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VBS
• Vector Boson Scattering (VBS): broad class of process with sensitivity to 

the EW sector of the SM and BSM extensions of it. 

• Rich programme of theory + experimental studies at LHC. 

• Focus on selecting such events via VBS cuts: require two well separated 
jets in addition to diboson final state (suppress s-channel                 ).

• However not the only way to look for this!
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Fig. 1: Sample tree-level diagrams that contribute to the process pp æ µ
+

‹µe+
‹ejj at order O

!
–

6"
. In addition

to typical VBS contributions (left), this order also possesses s-channel contributions such as decay chain (middle)
and tri-boson contributions (right).

the quark lines. Because of the di�erent colour struc-
ture, this contribution features a di�erent kinematic be-
haviour than VBS. Nonetheless it shares the same fi-
nal state, and therefore constitutes an irreducible back-
ground to the EW process.

Finally, the third contribution of order O
!
–s–

5"
is

the interference of the two types of amplitudes described
above. It is non-zero only for those partonic sub-processes
which involve identical quarks or anti-quarks. Such a
contribution is usually small (3%) within typical ex-
perimental cuts [19].

In the rest of this article, the notations LO or NLO(-
QCD) without any specification of coupling powers re-
fer to the contributions at order O
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,

respectively.

In experimental measurements, special cuts, called
VBS cuts, are designed to enhance the EW contribu-
tion over the QCD one and to suppress the interference.
These cuts are based on the di�erent kinematical be-
haviour of the contributions. The EW contribution is
characterised by two jets with large rapidities as well
as a large di-jet invariant mass. The two W bosons
are mostly produced centrally. This is in contrast to
the QCD contribution which favours jets in the central
region. Therefore, the event selection usually involves
rapidity-di�erence and invariant-mass cuts for the jets.
Note that, as pointed out in Ref. [19], when considering
full amplitudes, the separation between EW and QCD
production becomes ill defined. Hence, combined mea-
surements which are theoretically better defined should
be preferably performed by the experimental collabora-
tions at the LHC.

3 Details of the calculations

3.1 Theoretical predictions for VBS

We now discuss the various approximations which are
implemented in computer programs for the EW con-
tribution at order O

!
–

6"
. Since we are mostly inter-

ested in the scattering of two W bosons, which includes
the quartic gauge-boson vertex, it may appear justi-
fied to approximate the full process by considering just
those diagrams which contain the 2 æ 2 scattering pro-
cess as a sub-part. However, this set of contributions is
not gauge invariant. In order to ensure gauge invari-
ance, an on-shell projection of the incoming and out-
going W bosons should be performed. While this can
be done in the usual way for the time-like outgoing W
bosons, the treatment of the space-like W bosons emit-
ted from the incoming quarks requires some care. Fol-
lowing Refs. [22, 23] these W-boson lines can be split,
the W bosons entering the scattering process can be
projected on-shell, and the emission of the W bosons
from the quarks can be described by vector-boson lu-
minosities. Such an approximation is usually called ef-
fective vector-boson approximation (EVBA) [24–26].

An improvement of such an approximation consists
in considering all t- and u-channel diagrams and squar-
ing them separately, neglecting interference contribu-
tions between the two classes. These interferences are
expected to be small in the VBS fiducial region, as they
are both phase-space and colour suppressed [18, 12].
The s-channel squared diagrams and any interferences
between them and the t/u-channels are also discarded.
This approximation is often called t-/u- approximation,
VBF, or even VBS approximation. We adopt the latter
denomination in the following. This approximation is
gauge-invariant, a fact that can be appreciated by con-
sidering the two incoming quarks as belonging to two
di�erent copies of the SU(3) gauge group.
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ū

W+ ⌫µ

µ+

u

d̄

Fig. 1: Sample tree-level diagrams that contribute to the process pp æ µ
+

‹µe+
‹ejj at order O

!
–

6"
. In addition

to typical VBS contributions (left), this order also possesses s-channel contributions such as decay chain (middle)
and tri-boson contributions (right).

the quark lines. Because of the di�erent colour struc-
ture, this contribution features a di�erent kinematic be-
haviour than VBS. Nonetheless it shares the same fi-
nal state, and therefore constitutes an irreducible back-
ground to the EW process.

Finally, the third contribution of order O
!
–s–

5"
is

the interference of the two types of amplitudes described
above. It is non-zero only for those partonic sub-processes
which involve identical quarks or anti-quarks. Such a
contribution is usually small (3%) within typical ex-
perimental cuts [19].

In the rest of this article, the notations LO or NLO(-
QCD) without any specification of coupling powers re-
fer to the contributions at order O

!
–

6"
and O

!
–s–

6"
,

respectively.
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VBS cuts, are designed to enhance the EW contribu-
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These cuts are based on the di�erent kinematical be-
haviour of the contributions. The EW contribution is
characterised by two jets with large rapidities as well
as a large di-jet invariant mass. The two W bosons
are mostly produced centrally. This is in contrast to
the QCD contribution which favours jets in the central
region. Therefore, the event selection usually involves
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Note that, as pointed out in Ref. [19], when considering
full amplitudes, the separation between EW and QCD
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fied to approximate the full process by considering just
those diagrams which contain the 2 æ 2 scattering pro-
cess as a sub-part. However, this set of contributions is
not gauge invariant. In order to ensure gauge invari-
ance, an on-shell projection of the incoming and out-
going W bosons should be performed. While this can
be done in the usual way for the time-like outgoing W
bosons, the treatment of the space-like W bosons emit-
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projected on-shell, and the emission of the W bosons
from the quarks can be described by vector-boson lu-
minosities. Such an approximation is usually called ef-
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in considering all t- and u-channel diagrams and squar-
ing them separately, neglecting interference contribu-
tions between the two classes. These interferences are
expected to be small in the VBS fiducial region, as they
are both phase-space and colour suppressed [18, 12].
The s-channel squared diagrams and any interferences
between them and the t/u-channels are also discarded.
This approximation is often called t-/u- approximation,
VBF, or even VBS approximation. We adopt the latter
denomination in the following. This approximation is
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VBS with rapidity gaps
• Alternative: select diboson final state + no addition track activity in central 

detector      VV + rapidity gaps. VETO
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W+W�

• Aim: by imposing veto can dominantly isolate the 
pure Photon-Initiated (PI) process*.

• Clean probe of        (anomalous?) couplings.
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1 Introduction

The study of ,-boson pair production from the interaction of incoming photons (WW ! ,,) in proton–
proton (??) collisions o�ers a unique window to a wide range of physical phenomena. In the Standard
Model (SM), the WW ! ,, process proceeds through trilinear and quartic gauge-boson interactions. This
process is unique in that, at leading order, it only involves diagrams with self-couplings of the electroweak
gauge bosons, as shown in Figure 1. Hence, a cross-section measurement directly tests the SU(2)⇥U(1)
gauge structure of the SM. At the same time, as a process driven only by electroweak boson self-interactions,
it is sensitive to anomalous gauge-boson interactions [1] as parameterised in e�ective field theory (EFT)
with additional dimension-6 and dimension-8 operators [2, 3]. Thus, cross-section measurements of
WW ! ,, can in future provide valuable input for the global EFT fits.
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Figure 1: The leading-order Feynman diagrams contributing to the WW ! ,, process are the t-channel diagram
(left) proceeding via the exchange of a , boson between two W,, vertices and a diagram with a quartic WW,,

coupling (right). In addition, a u-channel diagram exists (not shown), which also proceeds via two W,, vertices.
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2Exclusive diphoton production with intact protons

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

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

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

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

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

with

03/08/20 CMS highlights ICHEP 2020 15                         22K. Jakobs, ATLAS Experiment, ICHEP 2020                                                                                                                                       

Observation of proton scattering in association with lepton pairs   

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

 

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

Good agreement with SM expectations 

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

Fractional proton energy  
loss from scattered proton   

Fractional proton energy  
loss from lepton kinematics  

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

• Can do even better: by tagging intact outgoing protons the PI mechanism is 
isolated even further! Dedicated detectors installed at ATLAS + CMS.

*s-channel: colour flow between beams and no gap.

W+

W−

(a)

W+

W−

γ/Z
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Figure 5: (a) LO s–channel contribution to W+W� production. (b) An example NNLO EW correction to the
s–channel process, which enters at the same order as the (t–chanel) DD processes in Fig. 6. In both cases we
show for concreteness the case of purely up–type quark/antiquarks, though note equivalent s–channel diagrams
are also present for the dd, ud and du initiated–cases (where d, u denote down, up–type quarks), not shown here.

rather similar to the on–shell case shown in Figs. 1 and 2; a more direct comparison will be
presented later. The numerical results are shown in Table 2 and in fact we can see that these
are very close to the on–shell approximation shown in Table 1. Thus indeed the O(Q2

i /M
2
Z,WW )

corrections to the pure PI diagram that come from allowing the photons to be o↵–shell follow
the naive scaling we could expect, i.e. are indeed small in this gauge.

However, we are still left with the question of the impact of the non PI diagrams, which
might still be non–negligible. To include these clearly requires a more significant modification
of the above approach, and we address this in the following section. Before doing so, we briefly
discuss for completeness the issue of s–channel contributions to the W

+
W

� cross section.

2.4 s–channel production

In this section, we consider in a little more detail the question of s–channel contributions, the
LO process for which is shown in Fig. 5 (a). Such a diagram clearly produces the same W

+
W

�

final state, and dominates the inclusive cross section. However, as described in the introduction,
by imposing a rapidity veto as in (16) this contribution can be strongly suppressed; namely,
in such a topology the two colliding beams are colour connected and there will dominantly be
significant particle production in the central region that will be rejected by the veto. There will
nonetheless be some remaining contribution, and indeed in experimental analyses such as [6] this
background is evaluated (here this is labelled ‘qq ! WW ’) and subtracted. At LO, where the
contributing Feynman diagram is clearly distinct from the t–channel DD (and SD) cases this can
be safely considered separately in this way, and certainly including it in our signal calculation
would amount to double counting.

On the other hand, for certain initial–state quark combinations, we find that in the DD case
a class of s–channel diagrams enter at the same order; see Fig. 5 (b) for an example diagram
in the case of uu–initiated production, where u denotes an up–type quark of a given flavour.
An equivalent set of diagrams is also present for the dd, ud and du initiated–cases, not shown
here, where d denotes a down–type quark of a given flavour. The question then arises of how
to deal with these diagrams within our calculation. We first note, as discussed in e.g. [1], that
these s–channel diagrams are individually gauge–invariant: this can be seen by considering
the hypothetical case that the two quark lines in the t–channel cases belong to di↵erent to
two di↵erent copies of the SU(3) colour group, in which case only the t–channel diagrams are
present but with an identical form to the case under consideration. Equivalently, this comes
from considering the form of the (trivial) colour factors in the current case, which di↵er between

14

• s-channel: colour flow between 
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Recent data
• Evidence for such ‘semi-exclusive’             production in leptonic channel 

seen by ATLAS + CMS previously.

• Recently: first observation by ATLAS, at 13 TeV, via rapidity veto.
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Figure 6: The distribution of the number of tracks associated with the interaction vertex is shown. The fitted
normalisation factors and nuisance parameters have been used. The WW ! ,, signal region requires a selection of
=trk = 0, as indicated by the vertical dashed line. The @@ ! ,, component also contains a small contribution from
gluon-induced ,, and electroweak ,, 9 9 production. Similarly, ‘other @@ initiated’ includes contributions not
only from ,/ and // diboson production but also from top-quark production and other gluon-induced processes.
The total uncertainties are shown as hatched bands. The lower panel shows the ratio of the data to the prediction,
with the total uncertainty displayed as a hatched band.

Without requirements on the number of reconstructed tracks, the selection e�ciency after reconstruction is
75% for elastic WW ! ,, events in the fiducial region. The full selection e�ciency after applying =trk = 0
is 39%. The predicted number of signal events includes a ⇠5% contribution of leptons from , ! gag ,
g ! ✓a✓ag , which is estimated using the MC simulation and which is removed from the measured fiducial
cross section using this fractional contribution.

The observed signal strength translates into a fiducial cross section of

fmeas = 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb
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statistical and systematic uncertainties, respectively. Table 2 gives an overview of the sources of systematic
uncertainties, which are discussed in Section 7 and presents their e�ect on the measured cross section. To
evaluate the impact of one source of systematic uncertainty, the fit is performed with the corresponding
nuisance parameter fixed one standard deviation up or down from the value obtained in the nominal fit,
then these high and low variations are symmetrised.

The data measurement can be compared with two types of predictions. The first, used in the definition of
the signal strength and the calculation of the expected significance, is based on the H�����7 prediction for
elastic WW ! ,, events scaled by the data-driven signal modelling correction to include the dissociative
processes and rescattering e�ects as described in Section 5.3. It is found to be

ftheo ⇥ (3.59 ± 0.15 (exp.) ± 0.39 (trans.)) = 2.34 ± 0.27 fb ,
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with the total uncertainty displayed as a hatched band.
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75% for elastic WW ! ,, events in the fiducial region. The full selection e�ciency after applying =trk = 0
is 39%. The predicted number of signal events includes a ⇠5% contribution of leptons from , ! gag ,
g ! ✓a✓ag , which is estimated using the MC simulation and which is removed from the measured fiducial
cross section using this fractional contribution.
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uncertainties, which are discussed in Section 7 and presents their e�ect on the measured cross section. To
evaluate the impact of one source of systematic uncertainty, the fit is performed with the corresponding
nuisance parameter fixed one standard deviation up or down from the value obtained in the nominal fit,
then these high and low variations are symmetrised.

The data measurement can be compared with two types of predictions. The first, used in the definition of
the signal strength and the calculation of the expected significance, is based on the H�����7 prediction for
elastic WW ! ,, events scaled by the data-driven signal modelling correction to include the dissociative
processes and rescattering e�ects as described in Section 5.3. It is found to be

ftheo ⇥ (3.59 ± 0.15 (exp.) ± 0.39 (trans.)) = 2.34 ± 0.27 fb ,
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Figure 1: Diagrams for the exclusive �� ! W+W� production representing the (a) elastic process, (b) single-
dissociation where one initial proton dissociates (SD) and (c) double-dissociation where both protons fragment
(DD). The symbols X and X0 denote any additional final state created.

or via quartic gauge coupling diagram, to create a W+W� pair. Figure 1 shows the exclusive production
of a W+W� pair, where the blobs represent the t-channel, u-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in Fig. 1(a) (referred to as elastic hereafter), only one
proton remains intact as in Fig. 1(b) (single-dissociation, SD), or both protons dissociate as in Fig. 1(c)
(double-dissociation, DD). In all three cases the trajectories of the protons or their remnants deviate only
slightly from their initial directions so that they never enter the acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accompanying activity such as initial- and final-state
radiation and additional scattering in the same pp collision. The accompanying activity is collectively
called the underlying event and emits particles into the acceptance of the ATLAS detector.

Photon scattering in hadron colliders can be described in quantum electrodynamics (QED) by the equivalent-
photon approximation (EPA) [5, 6]. In this framework the exclusive W+W� cross-section can be written
as

�EPA
pp(��)!ppW+W� =

"

f (x1) f (x2)���!W+W�(m2
��)dx1dx2, (1)

where f (xi), for i 2 {1, 2}, is the number of equivalent photons carrying a fraction of the proton’s energy,
xi, that are emitted, while m�� is the two-photon center-of-mass energy. This approach has been used to
describe similar exclusive processes in the CDF [7], STAR [8], and CMS [9, 10] experiments.

