Pb

Pb

Pb

e�

e+

FIG. 2. The dominant backgrounds to the ALP signal come
from light-by-light scattering in ultra-peripheral Pb-Pb colli-
sions, and e+e� pair production where both electrons fake a
photon.

Backgrounds: There are two types of backgrounds
important for the ALP search: irreducible SM photon
production and experimental backgrounds which fake di-
photon production. The irreducible background consists
of exclusive photon production mechanisms which give
rise to an approximately smoothly falling distribution in
m

��

. The second background comes from photon fakes
due to electrons.

Due to the Z

4 enhancement of the photon flux, the ir-
reducible dominant background comes from light-by-light
scattering (LBL), which is yet to be observed in heavy-ion
collisions [23, 26, 27]. This process is shown on the left-
hand side of Fig. 2. We have computed the rate for LBL
in the equivalent photon approximation using the one-
loop matrix element for massless fermions [28] and find
reasonably good agreement with the more detailed calcu-
lations in [26, 27]. Such a background is irreducible but
follows a continuum (except for small e↵ects at around
the bb̄ threshold), as can be seen in Fig. 3.

Another continuum background where the ions remain
intact arises from exclusive hadronic processes, such as
Pomeron-Pomeron fusion. (Pomeron-� fusion to �� is
forbidden by charge conjugation.) For p-p collisions,
this process has been calculated [29–31] and constrained
experimentally at 7 TeV p-p collisions with CMS [22].
To the best of our knowledge, no prediction is currently
available for the analogous process in heavy-ion collisions.
However, one can attempt to estimate such a contribu-
tion in Pb-Pb collisions by rescaling the p-p prediction
with ⇠ A

1/3. Here the reasoning is that due to the short-
range nature of Pomeron exchanges, only the outermost
nucleons contribute to the interaction (see e.g. [3]). This
background is then negligible compared to light-by-light
scattering. (Detailed estimates have been performed for
Higgs [32] and meson production [33] in Pb-Pb collisions;
in both cases, Pomeron-initiated contributions are negli-
gible compared to the analogous �-initiated process.)

A second hadronic background comes from exclusive
production of mesons with substantial branching frac-
tions to photons. We consider exclusive ⇡

0

⇡

0 production
as an example process in this category. Using the to-
tal rate computed in [34], we find the fiducial rate after
our cuts to be less than 1 nb. In this estimate we also as-
sumed that two photons for which �R < 0.1 are resolved
as a single photon. Backgrounds from radiative decays

10 20 30 40 50
m�� (GeV)

10�1

100

101

102

p
s
NN

= 5.5 TeV�
Ldt = 1 nb�1

ma = 15 GeV

ma = 40 GeV
LBL

Fakes

Brem

FIG. 3. Di↵erential cross section for signal and background.
Shown from bottom to top are the stacked background distri-
butions for bremsstrahlung photons from electrons (purple),
fake photons from electrons (blue) and light-by-light scatter-
ing (LBL) (green). The red (orange) line shows an injected
signal with a 5 nb production cross section and at ma = 15
GeV (40 GeV) with a 0.5 GeV energy resolution.

of the ⌥ were found to be even smaller.

An important reducible background could come from
e

+

e

� pair production [35], where both the electron and
positron are misidentified as photons. The leading order,
fiducial cross section for this process (right-hand panel
in Fig. 2) is as large as 320 µb, as computed with the
STARlight package. This large e

+

e

� rate implies that
it is essential to keep the mis-tag rate su�ciently low.
With an estimated 1% mis-tag rate for each electron this
process provides a small but non-negligible background,
as shown in Fig. 3.

There could also be a significant number of hard
bremsstrahlung photons emitted from the leptons in ex-
clusive e

+

e

� production [39] (bremsstrahlung photons
from the ions themselves only have p

T

. 1/R

A

⇠ 60
MeV). Events where the e

+

e

� tracks are lost or where
both leptons go down the beampipe can then contribute
to the background for the �� search. To estimate this
contribution, we compute the di↵erential cross section for
�� ! e

+

e

�
�� for fixed

p
ŝ with MadGraph [40] and subse-

quently reweight the cross section with the Pb-Pb photon
luminosity function, as discussed in Section II. We hereby
require both e

+

e

� to have high rapidity |⌘| > 2.5, while
the photons are required to pass the cuts specified above.
Even though the total rate for this process is rather high,
we find the fiducial rate to be small, as shown in Fig. 3.

The relevant exclusive backgrounds and some exam-
ple signals are all shown in Fig. 3. With an integrated
luminosity of 1 nb�1 and for m

��

& 15 GeV, we find
the expected background to be smaller than 1 event/0.5
GeV.
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The diphoton (ex)-resonance

• Resonance in      collisions? Lots of interest at time in BSM resonance 
not just decaying to       but dominantly produced in       collisions.

��

�� ��

• Diphoton resonance - RIP. But worth recapping what can be done 
exclusively for some new resonance with large/dominant      coupling.��
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High mass resonances
• Crucial point: dominance of       initial-state for high mass exclusive 
production       contribution from      couplings suppressed -               
induced will not give intact protons.

23

KMR-2001p
p

��

R

) gg qq (WW...)

! Observation of just a few events in exclusive mode would give 
strong evidence for       production mode.��
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High mass resonances - tagged protons
• As well as selecting exclusive events, proton taggers reconstruct the 
full 4-momenta of the outgoing proton       use as handle to analyse 
structure of production process.

• In particular, can show that the distribution of the proton      vectors is 
strongly correlated with the spin-parity of the produced state.

• E.g. in terms of the proton      , exclusive cross sections depends on

Figure 4: Distribution, in arbitrary units, with respect to the azimuthal angle � between the
transverse momenta of the outgoing protons for the exclusive production of a scalar (left)
and pseudoscalar (right) resonance of mass M

R

= 750 GeV at
p
s = 13 TeV.

in fact directly sensitive to the polarisation structure of the �� ! R process, and hence to
the quantum numbers of the resonance. In particular, in exclusive interactions the �� ! R
subprocess amplitude can be written as

A ⇠ qµ
1?
q⌫
2?
V
µ⌫

, (29)

where V
µ⌫

is the usual �� ! R vertex, see [46] for further discussion, and q
i? are the photon

transverse momenta. Comparing to the coupling of R to external photons, we can see that
the q

i? play the role of the photon polarisation vectors, which are therefore directed along
their transverse momenta.

Crucially, in this exclusive case any transverse momentum transferred through the in-
coming photons must be compensated by a corresponding transverse momentum, p?, of the
outgoing protons. Indeed, to good approximation (this ignores the influence of the survival
factor, which we will discus below) the photon transverse momentum is simply anti–aligned
with the recoil photon, i.e. we have p

i? = �q
i? , where i = 1, 2. The polarisation structure

of the amplitudes in the scalar and pseudoscalar cases have quite distinct forms and, writing
in terms of the outgoing proton transverse momenta we have

|A+|2 ⇠ |p
1? · p

2? |2 ⇠ cos2 � , (30)

|A�|2 ⇠ |✏
↵�µ⌫

p↵
1

p�
2

pµ
1?
p⌫
2?
|2 ⇠ sin2 � , (31)

where the +(�) indicate the scalar(pseudoscalar) cases, p
i

is the 4–momentum of proton i,
and � is the azimuthal angle between the outgoing proton p? vectors. Thus, we expect quite
distinct azimuthal correlations between the outgoing protons for the two cases, which can
readily be measured by tagging detectors.

More precisely, these simple cos2(�) or sin2(�) distributions are in fact somewhat dis-
torted by the influence of ‘absorptive’ corrections which generate the survival factor, S2, i.e.

17

for scalar/pseudoscalar (       ) state, where    is azimuthal angle between      
vectors of outgoing protons (measurable!).

! Dramatically different behaviour expected.

+/�

p?

�

)

p?



39

Proton correlations

• Consider              :

! With just a handful of events, scalar/pseudoscalar hypotheses 
distinguishable.
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Figure 4: Distribution, in arbitrary units, with respect to the azimuthal angle � between the
transverse momenta of the outgoing protons for the exclusive production of a scalar (left)
and pseudoscalar (right) resonance of mass M

R

= 750 GeV at
p
s = 13 TeV.

in fact directly sensitive to the polarisation structure of the �� ! R process, and hence to
the quantum numbers of the resonance. In particular, in exclusive interactions the �� ! R
subprocess amplitude can be written as

A ⇠ qµ
1?
q⌫
2?
V
µ⌫

, (29)

where V
µ⌫

is the usual �� ! R vertex, see [46] for further discussion, and q
i? are the photon

transverse momenta. Comparing to the coupling of R to external photons, we can see that
the q

i? play the role of the photon polarisation vectors, which are therefore directed along
their transverse momenta.

Crucially, in this exclusive case any transverse momentum transferred through the in-
coming photons must be compensated by a corresponding transverse momentum, p?, of the
outgoing protons. Indeed, to good approximation (this ignores the influence of the survival
factor, which we will discus below) the photon transverse momentum is simply anti–aligned
with the recoil photon, i.e. we have p

i? = �q
i? , where i = 1, 2. The polarisation structure

of the amplitudes in the scalar and pseudoscalar cases have quite distinct forms and, writing
in terms of the outgoing proton transverse momenta we have

|A+|2 ⇠ |p
1? · p

2? |2 ⇠ cos2 � , (30)

|A�|2 ⇠ |✏
↵�µ⌫

p↵
1

p�
2

pµ
1?
p⌫
2?
|2 ⇠ sin2 � , (31)

where the +(�) indicate the scalar(pseudoscalar) cases, p
i

is the 4–momentum of proton i,
and � is the azimuthal angle between the outgoing proton p? vectors. Thus, we expect quite
distinct azimuthal correlations between the outgoing protons for the two cases, which can
readily be measured by tagging detectors.

More precisely, these simple cos2(�) or sin2(�) distributions are in fact somewhat dis-
torted by the influence of ‘absorptive’ corrections which generate the survival factor, S2, i.e.

17

• In addition (not discussed here) these distributions also sensitive to 
CP-violating effects in production mechanism.

d�/d�
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Outlook - tagged protons

• These measurements, while promising, are still at early stage.
• So far events selected using gap vetoes only. However, outgoing 
protons can be detected by the AFP and CT-PPS proton taggers.     

• CT-PPS - detectors installed and                  of 2016 data taken.
!

⇠ 11 fb�1

! Now entering era of exclusive physics with tagged protons at 
the LHC.

• AFP - detectors currently installed on one side only, to be 
completed in winter shut down       fully operational from 2017.
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Anomalous couplings - outlook

• What are the prospects for e.g. anomalous               coupling 
measurements with tagged protons at the LHC?
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• Detailed studies, including full detector sim., given in LHC Forward 
Physics WG Yellow Report.
• This is just one example- in general any process with significant EW 
couplings can be probed (monopoles, ALPS, BSM charged pair 
production…). Other possibilities to explore.

��WW
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Anomalous couplings - outlook
• Studies done for                     of lumi, i.e. including significant pile-
up, for both AFP and CT-PPS (results similar).

⇠ 100 fb�1

• How to suppress BG? As before, limiting number of tracks in PV (+ 
other cuts) helps.

