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Motivation
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★NNLO QCD the standard for inclusive processes, but:

↵QED(MZ) ⇠ ↵2
S(MZ)
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crucial to include EW effects. QED corrections a key element of this.)
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Figure 2: Selection of NLO QCD Feynman diagrams contributing to pp ! e�⌫̄eµ+⌫µ⌧+⌫⌧ +X.
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Figure 3: Examples for NLO EW real emission diagrams contributing to pp ! e�⌫̄eµ+⌫µ⌧+⌫⌧ +
X.

triply-resonant WWW contributions in phase space and therefore can be isolated by phase-space
cuts.

In Fig. 2a we show a loop diagram contributing to the NLO QCD correction, and in Fig. 2b
a corresponding real emission diagram. Figure 2c shows a diagram for the quark–gluon-induced
real correction. Figure 3 depicts two diagrams of NLO EW real emission. Note that quark–
photon-induced contributions, as shown in Fig. 3b, are the only contributions at NLO EW with
an additional jet. Some NLO EW virtual diagrams are illustrated in Fig. 4.

We calculate the virtual corrections in two di↵erent ways: Firstly, we use full 2 ! 6-particle
amplitudes of the o↵-shell process, and secondly, we evaluate the virtual correction in TPA.

We have implemented two fully independent calculations for all ingredients, in particular
for the virtual one-loop contributions, for the real emission parts, and for the multidimensional
phase-space integration. The o↵-shell calculation and the TPA are carried out as follows: One
calculation uses amplitudes provided by OpenLoops 2 [16–18] and, in the case of the pole
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Figure 4: Examples of virtual NLO EW Feynman diagrams contributing to pp !

e�⌫̄eµ+⌫µ⌧+⌫⌧ +X.
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NLO EW: virtual
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NLO EW: real
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Figure 4. Sample NLO EW virtual (a-h) and real (i-l) diagrams for `+`�`0⌫`0(W
+Z) production.

the twofold role of NLO EW corrections to qq̄ ! V V and �� ! V V . In particular, they cannot be
uniquely assigned to one or the other LO channel. Thus, if the photon density is treated on the
same footing as the other parton densities, both the qq̄ and �� channels should be supplemented
by virtual and real corrections at NLO EW.

Triboson production processes of type pp ! V V V and pp ! V V H, with V = W,Z, contribute
at the same perturbative order as the NLO EW corrections to pp ! V V . Thus, in principle,
triboson production can be regarded as part of the NLO EW corrections to diboson production.
However, diboson and triboson production yield different experimental signatures, and are typically
handled as separate processes in experimental analyses. For this reason, and in order to avoid double
counting between diboson and triboson production, we do not include pp ! V V V/V V H in the EW
corrections to pp ! V V .

2.5 Giant K-factors

At large transverse momenta, as shown in section 3.3, the NLO QCD corrections to vector-boson
pair production can become as large as O(1) or even O(10). These so-called giant QCD K-
factors [37, 45] arise from phase space regions that are kinematically forbidden at LO and are
populated through the emission of hard QCD radiation starting at NLO. Giant K-factors ap-
pear in inclusive observables that require a vector boson with very large transverse momentum,
pT,V1

⇠ Q � MW , while leaving the second vector boson unconstrained. At LO, as a result of
momentum conservation, the recoil of the first vector boson is absorbed by the second one, i.e.
pT,V2

= pT,V1
. Instead, in the NLO QCD radiative process pp ! V V j the recoil can also be absorbed

by the additional hard jet, while the second vector boson becomes much softer, pT,V2
= O(MW ).
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Figure 1. Sample LO diagrams for 2l-SF-ZZ (a-b), 2l-DF-WW (c-e), and 3l-DF-WZ (f-h).
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Figure 2. Sample photon-induced LO diagrams for 2l-SF-ZZ (a) and 2l-DF-WW (b-d). There is no
photon-induced LO contribution to 3l-DF-WZ.

production at LO [77], which is not present at higher orders. Also NNLO QCD corrections have
a quite significant impact, at the level of 10% or more, on the various diboson production pro-
cesses [19–21, 23–26, 78, 79].

Predictions at NLO QCD require the calculation of virtual and real-emission matrix elements,
while NNLO QCD corrections involve double-virtual, real-virtual, and double-real contributions.
Representative Feynman diagrams are displayed in figure 3 for the case of W+

Z production. Similar
diagrams contribute also to the other diboson processes. Only for ZZ production diagrams with
triple vector-boson couplings are absent. In addition to the contributions illustrated in figure 3,
WW and ZZ production involve also a loop-induced gluon-fusion channel that enters at O(↵

2

S
),

i.e. it is part of the NNLO QCD corrections. The contribution of this gg ! V V channel to charge-
neutral final states is quite sizeable. It has been computed to one order higher in perturbation
theory [30, 32, 80–84], which is assumed to be the dominant O(↵

3

S
) correction to these processes.