Exclusive W+W� pair production is particularly sensitive to new physics that may be described by anoma-
lous quartic gauge coupling (aQGC) of the form WW�� [4, 11]. The dimension-6 operators in Ref. [3] are
the lowest-dimension operators that give rise to anomalous WW�� couplings, aW

0 /⇤
2 and aW

C /⇤
2 where

⇤ is the scale of new physics. A procedure adopted by previous measurements [12–14] uses a dipole
form factor to preserve unitarity at high m��. The couplings aW

0 /⇤
2 and aW

C /⇤
2 then become:

aW
0,C/⇤

2 !
aW

0,C

⇤2
1

✓
1 + m2

��

⇤2
cuto↵

◆2 (2)

where ⇤cuto↵ defines the scale of possible new physics, and the term containing it ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also produce similar e↵ects but the sensitivity of this
study to aTGCs is not competitive compared with other processes [4], so these are taken to be zero.

3

• Question: how do we model this process?
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Modelling WW production

• Any theoretical calculation should:

★ Account for both elastic and inelastic 
production. �
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Figure 1: Diagrams for the exclusive �� ! W+W� production representing the (a) elastic process, (b) single-
dissociation where one initial proton dissociates (SD) and (c) double-dissociation where both protons fragment
(DD). The symbols X and X0 denote any additional final state created.

or via quartic gauge coupling diagram, to create a W+W� pair. Figure 1 shows the exclusive production
of a W+W� pair, where the blobs represent the t-channel, u-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in Fig. 1(a) (referred to as elastic hereafter), only one
proton remains intact as in Fig. 1(b) (single-dissociation, SD), or both protons dissociate as in Fig. 1(c)
(double-dissociation, DD). In all three cases the trajectories of the protons or their remnants deviate only
slightly from their initial directions so that they never enter the acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accompanying activity such as initial- and final-state
radiation and additional scattering in the same pp collision. The accompanying activity is collectively
called the underlying event and emits particles into the acceptance of the ATLAS detector.

Photon scattering in hadron colliders can be described in quantum electrodynamics (QED) by the equivalent-
photon approximation (EPA) [5, 6]. In this framework the exclusive W+W� cross-section can be written
as

�EPA
pp(��)!ppW+W� =
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f (x1) f (x2)���!W+W�(m2
��)dx1dx2, (1)

where f (xi), for i 2 {1, 2}, is the number of equivalent photons carrying a fraction of the proton’s energy,
xi, that are emitted, while m�� is the two-photon center-of-mass energy. This approach has been used to
describe similar exclusive processes in the CDF [7], STAR [8], and CMS [9, 10] experiments.

Exclusive W+W� pair production is particularly sensitive to new physics that may be described by anoma-
lous quartic gauge coupling (aQGC) of the form WW�� [4, 11]. The dimension-6 operators in Ref. [3] are
the lowest-dimension operators that give rise to anomalous WW�� couplings, aW

0 /⇤
2 and aW
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2 where

⇤ is the scale of new physics. A procedure adopted by previous measurements [12–14] uses a dipole
form factor to preserve unitarity at high m��. The couplings aW
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where ⇤cuto↵ defines the scale of possible new physics, and the term containing it ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also produce similar e↵ects but the sensitivity of this
study to aTGCs is not competitive compared with other processes [4], so these are taken to be zero.
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Elastic

Inelastic

★ Fully account for all contributing diagrams, beyond PI production.

★ Systematically account for probability of no additional particle 
production, due to MPI.

• I will report here the first such full theoretical treatment, including a MC 
implementation.
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For more details see S. Bailey and LHL, 
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Structure Function Calculation
LHL, JHEP 03 (2020) 128

• Basic idea: apply ‘structure function’ calculation.

• Structure functions parameterise the                 vertex.�p ! X
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• Use same idea as for DIS to write:

Photon        

contribution is included, although even here the uncertainty at lower mass is again significantly
larger than the corresponding PDF uncertainty and even at higher masses of the same order.
However, such corrections are often not available (publicly or otherwise) for LHC processes.
Moreover, even if these corrections are eventually explicitly included, one will still introduce an
(albeit smaller) source of uncertainty due to the residual scale dependence that can be bypassed
entirely by simply working with the exact result, as calculated in the structure function approach.
More significantly from a phenomenological point of view, we have seen that once one starts to
include cuts, or consider observables that are sensitive to the photon transverse momenta, the
di↵erence between even the NLO prediction (or that using the k?–factorization approach) can
again be rather large.

We note that the magnitude of these scale variation uncertainties in the inclusive cross
sections are roughly consistent with the LO and NLO uncertainty bands on the photon PDF
presented in Section 9 of [13], being of a similar origin. However, here the final ‘missing higher
order’ uncertainty derived within this approach is, as discussed in this work (see footnote 11),
only relevant for the case that one works at NLO for the photon–initiated contributions, and
will otherwise drastically underestimate the corresponding uncertainty, as we have seen above.
Moreover even if one works at NLO, then the uncertainty that they include, which comes from
the manner in which one defines the photon PDF and the factorization scale choice which
corresponds to it, is entirely absent in the structure function calculation. More significantly,
while this uncertainty is estimated to be rather small in [13], at the ⇠ 1% level or less, the
scale variation uncertainty in the NLO collinear cross section is not entirely accounted for by
this, and is in many cases larger, as we have seen. On the other hand, as discussed at the
end of Section 2, other small sources of uncertainty from missing higher–order non–factorizable
corrections, remain in both the structure function and collinear calculations.

4 Hadron–hadron collisions

We now consider some phenomenological implications of the results above for photon–initiated
production at the LHC. Before doing so, we briefly discuss the connection between the structure
function result (1) and the collinear prediction via the photon PDF, similarly to the lepton–
hadron case considered before. As in [33] we can write

�pp =
1

2s

Z
dx1dx2 d

2
q1?d

2
q2?d�↵(Q2

1)↵(Q
2
2)
⇢
µµ0

1 ⇢
⌫⌫0
2 M

⇤
µ0⌫0Mµ⌫

q21q
2
2

�
(4)(q1 + q2 � pX) , (29)

where xi and qi? are the photon momentum fractions (see [33] for precise definitions) and trans-
verse momenta, respectively. The amplitude squared M

⇤
µ0⌫0Mµ⌫ permits a general expansion [7]

M
⇤
µ0⌫0Mµ⌫ = Rµµ0R⌫⌫0

1

4

X

�1�2

|M�1�2 |2 + · · · , (30)

where we omit various terms that vanish when taking the Q1,2 ⌧ M
2
X limit, or after integration

over the photon azimuthal angle. Here R is the metric tensor that is transverse to the photon
momenta q1,2:

R
µ⌫ = �g

µ⌫ +
(q1q1)(q

µ
1 q

⌫
2 + q

⌫
1q

µ
2 ) +Q

2
1q

µ
2 q

⌫
2 +Q

2
2q

µ
1 q

⌫
1

(q1q2)2 �Q2
1Q

2
2

. (31)
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<latexit sha1_base64="BCnRCBC0cjqpRO+nCaVdUsrdstI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkLaBm3BRUEQFy4q2Ae0JUymk3boTBJmJkII9VfcuFDErR/izr9x0lbxdeDC4Zx7ufceL2JUKtt+N3JLyyura/n1wsbm1vaOubvXlmEsMGnhkIWi6yFJGA1IS1HFSDcSBHGPkY43Oc/8zi0RkobBjUoiMuBoFFCfYqS05JrFvhiHbgX2JeXwwk0rx1dT1yyVLXsGaFsVp+Y4dU0WyqdVAgs0XfOtPwxxzEmgMENS9sp2pAYpEopiRqaFfixJhPAEjUhP0wBxIgfp7PgpPNTKEPqh0BUoOFO/T6SIS5lwT3dypMbyt5eJ/3m9WPm1QUqDKFYkwPNFfsygCmGWBBxSQbBiiSYIC6pvhXiMBMJK51XQIdhWPcPJ18t/SbtilatW9dopNc4WceTBPjgAR6AMTkEDXIImaAEMEnAPHsGTcWc8GM/Gy7w1ZyxmiuAHjNcPb66UHA==</latexit>
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Figure 1: Diagrams for the exclusive �� ! W+W� production representing the (a) elastic process, (b) single-
dissociation where one initial proton dissociates (SD) and (c) double-dissociation where both protons fragment
(DD). The symbols X and X0 denote any additional final state created.

or via quartic gauge coupling diagram, to create a W+W� pair. Figure 1 shows the exclusive production
of a W+W� pair, where the blobs represent the t-channel, u-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in Fig. 1(a) (referred to as elastic hereafter), only one
proton remains intact as in Fig. 1(b) (single-dissociation, SD), or both protons dissociate as in Fig. 1(c)
(double-dissociation, DD). In all three cases the trajectories of the protons or their remnants deviate only
slightly from their initial directions so that they never enter the acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accompanying activity such as initial- and final-state
radiation and additional scattering in the same pp collision. The accompanying activity is collectively
called the underlying event and emits particles into the acceptance of the ATLAS detector.

Photon scattering in hadron colliders can be described in quantum electrodynamics (QED) by the equivalent-
photon approximation (EPA) [5, 6]. In this framework the exclusive W+W� cross-section can be written
as

�EPA
pp(��)!ppW+W� =

"

f (x1) f (x2)���!W+W�(m2
��)dx1dx2, (1)

where f (xi), for i 2 {1, 2}, is the number of equivalent photons carrying a fraction of the proton’s energy,
xi, that are emitted, while m�� is the two-photon center-of-mass energy. This approach has been used to
describe similar exclusive processes in the CDF [7], STAR [8], and CMS [9, 10] experiments.

Exclusive W+W� pair production is particularly sensitive to new physics that may be described by anoma-
lous quartic gauge coupling (aQGC) of the form WW�� [4, 11]. The dimension-6 operators in Ref. [3] are
the lowest-dimension operators that give rise to anomalous WW�� couplings, aW

0 /⇤
2 and aW

C /⇤
2 where

⇤ is the scale of new physics. A procedure adopted by previous measurements [12–14] uses a dipole
form factor to preserve unitarity at high m��. The couplings aW

0 /⇤
2 and aW

C /⇤
2 then become:

aW
0,C/⇤

2 !
aW

0,C

⇤2
1

✓
1 + m2

��

⇤2
cuto↵

◆2 (2)

where ⇤cuto↵ defines the scale of possible new physics, and the term containing it ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also produce similar e↵ects but the sensitivity of this
study to aTGCs is not competitive compared with other processes [4], so these are taken to be zero.
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• Both elastic and inelastic 
SFs accounted for:

★ Elastic: precisely measured proton EM form factor.

★ Inelastic:

• Low (non-perturbative)       and/or             
region, take direct experimental 
determinations.

• High      region, simplest to calculate 
using (NNLO) pQCD + global PDFs.
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relevant kinematic range is very insensitive to the value
of R. In fact even a 100% systematic uncertainty on R
gives only a few percent uncertainty on F2. The relative
total systematic error is given by:

δsys
F2

(x, Q2) =

[

δ2
sys(x, Q2) +

(

1 − ε

1 + εR

δR

1 + R

)2]1/2

.

(22)
The uncertainties of R given in Ref. [14] were propagated
to the resulting F2, and the actual systematic errors in-
troduced by δR were always lower than 3%.

The combined statistical and systematic precision of
the obtained structure function F2 is strongly depen-
dent on kinematics and the statistical errors vary from
0.2% up to 30% at the largest Q2 where statistics are
very limited. Fig. 6 shows a comparison between the
F2 data from CLAS and the other world data in the
Q2 = 0.775 GeV2 bin. The observed discrepancies with
the data from Ref. [7] which fill the large x region in
Fig. 6 are mostly within the systematic errors. Because
of the much smaller bin centering corrections in this Q2

region our data are in a better agreement with data pre-
viously measured at SLAC, given in Ref. [22], and the
parameterization of those from Ref. [21, 22]. The average
statistical uncertainty is about 5%; the systematic uncer-
tainties range from 2.5% up to 30%, with the mean value
estimated as 7.7% (see Table I). The values of F2(x, Q2)
determined using our data are tabulated elsewhere [10].

TABLE I: Range and average of systematic errors on F2.

Source of uncertainties Variation range Average
[%] [%]

Efficiency evaluation 1-9 4.3
e+e− pair production correction 0-3 0.3

Photoelectron correction 0.1-2.2 0.6
Radiative correction 1.5-20 3.2

Momentum correction 0.1-30 3.5
Uncertainty of R = σL

σT
0.5-5 2.4

Total 2.5-30 7.7

G. Moments of the Structure Function F2

As discussed in the introduction, the final goal of this
analysis is the evaluation of the Nachtmann moments of
the structure function F2. The total Nachtmann mo-
ments were computed as the sum of the elastic and in-
elastic moments:

Mn = M el
n + M in

n . (23)

The contribution originating from the elastic peak was
calculated according to the following expression from

x

F 2
(x
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

FIG. 6: Structure function F2(x,Q2) at Q2 = 0.775 GeV2:
stars represent experimental data obtained in the present
analysis with systematic errors indicated by the hatched
area, empty circles show data from previous experiments
[7, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] and
the solid line represents the parametrization from Ref. [14].

Ref. [14]:

M el
n =

(

2

1 + r

)n+1 3 + 3(n + 1)r + n(n + 2)r2

(n + 2)(n + 3)

G2
E(Q2) + Q2

4M2 G2
M (Q2)

1 + Q2

4M2

, (24)

where the proton form factors G2
E(Q2) and G2

M (Q2) are
from Ref. [8] modified according the recently measured
data on GE/GM [9], as described in Ref. [10].

The evaluation of the inelastic moment M in
n involves

the computation at fixed Q2 of an integral over x. For
this purpose, in addition to the results obtained from the
CLAS data, world data on the structure function F2 from
Refs. [7, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44] and data on the inelastic cross section [21, 22, 45]
were used to reach an adequate coverage (see Fig. 1).
The integral over x was performed numerically using the
standard trapezoidal method TRAPER [46]. Data from
Ref. [47] were not included in the analysis due to their
inconsistency with other data sets as explained in detail
in Ref. [48], and data from Ref. [49, 50] were not included
due to the large experimental uncertainties.

The Q2-range from 0.05 to 3.75 (GeV/c)2 was divided
into ∆Q2 = 0.05 (GeV/c)2 bins. Then within each Q2

bin the world data were shifted to the central bin value
Q2

0, using the fit of FB
2 (x, Q2) from Ref. [14]. Here the fit

FB
2 (x, Q2) consists of two parts, a parametrization [21,

22] in the resonance region (W < 2.5 GeV), and a QCD-
like fit from Ref. [51] in the DIS (W > 2.5 GeV):

F2(x, Q2
0) =

F2(x, Q2)

FB
2 (x, Q2)

FB
2 (x, Q2

0) . (25)

Δ(1232)

Q2 = 0.775 GeV2Bj

N(1520)

data sources in x,Q2 plane
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Figure 9: HERMES data for the photon-proton cross section σp
L+T as a function of W 2, together

with world data and the results from the GD11-P fit (central curves) and its uncertainties (outer
curves), in bins of Q2. The data points denoted ’real photon’ are for photoproduction. Inner error
bars are statistical uncertainties, while outer error bars are total uncertainties calculated as the
sum in quadrature of all statistical and systematic uncertainties including normalization.
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Beyond PI production
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Figure 6: Classes of Feynman diagrams contributing to W+W� DD production at LO in the qq ! W+W�qq
process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.

the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
W

� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
W

� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.
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• SF calculation only accounts for pure PI (+ Z-initiated) production.

LO parton-level:

• Considering e.g. double dissociative (DD) case, this is not the 
only contribution:
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process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.
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be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
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� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
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� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
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Figure 1: Diagrams for the exclusive �� ! W+W� production representing the (a) elastic process, (b) single-
dissociation where one initial proton dissociates (SD) and (c) double-dissociation where both protons fragment
(DD). The symbols X and X0 denote any additional final state created.

or via quartic gauge coupling diagram, to create a W+W� pair. Figure 1 shows the exclusive production
of a W+W� pair, where the blobs represent the t-channel, u-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in Fig. 1(a) (referred to as elastic hereafter), only one
proton remains intact as in Fig. 1(b) (single-dissociation, SD), or both protons dissociate as in Fig. 1(c)
(double-dissociation, DD). In all three cases the trajectories of the protons or their remnants deviate only
slightly from their initial directions so that they never enter the acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accompanying activity such as initial- and final-state
radiation and additional scattering in the same pp collision. The accompanying activity is collectively
called the underlying event and emits particles into the acceptance of the ATLAS detector.