Fig. 5.12: Distribution of the number of tracks fitted to the primary vertex (left) and of the reconstructed
missing mass in the forward detectors (right) for signal and the different backgrounds. Those results
were obtained using a full simulation of the ATLAS detector.

two central (|h | < 2.4) leptons with a minimum transverse momentum pT > 20 GeV. In order
to reduce the contamination from the W+jet (or other non-prompt lepton) background, “tight”
lepton identification criteria are imposed (as in [131]). Leptons are also required to have charges
of opposite sign and to come from the same primary vertex. For signal events (either SM or
AQGC), the scattered protons are in the region covered by CT-PPS, and the presence of hits
in both tracking and timing detectors is therefore required: a large background suppression is
expected. A source of inefficiency comes from high detector occupancy, as hits are required not
to overlap in the timing detector cells.

Signal events from SM exclusive WW events are correlated in time with the leading pro-
tons detected in the CT-PPS detectors, whereas inclusive WW events -superimposed with ad-
ditional pile up events- are not. Therefore, the information of the proton time-of-flight arrival
at the CT-PPS detector location can be used as an additional background rejection. After re-
quiring the coincidence of hits in both tracking and timing detector stations, the time-of-flight
difference between the two leading protons arriving at the CT-PPS detector location on opposite
sides of the IP is shown in Fig. 5.13 as a function of the z-vertex position of the leading central
lepton, for signal (left) and background (right) events. For each event, if there is more than
one pp combination in the CT-PPS detector, only the one with the closest match between the
time-of-flight Dt and the lepton vertex position in z is kept (“vertex matching” in Table 5.6). The
background is shown for inclusive WW events in coincidence with pile up events. Distributions
corresponding to a timing resolution of 10 ps are shown for signal and background events.

The distance (in z) of the vertex positions measured from the CT-PPS timing detectors
and from the leading lepton in the central detector, Dz = zPPS � zlead lep, is shown in Fig. 5.14
(left) for SM exclusive WW/tt and inclusive WW events, and for AQGC exclusive WW events,
after all cuts, except for the time-of-flight information requirement. Time-of-flight requirements
may help reduce the inclusive WW background by a factor of 10 (5), for a timing resolution of
10 ps (30 ps). The track multiplicity associated to the dilepton vertex after the timing selection
cuts is shown in Fig. 5.14 (right) for SM signal and backgrounds, after all cuts, except for the
track multiplicity cut. The number of extra tracks associated to the dilepton vertex is signifi-
cantly larger for inclusive WW events, and a selection of Ntracks < 10 is expected to suppress
the inclusive background by 90%, while retaining approximately 90% of the exclusive events.
A signal-to-background ratio of 1:1 can be achieved for the standard model production after
applying a cut on the maximum number of reconstructed tracks in the central detector (except
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Fig. 5.13: Time-of-flight difference between the two leading protons arriving at the CT-PPS detector
location on opposite sides of the IP as a function of the z-vertex position of the leading central lepton
for exclusive signal (left) and background inclusive WW (right) events. A timing resolutions of 10 ps is
assumed. Distributions are shown for events where both leading protons are within the CT-PPS detector
acceptance (after selecting the closest match of the vertices of the dilepton system and of the leading
protons), and before the time-of-flight difference requirement. The dotted lines show an ideal window
retaining close to 100% of signal events. An arbitrary normalization is used in the distributions.

the two selected leptons).
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Fig. 5.14: Left: Distance along the z-axis (in cm) of the vertex positions as measured from the CT-PPS
timing detectors and from the leading lepton in the central detector, Dz = zPPS �zlead lepton. Distribution is
shown after all cuts, except for the time-of-flight information requirement. Right: Number of extra tracks
associated to the dilepton vertex for exclusive (WW and tt) and inclusive (WW) events. Distribution
is shown after all cuts, except for the track multiplicity cut. Distributions are shown for SM exclusive
WW/tt , inclusive WW events, and AQGC exclusive WW events, and a timing resolutions of 10 ps is
assumed. Event yields are normalized to an integrated luminosity of 100fb�1 and a timing resolution of
10 ps. Histograms are stacked, except for that of the exclusive tt background, which is not stacked and
is multiplied by a factor of 10.

Kinematic distributions after the full event selections are shown in Fig. 5.15. The trans-
verse momentum of the dilepton system, the azimuthal angle difference between the two leading
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• But, huge gain from proton tagging requirement. Fast timing (+ 
correlating proton/system kinematics) dramatically reduces pile-up BG 
and selects very pure exclusive signal.
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Fig. 5.16: Excluded values of the anomalous coupling parameters aW
0 /L2 and aW

C /L2. The areas out-
side the contours are excluded at 95% CL. Approximate limits expected with 10 ps and 30 ps timing
resolutions (left) compared to the current 2011 CMS limits from exclusive WW events (right).

5.5.7 New strong dynamics in exclusive processes
After the recent discovery of the Higgs boson [185, 186] at the LHC and follow-up precision
studies of its interactions with SM particles, a rough picture of consistency with the SM has be-
gun to emerge. This consistency, however, does not yet mean that the nature of the Higgs boson
and electroweak symmetry breaking (EWSB) is completely understood [187]. An immediate
question that challenges our current understanding of symmetries in Nature is what initiates
EWSB in the SM.

One of the major questions to be answered in the ongoing search for New Physics at
the LHC is whether a fine structure of the Higgs-like signal exists in the low invariant mass
interval 110 � 140 GeV, predominantly in gg , Wg and Zg channels, or not. There exists a
possibility that yet unknown resonances which decay into two photons could be very difficult
to identify in inclusive measurements. As indicated by for example the CMS data [186] on
Higgs boson production, such a fine structure is not yet completely excluded, and this is being
explored theoretically in various BSM scenarios. It is therefore interesting to study such a
structure in the gg and Zg decay channels, both in QCD and VBF-initiated exclusive production
mechanisms. An exclusive measurement has the advantage that gg-resonance signals could be
enhanced relative to the two-photon background. This offers important advantages compared
to searches of new gg-resonances in inclusive reactions.

New strongly-coupled dynamics at the TeV energy scale is one possible cause for EWSB
in the SM [188, 189]. This initiates EW symmetry breaking dynamically by means of confined
techniquark condensation at low energy scales. Such new dynamics unavoidably predicts a va-
riety of new states; most importantly, composite Higgs-like particles [190] whose properties
depend on the group-theoretical structure of underlying theory and its ultraviolet (UV) com-
pletion. The discovery of such a family of new (pseudo)scalar states with invariant masses not
exceeding 200 GeV in these channels is of high priority for strongly-coupled dynamics searches
at the LHC.

A number of realisations of such new dynamics at the TeV scale, known as “Techni-
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• For                , expect ~ 3 pure SM exclusive events, and ~3 BG events.

muons, and the missing mass distributions are shown for signal and for the background exclu-
sive tt event yields. The missing mass MX =

p

s ·x1 ·x2 (also indicated as W
gg

in Fig. 5.15)
is estimated from the reconstructed values of the two leading protons, x1 and x2. The yields of
exclusive tt background events are multiplied by a factor of 10, in order to allow comparison
of the shapes.

Table 5.6 summarizes the cross sections (in fb) after each selection cut, while Table 5.7
summarizes the cross sections (in fb) for the expected exclusive WW events due to AQGC
for two different values of the coupling parameters, aW

0 and aW
C . Cross sections include the

branching fractions and are given for the dominant SM processes within the geometrical and
detector acceptance. A small contribution from incorrectly reconstructed exclusive WW signal
events, where at least one of the leading protons comes from a pile up or SD/DPE event, is also
estimated separately.
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Fig. 5.15: Azimuthal angle difference between the two leading leptons (top, left), transverse momentum
of the dilepton pair (top, right), leading lepton transverse momentum (bottom, left), and missing mass
(bottom, right) for signal and background events, and in the presence of exclusive WW events due to
AQGC processes. Distributions are shown after the full event selection, for an integrated luminosity of
100 fb�1. Histograms are stacked, except for that of the exclusive tt background, which is not stacked
and is multiplied by a factor of 10.

The cross section times the acceptance for SM exclusive WW events is already sizeable at
small reconstructed values of the missing mass (MX ' 300÷400 GeV), and a close approach to
the beam can provide a rapid increase of SM signal event yield. The variation of the acceptance
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aW0 /⇤2 = 2⇥ 10�6

100 fb�1

• However with                                 , i.e. ~ two orders of magnitude 
below current best limits, expect ~ 30 events.

! Striking signal, and absence allows extremely stringent limits 
to be set, ~ 4 orders of mag. below LEP and the tightest 
bounds possible at the LHC.
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Inclusive production - the photon PDF



 Modelling      fusion��

but in terms of photon parton distribution function (PDF),              .�(x, µ2)

45

Figure 6: �� luminosity at
p
s = 13 TeV in the inclusive and semi–exclusive cases, with

� = 5 for both protons. For demonstration purposes, the semi–exclusive luminosities are
shown both with and without survival e↵ects included. In the left hand figure the absolute
luminosities, while in the right hand figure the ratios to the inclusive luminosity are shown.

i = 1, 2, where �
i

is coupling to the pomeron. However, this is not the only possibility: for
larger x where the quark contribution to H� is more important, it may be more sensible to
instead assume that this coupling is universal, i.e. simply H�

i

⇠ F
1

(t). A further question is
whether the proton form factor F

1

is the appropriate choice: it may be be more suitable, in
particular at low x, to take the same form factors as in [37] for the coupling of the pomeron
to the GW eigenstates. In fact, it turns out that these di↵erent choices generally have a
small e↵ect on the observable predictions; we will comment on this further below.

The corresponding average survival factors for all combinations of photon PDF compo-
nents from each proton are given in Table 1. A large range of expected suppression factors
is evident, with as anticipated S2 for the lower scale (and hence more peripheral) coherent
production process being higher than for the higher scale evolution component. The survival
factor for the incoherent component of the input PDF is seen to be particularly small: this is
due to the (1�G2

E

(t)) factor in (20), which accounts for probability to have no intact proton
in the final state, and is therefore peaked towards larger t, i.e. less peripheral interactions,
where it is less likely to produce an intact proton.

These results have important implications for the standard factorisation formula

�(X) =

Z
dx

1

dx
2

�(x
1

, µ2)�(x
2

, µ2) �̂(�� ! X) , (29)

14

• Can write LO cross section for the       initiated production of a state      
in the usual factorized form:

��

4

Why bother?
• In era of high precision phenomenology at the LHC: NNLO 
calculations rapidly becoming the ‘standard’. However:

• Thus at this level of accuracy, must consider a proper account of 
EW corrections. At LHC these can be relevant for a range of 
processes (                                                         ).

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

! EW and NNLO QCD corrections can be comparable in size.

W , Z, WH, ZH, WW , tt, jets...

R

• For consistent treatment of these, must 
incorporate QED in initial state: photon-
initiated production.

X

�(x1, µ
2)

�(x2, µ
2)

• Inclusive production of     + anything else.X



46

Recent Studies

• Resurgence of interest in photon-initiated contribution to Drell-Yan 
(1606.00523, 1606.06646, 1607.01831),          (1607.01831) and      
(1606.01915) at LHC and FCC.
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Fig. 16: Same as Fig. 14 for the production of W+W� pairs at a 100 TeV hadron collider. In the left
plot we have not imposed any acceptance cut, while in the right plot the rapidity of the electroweak gauge
bosons is required to satisfy |⌘W ± |  4.

at 100 TeV can be found in Sect. 8 of this report. In the calculation, we keep the W boson stable so
that we can estimate the effects due only to the `+`� luminosity, as opposed to also the matrix-element
enhancements. In Fig. 16 we show the differential distributions for the invariant mass of the di-boson
pair mW+W � using the same format as for di-lepton production in Fig. 14. In the left plot we have
not imposed any acceptance cut, while in the right plot the rapidity of the electroweak gauge bosons is
required to satisfy |⌘W ± |  4.