In the combination of NNLO QCD and NLO EW corrections presented in this paper, the gg ! V V

channels are included at O(↵
2

S
) as part of the NNLO QCD corrections, i.e. neglecting O(↵

3

S
) effects.

2.4 Higher-order EW corrections

The impact of NLO EW effects on inclusive cross sections is typically at the few-percent level
and thus important in the context of high-precision studies. In kinematic distributions, EW cor-
rections can be more sizeable. In particular, in the tails of distributions that probe high-energy
scales Q � MW , the EW corrections are enhanced by Sudakov logarithms [33, 34] of the form
↵w log

2
�
Q

2
/M

2

W

�
, where ↵w = g

2
w
/(4⇡) denotes the SU(2) coupling strength. The size of EW

Sudakov effects depends on Q as well as on the SU(2)⇥U(1) quantum numbers of the scattering
particles. Such logarithmic effects are most pronounced in processes with (multiple) transversely

– 5 –
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Including QED corrections in PDF fits

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

12

) SuperChic
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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

LB JL — Draft November 3, 2018 — 13
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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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to events with intact protons/rapidity gaps in final state.
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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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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 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.
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Lepton pair production

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

• But also require the introduction of a photon PDF, and inclusion of 
photon-initiated (PI) production in the corresponding cross sections.

for the QED and mixed QED–QCD case, recent theoretical work [23, 24] enable the terms

P (QED)
ij =

α

2π
P (0,1)
ij +

ααS

(2π)2
P (1,1)
ij +

( α

2π

)2

P (0,2)
ij + ... (22)

to be used in the QED supplemented evolution. Here, the first and second superscript indices
denote the order in QCD and QED respectively, and the second term in this expansion reflects
mixed order splitting kernels.

Since the non-abelian nature of QCD does not manifest at leading order in quark inter-
actions, the majority of the splitting functions in QCD and QED are simply related at this
order:

P (0,1)
qq =

e2q
CF

P (1,0)
qq , P (0,1)

qγ =
e2q
TF

P (1,0)
qg , (23)

P (0,1)
γq =

e2q
CF

P (1,0)
gq , Pγγ = −

2

3

nF
∑

i

e2i δ(1− y), (24)

The exception is Pγγ , which differs considerably from the expression for Pgg, due to the purely
gluonic contribution in the latter case.

A further caveat regarding Pγγ is that we only include quark loops, and not those due
to leptons. In the latter case, consistency would require the corresponding introduction of
lepton PDFs, which in principle enter amongst the partons discussed so far, due to splittings
of the form γ → ll̄. More precisely, for Q2 > m2

l , lepton splittings should also be incorporated
into Pγγ, such that the sum over quarks is modified to include the leptons:

∑

i

e2i = NC

nF
∑

q

e2q +
nL
∑

l

e2l . (25)

In our framework, we neglect the latter term which accounts for leptonic contributions to Pγγ ,
since the contribution of the photon itself enters as an O(α) correction to the PDFs, with
the lepton contributions at O(α2), implying they are extremely suppressed. This was studied
more extensively in [37] where it was found that the magnitude of the lepton distributions
were many orders of magnitude below those of xγ(x,Q2), with negligible effects on the PDFs
at the scales considered in this paper.

However, we note that the LUXqed PDF set [22] does include this contribution in the
DGLAP evolution used to develop their xγ(x,Q2). Since the right hand side of Eq. 24 is a
δ(1 − x) term multiplied by a negative coefficient, the extra contributions from the lepton
splitting terms in DGLAP are anticipated to slightly reduce the magnitude of a photon whose
evolution accounts for them (as one anticipates from the process γ → ll̄).

Upon inspection of eqs. (23) to (24), even at leading order it becomes apparent that the
distributions in eqs. (15) to (20) cannot be used since QED couplings no longer support
flavour symmetry, due to the charge separation of up and down type quarks (eu #= ed). Fur-
thermore, one anticipates based on this observation the breaking of isospin symmetry when
comparing the valence distributions of the proton and neutron, as discussed in Section 3.1.
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• These enter via QED modification to DGLAP:

• Historically, this were either fit 
agnostically or evaluated in model-
dependent way.