Photon scattering in hadron colliders can be described in quantum electrodynamics (QED) by the equivalent-
photon approximation (EPA) [5, 6]. In this framework the exclusive W+W� cross-section can be written
as

�EPA
pp(��)!ppW+W� =

"

f (x1) f (x2)���!W+W�(m2
��)dx1dx2, (1)

where f (xi), for i 2 {1, 2}, is the number of equivalent photons carrying a fraction of the proton’s energy,
xi, that are emitted, while m�� is the two-photon center-of-mass energy. This approach has been used to
describe similar exclusive processes in the CDF [7], STAR [8], and CMS [9, 10] experiments.

Exclusive W+W� pair production is particularly sensitive to new physics that may be described by anoma-
lous quartic gauge coupling (aQGC) of the form WW�� [4, 11]. The dimension-6 operators in Ref. [3] are
the lowest-dimension operators that give rise to anomalous WW�� couplings, aW

0 /⇤
2 and aW

C /⇤
2 where

⇤ is the scale of new physics. A procedure adopted by previous measurements [12–14] uses a dipole
form factor to preserve unitarity at high m��. The couplings aW

0 /⇤
2 and aW

C /⇤
2 then become:

aW
0,C/⇤

2 !
aW

0,C

⇤2
1

✓
1 + m2

��

⇤2
cuto↵

◆2 (2)

where ⇤cuto↵ defines the scale of possible new physics, and the term containing it ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also produce similar e↵ects but the sensitivity of this
study to aTGCs is not competitive compared with other processes [4], so these are taken to be zero.

3

: + …

•  These non-VBS diagrams are suppressed by at least                        and so on 
principle subleading. But:

<latexit sha1_base64="gluciCfDzM1y3iQlNjY75DIR7AE=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgQupkKH24KrhxI7RgW7EvMmnahiYzQ5IRy9BfceNCEbf+iDv/xkxbQUUPXDiccy/33uOFnCntOB9WamV1bX0jvZnZ2t7Z3bP3s00VRJLQBgl4IG88rChnPm1opjm9CSXFwuO05U0uEr91R6VigX+tpyHtCjzy2ZARrI3Ut7MdxQSs99yzq37cOr2d9dy+nXPyjuMghGBCUKnoGFKplF1UhiixDHJgiVrffu8MAhIJ6mvCsVJt5IS6G2OpGeF0lulEioaYTPCItg31saCqG89vn8FjowzgMJCmfA3n6veJGAulpsIznQLrsfrtJeJfXjvSw3I3Zn4YaeqTxaJhxKEOYBIEHDBJieZTQzCRzNwKyRhLTLSJK2NC+PoU/k+abh4V84V6IVc9X8aRBofgCJwABEqgCi5BDTQAAffgATyBZ2tmPVov1uuiNWUtZw7AD1hvn46Nk3w=</latexit>

⇠ Q2/M2
W,Z

<latexit sha1_base64="uYEY4gZ2BqSaCjB7PdYTf8VHRKo="></latexit>

Q2 = (pinq � poutq )2

★ The contribution is not necessarily negligible - to be determined.

★ More importantly, the pure PI (+Z) contribution is not individually 
gauge invariant. For               production power counting in                   
can completely break down!
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• Breakdown in power counting evident 
when working in e.g. unitary gauge. 
Compare 13 TeV DD cross section with 
on-shell approximation for 
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Figure 2: As in Fig. 1, but now with the veto (16) imposed at the parton level (no survival factor included), as
described in the text.

� [fb] Unitary On–shell

EL SD DD EL SD DD

No veto 0.704 5.01 222 0.696 3.31 3.81

Veto 0.704 2.76 3.03 0.696 2.53 2.30

Table 1: Cross sections (in fb) corresponding to Figs. 1 (left) and 2 (left). See figure captions for definitions.

top left plot a significant enhancement in the DD case, which in the top right plot we can see is
driven by the case of purely longitudinal W polarizations, i.e. precisely the unitarity breaking
e↵ects discussed above.

In fact, in this case we can derive some rather simple analytic expectations for the impact of
unitarity breaking e↵ects. In particular, the e↵ect of the veto is to suppress larger values of the
photon Q

2
i (see [57] for exact expressions), such that these e↵ects are driven by the large MWW

behaviour of the �� ! W
+
W

� amplitudes at fixed Q
2
i ⌧ M

2
WW . We can in particular expand

in terms of the helicity amplitudes:

Mµ⌫ =
X

�1�2

M�1�2✏
µ
�1
✏
⌫
�2

(17)

where M is the �(q1)�(q2) ! W
+(p+)W�(p�) amplitude, with q

2
i = �Q

2
i 6= 0 in general. Here

the sum is over the photon polarization vectors ✏�i , while the W polarizations are left implicit.
As we have the usual Ward identity relation q

µ
1Mµ⌫ = q

⌫
2Mµ⌫ = 0 there are three independent
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• Huge difference! Well known effect, due to longitudinal W polarizations         
when all diagrams not included.
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⇠ EW /MW

• Can rescue appropriate power counting by working in EW axial gauge: longitudinal 
W polarizations do not                      (Backup).

• But appropriate solution has to be to include all relevant diagrams.
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Figure 6: Classes of Feynman diagrams contributing to W+W� DD production at LO in the qq ! W+W�qq
process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.

the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
W

� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
W

� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.
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‘Hybrid’ Calculation
• Apply cutoff above which we include all relevant diagrams. For e.g. SD:
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Figure 7: Classes of Feynman diagrams contributing to W+W� SD production at LO in the q� ! W+W�q
process. Diagrams correspond to the case of up–type initiating quarks for concreteness, and with various permu-
tations implied. Notation as in Fig. 6.

These are shown in Figs. 6 and 7, for the DD and SD cases, respectively. We in particular
show the corresponding quark–initiated processes at LO, considering the case of purely up–type
quarks for concreteness. The PI process corresponds to diagram (a), with the contribution from
initial–state Z bosons omitted. While the non–PI diagrams are expected to be kinematically
subleading, we have seen that this is only apparent once we work in an appropriate gauge, such
as the axial gauge. Moreover, even then the contribution from these additional diagrams may
not be negligible. With this in mind we include these in this section. As discussed above, we
can safely only include the t–channel diagrams in the DD case in what follows.

Now, if we simply calculated the contribution from the diagrams as in Figs. 6 and 7 at
LO, i.e. with initial–state massless quarks (and photons in the latter case) and using standard
collinear factorization, then these would of course contain singularities due to the (Q2

i ! 0)
region of collinear q ! q� emission. The textbook approach to deal with this would as usual be
to apply appropriate collinear subtractions, as well as to include the corresponding lower order
PI diagrams. These latter diagrams would be included via a collinear photon PDF, suitably
calculated via the LUXqed approach, e.g. [43, 44, 58, 59]. This will however introduce a degree
of scale variation uncertainty into the result, and moreover has no direct way of dealing with
the low Q

2
i , W

2
i region (where pQCD is not reliable) di↵erentially, as discussed in [28, 29]; the

latter point is particularly relevant when it comes to the inclusion of the soft survival factor, as
we will discuss later on.

Now, the above points are in many cases inevitable e↵ects of the necessary application of
collinear factorization to the problem, which of course provides a robust framework for including
successive orders in the calculation within perturbation theory, and hence of reducing the scale
variation uncertainty in the result, as well as dealing with e.g. collinear � ! qq emission in the
initial state, as discussed further in [29]. However, in the current case the distinct requirement
that comes from imposing a rapidity veto allows us to take a di↵erent approach. In particular,
while the class of diagrams show in Figs. 6 (b) and 7 (b) in principle contain a region of collinear
� ! qq emission, this is removed by the rapidity veto we impose. That is, considering Fig. 7 (b)
for simplicity, the collinear � ! qq region only occurs when the outgoing quark on the upper line
in the figure is collinear to the initial–state photon, such that the outgoing quark which originates
from upper beam is collinear to the lower beam direction. This is in other words an s–channel
contribution, and is certainly excluded by the rapidity veto. An identical argument applies in
the case of Fig. 6 (b). We note that both of these diagrams are nonetheless explicitly included
for consistency (in contrast to the s–channel diagrams considered in the previous section, which
can be safely excluded), even if their dominant contribution will be suppressed by the rapidity
veto.

We are therefore left with the those due to collinear q ! q� emission, which occurs in the
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1

2 (elastic)

• Below cutoff (or even higher                   ) contribution from non-PI diagrams 
tiny ( < 0.1%) in any gauge        safely consider PI production as per SF approach.
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★ As we will see, having control over this low       region crucial for 
evaluating no-MPI probability.

★ This automatically regulates the               region of collinear                 
emission. Only collinear singularity for such t-channel diagrams.

• A similar approach applied for the DD case (backup).

• Theory uncertainty on the result at the 1% level (backup) - prior to considering       .
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• Above cutoff include full gauge invariant set of diagrams in parton model.



The Survival Factor

• Possibility of proton-proton MPI to consider.

VETO
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W�

Figure 1: Di↵erential cross section with respect to the dilepton invariant mass, mll, for W+W� ! e±⌫µ⌥⌫
production at the 13 TeV LHC, within the event selection of the ATLAS measurement [6]. Cross sections
calculated in (top) SF approach in the unitary gauge and (bottom) the on–shell approximation. (top left) and
(bottom): The breakdown between elastic (El.), single dissociative (SD) and double dissociative (DD) is given,
as well as the sum of the three. (top right): For double dissociative production, the breakdown between purely
transverse, purely longitudinal and mixed W polarizations is given.

channel, within the ATLAS 13 TeV [6] event selection. That is:

|⌘l| < 2.5 , (15)

p
min
l,? > 20GeV, p

max
l,? > 27GeV ,

mll > 20GeV ,

p
eµ
? > 30GeV .

In [6] a veto requiring no additional charged particles with

p? > 500MeV, |⌘| < 2.5 , (16)

is also imposed. We will consider for comparison results without this imposed and with it
imposed, either approximately or via a full MC implementation; we will discuss this further
below.

We first consider the result of working in the unitary gauge for the �� ! W
+
W

� amplitudes
in (1), where here and in what follows the initial–state photon may be o↵–shell, depending on
the context. Omitting the rapidity veto for now, we show in Fig. 1 the distribution with respect
to the dilepton invariant mass, mll. This is strongly correlated with the (unobservable) W pair
invariant mass,

p
ŝ = mWW , and indeed qualitatively very similar results are found if we instead

consider this quantity directly. In the top left and bottom figures we show the breakdown
between elastic (EL), single dissociative (SD, where a single proton dissociates) and double

8

• Consider fraction of cross section 
due to three different components:
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1 Introduction

When proton–proton (pp) beams collide at the LHC, typically rare photon–photon induced (��) inter-
actions occur at perceptible rate and provide a unique opportunity to study high-energy electroweak
processes [1]. Compared to other final states, the dilepton production is a standard candle process of
the photon-induced production mechanism, thanks to its sizeable cross-section. Using pp collisions at
a centre-of-mass energy of

p
s = 7 TeV, measurements of pp(��) ! µ+µ�pp production (referred to

as exclusive �� ! µ+µ�) were performed by the ATLAS and CMS collaborations [2, 3]. The exclusive
�� ! e+e� process was also measured [3, 4]. A similar experimental signature has been used to study
the �� ! W+W� reaction [5–7].

The exclusive �� ! µ+µ� production process competes with the two-photon interactions involving
single- or double-proton dissociation due to the virtual photon exchange (Figure 1 (a–c)). The electro-
magnetic (EM) break-up of the proton typically results in a production of particles at small angles to the
beam direction, which can mimic the exclusive process. However, the proton-dissociative processes have
significantly di↵erent kinematic distributions compared to the exclusive reaction, allowing an e↵ective
separation of the di↵erent production mechanisms.
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Figure 1: Schematic diagrams for (a) exclusive, (b) single-proton dissociative and (c) double-proton dissociative
two-photon production of muon pairs in pp collisions. The e↵ect of additional interactions between the protons is
shown in (d).

In general, the photon-induced production of lepton pairs contributes up to a few percent to the inclusive
dilepton production at LHC energies [8–10].

In order to reproduce the data, the calculations of such photon-induced reactions, in particular exclusive
�� ! µ+µ� production, need to take into account the proton absorptive e↵ects [3]. They are mainly
related to additional gluon interactions between the protons (or proton remnants), shown in Figure 1 (d),
which take place in addition to the QED process. The size of the absorption is not expected to be the
same for exclusive and dissociative processes; it may also depend on the reaction kinematics. These
e↵ects lead to the suppression of exclusive cross-sections (typically around 10–20%) by producing extra
hadronic activity in the event besides the final-state muons. Recent phenomenological studies suggest that
the exclusive cross-sections are suppressed, with a survival factor that decreases with mass [11, 12].

In this paper, a measurement of exclusive dimuon production in pp collisions at
p

s = 13 TeV is presen-
ted for muon pairs with invariant mass 12 GeV < mµ+µ� < 70 GeV. The di↵erential cross-sections,
d�/dmµ+µ� , are determined within a fiducial acceptance region. In the region 30 GeV < mµ+µ� < 70 GeV,
the minimum transverse momentum of each muon is required to be 10 GeV. For 12 GeV < mµ+µ� <
30 GeV, the minimum muon transverse momentum is reduced to 6 GeV by taking advantage of the lower
trigger thresholds available by making additional requirements on muon-pair topology. In addition, both
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Preliminary

Elastic SD DD

• Inclusive: • After veto:

• Veto imposed at particle level after passing to Pythia: prediction for different 
components of PI production!

•  Technical aside: also include here is probability of no addition proton-proton 
interactions (i.e. MPI) which would fill gap. Phenomenological model applied.
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In general, the photon-induced production of lepton pairs contributes up to a few percent to the inclusive
dilepton production at LHC energies [8–10].

In order to reproduce the data, the calculations of such photon-induced reactions, in particular exclusive
�� ! µ+µ� production, need to take into account the proton absorptive e↵ects [3]. They are mainly
related to additional gluon interactions between the protons (or proton remnants), shown in Figure 1 (d),
which take place in addition to the QED process. The size of the absorption is not expected to be the
same for exclusive and dissociative processes; it may also depend on the reaction kinematics. These
e↵ects lead to the suppression of exclusive cross-sections (typically around 10–20%) by producing extra
hadronic activity in the event besides the final-state muons. Recent phenomenological studies suggest that
the exclusive cross-sections are suppressed, with a survival factor that decreases with mass [11, 12].

In this paper, a measurement of exclusive dimuon production in pp collisions at
p

s = 13 TeV is presen-
ted for muon pairs with invariant mass 12 GeV < mµ+µ� < 70 GeV. The di↵erential cross-sections,
d�/dmµ+µ� , are determined within a fiducial acceptance region. In the region 30 GeV < mµ+µ� < 70 GeV,
the minimum transverse momentum of each muon is required to be 10 GeV. For 12 GeV < mµ+µ� <
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• ‘Survival factor’ = probability of no additional inelastic hadron-hadron 
interactions (MPI), which will fill veto region*.

*if there is colour flow between colliding beams, then probability of gap v. small. We assume for now to be zero.
11
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b?

• Will not go into details here, but roughly 
speaking, survival factor expressed ~ as a cut 
on the hadron-hadron impact parameter:

with departure from sharp cutoff coming from details of inelastic pp scattering. 

• Impact parameter       is ~ Fourier conjugate to momentum transfer       and so 
survival factor depends on this.

★ Elastic production: strongly peaked at low      (~ high      ). 
Generally outside range of QCD pp interactions.             