First of all, we observe that also for W+W� production the contribution from the lepton PDFs
can be safely neglected, as was the case in di-lepton production. On the other hand, the photon-initiated
contribution dominates over the quark-antiquark annihilation for mW+W � � 7.5 TeV in the case of
realistic selection cuts. One should however take into account that this �� contribution is affected by
very substantial PDF uncertainties for all the relevant range of mW+W � values.

As in the case of di-lepton production, the increase of the relative importance of the �� channel
for large mW+W � is consistent with the behaviour of the ��� and �qq̄ luminosities shown in Fig. 13.
Again, no suppression from s-channel diagrams is present in �� ! W+W� production, leading to a
further relative enhancement with respect to the qq̄ channel at high mW+W � . On the other hand, in the
��-channel the W bosons are produced more peripherally than in the qq̄-channel. Therefore, the cut
in pseudorapidity reduces the relative impact of the �� channel, but it does not modify the qualitative
conclusions.

In Fig. 17 we show a similar comparison as that in Fig. 16, but now plotting the total integrated
cross-section above a minimum value of the invariant mass of the W+W� pair mmin, rather than the
cross-section per bin. The rapidity of the W bosons is restricted to lie in the |⌘W ± |  2.5 (4.0) region
in the left (right) plot. Therefore, the rates for di-boson production will be substantial even for invariant
masses as large as mmin ' 20 TeV, specially if also hadronic decay channels can be reconstructed.

To summarize, in this contribution we have explored the impact of photon- and lepton-initiated
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Fig. 4. Differential distributions for the pT (t) at 13 TeV. The format of the plots is described in detail in the text.
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Fig. 5. Differential distributions for the m(tt̄) at 13 TeV. The format of the plots is described in detail in the text.

4 Predictions at 13 and 100 TeV

In this section we discuss the impact of the EW corrections
and the photon PDF on several distributions at 13 and 100 TeV.
In particular, we focus on the top-pair invariant mass m(tt̄), the
transverse momentum of the top quark pT (t), and the rapidities
of the top quark y(t) and tt̄ pair y(tt̄). Predictions for the LHC at
13 TeV are shown in figs. 4-9, while those for a Future Circular
Collider (FCC) at 100 TeV are shown in figs. 10-15. Unless

differently specified, results are obtained with no cut imposed
on the final-state particles.

In each figure we show two plots for the same observable,
displaying in the left plot, denoted as “no g”, predictions with
the photon PDF artificially set equal to zero. The reason be-
hind this choice is manyfold. First of all, the comparison of left
and right plots allows to gauge the impact of the photon PDF on
both the central value and PDF uncertainties of the electroweak
contributions. Furthermore, in the plots on the left it is possible
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Fig. 4. Differential distributions for the pT (t) at 13 TeV. The format of the plots is described in detail in the text.
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4 Predictions at 13 and 100 TeV

In this section we discuss the impact of the EW corrections
and the photon PDF on several distributions at 13 and 100 TeV.
In particular, we focus on the top-pair invariant mass m(tt̄), the
transverse momentum of the top quark pT (t), and the rapidities
of the top quark y(t) and tt̄ pair y(tt̄). Predictions for the LHC at
13 TeV are shown in figs. 4-9, while those for a Future Circular
Collider (FCC) at 100 TeV are shown in figs. 10-15. Unless

differently specified, results are obtained with no cut imposed
on the final-state particles.

In each figure we show two plots for the same observable,
displaying in the left plot, denoted as “no g”, predictions with
the photon PDF artificially set equal to zero. The reason be-
hind this choice is manyfold. First of all, the comparison of left
and right plots allows to gauge the impact of the photon PDF on
both the central value and PDF uncertainties of the electroweak
contributions. Furthermore, in the plots on the left it is possible
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4 Predictions at 13 and 100 TeV

In this section we discuss the impact of the EW corrections
and the photon PDF on several distributions at 13 and 100 TeV.
In particular, we focus on the top-pair invariant mass m(tt̄), the
transverse momentum of the top quark pT (t), and the rapidities
of the top quark y(t) and tt̄ pair y(tt̄). Predictions for the LHC at
13 TeV are shown in figs. 4-9, while those for a Future Circular
Collider (FCC) at 100 TeV are shown in figs. 10-15. Unless

differently specified, results are obtained with no cut imposed
on the final-state particles.

In each figure we show two plots for the same observable,
displaying in the left plot, denoted as “no g”, predictions with
the photon PDF artificially set equal to zero. The reason be-
hind this choice is manyfold. First of all, the comparison of left
and right plots allows to gauge the impact of the photon PDF on
both the central value and PDF uncertainties of the electroweak
contributions. Furthermore, in the plots on the left it is possible

arXiv:1606.01915

arXiv:1607.01831

• Contribution from photon initial state potentially quite large, within 
quoted uncertainties. Is this the case?

• Diphoton resonance in      collisions? RIP, but important to get initial-
state right!

��
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Previous approaches
• Earlier photon PDF sets either:       

‣ ‘Agnostic’ approach. NNPDF2.3QED: treat photon as we would 
quark and gluons. Freely parametrise               and fit to DIS and some 
LHC          data. Uncertainties (so far) remain large.W,Z

�(x,Q0)

‣ ‘Model’ approach. MRST2004QED/CT14QED: take simple ansatz for 
photon emission from quarks. Compare/fit to ZEUS isolated photon DIS.

x*
PD

F

x

Q =  3.2 GeV
CT0.00
CT0.14
MRST0
MRST1

NNPDF23

 0

 0.02

 0.04

 0.06

 0.08

 0.1

10-5 10-4 10-3 10-2 10-1

FIG. 10: Comparison of various NLO photon PDFs at the scale Q = 3.2 GeV: CT14QED with

pγ0 = 0% (green), CT14QED with pγ0 = 0.14% (black), MRST2004QED0 using current quark

masses (orange), MRST2004QED1 using constituent quark masses (brown), and NNPDF2.3QED

with αs = 0.118 and average photon (blue).

at small values of x. This difference is most likely due to the different approaches to the

evolution of the PDFs taken by the different groups. Whereas in the MRST and CTEQ-

TEA approaches, the QCD and QED scales are chosen identical and evolved together, in

the NNPDF approach the QCD and QED scales are separate and the two scales are evolved

successively. This difference in the evolution at small x is consistent with the behavior seen

in the right panel of Fig. 2 in Ref. [6], where the NNPDF photon PDF also is smaller at

small x and large Q2 than when it is evolved using the code partonevolution [7, 17].

Another observation from Fig. 11, concerning the CT14QED and MRST2004QED pho-

ton PDFs is that the impact of the initial photon distribution becomes less significant as

Q2 increases and more photons are produce through radiation off the quarks. From these

plots we see that the fractional deviation between the different photon PDFs decreases with

increasing Q2. In fact at very small x and large Q2 the differences in the sea quark distribu-

tions of the PDFs presumably have more impact on the photon PDF than does the initial

photon distribution.

IV. DISCUSSION AND CONCLUSION

In this paper, we have presented CT14QED, which is the first set of CT14 parton distri-

bution functions obtained by including QED evolution at leading order (LO) with next-to-

leading order (NLO) QCD evolution in the global analysis by the CTEQ-TEA group. This

development will provide better theory predictions to compare with the precision data, such

as Drell-Yan pair production, measured at the LHC. The CT14QED PDFs are based on the

CT14 NLO initial distributions with the addition of an initial photon PDF. (There is also

an inconsequential rescaling of the quark sea PDFs, in order to maintain the momentum

20

arXiv:1509.02905
• Comparing these different sets 
reveals apparently large uncertainties.

However: have we included all 
of the available information?

!
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PDFs and QED
• Previous approaches missing crucial physics ingredient - the 
contribution from elastic photon emission. QED is a long range force!

p p

! Use what we know about exclusive production to 
constrain the (inclusive) photon PDF.

• How do we do this? Consider what can generate initial state 
photon in                 production process:

??

�� ! X

4

Why bother?
• In era of high precision phenomenology at the LHC: NNLO 
calculations rapidly becoming the ‘standard’. However:

• Thus at this level of accuracy, must consider a proper account of 
EW corrections. At LHC these can be relevant for a range of 
processes (                                                         ).

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

! EW and NNLO QCD corrections can be comparable in size.

W , Z, WH, ZH, WW , tt, jets...

R

• For consistent treatment of these, must 
incorporate QED in initial state: photon-
initiated production.

X
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PDFs and QED

‣ In addition, a photon may be emitted by 
a quark at a higher scale                          
i.e. in last step of DGLAP evolution.                       DGLAP evolution

‣ For                          also have emission 
where proton breaks up.            

Q2 � 1GeV2

p

(Low scale) ‘incoherent’ emission.

Q2 . 1GeV2

• Inclusive     system      + anything else       
exclusive production by definition should be 
included, i.e. elastic emission. Elastic emission

p p

• However clearly not end of story:

⌘ X )
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PDFs and QED

• Schematically:

� ⇠ �coh. + �incoh. + �evol

• More precisely, from DGLAP equation:
strong coupling ↵

S

have recently been calculated in [29], and are included here2. Thus, we
have

�(x, µ2) = �(x,Q2

0

) +

Z
µ

2

Q

2
0

↵(Q2)

2⇡

dQ2

Q2

Z
1

x

dz

z

✓
P
��

(z)�(
x

z
,Q2)

+
X

q

e2
q

P
�q

(z)q(
x

z
,Q2) + P

�g

(z)g(
x

z
,Q2)

◆
, (6)

where the input distribution �(x,Q
0

) = �coh(x,Q
0

)+ �incoh(x,Q
0

) and P
�q

(z) and P
�g

(z) are
the NLO (in ↵

S

) splitting functions. At LO we have

P
�g

(z) = 0 , (7)

P
�q

(z) =


1 + (1� z)2

z

�
, (8)

P
��

(z) = �2

3

"
N

c

X

q

e2
q

+
X

l

e2
l

#
�(1� z) , (9)

where the indices q and l denote the light quark and the lepton flavours respectively, see [29]
for the full NLO results. We find that including the NLO form of the DGLAP evolution
reduces the predicted cross section for M

R

= 750 GeV by about 5% compared to LO, with
the suppression being slightly larger at the highest rapidities.

What are the uncertainties on the above expressions? The main source is in fact due
to varying the factorization scale in the photon PDF, indicating the potential importance
of higher–order contributions. Varying µ

R

(in ↵ and ↵
s

) and µ
F

independently between
(M

R

/2, 2M
R

) for M
R

= 750 GeV, we find that there is a ⇠ ±10% variation in the predicted
�� luminosity, and hence in the predicted inclusive cross section. This is dominantly due to
the factorization scale variation, while if we set µ

R

= µ
F

some compensation in fact occurs,
so that the variation is instead ⇠ 5%. There is also some error associated with the PDF
uncertainty of the quark and gluon PDFs which enter the photon DGLAP evolution. Here,
we take MMHTNLO [30] PDFs3: calculating the PDF uncertainty in the usual way we find
less than a ⇠ ±2% variation.