• However, with advent of LUXqed work 
we can be more precise…

3



• In more detail, photon 
PDF given in terms of 
proton EM form factors 
and inelastic structure 
functions.

e

p

e

p

+�(x,Q2) ⇠

F el
1,2

<latexit sha1_base64="kxSYZNkHkBXXjjpORUHKCfuH0jA=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgupCSt+NgVBHFZwT6gjWEynbRDZyZhZlIooX/ixoUibv0Td/6NkzSIWg9cOJxzL/feE8SMKu04n9bS8srq2nppo7y5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxteZ35kQqWgk7vU0Jh5HQ0FDipE2km/bN37qntZmD2lfckjYzLcrTtXJAReJW5AKKND07Y/+IMIJJ0JjhpTquU6svRRJTTEjs3I/USRGeIyGpGeoQJwoL80vn8FjowxgGElTQsNc/TmRIq7UlAemkyM9Un+9TPzP6yU6vPRSKuJEE4Hni8KEQR3BLAY4oJJgzaaGICypuRXiEZIIaxNWOQ/hKsP598uLpF2ruvVq/e6s0mgUcZTAITgCJ8AFF6ABbkETtAAGE/AInsGLlVpP1qv1Nm9dsoqZA/AL1vsXrvOTLg==</latexit>
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• Idea formulated long ago, revisited over 
the years.
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FIG. 1. Our breakup of the (x,Q2) plane and the data for
F2(x,Q

2) and FL(x,Q
2) we use in each region. The white

region is inaccessible at leading order in QED.

tic contribution for large µ2 because of the rapid drop-o↵
of GE,M .

The inelastic components of F2 and FL contribute for
W

2 = m
2
p + Q

2(1 � x)/x > (mp + m⇡0)2. One needs
data over a large range of x and Q

2. This is available
thanks to a long history of ep scattering studies. We
break the inelastic part of the (x,Q2) plane into three
regions, as illustrated in Fig. 1. In the resonance re-
gion, W 2 . 3.5 GeV2 we use a fit to data by CLAS [40],
and also consider an alternative fit to the world data by
Christy and Bosted (CB) [41]. In the low-Q2 continuum
region we use the GD11-P fit by Hermes [42] based on the
ALLM parametric form [43]. Both the GD11-P and CB
resonance fits are constrained by photoproduction data,
i.e. they extend down to Q

2 = 0. The CLAS fit also
behaves sensibly there. (Very low Q

2 values play little
role because the analytic properties of the W

µ⌫ tensor
imply that F2 vanishes as Q

2 at fixed W
2.) These fits

are for F2(x,Q2). We also require FL, or equivalently
R = �L/�T , which are related by

FL(x,Q
2) = F2(x,Q

2)

 
1 +

4m2
px

2

Q2

!
R(x,Q2)

1 +R(x,Q2)
,

(8)
and we use the parametrisation for R from HER-
MES [42], extended to vanish smoothly as Q

2 ! 0.
The leading twist contribution to FL is suppressed by
↵s(Q2)/(4⇡). At high Q

2 we determine F2 and FL from
the PDF4LHC15 nnlo 100 [44] merger of next-to-next-to-
leading order (NNLO) [45, 46] global PDF fits [47–49],
using massless NNLO coe�cient functions [50–53] imple-
mented in HOPPET [54–56].

In Fig. 2 we show the various contributions to our pho-
ton PDF, which we dub “LUXqed”, as a function of x, for
a representative scale choice of µ = 100 GeV. There is
a sizeable elastic contribution, with an important mag-
netic component at large values of x. The white line
represents contributions arising from the Q

2
< 1 region

FIG. 2. Contributions to the photon PDF at µ = 100 GeV,
multiplied by 103x0.4/(1�x)4.5, from the various components
discussed in the text. The white line is the sum of the inelastic
contribution fromQ2  1 (GeV)2 in Eq. (6) and the full elastic
contribution. The result without the MS conversion term, i.e.
the last term in Eq. (6), is given by the dashed blue line.
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FIG. 3. Linearly stacked relative uncertainties on the photon
PDF, from all sources we have considered, and their total
sum in quadrature shown as a black line, which is our final
uncertainty.

of all the structure functions, including the full elastic
contribution. For the accuracy we are aiming at, all con-
tributions that we have considered, shown in Fig. 2, have
to be included, and inelastic contributions with Q

2
< 1

cannot be neglected. The photon momentum fraction is
0.43% at µ = 100 GeV.
In Fig. 3 we show the sources contributing to the

uncertainty on our calculation of f�/p at our reference
scale µ = 100 GeV. They are stacked linearly and con-
sist of: a conservative estimate of ±50% for the uncer-
tainty on R = �L/�T at scales Q

2
< 9 GeV2 (R); stan-

dard 68%CL uncertainties on the PDFs, applied to scales
Q

2 � 9 GeV2 (PDF); a conservative estimate of the un-
certainty on the elastic form factors, equal to the sum
in quadrature of the fit error and of the estimated size
of the two-photon exchange contribution in [39] (E); an

A. Manohar et al., JHEP 1712 (2017) 046

• Put on precise footing by LUXqed:

★ Extended beyond LO in     .
★ Precise inputs for structure functions 

and hence photon PDF at high 
precision.