★ Inelastic       vertex: extends to larger      (~ lower      ), i.e. lower      . Find:

• Thus MPI will tend to suppress DD production, as well as higher       region (i.e. 
non-PI). Though as we will see not entirely.

• Cannot simply run with MPI on general purpose MC - misses crucial      & elastic 
vs. inelastic dependence. The application of the hybrid approach is key to this.
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Figure 1: Diagrams for the exclusive �� ! W+W� production representing the (a) elastic process, (b) single-
dissociation where one initial proton dissociates (SD) and (c) double-dissociation where both protons fragment
(DD). The symbols X and X0 denote any additional final state created.

or via quartic gauge coupling diagram, to create a W+W� pair. Figure 1 shows the exclusive production
of a W+W� pair, where the blobs represent the t-channel, u-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in Fig. 1(a) (referred to as elastic hereafter), only one
proton remains intact as in Fig. 1(b) (single-dissociation, SD), or both protons dissociate as in Fig. 1(c)
(double-dissociation, DD). In all three cases the trajectories of the protons or their remnants deviate only
slightly from their initial directions so that they never enter the acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accompanying activity such as initial- and final-state
radiation and additional scattering in the same pp collision. The accompanying activity is collectively
called the underlying event and emits particles into the acceptance of the ATLAS detector.

Photon scattering in hadron colliders can be described in quantum electrodynamics (QED) by the equivalent-
photon approximation (EPA) [5, 6]. In this framework the exclusive W+W� cross-section can be written
as

�EPA
pp(��)!ppW+W� =

"

f (x1) f (x2)���!W+W�(m2
��)dx1dx2, (1)

where f (xi), for i 2 {1, 2}, is the number of equivalent photons carrying a fraction of the proton’s energy,
xi, that are emitted, while m�� is the two-photon center-of-mass energy. This approach has been used to
describe similar exclusive processes in the CDF [7], STAR [8], and CMS [9, 10] experiments.

Exclusive W+W� pair production is particularly sensitive to new physics that may be described by anoma-
lous quartic gauge coupling (aQGC) of the form WW�� [4, 11]. The dimension-6 operators in Ref. [3] are
the lowest-dimension operators that give rise to anomalous WW�� couplings, aW

0 /⇤
2 and aW

C /⇤
2 where

⇤ is the scale of new physics. A procedure adopted by previous measurements [12–14] uses a dipole
form factor to preserve unitarity at high m��. The couplings aW

0 /⇤
2 and aW

C /⇤
2 then become:

aW
0,C/⇤

2 !
aW

0,C

⇤2
1

✓
1 + m2

��

⇤2
cuto↵

◆2 (2)

where ⇤cuto↵ defines the scale of possible new physics, and the term containing it ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also produce similar e↵ects but the sensitivity of this
study to aTGCs is not competitive compared with other processes [4], so these are taken to be zero.
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EL ⇠ 0.85± 0.01 > S2

SD ⇠ 0.6± 0.05 > S2
DD ⇠ 0.15± 0.07
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SuperChic 4.1 - MC Implementation

https://superchic.hepforge.org

• Results of above calculation implemented in SuperChic 4.1 MC:

★ Hybrid (SF + parton-level) calculation of production process.

★ Fully differential treatment of no-MPI probability (survival factor).        

• Unweighted events can then be passed to Pythia for showering/hadronization of 
proton dissociation products.
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ATLAS data: comparison
• ATLAS 13 TeV data, with lepton 

cuts + veto on associated tracks in:

Figure 1: Di↵erential cross section with respect to the dilepton invariant mass, mll, for W+W� ! e±⌫µ⌥⌫
production at the 13 TeV LHC, within the event selection of the ATLAS measurement [6]. Cross sections
calculated in (top) SF approach in the unitary gauge and (bottom) the on–shell approximation. (top left) and
(bottom): The breakdown between elastic (El.), single dissociative (SD) and double dissociative (DD) is given,
as well as the sum of the three. (top right): For double dissociative production, the breakdown between purely
transverse, purely longitudinal and mixed W polarizations is given.

channel, within the ATLAS 13 TeV [6] event selection. That is:

|⌘l| < 2.5 , (15)

p
min
l,? > 20GeV, p

max
l,? > 27GeV ,

mll > 20GeV ,

p
eµ
? > 30GeV .

In [6] a veto requiring no additional charged particles with

p? > 500MeV, |⌘| < 2.5 , (16)

is also imposed. We will consider for comparison results without this imposed and with it
imposed, either approximately or via a full MC implementation; we will discuss this further
below.

We first consider the result of working in the unitary gauge for the �� ! W
+
W

� amplitudes
in (1), where here and in what follows the initial–state photon may be o↵–shell, depending on
the context. Omitting the rapidity veto for now, we show in Fig. 1 the distribution with respect
to the dilepton invariant mass, mll. This is strongly correlated with the (unobservable) W pair
invariant mass,

p
ŝ = mWW , and indeed qualitatively very similar results are found if we instead

consider this quantity directly. In the top left and bottom figures we show the breakdown
between elastic (EL), single dissociative (SD, where a single proton dissociates) and double

8
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Figure 1: Diagrams for the exclusive �� ! W+W� production representing the (a) elastic process, (b) single-
dissociation where one initial proton dissociates (SD) and (c) double-dissociation where both protons fragment
(DD). The symbols X and X0 denote any additional final state created.

or via quartic gauge coupling diagram, to create a W+W� pair. Figure 1 shows the exclusive production
of a W+W� pair, where the blobs represent the t-channel, u-channel, and quartic diagrams. After the col-
lisions, either both protons remain intact as shown in Fig. 1(a) (referred to as elastic hereafter), only one
proton remains intact as in Fig. 1(b) (single-dissociation, SD), or both protons dissociate as in Fig. 1(c)
(double-dissociation, DD). In all three cases the trajectories of the protons or their remnants deviate only
slightly from their initial directions so that they never enter the acceptance of the ATLAS detector. On the
other hand, inclusive processes are produced with accompanying activity such as initial- and final-state
radiation and additional scattering in the same pp collision. The accompanying activity is collectively
called the underlying event and emits particles into the acceptance of the ATLAS detector.

Photon scattering in hadron colliders can be described in quantum electrodynamics (QED) by the equivalent-
photon approximation (EPA) [5, 6]. In this framework the exclusive W+W� cross-section can be written
as

�EPA
pp(��)!ppW+W� =

"

f (x1) f (x2)���!W+W�(m2
��)dx1dx2, (1)

where f (xi), for i 2 {1, 2}, is the number of equivalent photons carrying a fraction of the proton’s energy,
xi, that are emitted, while m�� is the two-photon center-of-mass energy. This approach has been used to
describe similar exclusive processes in the CDF [7], STAR [8], and CMS [9, 10] experiments.

Exclusive W+W� pair production is particularly sensitive to new physics that may be described by anoma-
lous quartic gauge coupling (aQGC) of the form WW�� [4, 11]. The dimension-6 operators in Ref. [3] are
the lowest-dimension operators that give rise to anomalous WW�� couplings, aW

0 /⇤
2 and aW

C /⇤
2 where

⇤ is the scale of new physics. A procedure adopted by previous measurements [12–14] uses a dipole
form factor to preserve unitarity at high m��. The couplings aW

0 /⇤
2 and aW

C /⇤
2 then become:

aW
0,C/⇤

2 !
aW

0,C

⇤2
1

✓
1 + m2

��

⇤2
cuto↵

◆2 (2)

where ⇤cuto↵ defines the scale of possible new physics, and the term containing it ensures that unitarity is
preserved.

Anomalous triple gauge couplings (aTGCs) could also produce similar e↵ects but the sensitivity of this
study to aTGCs is not competitive compared with other processes [4], so these are taken to be zero.
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EL SD DD+ +

• We therefore need to evaluate all three contributions in SC:

� [fb] (�i/�tot), W+
W

� EL SD DD Total f
WW
�

No veto, no S
2 0.701 (3.5%) 6.00 (30.3%) 13.1 (66.2%) 19.8 28.2

Veto, no S
2 0.701 (9.2%) 3.21 (42.3%) 3.68 (48.5%) 7.59 10.8

Veto, S2 0.565 (18.6%) 1.87 (61.6%) 0.599 (19.8%) 3.03 4.3

hS2i 0.81 0.58 0.16 0.40 -

Table 7: Cross section predictions (in fb) for W+W� production at
p
s = 13 TeV, from the SuperChic 4.1

MC + PYTHIA 8.2. Lepton cuts (15) applied. Results are shown with and without a rapidity veto (16) applied
at the hadron–level, as well as including the survival factor; the ‘Veto, S2’ predictions corresponds to the phe-
nomenologically relevant result, while the rest are given for comparison. The breakdown into El, SD and DD is
also given, as well as the corresponding fractional contributions from these. The fWW

� factor (49) is also shown,
and the average survival factor, when a veto is imposed, is given in the last row. Theoretical uncertainties not
shown, but are discussed in the text.

� [fb] (�i/�tot), l+l� EL SD DD Total f
ll
�

No veto, no S
2 11.3 (9.5%) 50.9 (43.0%) 56.5 (47.5%) 119 10.5

Veto, no S
2 11.3 (13.5%) 38.7 (46.0%) 34.0 (40.5%) 84.0 7.4

Veto, S2 9.61 (24.0%) 24.9 (62.5%) 5.42 (13.5%) 39.9 3.5

hS2i 0.85 0.64 0.16 0.48 -

Table 8: As in Table 7, but for lepton pair production. Lepton cuts (34) are applied, rather than (15), with in
particular mll > 2mWW required. The f ll

� factor (49) is also shown, and the average survival factor, when a veto
is imposed, is given in the last row.

contributions are modified accordingly. This is again as expected: the veto suppresses the DD
contribution most, for which there is a larger potential for radiation in the veto region. The
SD and DD are now equally dominant, and the EL contribution is ⇠ 10%. We note that this
is qualitatively similar to the results in Table 4, although not identical to it. In particular, the
cross sections including the veto at the hadron level are ⇠ 5% lower and ⇠ 10% higher in the
SD and DD cases, respectively. Finally, including the survival factor significantly reduces the
DD component by a further ⇠ 85%, while the EL (SD) cases are reduced by ⇠ 20% (60%); that,
is the average survival factors are ⇠ 0.8, 0.6 and 0.15 in the EL, SD and DD cases, respectively.
This is as expected from the discussion at the end of Section 4. That is, the DD component,
for which the underlying interaction is entirely inelastic, occurs at relatively low proton–proton
impact parameters and is therefore rather sensitive to the impact of MPI once a rapidity veto
is applied. For EL and SD production on the other hand, we have at least one elastic photon in
the initial–state, and the corresponding interaction is more peripheral. In terms of the invariant
mass distributions shown in Fig. 12, we can see that the fractional contributions are relatively
flat, although some trend is observed with increasing mass once the survival factor is included;
as discussed above the impact of survival e↵ects is not necessarily constant with respect to the
particle kinematics, and this is indeed observed here. The same plot for the lepton pair case
discussed below is shown in Fig. 13, and a similar trend is observed.

the precision of the current comparison, although for future studies this can be straightforwardly accounted for.
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• To compare with data: 
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Figure 6: The distribution of the number of tracks associated with the interaction vertex is shown. The fitted
normalisation factors and nuisance parameters have been used. The WW ! ,, signal region requires a selection of
=trk = 0, as indicated by the vertical dashed line. The @@ ! ,, component also contains a small contribution from
gluon-induced ,, and electroweak ,, 9 9 production. Similarly, ‘other @@ initiated’ includes contributions not
only from ,/ and // diboson production but also from top-quark production and other gluon-induced processes.
The total uncertainties are shown as hatched bands. The lower panel shows the ratio of the data to the prediction,
with the total uncertainty displayed as a hatched band.

Without requirements on the number of reconstructed tracks, the selection e�ciency after reconstruction is
75% for elastic WW ! ,, events in the fiducial region. The full selection e�ciency after applying =trk = 0
is 39%. The predicted number of signal events includes a ⇠5% contribution of leptons from , ! gag ,
g ! ✓a✓ag , which is estimated using the MC simulation and which is removed from the measured fiducial
cross section using this fractional contribution.

The observed signal strength translates into a fiducial cross section of

fmeas = 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb

for ??(WW) ! ?
(⇤)
,

+
,

�
?
(⇤) production with ,

+
,

� ! 4
±
a`

⌥
a. The uncertainties correspond to the

statistical and systematic uncertainties, respectively. Table 2 gives an overview of the sources of systematic
uncertainties, which are discussed in Section 7 and presents their e�ect on the measured cross section. To
evaluate the impact of one source of systematic uncertainty, the fit is performed with the corresponding
nuisance parameter fixed one standard deviation up or down from the value obtained in the nominal fit,
then these high and low variations are symmetrised.

The data measurement can be compared with two types of predictions. The first, used in the definition of
the signal strength and the calculation of the expected significance, is based on the H�����7 prediction for
elastic WW ! ,, events scaled by the data-driven signal modelling correction to include the dissociative
processes and rescattering e�ects as described in Section 5.3. It is found to be

ftheo ⇥ (3.59 ± 0.15 (exp.) ± 0.39 (trans.)) = 2.34 ± 0.27 fb ,
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Table 7: Cross section predictions (in fb) for W+W� production at
p
s = 13 TeV, from the SuperChic 4.1

MC + PYTHIA 8.2. Lepton cuts (15) applied. Results are shown with and without a rapidity veto (16) applied
at the hadron–level, as well as including the survival factor; the ‘Veto, S2’ predictions corresponds to the phe-
nomenologically relevant result, while the rest are given for comparison. The breakdown into El, SD and DD is
also given, as well as the corresponding fractional contributions from these. The fWW

� factor (49) is also shown,
and the average survival factor, when a veto is imposed, is given in the last row. Theoretical uncertainties not
shown, but are discussed in the text.

� [fb] (�i/�tot), l+l� EL SD DD Total f
ll
�

No veto, no S
2 11.3 (9.5%) 50.9 (43.0%) 56.5 (47.5%) 119 10.5

Veto, no S
2 11.3 (13.5%) 38.7 (46.0%) 34.0 (40.5%) 84.0 7.4

Veto, S2 9.61 (24.0%) 24.9 (62.5%) 5.42 (13.5%) 39.9 3.5

hS2i 0.85 0.64 0.16 0.48 -

Table 8: As in Table 7, but for lepton pair production. Lepton cuts (34) are applied, rather than (15), with in
particular mll > 2mWW required. The f ll

� factor (49) is also shown, and the average survival factor, when a veto
is imposed, is given in the last row.

contributions are modified accordingly. This is again as expected: the veto suppresses the DD
contribution most, for which there is a larger potential for radiation in the veto region. The
SD and DD are now equally dominant, and the EL contribution is ⇠ 10%. We note that this
is qualitatively similar to the results in Table 4, although not identical to it. In particular, the
cross sections including the veto at the hadron level are ⇠ 5% lower and ⇠ 10% higher in the
SD and DD cases, respectively. Finally, including the survival factor significantly reduces the
DD component by a further ⇠ 85%, while the EL (SD) cases are reduced by ⇠ 20% (60%); that,
is the average survival factors are ⇠ 0.8, 0.6 and 0.15 in the EL, SD and DD cases, respectively.
This is as expected from the discussion at the end of Section 4. That is, the DD component,
for which the underlying interaction is entirely inelastic, occurs at relatively low proton–proton
impact parameters and is therefore rather sensitive to the impact of MPI once a rapidity veto
is applied. For EL and SD production on the other hand, we have at least one elastic photon in
the initial–state, and the corresponding interaction is more peripheral. In terms of the invariant
mass distributions shown in Fig. 12, we can see that the fractional contributions are relatively
flat, although some trend is observed with increasing mass once the survival factor is included;
as discussed above the impact of survival e↵ects is not necessarily constant with respect to the
particle kinematics, and this is indeed observed here. The same plot for the lepton pair case
discussed below is shown in Fig. 13, and a similar trend is observed.

the precision of the current comparison, although for future studies this can be straightforwardly accounted for.
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★ Veto (imposed at particle level on SC + Pythia) reduces cross section by 
a factor of over ~ 2. 