In addition there is some uncertainty due to the quark treatment in the ‘incoherent’
emission term in the input PDF �(x,Q2

0

), and the related question of the choice of starting
scale Q

0

, which acts as an upper limit on the scale for photon emission in both the coherent
and incoherent input components; here we take Q

0

= 1 GeV. We choose to freeze the quark

2Strictly speaking, to be consistent we should also include the �� ! R matrix element at NLO, however if
the experimental value of the R ! �� width is taken this implicitly includes higher order–QCD corrections,
while for the simplest case that R does not couple to coloured particles these corrections are zero.

3Strictly speaking, a set which includes the photon PDF in the fit should be used, however an up–to–
date fit within the framework described in this paper is not currently available, and moreover this will only
influence the PDFs at higher order in ↵, so will be a small e↵ect.

5

! Input photon at                     generated by elastic emissions + 
incoherent:

Figure 2: The photon PDF x�(x, µ2) subject to the rapidity gap constraint (12), for di↵erent
values of � and for µ2 = 200, 104 GeV2, with the usual inclusive PDF shown for comparison.

We now consider some numerical results. As described above, for the input photon PDF,
following [25] we include a coherent component due to purely elastic photon emission and an
incoherent component due to emission from the individual quark lines, such that

�(x,Q2

0

) = �
coh

(x,Q2

0

) + �
incoh

(x,Q2

0

) , (15)

with

�
coh

(x,Q2

0

) =
1

x

↵

⇡

Z
Q

2
<Q

2
0

0

dq2
t

q2
t

+ x2m2

p

✓
q2
t

q2
t

+ x2m2

p

(1� x)F
E

(Q2) +
x2

2
F
M

(Q2)

◆
, (16)

where q
t

is the transverse momentum of the emitted photon, and Q2 is the modulus of the
photon virtuality, given by

Q2 =
q2
t

+ x2m2

p

1� x
, (17)

The functions F
E

and F
M

are the usual proton electric and magnetic form factors

F
M

(Q2) = G2

M

(Q2) F
E

(Q2) =
4m2

p

G2

E

(Q2) +Q2G2

M

(Q2)

4m2

p

+Q2

, (18)

with

G2

E

(Q2) =
G2

M

(Q2)

7.78
=

1
�
1 +Q2/0.71GeV2

�
4

, (19)

in the dipole approximation, where G
E

and G
M

are the ‘Sachs’ form factors. The incoherent

6

�evol

Q0 ⇠ 1GeV

M. Gluck, C. Pisano, E. Reya, hep-ph/0206126A.D. Martin, M.G. Ryskin, arXiv:1406.2118

??

4

Why bother?
• In era of high precision phenomenology at the LHC: NNLO 
calculations rapidly becoming the ‘standard’. However:

• Thus at this level of accuracy, must consider a proper account of 
EW corrections. At LHC these can be relevant for a range of 
processes (                                                         ).

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

! EW and NNLO QCD corrections can be comparable in size.

W , Z, WH, ZH, WW , tt, jets...

R

• For consistent treatment of these, must 
incorporate QED in initial state: photon-
initiated production.

X

• But dominant process here is coherent - long wavelength photon 
feels EM charge of entire proton - and hence well understood (n.b. 
no equivalent process for QCD partons).
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• We have recently applied this approach to photon-initiated processes at 
high mass, semi-exclusive processes, and diphoton resonance production.

LHL, V.A. Khoze, M.G. Ryskin, arXiv:1601.03372, 1601.07187, 1607.4635

RIP

• Crucial point:
‣ At low                       : photon is dominantly generated by well 
understood coherent emission (               ).
‣ At high                       : photon generated by DGLAP emission off 
quarks (with well constrained PDFs).

! Photon PDF is in fact under very good control.

Q2 . 1GeV2

Q2 & 1GeV2

p ! p�

• We treat the coherent emission process exactly as in exclusive 
production, while taking simple model for (low scale) incoherent. 
Sufficient to give some fairly dramatic results w.r.t. previous studies.

p p p
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PDF luminosities
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Figure 3: The ��, gg, qq and qq PDF luminosities. The �� case is shown for the
NNPDF3.0 [10] set and following the approach of Section 2.2 , while all other luminosities
correspond to the NNPDF set. The corresponding 68% C.L. uncertainty bands are shown
in the NNPDF cases, while an uncertainty band due to varying the incoherent component
between x�(x,Q

0

) = 0 and the upper bound of (11) is shown, although barely visible, for
our prediction.

follow. Nonetheless, it is worth bearing in mind that the e↵ect of these will be to increase
the total uncertainty on the photon PDF somewhat, which should be accounted for in a
complete analysis; for the current purposes, however, this is not necessary.

The same increase in Fig. 3 in the NNPDF uncertainty band at high M

X

for the ��

case is clear. However, interestingly we can see that the trend in the central value of the
NNPDF �� luminosity is remarkably di↵erent compared to the other partons, with the former
decreasing much less rapidly at high M

X

, i.e. high x. On the other hand, our prediction
shows no such significant di↵erence, and roughy follows the same trend as in the quarks.
As discussed in [9] some steepening of the PDF luminosities for the QCD partons may be
expected due to the di↵ering behaviours of ↵

QED

and ↵

s

at higher scales. However this e↵ect,
which is indeed observable in particular upon comparison of our result for the �� and the
gg luminosity, is relatively small and cannot explain the di↵erence seen in the NNPDF case.
We are therefore led to conclude that this potentially significant di↵erence is an artefact of
the large uncertainties in the NNPDF photon PDF; the physically motivated photon PDF
of our approach, which lies towards the lower end of the NNPDF uncertainty band, displays
no significant di↵erence in behaviour at higher x compared to the quarks and gluons.

It is therefore in this higher x region that the importance of including all available infor-
mation about the photon PDF is clearest; by excluding the additional input which comes from
considering the physics of the dominantly coherent photon emission process at the starting
scale Q

0

, the corresponding PDF uncertainties are dramatically over–inflated. By including
this information, as in Section 2.2, the predicted photon PDF at higher x is determined quite
precisely to lie close to the lower edge of the NNPDF uncertainty band. It has for example
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NNPDF3.0 [10] set and following the approach of Section 2.2 , while all other luminosities
correspond to the NNPDF set. The corresponding 68% C.L. uncertainty bands are shown
in the NNPDF cases, while an uncertainty band due to varying the incoherent component
between x�(x,Q

0

) = 0 and the upper bound of (11) is shown, although barely visible, for
our prediction.

follow. Nonetheless, it is worth bearing in mind that the e↵ect of these will be to increase
the total uncertainty on the photon PDF somewhat, which should be accounted for in a
complete analysis; for the current purposes, however, this is not necessary.

The same increase in Fig. 3 in the NNPDF uncertainty band at high M

X

for the ��

case is clear. However, interestingly we can see that the trend in the central value of the
NNPDF �� luminosity is remarkably di↵erent compared to the other partons, with the former
decreasing much less rapidly at high M

X

, i.e. high x. On the other hand, our prediction
shows no such significant di↵erence, and roughy follows the same trend as in the quarks.
As discussed in [9] some steepening of the PDF luminosities for the QCD partons may be
expected due to the di↵ering behaviours of ↵

QED

and ↵

s

at higher scales. However this e↵ect,
which is indeed observable in particular upon comparison of our result for the �� and the
gg luminosity, is relatively small and cannot explain the di↵erence seen in the NNPDF case.
We are therefore led to conclude that this potentially significant di↵erence is an artefact of
the large uncertainties in the NNPDF photon PDF; the physically motivated photon PDF
of our approach, which lies towards the lower end of the NNPDF uncertainty band, displays
no significant di↵erence in behaviour at higher x compared to the quarks and gluons.

It is therefore in this higher x region that the importance of including all available infor-
mation about the photon PDF is clearest; by excluding the additional input which comes from
considering the physics of the dominantly coherent photon emission process at the starting
scale Q

0

, the corresponding PDF uncertainties are dramatically over–inflated. By including
this information, as in Section 2.2, the predicted photon PDF at higher x is determined quite
precisely to lie close to the lower edge of the NNPDF uncertainty band. It has for example

10
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• Consider parton-parton luminosities at LHC and FCC. 
• Previous result translates to large uncertainty and potentially large      
luminosity at high mass.        fall much more steeply than central 
NNPDF prediction.
• Our approach: scaling very similar to           , with      only slightly 
stepper. Uncertainties fairly small, again a lower end of NNPDF band.

q, g �

qq/qq gg
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Drell-Yan production
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• Consider lepton pair production at LHC/FCC. As       increases find 
central NNPDF       prediction becomes sizeable/dominant. Discussed 
in detail in 1606.00523, 1606.06646, 1607.01831.
• Follows directly from previous slide: relatively gentle decrease of 
NNPDF      luminosity at higher mass.
• We find this is not expected. Photon-initiated contribution             .        

arXiv:1607.04635

Mll

��

��

. 10%

• BG to Z’ production - small and well constrained.
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• Similar story for              production: our results at lower end of 
NNPDF uncertainty band.

• However here the photon-initiated contribution is still quite large 
(caveat: depends somewhat on cuts).

W+W�

arXiv:1607.04635
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LUXqed (1)

• Have discussed how dominant coherent               emission process is 
well constrained from elastic      scattering.

24
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FIG. 10. (Color) The form factors GE and GM , normal-
ized to the standard dipole, and GE/GM as a function of Q2.
Black line: Best fit to the new Mainz data, blue area: statis-
tical 68% pointwise confidence band, light blue area: exper-
imental systematic error, green outer band: variation of the
Coulomb correction by ±50%. The di↵erent data points de-
pict the previous measurements [2, 4, 43–45, 47, 48, 50, 53, 55–
57, 60, 67, 68, 87–91] as in Refs. [2, 4] with the data points of
Refs. [16, 64, 92] added.

Fit model Input parametrization

Std. dip. Arr.03P Arr.03R Arr.07 F.-W.

Single dipole 1.000 2.193 2.227 2.230 3.216

Double dipole 1.002 1.033 1.001 1.003 1.162

Polynomial 1.000 1.000 1.000 1.000 1.000

Poly. + dipole 1.000 1.000 1.000 1.000 1.000

Poly. ⇥ dipole 1.000 1.000 1.000 1.000 1.000

Inv. poly. 1.000 1.000 1.000 1.000 1.000

Spline 1.000 1.000 1.002 1.002 1.000

Spline ⇥ dipole 1.000 1.000 1.000 1.000 1.000

Friedrich-Walcher 1.005 1.004 1.004 1.004 1.002

TABLE VI. The average achieved �2

red

of the di↵erent model
combinations. Columns: Input parametrizations. Rows:
Models used in the fit.

Fit model Input parametrization

Std. dip. Arr.03P Arr.03R Arr.07 F.-W.

811 829 868 878 860

Single Dipole 0±0.7 29±1 �6±1 �15±1 �2±1

Double Dipole 0±1 10±1 0±2 3±3 81±27

Polynomial 0±7 0±7 0±6 0±6 0±6

Poly. + dipole 0±7 �1±7 0±6 �1±6 0±6

Poly. ⇥ dipole 0±5 0±5 0±4 0±4 0±5

Inv. poly. �1±5 �1±5 0±5 �1±5 0±5

Spline �1±3 �1±3 �3±3 �5±3 0±3

Spline ⇥ dipole 0±3 1±3 �1±3 �2±3 1±3

Friedrich-Walcher 0±1 3±2 �1±2 +2±3 �1±3

TABLE VII. Bias of the di↵erent models for the charge radius
extraction and the width of the radius distribution. Positive
values correspond to an extracted radius larger than the input
radius. Values are in atm.

cept the standard dipole itself. The double-dipole model
reproduces the general shape for most models surpris-
ingly well; however, one cannot extract the radii reliably
as can be seen in the Tables VII and VIII listing the bias
of the radius extraction. All flexible models exhibit only
a small bias here except for the spline for a single input
parametrization. These tables also list the 1� width of
the distributions, i.e., these values are not the error of the
bias, but describe what kind of precision one can expect
from the model for a single experiment. In that sense,
the spline models are more e�cient than the polynomial
models.

Second, we compare the form factors determined with
our broad set of models. Figures 11 show the relative
deviation of the di↵erent models from the spline fit. The
flexible models have a very small spread between them-
selves, at least in the region where a reliable disentan-
glement of the form factors is possible. The less flexible
fits exhibit larger deviations, especially above 0.5 GeV2.

A1 Collaboration, arXiv:1307.6227

p p

• What about incoherent component? Can we not also constrain this 
from well measured inelastic      scattering?

28

Inclusive production

• So far have only considered exclusive production, where both protons 
remain intact. However the               mechanism can also contribute to 
inclusive production processes.

RR

�� ! R

• How do we extend previous calculation to model this?
arXiv:1406.2118

• Yes!         Recent LUXqed study show 
precisely how this can be done.

!

p ! p�
ep

ep
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LUXqed (2)

• Recent study of arXiv:1607.04266:
CERN-TH/2016-155

How bright is the proton?
A precise determination of the photon PDF

Aneesh Manohar,1, 2 Paolo Nason,3 Gavin P. Salam,2, ⇤ and Giulia Zanderighi2, 4

1Department of Physics, University of California at San Diego, La Jolla, CA 92093, USA
2CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland

3INFN, Sezione di Milano Bicocca, 20126 Milan, Italy
4Rudolf Peierls Centre for Theoretical Physics, 1 Keble Road, University of Oxford, UK

It has become apparent in recent years that it is important, notably for a range of physics stud-
ies at the Large Hadron Collider, to have accurate knowledge on the distribution of photons in the
proton. We show how the photon parton distribution function (PDF) can be determined in a model-
independent manner, using electron–proton (ep) scattering data, in e↵ect viewing the ep ! e +X

process as an electron scattering o↵ the photon field of the proton. To this end, we consider an
imaginary BSM process with a flavour changing photon–lepton vertex. We write its cross section
in two ways, one in terms of proton structure functions, the other in terms of a photon distribu-
tion. Requiring their equivalence yields the photon distribution as an integral over proton structure
functions. As a result of the good precision of ep data, we constrain the photon PDF at the level of
1�2% over a wide range of x values.

A fast-moving particle generates an associated electro-
magnetic field which can be interpreted as a distribution
of photons, as originally calculated by Fermi, Weizsäcker
and Williams [1–3] for point-like charges. The corre-
sponding determination of the photon distribution for
hadrons, specifically f

�/p

for the proton, has however
been the subject of debate over recent years.

The photon distribution is small compared to that of
the quarks and gluons, since it is suppressed by a power
of the electromagnetic coupling ↵. Nevertheless, it has
been realised in the past few years that its poor knowl-
edge is becoming a limiting factor in our ability to pre-
dict key scattering reactions at CERN’s Large Hadron
Collider (LHC). Notable examples are the production of
the Higgs boson throughW/Z fusion [4], or in association
with an outgoing weak boson [5]. For W±H production
it is the largest source of uncertainty [6]. The photon
distribution is also potentially relevant for the produc-
tion of lepton-pairs [7–11], top-quarks [12], pairs of weak
bosons [13–18] and generally enters into electroweak cor-
rections for almost any LHC process. The diphoton ex-
cess around 750 GeV seen by ATLAS and CMS [19, 20]
has also generated interest in understanding f

�/p

.

The two most widely used estimates of f
�/p

are those
included in the MRST2004QED [21] and NNPDF23QED [22]
parametrisations of the proton structure. In the NNPDF
approach, the photon distribution is constrained mainly
by LHC data on the production of pairs of leptons,
pp ! `+`�. This is dominated by qq̄ ! `+`�, with a
small component from �� ! `+`�. The drawback of
this approach is that even with very small uncertainties
in `+`� production data [8], in the QCD corrections to
qq̄ ! `+`� and in the quark and anti-quark distribu-
tions, it is di�cult to obtain high precision constraints
on f

�/p

.

In the MRST2004QED approach, the photon is instead
modeled. It is assumed to be generated as emissions

from free, point-like quarks, using quark distributions fit-
ted from deep-inelastic scattering (DIS) and other data.
The free parameter in the model is an e↵ective mass-
scale below which quarks stop radiating, which was taken
in the range between current-quark masses (a few MeV)
and constituent-quark masses (a few hundred MeV). The
CT14QED [23] variant of this approach constrains the e↵ec-
tive mass scale using ep ! e� +X data [24], sensitive to
the photon in a limited momentum range through the re-
action e� ! e� [25]. A more sophisticated approach [26]
supplements a model of the photon component generated
from quarks (“inelastic” part) with a calculation of the
“elastic” component (whose importance has been under-
stood at least since the early 1970’s [27]) generated by
coherent radiation from the proton as a whole. This was
recently revived in Refs. [28–30].

In this article we point out that electron-proton (ep)
scattering data already contains all the information that
is needed to accurately determine f

�/p

. It is common
to think of ep scattering as a process in which a pho-
ton emitted from the electron probes the structure of the
proton. However one can equivalently think of it as an
electron probing the photon field generated by the proton
itself. Thus the ep scattering cross section is necessarily
connected with f

�/p

. A simple way to make the connec-
tion manifest is to consider, instead of ep scattering, the
fictitious process l+ p ! L+X, where l and L are neu-
tral leptons, with l massless and L massive with mass M .
We assume a transition magnetic moment coupling of the
form L

int

= (e/⇤)L�µ⌫F
µ⌫

l. Here e2(µ2)/(4⇡) ⌘ ↵(µ2)
is the MS QED coupling evaluated at the scale µ, and the
arbitrary scale ⇤ �

p
s (where

p
s is the centre-of-mass

energy) is introduced to ensure the correct dimensions.

The crucial observation that we rely on is inspired in
part by Drees and Zeppenfeld’s study of supersymmetric
particle production at ep colliders [31]: there are two
ways of writing the heavy-lepton production cross section
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e2/(4⇡) ⌘ ↵ is the QED coupling and the arbitrary scale
⇤ �

p
s is introduced to ensure the correct dimensions.

The crucial observation that we rely on is inspired in
part by Drees and Zeppenfeld’s study of supersymmet-
ric particle production at ep colliders [29]: there are two
ways of writing the heavy-lepton production cross section
�, one in terms of standard proton structure functions,
F
2

(x,Q2) and F
L

(x,Q2), the other in terms of the proton
parton distribution functions (PDFs) f

a/p

(x, µ2), where
the dominant flavour that contributes will be a = �.
Equating the latter with the former will allow us to de-
termine f

�/p

.
We start with the inclusive cross section for l(k) +

p(p) ! L(k0) +X

� =
1

4p · k

Z
d4q

(2⇡)4q4
e2
ph

(q2) [4⇡W
µ⌫

Lµ⌫(k, q)]

⇥ 2⇡�((k � q)2 �M2) , (1)

where q = k � k0, Q2 = �q2, W
µ⌫

(p, q) is the pro-
ton hadronic tensor as defined in [30], and Lµ⌫(k, q) =
1

2

(e2
ph

(q2)/⇤2)Tr
⇣
/k
0 ⇥
/q, �µ

⇤
(/k0 +M)

⇥
�⌫ , /q

⇤⌘
is the lep-

tonic tensor. We define the physical QED coupling

e2
ph

(q2) = e2(µ2)/(1�⇧(q2, µ2, e2(µ2))). (2)

where ⇧ is the photon self energy and µ is the renormal-
isation scale. We stress that Eq. (1) is accurate up to
corrections of order

p
s/⇤, since neither the electromag-

netic current nor the lL̄� vertex are renormalised.
For s,M2 � m2

p

, where
p
s is the centre-of-mass en-

ergy and m
p

the proton mass, one obtains

� =
c
0

2⇡

Z
1

x

dz

z

Z
Q

2

max

Q

2

min

dQ2

Q2

↵2

ph

(�Q2)

"✓
2�2z+z2+

2x2m2

p

Q2

+
z2Q2

M2

� 2zQ2

M2

�
2x2Q2m2

p

M4

◆
F
2

(x/z,Q2)

+

✓
�z2 � z2Q2

2M2

+
z2Q4

2M4

◆
F
L

(x/z,Q2)

#
, (3)

where x = M2/s, Q2

min

= x2m2

p

/(1�z), Q2

max

= M2/(1�
z) and c

0

= 16⇡2/⇤2.
The same result in terms of parton distributions can

be written as

� = c
0

X

a

Z
dz

z
�̂
a

(z, µ2)
M2

zs
f
a/p

✓
M2

zs
, µ2

◆
, (4)

where in the MS factorisation scheme

�̂
a

(z, µ2) = ↵(µ2)�(1� z)�
a�

+
↵2(µ2)

2⇡

"
�2+3z� z2+

zp
�q

(z)

✓
ln

M2

µ2

+ ln
(1� z)2

z

◆#
e2
q

�
aq

+ . . . , (5)

with e
q

the charge of quark flavour q and zp
�q

(z) =
1 + (1 � z)2. To understand which terms we choose to
keep, observe that the photon will be suppressed by ↵L
relative to the quark and gluon distributions, which are
of order (↵

s

L)n, where L = lnµ2/m2

p

⇠ 1/↵
s

. The first
term in Eq. (3) is of order ↵2L(↵

s

L)n, the second one is
of order ↵2(↵

s

L)n. We neglect terms that would be of
order ↵3L(↵

s

L)n or ↵2↵
s

(↵
s

L)n. By requiring the equiv-
alence of Eqs. (3) and (5) up to the orders considered, one
obtains (in the MS scheme):

xf
�/p

(x, µ2) =
1

2⇡↵(µ2)

Z
1

x

dz

z

(Z µ2

1�z

Q

2

min

dQ2

Q2

↵2(Q2)

" 
2� 2z + z2 +

2x2m2

p

Q2

!
F
2

(x/z,Q2)

� z2F
L

⇣x
z
,Q2

⌘#
� ↵2(µ2)z2F

2

⇣x
z
, µ2

⌘)
, (6)

where the result includes all terms of order ↵L (↵
s

L)n,
↵ (↵

s

L)n and ↵2L2 (↵
s

L)n. The last term in this equa-
tion is the conversion to the MS scheme, and is small (see
Fig. 2).
From Eq. (6) one can derive expressions up to order

↵↵
s

for the P
�q

, P
�g

and P
��

splitting functions using
known results for the F

2

and F
L

coe�cient functions and
for the QED �-function. Those expressions agree with
the results of a direct evaluation in Ref. [31].
The evaluation of Eq. (6) requires information on F

2

and F
L

. Firstly (and somewhat unusually in a PDF con-
text), we will need the elastic contributions to F