★ Survival factor reduces cross section by further factor of over ~ 2.

★ In both cases impact on DD largest, EL smallest.

• Break down to show impact of veto and survival factor for demonstration:

• Proper account of both effects clearly key to matching data.

• What about impact of non-PI?
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Figure 6: Classes of Feynman diagrams contributing to W+W� DD production at LO in the qq ! W+W�qq
process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.

the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
W

� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
W

� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.
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• Impact of non-PI: can only sensibly address by working in axial gauge, where 
power counting present. 

• Alternative: compare with lepton pair production in similar kinematic region.
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Figure 11: Classes of Feynman diagrams contributing to l+l� DD production at LO in the qq ! l+l�qq process,
with various permutations implied.

required to be present in the detector. To be precise, we apply the cuts described in [63] at
parton–level, namely we require the two tagging jets (which at our LO level are just the outgoing
quark/antiquarks) to have

pj? � 20GeV , |yj |  4.5 , (31)

�yjj > 4 , yj1 · yj2 < 0 , Mjj > 600GeV . (32)

The same lepton cuts as in (15) are applied, but we in addition require that

�Rjl � 0.4 , yj,min < ⌘l < yj,max . (33)

Results are shown in Fig. 10 and Table 5. We note that the VBS cuts now imply that only
the DD contribution is present, and there are no subtleties related to the treatment of the low
Q

2
i region as in the previous case. We can see that very similar trends are observed to those

discussed above. Namely, the unitary gauge SF result shows as expected an unphysical growth
with invariant mass. This is tamed by working in the axial gauge (or on–shell calculation), but
here the result lies significantly below the full calculation. This is as we would expect, given that
the VBS cuts require somewhat larger Q

2
i values in order for the tagging jets to be registered

(although the mjj and �yjj requirements impose upper limits on these). Interestingly, once the
Z–initiated contributions are included, the axial gauge SF result again lies rather close to the
full calculation. Moreover, if we instead use purely LO SFs, i.e. to match the treatment of the
full result (which we recall is at LO parton level), then the agreement is improved further. The
remaining di↵erence is then purely due to the impact of the additional diagrams, other than
the PI and Z–initiated. Clearly, for phenomenological applications one can and should apply
the full calculation. However, in principle this might provide some guidance as to the potential
impact of higher order (NNLO...) corrections in the full case, given these are particularly simple
for the SF calculation.

3 Lepton pair production revisited

Given the issues raised above, it is worth revisiting the predictions of [7] for lepton pair pro-
duction. In this case, it has been explicitly demonstrated in [29] that the pure PI contribution,
as calculated within the SF approach, provides the strongly dominant contribution away from
the Z peak region (see Fig. [2] of that paper). This is in particular true of the PI contribution
to inclusive lepton pair production, but as discussed above once we impose a rapidity veto the
s–channel DY topology will be strongly suppressed even on the Z peak, and hence we can expect
the PI contribution to dominate across the entire phase space.
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• Here impact of non-PI is found 
to be 1% level at most, and no 
issue with gauge invariance.

� [fb] (�i/�tot), W+
W

� EL SD DD Total f
WW
�

No veto, no S
2 0.701 (3.5%) 6.00 (30.3%) 13.1 (66.2%) 19.8 28.2

Veto, no S
2 0.701 (9.2%) 3.21 (42.3%) 3.68 (48.5%) 7.59 10.8

Veto, S2 0.565 (18.6%) 1.87 (61.6%) 0.599 (19.8%) 3.03 4.3

hS2i 0.81 0.58 0.16 0.40 -

Table 7: Cross section predictions (in fb) for W+W� production at
p
s = 13 TeV, from the SuperChic 4.1

MC + PYTHIA 8.2. Lepton cuts (15) applied. Results are shown with and without a rapidity veto (16) applied
at the hadron–level, as well as including the survival factor; the ‘Veto, S2’ predictions corresponds to the phe-
nomenologically relevant result, while the rest are given for comparison. The breakdown into El, SD and DD is
also given, as well as the corresponding fractional contributions from these. The fWW

� factor (49) is also shown,
and the average survival factor, when a veto is imposed, is given in the last row. Theoretical uncertainties not
shown, but are discussed in the text.

� [fb] (�i/�tot), l+l� EL SD DD Total f
ll
�

No veto, no S
2 11.3 (9.5%) 50.9 (43.0%) 56.5 (47.5%) 119 10.5

Veto, no S
2 11.3 (13.5%) 38.7 (46.0%) 34.0 (40.5%) 84.0 7.4

Veto, S2 9.61 (24.0%) 24.9 (62.5%) 5.42 (13.5%) 39.9 3.5

hS2i 0.85 0.64 0.16 0.48 -

Table 8: As in Table 7, but for lepton pair production. Lepton cuts (34) are applied, rather than (15), with in
particular mll > 2mWW required. The f ll

� factor (49) is also shown, and the average survival factor, when a veto
is imposed, is given in the last row.

contributions are modified accordingly. This is again as expected: the veto suppresses the DD
contribution most, for which there is a larger potential for radiation in the veto region. The
SD and DD are now equally dominant, and the EL contribution is ⇠ 10%. We note that this
is qualitatively similar to the results in Table 4, although not identical to it. In particular, the
cross sections including the veto at the hadron level are ⇠ 5% lower and ⇠ 10% higher in the
SD and DD cases, respectively. Finally, including the survival factor significantly reduces the
DD component by a further ⇠ 85%, while the EL (SD) cases are reduced by ⇠ 20% (60%); that,
is the average survival factors are ⇠ 0.8, 0.6 and 0.15 in the EL, SD and DD cases, respectively.
This is as expected from the discussion at the end of Section 4. That is, the DD component,
for which the underlying interaction is entirely inelastic, occurs at relatively low proton–proton
impact parameters and is therefore rather sensitive to the impact of MPI once a rapidity veto
is applied. For EL and SD production on the other hand, we have at least one elastic photon in
the initial–state, and the corresponding interaction is more peripheral. In terms of the invariant
mass distributions shown in Fig. 12, we can see that the fractional contributions are relatively
flat, although some trend is observed with increasing mass once the survival factor is included;
as discussed above the impact of survival e↵ects is not necessarily constant with respect to the
particle kinematics, and this is indeed observed here. The same plot for the lepton pair case
discussed below is shown in Fig. 13, and a similar trend is observed.

the precision of the current comparison, although for future studies this can be straightforwardly accounted for.
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contribution most, for which there is a larger potential for radiation in the veto region. The
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is qualitatively similar to the results in Table 4, although not identical to it. In particular, the
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contributions are modified accordingly. This is again as expected: the veto suppresses the DD
contribution most, for which there is a larger potential for radiation in the veto region. The
SD and DD are now equally dominant, and the EL contribution is ⇠ 10%. We note that this
is qualitatively similar to the results in Table 4, although not identical to it. In particular, the
cross sections including the veto at the hadron level are ⇠ 5% lower and ⇠ 10% higher in the
SD and DD cases, respectively. Finally, including the survival factor significantly reduces the
DD component by a further ⇠ 85%, while the EL (SD) cases are reduced by ⇠ 20% (60%); that,
is the average survival factors are ⇠ 0.8, 0.6 and 0.15 in the EL, SD and DD cases, respectively.
This is as expected from the discussion at the end of Section 4. That is, the DD component,
for which the underlying interaction is entirely inelastic, occurs at relatively low proton–proton
impact parameters and is therefore rather sensitive to the impact of MPI once a rapidity veto
is applied. For EL and SD production on the other hand, we have at least one elastic photon in
the initial–state, and the corresponding interaction is more peripheral. In terms of the invariant
mass distributions shown in Fig. 12, we can see that the fractional contributions are relatively
flat, although some trend is observed with increasing mass once the survival factor is included;
as discussed above the impact of survival e↵ects is not necessarily constant with respect to the
particle kinematics, and this is indeed observed here. The same plot for the lepton pair case
discussed below is shown in Fig. 13, and a similar trend is observed.

the precision of the current comparison, although for future studies this can be straightforwardly accounted for.
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fX
� ⇡ �EL + �SD + �DD

�EL

i.e. relative contribution from SD + DD is ~ 20% larger wrt 
pure EL in               case. Dominantly due to non-PI.

• Also leads to rather different breakdown between various channels. Crucial to 
account for - common previously to assume these are equal in extracting an 
‘exclusive’               signal.
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Final Remarks
• Alternative procedure: work in collinear factorization. However the DD 

component then requires a NNLO EW calculation +       dependence that is 
absent in our approach. Also not currently possible to evaluate      .

• Theory uncertainty dominantly due to survival factor, but largely correlated 
with       : possibility to calibrate. Another possibility: select same sign         
with gap (only DD present).

• A way to further test this approach + provide more information is clearly to 
tag the protons (ideally both). Then EL more effectively isolated.

• In the meantime a full account of all effects (non-PI, survival factor…) key 
for precision studies, EFT analyses etc.
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★ Have described first complete approach to modelling           
production with rapidity gaps at the LHC. Process with promising 
sensitivity to the EW sector of the SM and beyond.

★ Delicate interplay of photon-initiated + non-photon-initiated 
diagrams + MPI effects. Need to account for these if we are to do 
precision physics, at least without tagged protons.

★ Much work to do, and interesting studies to perform!

Thank you for listening!

Summary
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PI + ISR Showering

★ For purposes of LHE record, for inelastic 
emission take LO              vertex

★ Generate outgoing quark according to 
momentum conservation, preserving 
photon 4-momentum.

Figure 3. Leading and next-to-leading graphs for the process l + � ! L in the QCD improved
parton model.

At this point a comment is in order. We can systematically compute the cross section

assuming that ↵ and ↵s are of the same size, and that the parton densities themselves are

formally all of the same order. We dub this counting of the order “democratic”, and adopt

it here in what follows, since it is more transparent. In the democratic order-counting, the

index i appearing in Eq. (3.14) should also run over leptons. Furthermore, neglected terms

are of second order in both ↵ and ↵s, i.e. of order ↵2 and ↵↵s (the ↵
2
s term being absent),

relative to the Born term.

For phenomenological applications, however, we will take into account the fact that

↵ is smaller than ↵s, using as a guideline the relation ↵ ⇡ ↵
2
s. We dub this counting

“phenomenological”. According to it, the photon density of the proton is of order ↵L with

respect to a quark density, L being a log of µ2 over some typical hadronic scale. We can

assume L ⇡ 1/↵s. In this framework the contributions corresponding to the first and second

diagram in Fig. 3.14 are respectively of order ↵2
L, ↵2, while the last graph is formally of

order ↵
3
L ⇡ ↵

2
↵s (but is zero in the MS scheme). The next-to-leading correction is of

relative order 1/L ⇠ ↵s, rather than of order ↵ (as in the democratic counting), with

respect to the Born term. In the middle diagram of Fig. 3 light leptons can be excluded,

since their PDF is of order L2
↵
2, and their contribution is of order ↵4

L
2.5

The cross section for the process �(l + q ! L+ q), illustrated in the middle graph of

Fig. 3, is easily computed with standard methods. Details of the calculation are given in

App. D. We get

b�(0,0)
l� (yp) = �0M

2
�(ŝ�M

2) ,

(3.15)

b�(0,1)
li (yp) = e

2
i �0

↵(µ2)

2⇡


�2 + 3z + zp�q(z)

✓
log

M
2

µ2
+ log

(1� z)2

z

◆�
, (3.16)

where �0 is given in Eq. (3.12), ŝ = ys, z = M
2
/ŝ = x/y and

p�q(z) ⌘
1 + (1� z)2

z
. (3.17)

5Unless one considers the photon content of partially stripped ions [28].

– 9 –

q ! q�
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• SF calculation give precision prediction for photon        
and we would like showering/hadronisation of 
dissociation system to respect this.

PI Production: Relevance @ LHC 

 3

• Exclusive/semi-exclusive production: colour singlet photon naturally leads 
to events with intact protons/rapidity gaps in final state.

20

Lepton pair production

• 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
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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 Rapidity Gaps

• Clean, ~ pure QED process at LHC:

� Probe of BSM (anomalous couplings, ALPs, 
SUSY…). LHL et al., JHEP 1904 (2019) 010, EPJC 72 (2012) 1969, C. 

Baldenegro et al., JHEP 1806 (2018) 131, JHEP 1706 (2017) 
141, L. Beresford and J. Liu, arXiv:1908.05180, PRL 123 
(2019) no.14, 141801…

Photon collider search strategy for sleptons and dark matter at the LHC

Lydia Beresford1, ⇤ and Jesse Liu1, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK

We propose a search strategy using the LHC as a photon collider to open sensitivity to scalar
lepton (slepton ˜̀) production with masses around 15 to 60 GeV above that of neutralino dark matter
�̃0
1. This region is favored by relic abundance and muon (g� 2)µ arguments. However, conventional

searches are hindered by the irreducible diboson background. We overcome this obstruction by
measuring initial state kinematics and the missing momentum four-vector in proton-tagged ultra-
peripheral collisions using forward detectors. We demonstrate sensitivity beyond LEP for slepton
masses of up to 220 GeV for 15 . �m(˜̀, �̃0

1) . 60 GeV with 100 fb�1 of 13 TeV proton collisions.
We encourage the LHC collaborations to open this forward frontier for discovering new physics.

I. INTRODUCTION

Elucidating the elementary properties of dark matter
(DM) is among the most urgent problems in fundamental
physics. The lightest neutralino �̃0

1 in supersymmetric
(SUSY) extensions of the Standard Model (SM) is one
of the most motivated DM candidates [1–3]. A favored
scenario involves scalar partners of the charged leptons
(sleptons ˜̀) being one to tens of GeV above the �̃0

1 mass.
This enables interactions that reduce the �̃0

1 cosmologi-
cal relic abundance to match the observed value [4] via a
mechanism called slepton coannihilation [5, 6]. Further-
more, partners of the muon (smuon µ̃) and neutralinos
with masses near the weak scale are a leading explana-
tion for 3 � 4� deviations between measurements of the
muon magnetic moment and SM prediction [7–10].

Remarkably, Large Hadron Collider (LHC) searches
for these key targets have no sensitivity when mass dif-
ferences are 15 . �m(˜̀, �̃0

1) . 60 GeV [11–14]. Here,
Large Electron Positron (LEP) collider limits remain the
most stringent, excluding m(˜̀) . 97 GeV [15–17]. Sen-
sitivity is hindered by an obstruction generic to all LHC
search strategies for invisible DM states and their me-
diators [18–29]: the kinematics of colliding quarks and
gluons are immeasurable. Without this initial state in-
formation, the missing momentum four-vector pmiss left
by DM can only be determined in the plane transverse
to the beam (pmiss

T ). This precludes direct DM mass re-
construction that would otherwise provide e↵ective dis-
crimination against neutrino ⌫ backgrounds.

This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
Proton (AFP) [31] and CMS–TOTEM Precision Proton
Spectrometer (CT-PPS) [32, 33] forward detectors, which
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FIG. 8. Exclusive pair-production of sleptons ˜̀ via photon–photon fusion. Each slepton decays
directly to a lepton and neutralino �̃0
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FIG. 8. Exclusive pair-production of W boson pairs via photon–photon fusion in the `⌫`⌫ final
state.

FIG. 1. Exclusive pair production of (left) scalar leptons ‘slep-
tons’ ˜̀ decaying to dark matter �̃0

1 and (right) SM diboson
WW background using the LHC as a photon collider.

recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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Figure 1: Anomalous �Z production via photon fusion with intact protons in the final state.