2

and
F
L

,

F el

2

=
[G

E

(Q2)]2 + [G
M

(Q2)]2⌧

1 + ⌧
�(1� x) , (7a)

F el

L

=
[G

E

(Q2)]2

⌧
�(1� x) , (7b)

where ⌧ = Q2/(4m2

p

) and G
E

and G
M

are the elec-
tric and magnetic Sachs form factors of the proton (see
e.g. Eqs.(19) and (20) of Ref. [32]). A widely used ap-
proximation for G

E,M

is the dipole form G
E

(Q2) =
1/(1 + Q2/m2

dip

)2, G
M

(Q2) = µ
p

G
E

(Q2) with m2

dip

=

0.71 GeV2 and µ
p

' 2.793. The dipole form is of inter-
est for understanding qualitative asymptotic behaviours,
predicting f

�/p

(x) ⇠ ↵(1 � x)4 at large x dominated
by the magnetic component, and f

�/p

(x) ⇠ ↵ ln 1/x at
small x dominated by the electric component. However
for accurate results, we will rather make use of a recent
fit to precise world data by the A1 collaboration [33],
which shows clear deviations from the dipole form, with
an impact of up to 10% on the elastic part of f

�/p

(x)
for x . 0.5. The data constrains the form factors for
Q2 . 10 GeV2. At large x, Eq.(6) receives contributions
only from Q2 > x2m2

p

/(1 � x), which implies that the

Wµ⌫(p, q)

� =
1

4p · k

Z
d4q

(2⇡)4q4
e2ph(q

2) [4⇡Wµ⌫ L
µ⌫(k, q)]⇥ 2⇡�((k � q)2 �M2)

STEP 1 
work out a cross section (exact) in terms of F2 and FL struct. fns.

hadronic tensor,  
known in terms of F2 and FL

• Show how photon PDF can be expressed in terms of        and       . 
Use measurements of these to provide well constrained                
photon PDF.

2

�, one in terms of standard proton structure functions,
F
2

and F
L

(or F
1

), the other in terms of the proton PDFs
f
a/p

, where the dominant flavour that contributes will be
a = �. Equating the latter with the former will allow us
to determine f

�/p

.
We start with the inclusive cross section for l(k) +

p(p) ! L(k0) + X. Defining q = k � k0, Q2 = �q2 and
x

Bj

= Q2/(2pq), we have

� =
1

4p · k

Z
d4q

(2⇡)4q4
e2
ph

(q2) [4⇡W
µ⌫

(p, q)Lµ⌫(k, q)]

⇥ 2⇡�((k � q)2 �M2) , (1)

where the proton hadronic tensor (as defined
in [32]) is given by W

µ⌫

(p, q) = �g
µ⌫

F
1

(x
Bj

, Q2) +
p
µ

p
⌫

/(pq)F
2

(x
Bj

, Q2) up to terms proportional
to q

µ

, q
⌫

, and the leptonic tensor is Lµ⌫(k, q) =
1

2

(e2
ph

(q2)/⇤2)Tr
⇣
/k
0 ⇥
/q, �µ

⇤
(/k0 +M)

⇥
�⌫ , /q

⇤⌘
. In Eq. (1)

we introduced the physical QED coupling

e2
ph

(q2) = e2(µ2)/(1�⇧(q2, µ2, e2(µ2))), (2)

where ⇧ is the photon self energy and µ is the renormal-
isation scale. We stress that Eq. (1) is accurate up to
corrections of order

p
s/⇤, since neither the electromag-

netic current nor the L̄�l vertex are renormalised.
We find

� =
c
0

2⇡

Z
1� 2xm

p

M

x

dz

z

Z
Q

2

max

Q

2

min

dQ2

Q2

↵2

ph

(�Q2)

"✓
2�2z+z2

+
2x2m2

p

Q2

+
z2Q2

M2

� 2zQ2

M2

�
2x2Q2m2

p

M4

◆
F
2

(x/z,Q2)

+

✓
�z2 � z2Q2

2M2

+
z2Q4

2M4

◆
F
L

(x/z,Q2)

#
, (3)

where x = M2/(s � m2

p

), m
p

is the proton mass,
F
L

(x,Q2) = (1+4m2

p

x2/Q2)F
2

(x,Q2)�2xF
1

(x,Q2) and
c
0

= 16⇡2/⇤2. Assuming that M2 � m2

p

, we have
Q2

min

= x2m2

p

/(1� z) and Q2

max

= M2(1� z)/z.
The same result in terms of parton distributions can

be written as

� = c
0

X

a

Z
1

x

dz

z
�̂
a

(z, µ2)
M2

zs
f
a/p

✓
M2

zs
, µ2

◆
, (4)

where in the MS factorisation scheme

�̂
a

(z, µ2) = ↵(µ2)�(1� z)�
a�

+
↵2(µ2)

2⇡

"
� 2 + 3z+

+ zp
�q

(z) ln
M2(1� z)2

zµ2

#
X

i2{q,q̄}

e2
i

�
ai

+ . . . , (5)

where e
i

is the charge of quark flavour i and zp
�q

(z) =
1 + (1 � z)2. To understand which terms we choose to

keep, observe that the photon will be suppressed by ↵L
relative to the quark and gluon distributions, which are
of order (↵

s

L)n, where L = lnµ2/m2

p

⇠ 1/↵
s

. The first
term in Eq. (3) is of order ↵2L(↵

s

L)n, the second one is
of order ↵2(↵

s

L)n. We neglect terms that would be of
order ↵3L(↵

s

L)n or ↵2↵
s

(↵
s

L)n. By requiring the equiv-
alence of Eqs. (3) and (4) up to the orders considered, one
obtains (in the MS scheme):

xf
�/p

(x, µ2) =
1

2⇡↵(µ2)

Z
1

x

dz

z

(Z µ

2

1�z

x

2

m

2

p

1�z

dQ2

Q2

↵2(Q2)

" 
zp

�q

(z) +
2x2m2

p

Q2

!
F
2

(x/z,Q2)� z2F
L

⇣x
z
,Q2

⌘#

� ↵2(µ2)z2F
2

⇣x
z
, µ2

⌘)
, (6)

where the result includes all terms of order ↵L (↵
s

L)n,
↵ (↵

s

L)n and ↵2L2 (↵
s

L)n [33]. Within our accuracy
↵
ph

(�Q2) ⇡ ↵(Q2). The conversion to the MS factorisa-
tion scheme, the last term in Eq. (6), is small (see Fig. 2).
From Eq. (6) we have derived expressions up to order

↵↵
s

for the P
�q

, P
�g

and P
��

splitting functions using
known results for the F

2

and F
L

coe�cient functions and
for the QED �-function. Those expressions agree with
the results of a direct evaluation in Ref. [34].
The evaluation of Eq. (6) requires information on F

2

and F
L

. Firstly (and somewhat unusually in a PDF con-
text), we will need the elastic contributions to F

2

and
F
L

,

F el

2

(x,Q2) =
[G

E

(Q2)]2 + [G
M

(Q2)]2⌧

1 + ⌧
�(1� x) , (7a)

F el

L

(x,Q2) =
[G

E

(Q2)]2

⌧
�(1� x) , (7b)

where ⌧ = Q2/(4m2

p

) and G
E

and G
M

are the elec-
tric and magnetic Sachs form factors of the proton (see
e.g. Eqs.(19) and (20) of Ref. [35]). A widely used ap-
proximation for G

E,M

is the dipole form G
E

(Q2) =
1/(1 + Q2/m2

dip

)2, G
M

(Q2) = µ
p

G
E

(Q2) with m2

dip

=

0.71 GeV2 and µ
p

' 2.793. This form is of interest for
understanding qualitative asymptotic behaviours, pre-
dicting f

�/p

(x) ⇠ ↵(1 � x)4 at large x dominated by
the magnetic component, and xf

�/p

(x) ⇠ ↵ ln 1/x at
small x dominated by the electric component. However
for accurate results, we will rather make use of a recent
fit to precise world data by the A1 collaboration [36],
which shows clear deviations from the dipole form, with
an impact of up to 10% on the elastic part of f

�/p

(x)
for x . 0.5. The data constrains the form factors for
Q2 . 10 GeV2. At large x, Eq. (6) receives contribu-
tions only from Q2 > x2m2

p

/(1 � x), which implies that
the elastic contribution to f

�

/p is known for x . 0.9.
Note that the last term in Eq. (6) does not have an elas-

F2 FL

LUXqed
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LUXqed - comparison
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• Comparing our and LUXqed      luminosities can see these are quite 
similar   (        importance of coherent component).
• Devil is in detail - some enhancement seen in LUXqed at higher      , 
appears to be due to low      resonant contribution.

See backup for more details

!
��

MX

Q2

• However, clear we have moved beyond the era of large photon PDF 
uncertainties. Now interested in precision determinations.
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Semi-exclusive production
• Nice connection between inclusive and exclusive cases: ‘semi-
exclusive’ production, with rapidity gaps but proton break-up allowed.

yLRGyX yq yp

�
emission

| {z }

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

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

yq ≃ − ln
qt
2p′q

. (6)

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, δ = 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

(
qt
mp

z

x(1− z)

)
< δ , (7)

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 function which ensure that the
condition (7) is satisfied. This gives3

γ(x,Q2) = γ(x,Q2
0) +

α

2π

∫ Q2

Q2
0

dQ
′2

Q′2

∑

q

∫ 1

x

dz

z

(
Pγγ(z) γ(

x

z
,Q

′2)

+ Pγq(z)q(
x

z
,Q

′2)Θ(δ − |yp − yq|)
)

, (8)

≡ γ(x,Q2
0) + γevol(x,Q

2; δ) . (9)

where qt =
√
(1− z)Q′2. Due to strong qt ordering all the previous partons emitted during

the evolution will have larger rapidities, y > yq, and therefore evidently do not spoil the
rapidity gap; this condition is therefore sufficient for a LRG to be present.

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

3If we consider the evolution equation (1) in terms of the scale qt then the limit (7) corresponds to a
simple upper limit on the momentum fraction, z.

4

�

Figure 1: Schematic diagram corresponding to the di↵ractive topology described in text,
where a quark of rapidity y

q

is emitted beyond the edge of a LRG region.

the intact proton or the N⇤ excitation and the central system. This is also the case for
the incoherent input term: since the input value of Q2

0

⇠ 1 GeV2 is small and we have the
kinematic requirement on the quark q

t

< Q
0

, this implies that the transverse momentum
of the final–state quark produced in the incoherent emission is small, and the rapidity of
the produced secondaries is large, that is, similar to the outgoing proton/N⇤ rapidity in the
coherent case3.

Next, we consider the second term in (1), that is due to the DGLAP evolution. At LO,
this corresponds to the splitting of a quark with a fraction x/z of the proton momentum ~p to
a photon with longitudinal momentum xp (where p = |~p|) and squared transverse momentum

q2
t

= (1� z)Q2 , (9)

and to a s–channel quark with longitudinal momentum

p0
q

=
x(1� z)

z
p . (10)

Due to strong q
t

ordering, the transverse momentum of the recoiled quark is given by �q
t

,
that is equal and opposite to that of the final–state photon. The rapidity of this quark is

y
q

' � ln
q
t

2p0
q

. (11)

We require that the quark be produced with rapidity greater than some y
LRG

, corresponding
to the end of the experimentally defined gap4: in this case, it is convenient to work in terms
of the rapidity interval, � = y

p

� y
LRG

between the edge of the gap and outgoing proton in
which the quark may be emitted, see Fig. 1. The condition y

q

> y
LRG

in this notation takes
the form

y
p

� y
q

= ln

✓
q
t

m
p

z

x(1� z)

◆
< � , (12)

3For very large rapidity gaps, i.e. as the limit of the gap region approaches y
max

= ± log(mp/
p
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.

4For consistency we work in terms of particle rapidities, although experimentally it is generally the pseu-
dorapidity ⌘

LRG

= � ln [tan (✓
LRG

/2)] which defines the edge of the gap; for massless particles these variables
are of course equivalent.

5

• arXiv:1601.03772: by combining ingredients of inclusive (photon 
PDF) and exclusive (gap survival) production, and accounting for 
experimental gap can probe photon + QCD in unconstrained regions.

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP/2016-073
2016/09/09

CMS-FSQ-13-008

Evidence for exclusive gg ! W+W� production and
constraints on anomalous quartic gauge couplings in pp

collisions at
p

s = 7 and 8 TeV

The CMS Collaboration⇤

Abstract

A search for exclusive or quasi-exclusive gg ! W+W� production, via pp !
p(⇤)W+W�p(⇤) ! p(⇤)µ±e⌥p(⇤) at

p
s = 8 TeV, is reported using data corresponding

to an integrated luminosity of 19.7 fb�1. Events are selected by requiring the pres-
ence of an electron-muon pair with large transverse momentum pT(µ±e⌥) > 30 GeV,
and no associated charged particles detected from the same vertex. The 8 TeV re-
sults are combined with the previous 7 TeV results (obtained for 5.05 fb�1 of data).
In the signal region, 13 (2) events are observed over an expected background of
3.9 ± 0.6 (0.84 ± 0.15) events for 8 (7) TeV, resulting in a combined excess of 3.4s over
the background-only hypothesis. The observed yields and kinematic distributions
are compatible with the standard model prediction for exclusive and quasi-exclusive
gg ! W+W� production. Upper limits on the anomalous quartic gauge coupling
operators aW

0,C (dimension-6) and fM0,1,2,3 (dimension-8), the most stringent to date,
are derived from the measured dilepton transverse momentum spectrum.

Published in the Journal of High Energy Physics as doi:10.1007/JHEP08(2016)119.

c� 2016 CERN for the benefit of the CMS Collaboration. CC-BY-3.0 license

⇤See Appendix A for the list of collaboration members
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Phys. Rev. D94 (2016) 032011
DOI: 10.1103/PhysRevD.94.032011

CERN-EP-2016-123
September 6, 2016

Measurement of exclusive �� ! W+W� production and search for
exclusive Higgs boson production in pp collisions at

p
s = 8 TeV

using the ATLAS detector

The ATLAS Collaboration

Abstract

Searches for exclusively produced W boson pairs in the process pp(��) ! pW+W�p and
exclusively produced Higgs boson in the process pp(gg) ! pHp have been performed
using e±µ⌥ final states. These measurements use 20.2 fb�1 of pp collisions collected by
the ATLAS experiment at a center-of-mass energy

p
s = 8 TeV at the LHC. Exclusive

production of W+W� consistent with the Standard Model prediction is found with 3.0�
significance. The exclusive W+W� production cross-section is determined to be �(�� !
W+W� ! e±µ⌥X) = 6.9 ± 2.2(stat.) ± 1.4(sys.) fb, in agreement with the Standard Model
prediction. Limits on anomalous quartic gauge couplings are set at 95% confidence-level as
�1.7⇥10�6 < aW

0 /⇤
2 < 1.7⇥10�6 GeV�2 and �6.4⇥10�6 < aW

C /⇤
2 < 6.3⇥10�6 GeV�2. A

95% confidence-level upper limit on the total production cross-section for exclusive Higgs
boson is set to 1.2 pb.

c� 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Conclusions
• No immediate plans for a future      collider, but the LHC is already a  
photon-photon collider!
• The      initial state naturally leads to exclusive events, with intact 
outgoing protons.
• Theory well understood, and use as highly competitive and clean probe 
of EW sector and BSM physics already demonstrated at LHC. Much 
further data with tagged protons to come.
• Such studies equally possible (with higher       ) at FCC.
• Inclusive production- the       initial state thought in the past to be 
potentially very important at high system mass, with large uncertainties.
• Precise determination, including              emission shows this is not the 
case. Nonetheless for precision LHC physics, need to include.
• MMHT work to include photon PDF in global fit framework ongoing.

p ! p�

��

��

s��

��
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Solving the DGLAP equation
• Returning to photon DGLAP evolution equation:

strong coupling ↵
S

have recently been calculated in [29], and are included here2. Thus, we
have

�(x, µ2) = �(x,Q2

0

) +

Z
µ

2

Q

2
0

↵(Q2)

2⇡

dQ2

Q2

Z
1

x

dz

z

✓
P
��

(z)�(
x

z
,Q2)

+
X

q

e2
q

P
�q

(z)q(
x

z
,Q2) + P

�g

(z)g(
x

z
,Q2)

◆
, (6)

where the input distribution �(x,Q
0

) = �coh(x,Q
0

)+ �incoh(x,Q
0

) and P
�q

(z) and P
�g

(z) are
the NLO (in ↵

S

) splitting functions. At LO we have

P
�g

(z) = 0 , (7)

P
�q

(z) =


1 + (1� z)2

z

�
, (8)

P
��

(z) = �2

3

"
N

c

X

q

e2
q

+
X

l

e2
l

#
�(1� z) , (9)

where the indices q and l denote the light quark and the lepton flavours respectively, see [29]
for the full NLO results. We find that including the NLO form of the DGLAP evolution
reduces the predicted cross section for M

R

= 750 GeV by about 5% compared to LO, with
the suppression being slightly larger at the highest rapidities.

What are the uncertainties on the above expressions? The main source is in fact due
to varying the factorization scale in the photon PDF, indicating the potential importance
of higher–order contributions. Varying µ

R

(in ↵ and ↵
s

) and µ
F

independently between
(M

R

/2, 2M
R

) for M
R

= 750 GeV, we find that there is a ⇠ ±10% variation in the predicted
�� luminosity, and hence in the predicted inclusive cross section. This is dominantly due to
the factorization scale variation, while if we set µ

R

= µ
F

some compensation in fact occurs,
so that the variation is instead ⇠ 5%. There is also some error associated with the PDF
uncertainty of the quark and gluon PDFs which enter the photon DGLAP evolution. Here,
we take MMHTNLO [30] PDFs3: calculating the PDF uncertainty in the usual way we find
less than a ⇠ ±2% variation.

In addition there is some uncertainty due to the quark treatment in the ‘incoherent’
emission term in the input PDF �(x,Q2

0

), and the related question of the choice of starting
scale Q

0

, which acts as an upper limit on the scale for photon emission in both the coherent
and incoherent input components; here we take Q

0

= 1 GeV. We choose to freeze the quark

2Strictly speaking, to be consistent we should also include the �� ! R matrix element at NLO, however if
the experimental value of the R ! �� width is taken this implicitly includes higher order–QCD corrections,
while for the simplest case that R does not couple to coloured particles these corrections are zero.

3Strictly speaking, a set which includes the photon PDF in the fit should be used, however an up–to–
date fit within the framework described in this paper is not currently available, and moreover this will only
influence the PDFs at higher order in ↵, so will be a small e↵ect.

5

P��
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NLO in QCD

• As              we can simplify to very good approx: take     and     as 
independent of    .

• The self-energy contribution                              and therefore this term on 
RHS of DGLAP                      i.e. at same    as LHS.

P��(z) ⇠ �(1� z)

! Can solve the photon DGLAP equation.

↵ ⌧ 1 q g

�

⇠ �(x,Q2)
x
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Solving the DGLAP equation
• We find:of the photon PDF can be solved exactly, giving

�(x, µ2) = �(x,Q2

0

)S
�

(Q2

0

, µ2) +

Z
µ

2

Q

2
0

↵(Q2)

2⇡

dQ2

Q2

Z
1

x

dz

z

✓ X

q

e2
q

P
�q

(z)q(
x

z
,Q2)

+ P
�g

(z)g(
x

z
,Q2)

◆
S
�

(Q2, µ2) , (5)

⌘ �in(x, µ2) + �evol(x, µ2) , (6)

where the photon Sudakov factor

S
�

(Q2

0

, µ2) = exp

 
�1

2

Z
µ

2

Q

2
0

dQ2

Q2

↵(Q2)

2⇡

Z
1

0

dz
X

a=q, l

P
a�

(z)

!
, (7)

corresponds to the probability for the photon PDF to evolve from scales Q
0

to µ without
further branching; here P

q(l)�

(z) is the � to quark (lepton) splitting function at NLO in ↵
s

.
At LO it is given by

P
a�

(z) = N
a

⇥
z + (1� z)2

⇤
, (8)

whereN
a

= N
c

e2
q

for quarks andN
a

= e2
l

for leptons, while the factor of 1/2 in (7) is present to
avoid double counting over the quark/anti–quarks (lepton/anti–leptons). The Sudakov factor
is generated by resumming the term proportional to P

��

, due to virtual corrections to the
photon propagator, which is a relatively small correction to the photon evolution. However
this correction is not negligible, in particular for larger masses; we have S

�

⇠ 0.97� 0.93 for
M

X

= 20� 500 GeV.
As described above, the solution (5) is only exact if we neglect the dependence of the

quark and gluon PDFs on the photon PDF, through the P
q�

and P
g�

terms in their evolution,
respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P

q�

term included in
the quark evolution, at LO in ↵

S

and only considering QED evolution (i.e. using the QECDS

scheme [27] described below) for concreteness; the contribution from P
g�

only enters at NLO
in ↵

S

and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P

q�

term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
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Figure 13: The 68% confidence level interval of the NNPDF2.3qed NNLO photon PDF as a function of momentum
fraction x at the input scale Q2

0 = 2 GeV2 (left panel) and Q2 = 104 GeV2 (right panel) before (yellow solid
area) [22] and after (grey shaded area) inclusion of the double-di↵erential cross section measurement as a function
of invariant mass m`` and absolute dilepton rapidity |y`` |. Also shown is the MRST2004qed photon PDF in a current
quark (blue dashed line) and a constituent quark (blue dotted line) mass scheme [21], and the 68% CL band (green
shaded area) for the CT14qed photon PDF [89].

MMHT14 PDF. The reduction of uncertainties is rather large and confirms the strong sensitivity of this
data to the photon PDF. Using the double-di↵erential cross section as a function of m`` and |�⌘``| instead,
a slightly smaller impact is found. This can be explained by the fact that the contributions from the PI
process are largest in the regions of small |y``| and large |�⌘``|, where the uncertainties of the measurement
are smallest for |y``| but largest for |�⌘``|.
Inspection of the optimised experimental nuisance parameters of those minimisations with the best �2

values shows that the largest pulls and uncertainty reductions are found for the luminosity. Larger values
for the data luminosity by about 1.1 and 1.2 standard deviations are favoured for the minimisations in |y``|
and |�⌘``| respectively, leading to smaller values for the experimental cross section. For the MMHT14
PDF, the largest pulls and reduction of uncertainty by about 25% is found for an eigenvector (“eigen-
vector 21”) particularly sensitive to the sea and strange sea quark distribution, where previous ATLAS
data on on-shell W and Z production [6] is already the most constraining data set in one eigenvector
direction [20].