The operators of Eq. (2.1) induce an anomalous Z ! ��� decay [29], with a partial width that
in our notation reads

�NP(Z ! ���) =
m9

Z(2⇣
2 + 2⇣̃2 � ⇣⇣̃)

8640⇡3
. (2.2)

An anomalous �� ! �Z reaction is also induced, which is the focus of this work. We find the
unpolarized differential cross section to be 1

d�NP
��!�Z

d⌦
=

�

16⇡2s

h
(3⇣2 + 3⇣̃2 � 2⇣⇣̃)(st+ tu+ us)2 � 4(⇣2 + ⇣̃2 � ⇣⇣̃)2m2

Zstu
i
, (2.3)

where s, t, and u are the usual Mandelstam variables and � = 1�m2
Z/s for the �Z final state.

As the EFT is nonrenormalizable, a breakdown of unitarity is expected at high energies. Using
the well-known partial wave analysis [30] we can estimate for what values of ⇣, ⇣̃ and s the theory
remains unitary. By imposing unitarity on the S-wave of the EFT amplitudes and neglecting the
Z boson mass one finds the conditions (see [4] for details on similar amplitudes)

|⇣ + ⇣̃|s2 < 4⇡ , |⇣ � ⇣̃|s2 <
12⇡

5
. (2.4)

As most of the recorded �Z events have
p
s below 1 TeV, we expect the EFT to remain unitary for

couplings up to
⇣, ⇣̃ < (10�12

� 10�11) GeV�4 . (2.5)

The sensitivities we will derive in Sec. 7 are much lower than these unitarity bounds. However, as a
caveat, we stress that unless the underlying New Physics model is very strongly coupled, the EFT
typically breaks down before unitarity is violated.

3 Contributions from New Physics

Loops of heavy particles charged under SU(2)L ⇥ U(1)Y contribute to the ���Z couplings. These
loop contributions only depend on the mass and quantum numbers of the particle in the loop and
can thus be given in full generality. Denoting hypercharge by Y , sine and cosine of the Weinberg
angle by sw and cw and labeling the SU(2)L representation by its dimension d, we can write [4]

⇣
⇣, ⇣̃

⌘
=

⇣
cs, c̃s

⌘ ↵2
em

swcw m4
d

✓
c2w

3d4 � 10d2 + 7

240
+ (c2w � s2w)

(d2 � 1)Y 2

4
� s2wY

4

◆
, (3.1)

1
It has been noted in [29] that the operators O± = O

�Z
± Õ

�Z
do not interfere. This property provides

a cross check of our result Eq. (2.3), as in this basis we get ⇣± = ⇣ ± ⇣̃, (3⇣2 + 3⇣̃2 � 2⇣⇣̃) = ⇣2+ + 2⇣2� and

4(⇣2 + ⇣̃2 � ⇣⇣̃) = ⇣2+ + 3⇣2� , hence a vanishing interference.

3

PI Production: Relevance @ LHC 
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• Exclusive/semi-exclusive production: colour singlet photon naturally leads 
to events with intact protons/rapidity gaps in final state.

20

Lepton pair production

• 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
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We propose a search strategy using the LHC as a photon collider to open sensitivity to scalar
lepton (slepton ˜̀) production with masses around 15 to 60 GeV above that of neutralino dark matter
�̃0
1. This region is favored by relic abundance and muon (g� 2)µ arguments. However, conventional

searches are hindered by the irreducible diboson background. We overcome this obstruction by
measuring initial state kinematics and the missing momentum four-vector in proton-tagged ultra-
peripheral collisions using forward detectors. We demonstrate sensitivity beyond LEP for slepton
masses of up to 220 GeV for 15 . �m(˜̀, �̃0

1) . 60 GeV with 100 fb�1 of 13 TeV proton collisions.
We encourage the LHC collaborations to open this forward frontier for discovering new physics.

I. INTRODUCTION

Elucidating the elementary properties of dark matter
(DM) is among the most urgent problems in fundamental
physics. The lightest neutralino �̃0

1 in supersymmetric
(SUSY) extensions of the Standard Model (SM) is one
of the most motivated DM candidates [1–3]. A favored
scenario involves scalar partners of the charged leptons
(sleptons ˜̀) being one to tens of GeV above the �̃0

1 mass.
This enables interactions that reduce the �̃0

1 cosmologi-
cal relic abundance to match the observed value [4] via a
mechanism called slepton coannihilation [5, 6]. Further-
more, partners of the muon (smuon µ̃) and neutralinos
with masses near the weak scale are a leading explana-
tion for 3 � 4� deviations between measurements of the
muon magnetic moment and SM prediction [7–10].

Remarkably, Large Hadron Collider (LHC) searches
for these key targets have no sensitivity when mass dif-
ferences are 15 . �m(˜̀, �̃0

1) . 60 GeV [11–14]. Here,
Large Electron Positron (LEP) collider limits remain the
most stringent, excluding m(˜̀) . 97 GeV [15–17]. Sen-
sitivity is hindered by an obstruction generic to all LHC
search strategies for invisible DM states and their me-
diators [18–29]: the kinematics of colliding quarks and
gluons are immeasurable. Without this initial state in-
formation, the missing momentum four-vector pmiss left
by DM can only be determined in the plane transverse
to the beam (pmiss

T ). This precludes direct DM mass re-
construction that would otherwise provide e↵ective dis-
crimination against neutrino ⌫ backgrounds.

This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
Proton (AFP) [31] and CMS–TOTEM Precision Proton
Spectrometer (CT-PPS) [32, 33] forward detectors, which
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FIG. 8. Exclusive pair-production of sleptons ˜̀ via photon–photon fusion. Each slepton decays
directly to a lepton and neutralino �̃0
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FIG. 8. Exclusive pair-production of W boson pairs via photon–photon fusion in the `⌫`⌫ final
state.

FIG. 1. Exclusive pair production of (left) scalar leptons ‘slep-
tons’ ˜̀ decaying to dark matter �̃0

1 and (right) SM diboson
WW background using the LHC as a photon collider.

recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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Figure 1: Anomalous �Z production via photon fusion with intact protons in the final state.

The operators of Eq. (2.1) induce an anomalous Z ! ��� decay [29], with a partial width that
in our notation reads

�NP(Z ! ���) =
m9

Z(2⇣
2 + 2⇣̃2 � ⇣⇣̃)

8640⇡3
. (2.2)

An anomalous �� ! �Z reaction is also induced, which is the focus of this work. We find the
unpolarized differential cross section to be 1

d�NP
��!�Z

d⌦
=

�

16⇡2s

h
(3⇣2 + 3⇣̃2 � 2⇣⇣̃)(st+ tu+ us)2 � 4(⇣2 + ⇣̃2 � ⇣⇣̃)2m2

Zstu
i
, (2.3)

where s, t, and u are the usual Mandelstam variables and � = 1�m2
Z/s for the �Z final state.

As the EFT is nonrenormalizable, a breakdown of unitarity is expected at high energies. Using
the well-known partial wave analysis [30] we can estimate for what values of ⇣, ⇣̃ and s the theory
remains unitary. By imposing unitarity on the S-wave of the EFT amplitudes and neglecting the
Z boson mass one finds the conditions (see [4] for details on similar amplitudes)

|⇣ + ⇣̃|s2 < 4⇡ , |⇣ � ⇣̃|s2 <
12⇡

5
. (2.4)

As most of the recorded �Z events have
p
s below 1 TeV, we expect the EFT to remain unitary for

couplings up to
⇣, ⇣̃ < (10�12

� 10�11) GeV�4 . (2.5)

The sensitivities we will derive in Sec. 7 are much lower than these unitarity bounds. However, as a
caveat, we stress that unless the underlying New Physics model is very strongly coupled, the EFT
typically breaks down before unitarity is violated.

3 Contributions from New Physics

Loops of heavy particles charged under SU(2)L ⇥ U(1)Y contribute to the ���Z couplings. These
loop contributions only depend on the mass and quantum numbers of the particle in the loop and
can thus be given in full generality. Denoting hypercharge by Y , sine and cosine of the Weinberg
angle by sw and cw and labeling the SU(2)L representation by its dimension d, we can write [4]

⇣
⇣, ⇣̃

⌘
=

⇣
cs, c̃s

⌘ ↵2
em

swcw m4
d

✓
c2w

3d4 � 10d2 + 7

240
+ (c2w � s2w)

(d2 � 1)Y 2

4
� s2wY

4

◆
, (3.1)

1
It has been noted in [29] that the operators O± = O

�Z
± Õ

�Z
do not interfere. This property provides

a cross check of our result Eq. (2.3), as in this basis we get ⇣± = ⇣ ± ⇣̃, (3⇣2 + 3⇣̃2 � 2⇣⇣̃) = ⇣2+ + 2⇣2� and

4(⇣2 + ⇣̃2 � ⇣⇣̃) = ⇣2+ + 3⇣2� , hence a vanishing interference.
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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
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! EW and NNLO QCD corrections can be comparable in size.

W , Z, WH, ZH, WW , tt, jets...
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• For consistent treatment of these, must 
incorporate QED in initial state: photon-
initiated production.

X Rapidity Gaps

• Clean, ~ pure QED process at LHC:
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Photon collider search strategy for sleptons and dark matter at the LHC
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1Department of Physics, University of Oxford, Oxford OX1 3RH, UK

We propose a search strategy using the LHC as a photon collider to open sensitivity to scalar
lepton (slepton ˜̀) production with masses around 15 to 60 GeV above that of neutralino dark matter
�̃0
1. This region is favored by relic abundance and muon (g� 2)µ arguments. However, conventional

searches are hindered by the irreducible diboson background. We overcome this obstruction by
measuring initial state kinematics and the missing momentum four-vector in proton-tagged ultra-
peripheral collisions using forward detectors. We demonstrate sensitivity beyond LEP for slepton
masses of up to 220 GeV for 15 . �m(˜̀, �̃0

1) . 60 GeV with 100 fb�1 of 13 TeV proton collisions.
We encourage the LHC collaborations to open this forward frontier for discovering new physics.

I. INTRODUCTION

Elucidating the elementary properties of dark matter
(DM) is among the most urgent problems in fundamental
physics. The lightest neutralino �̃0

1 in supersymmetric
(SUSY) extensions of the Standard Model (SM) is one
of the most motivated DM candidates [1–3]. A favored
scenario involves scalar partners of the charged leptons
(sleptons ˜̀) being one to tens of GeV above the �̃0

1 mass.
This enables interactions that reduce the �̃0

1 cosmologi-
cal relic abundance to match the observed value [4] via a
mechanism called slepton coannihilation [5, 6]. Further-
more, partners of the muon (smuon µ̃) and neutralinos
with masses near the weak scale are a leading explana-
tion for 3 � 4� deviations between measurements of the
muon magnetic moment and SM prediction [7–10].

Remarkably, Large Hadron Collider (LHC) searches
for these key targets have no sensitivity when mass dif-
ferences are 15 . �m(˜̀, �̃0

1) . 60 GeV [11–14]. Here,
Large Electron Positron (LEP) collider limits remain the
most stringent, excluding m(˜̀) . 97 GeV [15–17]. Sen-
sitivity is hindered by an obstruction generic to all LHC
search strategies for invisible DM states and their me-
diators [18–29]: the kinematics of colliding quarks and
gluons are immeasurable. Without this initial state in-
formation, the missing momentum four-vector pmiss left
by DM can only be determined in the plane transverse
to the beam (pmiss

T ). This precludes direct DM mass re-
construction that would otherwise provide e↵ective dis-
crimination against neutrino ⌫ backgrounds.

This Letter proposes a search strategy to resolve these
longstanding problems by using the LHC as a photon col-
lider [30]. In a beam crossing, protons can undergo an
ultraperipheral collision (UPC), where photons from the
electromagnetic fields interact to produce sleptons exclu-
sively pp ! p(�� ! ˜̀̀̃ )p. The sleptons decay as ˜̀! `�̃0

1,
resulting in the very clean final state p(2` + pmiss)p of
our search: two intact protons, two leptons `, and miss-
ing momentum (Fig. 1). As the beam energy is known,
measuring the outgoing proton kinematics determines
the colliding photon momenta and thus pmiss. This ex-
perimental possibility is opened by the ATLAS Forward
Proton (AFP) [31] and CMS–TOTEM Precision Proton
Spectrometer (CT-PPS) [32, 33] forward detectors, which
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FIG. 8. Exclusive pair-production of sleptons ˜̀ via photon–photon fusion. Each slepton decays
directly to a lepton and neutralino �̃0
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FIG. 8. Exclusive pair-production of W boson pairs via photon–photon fusion in the `⌫`⌫ final
state.

FIG. 1. Exclusive pair production of (left) scalar leptons ‘slep-
tons’ ˜̀ decaying to dark matter �̃0

1 and (right) SM diboson
WW background using the LHC as a photon collider.

recorded first data in 2017 and 2016 respectively. CMS–
TOTEM moreover observed double lepton production in
high-luminosity proton-tagged events [34], demonstrat-
ing initial state reconstruction is feasible.

Photon collisions at the LHC reach su�cient rates to
probe rare processes such as SM light-by-light scatter-
ing [35, 36], anomalous gauge couplings [37, 38], and
axion-like particles [39, 40]. Nonetheless, it is widely
considered that photon fusion production of sleptons
is not competitive as a discovery window compared to
electroweak production [11–14]; existing photon collider
studies therefore focus on slepton mass measurement for
specific benchmark points [41–45]. Our proposal argues
the contrary that photon collisions play an essential role
in SUSY and DM searches. We emulate AFP/CT-PPS
proton tagging, which enables powerful background sup-
pression. We demonstrate a strategy that surpasses LEP
sensitivity in the favored 15 . �m(˜̀, �̃0

1) . 60 GeV cor-
ridor, underscoring the importance of initial state kine-
matics and pmiss for the LHC discovery program.

II. PHOTON COLLIDER SIMULATION

Electromagnetic fields surrounding ultrarelativistic
protons can be modeled as a beam of nearly on-shell pho-
tons, which is known as the equivalent photon approxi-
mation [46]. We consider pair production of electrically
charged particles X via photon fusion �� ! XX. An-
alytic expressions of their QED cross-sections ���!XX
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Figure 1: Anomalous �Z production via photon fusion with intact protons in the final state.

The operators of Eq. (2.1) induce an anomalous Z ! ��� decay [29], with a partial width that
in our notation reads

�NP(Z ! ���) =
m9

Z(2⇣
2 + 2⇣̃2 � ⇣⇣̃)

8640⇡3
. (2.2)

An anomalous �� ! �Z reaction is also induced, which is the focus of this work. We find the
unpolarized differential cross section to be 1

d�NP
��!�Z

d⌦
=

�

16⇡2s

h
(3⇣2 + 3⇣̃2 � 2⇣⇣̃)(st+ tu+ us)2 � 4(⇣2 + ⇣̃2 � ⇣⇣̃)2m2

Zstu
i
, (2.3)

where s, t, and u are the usual Mandelstam variables and � = 1�m2
Z/s for the �Z final state.

As the EFT is nonrenormalizable, a breakdown of unitarity is expected at high energies. Using
the well-known partial wave analysis [30] we can estimate for what values of ⇣, ⇣̃ and s the theory
remains unitary. By imposing unitarity on the S-wave of the EFT amplitudes and neglecting the
Z boson mass one finds the conditions (see [4] for details on similar amplitudes)

|⇣ + ⇣̃|s2 < 4⇡ , |⇣ � ⇣̃|s2 <
12⇡

5
. (2.4)

As most of the recorded �Z events have
p
s below 1 TeV, we expect the EFT to remain unitary for

couplings up to
⇣, ⇣̃ < (10�12

� 10�11) GeV�4 . (2.5)

The sensitivities we will derive in Sec. 7 are much lower than these unitarity bounds. However, as a
caveat, we stress that unless the underlying New Physics model is very strongly coupled, the EFT
typically breaks down before unitarity is violated.