10 Conclusion

The double-di↵erential fiducial cross sections d2�/dm``d|y``| and d2�/dm``d|�⌘``| for the Drell–Yan and
photon induced production of dileptons in the invariant mass range 116 < m`` < 1500 GeV are measured,
as well as the single-di↵erential fiducial cross section d�/dm``. The measurements are performed in the
electron and muon channels using 20.3 fb�1 of integrated luminosity collected by the ATLAS detector at
the LHC in pp collisions at

p
s = 8 TeV. The two measurements are combined taking into account the

systematic uncertainty correlations. The combined cross sections achieve an experimental precision of
better than 1% at low m``, excluding the overall uncertainty in the luminosity measurement of 1.9%.

The fiducial cross sections are compared to fixed order theoretical predictions at NNLO accuracy using
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Figure 2: The photon PDF at scale µ

F

= 100 and 2000 GeV, with the breakdown between
coherent, incoherent and evolution components, defined as in (3) and (10) given. Also shown
is the NNPDF3.0 [10] result, with the corresponding 68% C.L. uncertainty bands. In the
lower plots the ratios of the di↵erent components to the total photon PDF are shown.

evolution component in (3) is dominant, and as a result the corresponding uncertainties are
under reasonable control5. As x increases, however, the phase space for the DGLAP q ! q�

emission process decreases, and the contribution from the coherent photon input becomes
more important. This e↵ect is evident in the NNPDF set, where the increasing contribu-
tion from the poorly determined input photon leads to a rapidly increasing uncertainty as x
increases.

In Fig. 3 we show the corresponding PDF luminosities, defined as
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) , (16)

where ⌧ = M

2

X

/s and f

i

is the corresponding PDF for parton i. As well as the �� case
discussed above, we also show for comparison the qq, qq (defined in both cases as a uniform
sum over the 5 corresponding quark flavours) and gg cases, using the same NNPDF set. For
our prediction, we now for illustration include an uncertainty band due to varying the inco-
herent component between x�(x,Q

0

) = 0 and the upper bound of (11), although in the plots
this is essentially invisible within the width of the central curves. Other uncertainties, due
for example to the quark (and at higher orders, gluon) PDFs entering the photon evolution
in (1), the use of the dipole approximation (9) for the elastic form factor and the choice of
Q

0

in (3) are not included here. These e↵ects are expected to be generally subleading in
comparison to that due to the incoherent input, and will be omitted in the results which

5The slight deviation between our results and the NNPDF sets, even accounting for the PDF uncertainties,
at lower x is due to the di↵ering ‘truncated’ solution to the DGLAP equation applied in the latter case.

9

Constraint from ATLAS data
• Recent ATLAS measurement of double-differential DY, extending to 
high mass                            . Sensitive to photon PDF.
• Bayesian reweighting exercise clearly disfavours larger NNPDF2.3 
predictions      consistent with our results.

• ATLAS data only sensitive to higher   , constraint as       largely 
artefact of reweighting. Would be interesting to include this in fit.

Mll < 1500GeV

)
x x #
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LUXqed - making connection (1)

• While the formalism may appear different, in fact connection to our 
results can be quite simply made. Divide      integral into                 
and                 regions.

Q2 Q2 < Q2
0

Q2 > Q2
0

⇠ 1GeV2

•                  : keep on leading                term and                  Q2 > Q2
0

2

�, one in terms of standard proton structure functions,
F
2

and F
L

(or F
1

), the other in terms of the proton PDFs
f
a/p

, where the dominant flavour that contributes will be
a = �. Equating the latter with the former will allow us
to determine f

�/p

.
We start with the inclusive cross section for l(k) +

p(p) ! L(k0) + X. Defining q = k � k0, Q2 = �q2 and
x
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= Q2/(2pq), we have
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where the proton hadronic tensor (as defined
in [32]) is given by W
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. In Eq. (1)

we introduced the physical QED coupling

e2
ph

(q2) = e2(µ2)/(1�⇧(q2, µ2, e2(µ2))), (2)

where ⇧ is the photon self energy and µ is the renormal-
isation scale. We stress that Eq. (1) is accurate up to
corrections of order

p
s/⇤, since neither the electromag-

netic current nor the L̄�l vertex are renormalised.
We find
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where x = M2/(s � m2

p

), m
p

is the proton mass,
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(x,Q2) = (1+4m2
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The same result in terms of parton distributions can

be written as
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where in the MS factorisation scheme
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where e
i

is the charge of quark flavour i and zp
�q

(z) =
1 + (1 � z)2. To understand which terms we choose to

keep, observe that the photon will be suppressed by ↵L
relative to the quark and gluon distributions, which are
of order (↵

s

L)n, where L = lnµ2/m2
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. The first
term in Eq. (3) is of order ↵2L(↵
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L)n, the second one is
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L)n. We neglect terms that would be of
order ↵3L(↵
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L)n. By requiring the equiv-
alence of Eqs. (3) and (4) up to the orders considered, one
obtains (in the MS scheme):
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where the result includes all terms of order ↵L (↵
s

L)n,
↵ (↵

s

L)n and ↵2L2 (↵
s

L)n [33]. Within our accuracy
↵
ph

(�Q2) ⇡ ↵(Q2). The conversion to the MS factorisa-
tion scheme, the last term in Eq. (6), is small (see Fig. 2).
From Eq. (6) we have derived expressions up to order

↵↵
s

for the P
�q

, P
�g

and P
��

splitting functions using
known results for the F

2

and F
L

coe�cient functions and
for the QED �-function. Those expressions agree with
the results of a direct evaluation in Ref. [34].
The evaluation of Eq. (6) requires information on F
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and F
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. Firstly (and somewhat unusually in a PDF con-
text), we will need the elastic contributions to F
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and
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where ⌧ = Q2/(4m2
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) and G
E

and G
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are the elec-
tric and magnetic Sachs form factors of the proton (see
e.g. Eqs.(19) and (20) of Ref. [35]). A widely used ap-
proximation for G
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is the dipole form G
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)2, G
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0.71 GeV2 and µ
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' 2.793. This form is of interest for
understanding qualitative asymptotic behaviours, pre-
dicting f
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(x) ⇠ ↵(1 � x)4 at large x dominated by
the magnetic component, and xf
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(x) ⇠ ↵ ln 1/x at
small x dominated by the electric component. However
for accurate results, we will rather make use of a recent
fit to precise world data by the A1 collaboration [36],
which shows clear deviations from the dipole form, with
an impact of up to 10% on the elastic part of f
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(x)
for x . 0.5. The data constrains the form factors for
Q2 . 10 GeV2. At large x, Eq. (6) receives contribu-
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the elastic contribution to f
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LUXqed - making connection (2)

• What about                     term? Recall Sudakov factor:         

of the photon PDF can be solved exactly, giving
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where the photon Sudakov factor
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corresponds to the probability for the photon PDF to evolve from scales Q
0

to µ without
further branching; here P

q(l)�

(z) is the � to quark (lepton) splitting function at NLO in ↵
s

.
At LO it is given by

P
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(z) = N
a

⇥
z + (1� z)2

⇤
, (8)

whereN
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= N
c

e2
q

for quarks andN
a

= e2
l

for leptons, while the factor of 1/2 in (7) is present to
avoid double counting over the quark/anti–quarks (lepton/anti–leptons). The Sudakov factor
is generated by resumming the term proportional to P

��

, due to virtual corrections to the
photon propagator, which is a relatively small correction to the photon evolution. However
this correction is not negligible, in particular for larger masses; we have S

�

⇠ 0.97� 0.93 for
M

X

= 20� 500 GeV.
As described above, the solution (5) is only exact if we neglect the dependence of the

quark and gluon PDFs on the photon PDF, through the P
q�

and P
g�

terms in their evolution,
respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P

q�

term included in
the quark evolution, at LO in ↵

S

and only considering QED evolution (i.e. using the QECDS

scheme [27] described below) for concreteness; the contribution from P
g�

only enters at NLO
in ↵

S

and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P

q�

term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q

0

, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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comes from resumming self-energy contribution to DGLAP.

! Recover precisely the LO                term in DGLAP evolution:of the photon PDF can be solved exactly, giving
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for leptons, while the factor of 1/2 in (7) is present to
avoid double counting over the quark/anti–quarks (lepton/anti–leptons). The Sudakov factor
is generated by resumming the term proportional to P
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, due to virtual corrections to the
photon propagator, which is a relatively small correction to the photon evolution. However
this correction is not negligible, in particular for larger masses; we have S

�

⇠ 0.97� 0.93 for
M

X

= 20� 500 GeV.
As described above, the solution (5) is only exact if we neglect the dependence of the

quark and gluon PDFs on the photon PDF, through the P
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and P
g�

terms in their evolution,
respectively. These correspond to O(↵2) corrections to the photon evolution, and are therefore
formally higher–order in ↵, so that they can be safely neglected. To confirm this expectation,
we have compared (5) with the result of solving (1) numerically with the P
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term included in
the quark evolution, at LO in ↵
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and only considering QED evolution (i.e. using the QECDS

scheme [27] described below) for concreteness; the contribution from P
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only enters at NLO
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and so will be further suppressed. As expected, the di↵erence is very small, and the
results are found to coincide to within less than 0.1%. We have also confirmed this by using
the APFEL evolution code [27], with the results with and without the P

q�

term in the quark
evolution coinciding to a very similar level, irrespective of the evolution scheme used.

The above equations correspond to the fully inclusive distribution, that is without any
gap survival conditions. To include these, we note that as shown in (6) the photon PDF
at a scale µ may be expressed as a sum of a term, �in(x, µ2), due to the input PDF, i.e.
generated by coherent and incoherent photon emission up to the scale Q

0

, multiplied by the
probability of no further emission up to the hard scale µ, and a second term, �evol(x, µ2), due
purely to DGLAP emission from the quark/gluons, which is independent of the input photon
PDF. For the coherent input component, there is naturally a large rapidity gap between
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• Connection to running of    . Find: 

Caveat: omits influence of    on quarks/gluons.

↵(Q2)/↵(µ2)
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2, µ2) =
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LUXqed - comparison (1)
• Compare photon at       in our approach (‘radiative ansatz’) and 
using low      structure function data:
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x

Radiative ansatz

Low Q2 < Q2
0 continuum

Resonance contribution

Resonance + Continuum

‣ Continuum contribution less than the     upper bound set by our model, 
and similar in shape.
‣ But resonance contribution flatter (                   ) and exceeds our result 
at higher    . ‘Christy-Bosted’ fit
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LUXqed - comparison (2)
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• Consider ratio of PDFs at                    . Lower end of HKR band 
given by setting                   (for illustration).
• Complete consistency found at lower   , but deviation as        
(resonance contribution).
• Check: result of our approach + incoherent calculated using structure 
function data within          of LUXqed over all relevant   .

µ = 100GeV

�
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x x "

xO(%)



68

0.6

0.8

1

1.2

1.4

0.0001 0.001 0.01 0.1

x�

HKR
/x�

LUX , µ = 100GeV

x

HKR

HKR (incoh. LUX)

        Possible to unify approaches. Consider constraints from both 
LHC and low      structure function data. Full treatment of 
uncertainties and coupled DGLAP evolution.

Q2

• Have demonstrated that standard PDF approach very close to 
LUXqed when taking same data input for              .

!
�(x,Q2

0)

LUXqed - comparison (3)