3 Contributions from New Physics

Loops of heavy particles charged under SU(2)L ⇥ U(1)Y contribute to the ���Z couplings. These
loop contributions only depend on the mass and quantum numbers of the particle in the loop and
can thus be given in full generality. Denoting hypercharge by Y , sine and cosine of the Weinberg
angle by sw and cw and labeling the SU(2)L representation by its dimension d, we can write [4]

⇣
⇣, ⇣̃

⌘
=

⇣
cs, c̃s

⌘ ↵2
em

swcw m4
d

✓
c2w

3d4 � 10d2 + 7

240
+ (c2w � s2w)

(d2 � 1)Y 2

4
� s2wY

4

◆
, (3.1)

1
It has been noted in [29] that the operators O± = O

�Z
± Õ

�Z
do not interfere. This property provides

a cross check of our result Eq. (2.3), as in this basis we get ⇣± = ⇣ ± ⇣̃, (3⇣2 + 3⇣̃2 � 2⇣⇣̃) = ⇣2+ + 2⇣2� and

4(⇣2 + ⇣̃2 � ⇣⇣̃) = ⇣2+ + 3⇣2� , hence a vanishing interference.

3

x,Q2

<latexit sha1_base64="Isse5gqy1xsalDZ5Y9h7GUx9skY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKVhvBS8eW7Af0K4lm2bb2GyyJFmxLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NIyUYQ2ieRSdQKsKWeCNg0znHZiRXEUcNoOxjczv/1IlWZS3JlJTP0IDwULGcHGSq2nC9S4v+wXS27ZnQOtEi8jJchQ7xe/egNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrPKAIVS2RIGzdXfEymOtJ5Ege2MsBnpZW8m/ud1ExNW/ZSJODFUkMWiMOHISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSwIXjLL6+S1mXZq5SvG5VSrZrFkYcTOIVz8OAKanALdWgCgQd4hld4c6Tz4rw7H4vWnJPNHMMfOJ8/bGiOXQ==</latexit>

• No clear off-the-shelf way to do this, so take simplified approach:

• ISR/FSR will then modify photon 4-momentum. Not ideal, but for purpose of 
current study sufficient.

• In addition, must turn off global recoil in Pythia to get realistic result (no 
colour connection between beams).

20



Axial gauge

• Gauge fixing term in SM Lagrangian has the form:

Figure 3: As in Fig. 1 (top), but for the EW axial gauge.

2.3 The axial gauge

To general solution to the issue of unitarity breaking e↵ects discussed above is rather straight-
forward. That is, the pure PI diagrams only correspond to a subset of the whole group of gauge
invariant diagrams that contribute to W

+
W

� production, shown in Figs. 6 and 7, for the DD
and SD cases, respectively. It is only once these are included that the issue will be resolved.
Nonetheless, it is not immediately obvious that these additional diagrams should provide such a
significant contribution. In particular, a straightforward analysis of the propagators that enter
in the di↵erent cases demonstrates that the pure PI diagrams are the only ones for which the
corresponding amplitude contains a t–channel, ⇠ 1/Q2

1Q
2
2, pole structure. The residue of these

poles must therefore be gauge invariant, and indeed is precisely the ingredient that e↵ectively
enters the cross section in the on–shell (or equivalent photon) approximation. More broadly,
we can expect the additional amplitudes to be suppressed by at least ⇠ Q

2
i /M

2
Z , or Q

2
i /M

2
WW ,

where the former scaling comes from the inclusion of initial–state Z boson in the VBS scattering
diagrams. Indeed, in [29] the impact of the equivalent diagrams in the case of lepton pair pro-
duction are found to be very small away from the Z peak region, precisely due to these general
expectations (see Section 3).

However, as discussed in e.g. [40], the O(Q2
i /M

2
Z,WW ) corrections to the pure PI diagrams

that enter once one moves away from the on–shell limit are not individually gauge invariant
(here and in what follows it is implicit that MZ ⇠ MW for the purpose of such counting). In
the unitary gauge, these corrections can receive large ⇠ EW /MW corrections, for longitudinal
W bosons, and the power counting breaks down. An interesting possibility, discussed in [38–41],
that avoids this issue is to instead in the EW axial gauge. The basic formalism is described
in [38,42], and corresponds to applying the gauge fixing term

Lgf = �1

2
�n

µ
A

a
µA

b
⌫n

⌫ � 1

2
�(n ·B)2 , (22)

to the EW Lagrangian, where n is an in principle arbitrary constant 4–vector. Here A
a
µ (a =

1, 2, 3) are the SM SU(2) gauge fields and Bµ is the U(1)Y gauge field, i.e. defined in the
usual way prior to spontaneous symmetry breaking. � ! 1 is then taken in the derivation
of the Feynman rules. In comparison to the unitary gauge, this leads to the introduction of
intermediate Goldstone bosons �W,Z , similarly to the R⇠ gauge. We use the realisation of [42],
for which the W,Z and �Z,W propagators are diagonal, but the interaction vertices (including
between the purely ‘physical’ fields W,Z, �) are modified. An alternative approach is given
in [38], for which the interaction vertices are not modified at the expense of introducing mixed
propagators between the bosonic fields.
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nµ

Figure 4: As in Fig. 2 (top), but for the EW axial gauge.

� [fb] Axial

EL SD DD

No veto 0.701 3.25 3.64

Veto 0.701 2.52 2.26

Table 2: Cross sections (in fb) corresponding to Figs. 3 (left). See figure captions for definitions.

The full list of Feynman rules are given in [42], and are not repeated here. However we note
for concreteness that the vector n enters explicitly in the e.g. the modification to the EW boson
propagators:

�µ⌫(k) = �i

gµ⌫ � nµk⌫+nµk⌫
n·k + kµk⌫

n2

(n·k)2

k2 �M2 + i✏
, (23)

where M is the boson mass, and in the definition of the W (and Z) boson polarization vectors.
In particular, for n2 = 0 the longitudinal polarization is simply

✏
µ
L(k) = i

MW

k · nn
µ
, (24)

and similarly for the Z, while the transverse polarization vectors satisfy

✏± · k = ✏± · n = 0 , (25)

as well as the usual orthonormal conditions (note that (24) does not satisfy the first requirement).
We can immediately see that the longitudinal polarization vector no longer scales as ⇠ EW /MW

at high energy, and hence no unitarity breaking e↵ects will be expected. Some care is needed
over the choice of n, as while the full gauge invariant result is independent of it, the gauge
dependent pure PI subset is not. In this case, to avoid instabilities in the result, as in [41] we
choose

n = (1, 0, 0, 1) , (26)

in the lab frame. By choosing n to lie along one of the beam directions, it can in particular be
shown that this avoids the case that n · k = 0 in the denominator of the W propagators (23),
which would lead to ill–defined results when all diagrams are not included.

The equivalent results to the unitary case in the previous section are shown in Figs. 3 and 4.
The unitarity breaking e↵ects are clearly absent, as expected, and indeed the distributions look

13

• This leads to          longitudinal polarizations that no longer grow with 
energy. For             have:      
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n2 = 0

• In such a case power counting reintroduced:
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Figure 6: Classes of Feynman diagrams contributing to W+W� DD production at LO in the qq ! W+W�qq
process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.

the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
W

� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
W

� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.
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the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
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� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W
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4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.

15

<latexit sha1_base64="+aOXQ10k1q5CrxDork1MnNw0dRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqHgqePFY0X5AG8pmu0mXbjZhdyKU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmBakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnYAaLoXiTRQoeSfVnMaB5O1gdDvz209cG5GoRxyn3I9ppEQoGEUrPfSiqF+uuFV3DrJKvJxUIEejX/7qDRKWxVwhk9SYruem6E+oRsEkn5Z6meEpZSMa8a6lisbc+JP5qVNyZpUBCRNtSyGZq78nJjQ2ZhwHtjOmODTL3kz8z+tmGF77E6HSDLlii0VhJgkmZPY3GQjNGcqxJZRpYW8lbEg1ZWjTKdkQvOWXV0nroupdVmv3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGETzDK7w50nlx3p2PRWvByWeO4Q+czx8/jo3D</latexit>� <latexit sha1_base64="zXizt/6iOfCQgP/oKGc0hpQlMrI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqHgqePFY0X5AG8pmO2mXbjZhdyOU0p/gxYMiXv1F3vw3btsctPXBwOO9GWbmhang2njet1NYW9/Y3Cpul3Z29/YPyodHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBWObmd+6wmV5ol8NOMUg5gOJI84o8ZKD67r9soVz/XmIKvEz0kFctR75a9uP2FZjNIwQbXu+F5qgglVhjOB01I305hSNqID7FgqaYw6mMxPnZIzq/RJlChb0pC5+ntiQmOtx3FoO2NqhnrZm4n/eZ3MRNfBhMs0MyjZYlGUCWISMvub9LlCZsTYEsoUt7cSNqSKMmPTKdkQ/OWXV0nzwvUv3ep9tVK7yeMowgmcwjn4cAU1uIM6NIDBAJ7hFd4c4bw4787HorXg5DPH8AfO5w9Mao0j</latexit>...

21



� [fb] On–shell Collinear Axial Axial (inc. Z) Full

EL 0.696 0.713 0.701 0.701 0.701

SD 3.31 3.73+0.40
�0.41 3.25 6.11 6.00

DD 3.81 4.71+1.07
�0.95 3.64 11.9 13.1

Total 7.82 9.15+1.47
�1.36 7.59 18.7 19.8

Table 3: Cross sections (in fb) for W+W� production at
p
s = 13 TeV, as described in the text. Lepton cuts

(15) applied. Scale variation uncertainty given for collinear SD and DD predictions (for the EL case these are
below the quote level of precision so are omitted), but otherwise central values shown only. ‘Total’ corresponds
to sum of EL, SD and DD. On–shell and axial gauge numbers are as in Tables 1 and 2, respectively, and are
repeated for comparison. The EL cross section for the axial (inc. Z) case is by construction the same as the pure
axial gauge result.

precisely, we can see from Table 3 that in the SD case the full cross section is just under a factor
of ⇠ 2 larger, while for the DD case this is more like a factor of ⇠ 3.

For elastic production, the results is by construction the same as the axial gauge case, as here
we simply apply the latter result. The cross section here is strongly peaked at low photon Q

2
i ,

and hence we expect the result to lie very close to the gauge invariant on–shell case. However,
the initial–state photons are not exactly on–shell, and hence some residual gauge dependence
will remain. Indeed, we can see from Table 1 that the elastic result in the unitary gauge is
⇠ 0.5% higher than in the axial gauge. This di↵erence is small, though not entirely negligible,
and would in principle be resolved by including the equivalent of the non–PI diagrams in Fig. 6
for the elastic case, e.g. due to two–photon contributions with the proton. We leave this rather
subtle question to future study, and instead here apply the axial gauge result. This choice is
guided by the fact that on general grounds the Q2

i /M
2
Z,WW power counting cannot be applied in

the unitary gauge, as discussed in Section 2.3, and hence this may result in unphysical results
when applied to the calculation of the pure PI contribution. In reality, this ⇠ 0.5% di↵erence
can only be considered as a genuine uncertainty in the result, which in any case enters at a
similar level to the experimental uncertainty on the elastic proton form factors. We note that
the axial gauge prediction lies ⇠ 0.5% above the on–shell result, due to the small but non–
negligible impact of non–zero Q

2
i corrections (though again this is of the order of the theoretical

uncertainty).
In the top right plot the experimentally more realistic case is shown, that is when the veto

(16) is imposed at the parton level (with no survival factor included), with the cross section
values given in Table 4. This reduces the level of di↵erence observed between the full and axial
gauge results, as we would expect: the impact of the veto is to reduce the contribution from the
higher Q2

i region, and hence enhance the pure PI component. Nonetheless, we can see that even
so this di↵erence is non–negligible. From the table we can see that for SD (DD) production this
is at the level of a factor of ⇠ 1.5 (2), in comparison to ⇠ 2 (3) for the case without a veto. The
level of reduction is rather larger for the DD cross section, as we would expect given the impact
of the veto is larger there. In particular, for the purely elastic case, and hence for the elastic
emission in the SD case, all events pass the parton–level veto.

The impact of non–PI production diagrams is therefore clearly significant, despite the⇠ 1/Q2
i

enhancement in the PI case. To analyse this question in further detail, it is interesting to consider
the axial gauge result, but now also including the Z–initiated contributions as in Figs. 6 and 7
(a) to the pure VBS diagrams (i.e. �/Z�/Z ! W

+
W

� with o↵–shell bosons in the initial–state),
including the s–channel contribution from the Higgs boson. These are suppressed by (powers of)
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Axial gauge

• Cross sections well behaved (even without veto), and rather close to full 
result.

Figure 2: As in Fig. 1, but now with the veto (16) imposed at the parton level (no survival factor included), as
described in the text.

� [fb] Unitary On–shell

EL SD DD EL SD DD

No veto 0.704 5.01 222 0.696 3.31 3.81

Veto 0.704 2.76 3.03 0.696 2.53 2.30

Table 1: Cross sections (in fb) corresponding to Figs. 1 (left) and 2 (left). See figure captions for definitions.

top left plot a significant enhancement in the DD case, which in the top right plot we can see is
driven by the case of purely longitudinal W polarizations, i.e. precisely the unitarity breaking
e↵ects discussed above.

In fact, in this case we can derive some rather simple analytic expectations for the impact of
unitarity breaking e↵ects. In particular, the e↵ect of the veto is to suppress larger values of the
photon Q

2
i (see [57] for exact expressions), such that these e↵ects are driven by the large MWW

behaviour of the �� ! W
+
W

� amplitudes at fixed Q
2
i ⌧ M

2
WW . We can in particular expand

in terms of the helicity amplitudes:

Mµ⌫ =
X

�1�2

M�1�2✏
µ
�1
✏
⌫
�2

(17)

where M is the �(q1)�(q2) ! W
+(p+)W�(p�) amplitude, with q

2
i = �Q

2
i 6= 0 in general. Here

the sum is over the photon polarization vectors ✏�i , while the W polarizations are left implicit.
As we have the usual Ward identity relation q

µ
1Mµ⌫ = q

⌫
2Mµ⌫ = 0 there are three independent

10

vs
• Interestingly this is particularly true 

once we include Z-initiated 
production.
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‘Hybrid’ Calculation: DD
<latexit sha1_base64="h9WgiMmAEMBV77AjEAW/Yl2bl1k=">AAACB3icdVDLSgMxFM34rPVVdSlIsAgupExK6UMQCi502YJ9QDsdMmnahiYzQ5IRytCdG3/FjQtF3PoL7vwbM20FFT1w4eSce8m9xws5U9q2P6yl5ZXVtfXURnpza3tnN7O331RBJAltkIAHsu1hRTnzaUMzzWk7lBQLj9OWN75M/NYtlYoF/o2ehNQReOizASNYG8nNHNV7eTfuSgFJpKfwAqLu2ex5RZu9/NTNZO2cbdsIIZgQVCrahlQq5TwqQ5RYBlmwQM3NvHf7AYkE9TXhWKkOskPtxFhqRjidpruRoiEmYzykHUN9LKhy4tkdU3hilD4cBNKUr+FM/T4RY6HURHimU2A9Ur+9RPzL60R6UHZi5oeRpj6ZfzSIONQBTEKBfSYp0XxiCCaSmV0hGWGJiTbRpU0IX5fC/0kzn0PFXKFeyFbPF3GkwCE4BqcAgRKogmtQAw1AwB14AE/g2bq3Hq0X63XeumQtZg7AD1hvn9rPmAg=</latexit>
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Figure 6: Classes of Feynman diagrams contributing to W+W� DD production at LO in the qq ! W+W�qq
process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.

the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
W

� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
W

� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.
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Figure 6: Classes of Feynman diagrams contributing to W+W� DD production at LO in the qq ! W+W�qq
process. The blob in plot (a) denotes the sum of the t, u–channel and contact diagrams. Diagrams correspond to
the case of up–type initiating quarks for concreteness, and with various permutations implied.

the t and s channel diagrams, or simply observing that in the s–channel process of Fig. 5 (b) one
could replace the final–state quarks with e.g. leptons, in which case only the s–channel would
be present.

It is therefore safely gauge–invariant to simply omit these s–channel diagrams. The squared
s–channel contribution can then be included, if such precision is required, as an NNLO EW
correction to the LO process of Fig. 5 (a); again, to include these here would amount to double
counting given this background is subtracted in experimental analyses. However, there still re-
mains in principle the interference between the s and t–channel diagrams. As these are enhanced
in distinct kinematics regions, we can expect this to be very small. In particular, the dominant
t–channel contribution come from when the final–state quarks are collinear with the initiating
beams, whereas in the s–channel contribution there is no such enhancement. Indeed, in the case
of Fig. 5 (b) there is in principle a collinear enhancement as the final–state quark/antiquark
pair becomes collinear4. A full evaluation of this interference would require an account of
parton–showering e↵ects, which we recall will act to dominantly suppress the pure s–channel
contribution. However, to keep things simple we can impose the veto (16) at parton–level and
evaluate the corresponding interference. We find that this enters at the level of ⇠ 0.1 % of the
DD cross section. Bearing in mind that parton–shower e↵ects will further reduce the relative
contribution from this, we can therefore safely omit it in what follows. Finally, we emphasise
that this question does not arise in the SD case, for which no distinct class of s–channel diagrams
is present, and Fig. 7 corresponds to the entire set of contributing diagrams at this order.

2.5 Hybrid approach: basic idea

As mentioned in the previous section, the pure PI contributions to W
+
W

� scattering only repre-
sent a (gauge dependent) subset of the full set of diagrams that enter into W

+
W

� production.

4Indeed, this is IR divergent for the squared s–channel diagram, and will be cancelled by the corresponding
virtual contribution in the usual way. For the interference on the other hand, this collinear region is perfectly
regular.
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• If only satisfied by one beam then include:
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Figure 7: Classes of Feynman diagrams contributing to W+W� SD production at LO in the q� ! W+W�q
process. Diagrams correspond to the case of up–type initiating quarks for concreteness, and with various permu-
tations implied. Notation as in Fig. 6.

These are shown in Figs. 6 and 7, for the DD and SD cases, respectively. We in particular
show the corresponding quark–initiated processes at LO, considering the case of purely up–type
quarks for concreteness. The PI process corresponds to diagram (a), with the contribution from
initial–state Z bosons omitted. While the non–PI diagrams are expected to be kinematically
subleading, we have seen that this is only apparent once we work in an appropriate gauge, such
as the axial gauge. Moreover, even then the contribution from these additional diagrams may
not be negligible. With this in mind we include these in this section. As discussed above, we
can safely only include the t–channel diagrams in the DD case in what follows.

Now, if we simply calculated the contribution from the diagrams as in Figs. 6 and 7 at
LO, i.e. with initial–state massless quarks (and photons in the latter case) and using standard
collinear factorization, then these would of course contain singularities due to the (Q2

i ! 0)
region of collinear q ! q� emission. The textbook approach to deal with this would as usual be
to apply appropriate collinear subtractions, as well as to include the corresponding lower order
PI diagrams. These latter diagrams would be included via a collinear photon PDF, suitably
calculated via the LUXqed approach, e.g. [43, 44, 58, 59]. This will however introduce a degree
of scale variation uncertainty into the result, and moreover has no direct way of dealing with
the low Q

2
i , W

2
i region (where pQCD is not reliable) di↵erentially, as discussed in [28, 29]; the

latter point is particularly relevant when it comes to the inclusion of the soft survival factor, as
we will discuss later on.

Now, the above points are in many cases inevitable e↵ects of the necessary application of
collinear factorization to the problem, which of course provides a robust framework for including
successive orders in the calculation within perturbation theory, and hence of reducing the scale
variation uncertainty in the result, as well as dealing with e.g. collinear � ! qq emission in the
initial state, as discussed further in [29]. However, in the current case the distinct requirement
that comes from imposing a rapidity veto allows us to take a di↵erent approach. In particular,
while the class of diagrams show in Figs. 6 (b) and 7 (b) in principle contain a region of collinear
� ! qq emission, this is removed by the rapidity veto we impose. That is, considering Fig. 7 (b)
for simplicity, the collinear � ! qq region only occurs when the outgoing quark on the upper line
in the figure is collinear to the initial–state photon, such that the outgoing quark which originates
from upper beam is collinear to the lower beam direction. This is in other words an s–channel
contribution, and is certainly excluded by the rapidity veto. An identical argument applies in
the case of Fig. 6 (b). We note that both of these diagrams are nonetheless explicitly included
for consistency (in contrast to the s–channel diagrams considered in the previous section, which
can be safely excluded), even if their dominant contribution will be suppressed by the rapidity
veto.

We are therefore left with the those due to collinear q ! q� emission, which occurs in the
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1

2 (inelastic)

• If neither, then apply SF calculation.
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Theoretical uncertainties
• Experimental uncertainty on SFs:

★ Elastic form factors - A1 collaboration, experimental uncertainty.
★ 50% varation in           .
★ Variation of         transition between CLAS/HERMES fits.
★ Difference between CLAS and CB fits to resonant region.
★ PDF uncertainty on NNLO QCD prediction for                         continuum.
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Q2 > 1GeV2

✦ Gives ~ 1-1.5% uncertainty. Largest for DD.

• Higher order corrections in parton-level result:

★ Varying                  by factor of 2 gives 2(3)% variation in SD(DD).

★ Taking                    gives result consistent with this variation.

★ Removing reweighting to have fixed     as per Madgraph - 1% level.

★ To give better description of low region where PI dominates we 
reweight by NNLO K-factor for      . Removing this leads to ~ 2(5)% 
change in SD, DD. Conservative as default choice is more accurate.
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✦ Gives ~ 2(5)% uncertainty for SD (DD). None for EL.
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Theoretical uncertainties
• Increasing values of                   to                results in ~ 1% reduction in cross 

section. Even this is conservative. 
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10GeV2

• Survival factor:
★ EL: ~1% level, due to peripheral nature of interaction.

★ SD, DD: calculation assume ‘two-channel’ model of proton, where 
incoming beam superposition of two diffractive eigenstates. Freedom in 
modelling how production process couples to these. Reasonable 
variation gives ~ 10(50)% in SD (DD) case.

✦ For DD in particular this is an estimate. Survival factor modelling 
constrained by existing soft hadronic data, but certainly model 
dependent. Constraining with similar (lepton, same sign W) data 
useful.
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� [fb] (�i/�tot), W+
W

� EL SD DD Total f
WW
�

No veto, no S
2 0.701 (3.5%) 6.00 (30.3%) 13.1 (66.2%) 19.8 28.2

Veto, no S
2 0.701 (9.2%) 3.21 (42.3%) 3.68 (48.5%) 7.59 10.8

Veto, S2 0.565 (18.6%) 1.87 (61.6%) 0.599 (19.8%) 3.03 4.3

hS2i 0.81 0.58 0.16 0.40 -

Table 7: Cross section predictions (in fb) for W+W� production at
p
s = 13 TeV, from the SuperChic 4.1

MC + PYTHIA 8.2. Lepton cuts (15) applied. Results are shown with and without a rapidity veto (16) applied
at the hadron–level, as well as including the survival factor; the ‘Veto, S2’ predictions corresponds to the phe-
nomenologically relevant result, while the rest are given for comparison. The breakdown into El, SD and DD is
also given, as well as the corresponding fractional contributions from these. The fWW

� factor (49) is also shown,
and the average survival factor, when a veto is imposed, is given in the last row. Theoretical uncertainties not
shown, but are discussed in the text.

� [fb] (�i/�tot), l+l� EL SD DD Total f
ll
�

No veto, no S
2 11.3 (9.5%) 50.9 (43.0%) 56.5 (47.5%) 119 10.5

Veto, no S
2 11.3 (13.5%) 38.7 (46.0%) 34.0 (40.5%) 84.0 7.4

Veto, S2 9.61 (24.0%) 24.9 (62.5%) 5.42 (13.5%) 39.9 3.5

hS2i 0.85 0.64 0.16 0.48 -

Table 8: As in Table 7, but for lepton pair production. Lepton cuts (34) are applied, rather than (15), with in
particular mll > 2mWW required. The f ll

� factor (49) is also shown, and the average survival factor, when a veto
is imposed, is given in the last row.

contributions are modified accordingly. This is again as expected: the veto suppresses the DD
contribution most, for which there is a larger potential for radiation in the veto region. The
SD and DD are now equally dominant, and the EL contribution is ⇠ 10%. We note that this
is qualitatively similar to the results in Table 4, although not identical to it. In particular, the
cross sections including the veto at the hadron level are ⇠ 5% lower and ⇠ 10% higher in the
SD and DD cases, respectively. Finally, including the survival factor significantly reduces the
DD component by a further ⇠ 85%, while the EL (SD) cases are reduced by ⇠ 20% (60%); that,
is the average survival factors are ⇠ 0.8, 0.6 and 0.15 in the EL, SD and DD cases, respectively.
This is as expected from the discussion at the end of Section 4. That is, the DD component,
for which the underlying interaction is entirely inelastic, occurs at relatively low proton–proton
impact parameters and is therefore rather sensitive to the impact of MPI once a rapidity veto
is applied. For EL and SD production on the other hand, we have at least one elastic photon in
the initial–state, and the corresponding interaction is more peripheral. In terms of the invariant
mass distributions shown in Fig. 12, we can see that the fractional contributions are relatively
flat, although some trend is observed with increasing mass once the survival factor is included;
as discussed above the impact of survival e↵ects is not necessarily constant with respect to the
particle kinematics, and this is indeed observed here. The same plot for the lepton pair case
discussed below is shown in Fig. 13, and a similar trend is observed.

the precision of the current comparison, although for future studies this can be straightforwardly accounted for.
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�

• Above result has significant bearing on common practice. That is, to measure: 

in dilepton sample with                       and evaluate (EL better known theory):
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�EL,theor

• This is then used to give a predicted                cross section assuming 
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• But we do not expect this to be true! ATLAS measure:
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f ll
� = 3.59± 0.15

• Agrees well with our theory         . But follow above procedure get:

once the experimentally relevant veto is imposed, the relative contribution from this is greatly
reduced, as we would expect. Nonetheless some di↵erence, driven by this e↵ect and the di↵ering
survival factors, remains. The final prediction is a factor of⇠ 20% higher, and is not in agreement
with (50) within experimental uncertainties. Naively, one might still consider this to be in
agreement within theoretical uncertainties, which gives f

WW
� = 4.3 ± 0.7, however this omits

the fact that the uncertainties in both cases are almost entirely driven by the modelling of
the survival factor, which to rather good approximation should be correlated between the two
cases. In particular, although the survival factor is not identical in the two cases, being process
dependent, one expects that any model variation that results in (say) an increased impact of MPI
should do so in both cases. We have seen this explicitly at the bottom of Section 6, where the
largest uncertainty precisely lies in the larger Q2

i region, and the process dependence is greatly
reduced. Therefore the uncertainty on the ratio of the predicted values of f� is much smaller.
We note that the fractional uncertainty in the current case is slightly larger than in the lepton
pair case due to the large contribution from SD and DD production, where the uncertainty, due
in particular to the survival factor, is larger.

Indeed, given this fact it is tempting to e↵ectively use the experimental measurement of
(50) to constrain our modelling of the soft survival factor. In particular, this roughly speaking
constrains the variation in the survival factor to be ⇠ 30% of the default conservative value,
so that the predicted f

ll
� is consistent with the data within uncertainties. Assuming complete

correlation between the lepton pair and W
+
W

� survival factors, this translates directly across
to a reduced uncertainty on our predicted W

+
W

� cross section, from roughly ±0.5 fb to ±0.2
fb. Now, the above results are certainly approximate, and in particular the assumption of full
correlation between the two cases is not completely correct, due both to the di↵ering components
of SD and DD production and the di↵erent survival factors themselves. The impact of the
former di↵erence can be readily accounted for using standard statistical techniques, while the
latter becomes more model dependent. We do not investigate this issue in further detail here,
given the size of the current experimental uncertainties, but simply note that the above results
will give a good estimate of the exact impact of such a technique, which can (and should) be
applied here. We emphasise that this procedure is not the same as assuming the underlying
elastic, SD and DD fractions are the same between the two cases, which as discussed above is
not correct.

Now, returning to the central values of f� , if we were to simply take the value from lepton
pair production, and multiply the prediction for elastic W

+
W

� production by this we would
arrive at

�
WW
f� = 3.5⇥ 0.701 fb = 2.45 fb , (51)

which we can see is somewhat lower than the measured fiducial cross section (48), albeit only
at the 1-2� level within current experimental uncertainties. In the ATLAS analysis, where
the experimentally determined value of (50) is used a slightly di↵erent, but similarly low cross
section prediction is arrived at10. Thus, there are already some hints in the data that such an
approach is disfavoured experimentally, as we would expect given the underlying assumption
(namely that f

ll
� and f

WW
� are equal in a comparable kinematic region) is only approximately

true.
10To be precise, in [6] the factor (50) is used to multiply the Herwig7 [75] prediction, which gives a somewhat

lower value for the corresponding cross section. The Herwig7 prediction for elastic W+W� is in particular ⇠ 7%
lower than our result, and indeed shows a similar level of suppression with respect to the MadGraph5 aMC@NLO
prediction quoted in the ATLAS analysis. We have explicitly checked our results here against MadGraph5 aMC@NLO,
and find good agreement, while the reason for this discrepancy in the case of Herwig7 is not clear. However for
lepton pair production we not that the SuperChic MC predictions are in good agreement with Herwig7, as can
e.g. be seen by comparing the results of [66] with the quoted results in [23].
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3.5± 0.5

i.e. rather low wrt data. Exactly as we would expect - effectively omits non-PI. Not 
sufficient for precision physics! Essential to follow approach as per this talk.
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Figure 6: The distribution of the number of tracks associated with the interaction vertex is shown. The fitted
normalisation factors and nuisance parameters have been used. The WW ! ,, signal region requires a selection of
=trk = 0, as indicated by the vertical dashed line. The @@ ! ,, component also contains a small contribution from
gluon-induced ,, and electroweak ,, 9 9 production. Similarly, ‘other @@ initiated’ includes contributions not
only from ,/ and // diboson production but also from top-quark production and other gluon-induced processes.
The total uncertainties are shown as hatched bands. The lower panel shows the ratio of the data to the prediction,
with the total uncertainty displayed as a hatched band.

Without requirements on the number of reconstructed tracks, the selection e�ciency after reconstruction is
75% for elastic WW ! ,, events in the fiducial region. The full selection e�ciency after applying =trk = 0
is 39%. The predicted number of signal events includes a ⇠5% contribution of leptons from , ! gag ,
g ! ✓a✓ag , which is estimated using the MC simulation and which is removed from the measured fiducial
cross section using this fractional contribution.

The observed signal strength translates into a fiducial cross section of

fmeas = 3.13 ± 0.31 (stat.) ± 0.28 (syst.) fb

for ??(WW) ! ?
(⇤)
,

+
,

�
?
(⇤) production with ,

+
,

� ! 4
±
a`

⌥
a. The uncertainties correspond to the

statistical and systematic uncertainties, respectively. Table 2 gives an overview of the sources of systematic
uncertainties, which are discussed in Section 7 and presents their e�ect on the measured cross section. To
evaluate the impact of one source of systematic uncertainty, the fit is performed with the corresponding
nuisance parameter fixed one standard deviation up or down from the value obtained in the nominal fit,
then these high and low variations are symmetrised.

The data measurement can be compared with two types of predictions. The first, used in the definition of
the signal strength and the calculation of the expected significance, is based on the H�����7 prediction for
elastic WW ! ,, events scaled by the data-driven signal modelling correction to include the dissociative
processes and rescattering e�ects as described in Section 5.3. It is found to be

ftheo ⇥ (3.59 ± 0.15 (exp.) ± 0.39 (trans.)) = 2.34 ± 0.27 fb ,
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