↵
<latexit sha1_base64="ActriNufIKYI6XPoS1NPNJ9kU8k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9nVUvVW8OKxgv2AdinZNNvGZpMlyQql9D948aCIV/+PN/+N2e0ian0w8Hhvhpl5QcyZNq776RRWVtfWN4qbpa3tnd298v5BW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeYXKd+54EqzaS4M9OY+hEeCRYygo2V2n3M4zEelCtu1c2AlomXkwrkaA7KH/2hJElEhSEca93z3Nj4M6wMI5zOS/1E0xiTCR7RnqUCR1T7s+zaOTqxyhCFUtkSBmXqz4kZjrSeRoHtjLAZ679eKv7n9RITXvozJuLEUEEWi8KEIyNR+joaMkWJ4VNLMFHM3orIGCtMjA2olIVwlaL+/fIyaZ9VvfNq7bZWadTzOIpwBMdwCh5cQANuoAktIHAPj/AML450npxX523RWnDymUP4Bef9C6D/j0Q=</latexit>

• Gives 1% level uncertainty in derived photon PDF.
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MSHT20QED

• In global PDF analysis, we can include a photon PDF a la LUXqed + 
suitable QED corrections to DGLAP/cross sections.

• This has been applied (different in details) by MSHT, NNPDF + CT.

• The first study by us was MMHT14qed.

• MSHT20qed is an update to this. Follows same basic idea, but with some 
updates + extended global dataset.

QED Parton Distribution Functions in the MSHT20 Fit

T. Cridgea, L. A. Harland-Langb, A. D. Martinc, and R.S. Thornea

a Department of Physics and Astronomy, University College London, London, WC1E 6BT,

UK
b Rudolf Peierls Centre, Beecroft Building, Parks Road, Oxford, OX1 3PU

c Institute for Particle Physics Phenomenology, Durham University, Durham, DH1 3LE, UK

Abstract

We present the MSHT20qed set of parton distribution functions (PDFs). These are ob-

tained from the MSHT20 global analysis via a refit including QED corrections to the

DGLAP evolution at O(↵),O(↵↵S) and O(↵2
), and containing the photon PDF of the

proton. As in the previous MMHT15qed study we use an input distribution for the photon

that is derived from the LUXqed formulation, and find good consistency for the photon

PDF with that of MMHT15qed, as well as with other recent sets. We also present a set

of QED corrected neutron PDFs and accompanying photon distribution, and provide the

photon PDF of the nucleons separated into elastic and inelastic contributions. We assess

the general expectations for the impact of photon–initiated (PI) corrections to processes

entering PDF fits, and review the e↵ect of QED corrections on the other partons and on

the fit quality, where electroweak corrections (including PI production) are appropriately

added to the cross sections wherever possible. We explore the phenomenological implica-

tions of this set by comparing to a variety of benchmark cross sections, finding small but

significant corrections due to the inclusion of QED e↵ects in the PDFs.

1
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MSHT20QED: Photon PDF

• Namely, we:

mula [20,21]:

x�(x,Q2
0) =

1

2⇡↵(Q2
0)

Z 1

x

dz

z

nZ
Q

2
0

x2m2
p

1�z

dQ
2

Q2
↵
2(Q2)

✓
zP�,q(z) +

2x2
m

2
p

Q2

◆
F2(x/z,Q

2)

�z
2
FL(x/z,Q

2)

�
� ↵

2(Q2
0)

✓
z
2 + ln(1� z)zP�,q(z)�

2x2
m

2
p
z

Q2
0

◆
F2(x/z,Q

2
0)
o
,

(1)

at input scale Q0 = 1 GeV. The structure functions F2,L receive contributions from both elastic

and inelastic photon emission, and are precisely determined using experimental data on lepton–

proton scattering. In more detail, the elastic structure functions are determined from a fit by

the A1 collaboration [32], and the inelastic via the HERMES GD11–P fit [33] and data from the

CLAS collaboration [34], in the continuum and resonance regions, respectively. Uncertainties

on the photon are included due to several sources (see [26]) for further details): the experimental

uncertainty on the elastic structure functions, the value of the R ratio used to determine the

inelastic FL, the value of the threshold W between which the HERMES and CLAS data are

used for the inelastic structure functions, the experimental uncertainty on the CLAS data for

the resonance region, the uncertainty in the HERMES fit for the continuum region, and the

modelling of renormalon corrections to the quark evolution. Each of these is included as a

separate error eigenvector pair, while in addition the standard PDF uncertainties due to the

fit of the QCD partons as in the MSHT20 set [31] are included; these give 32 eigenvectors, and

hence in total there are 38 eigenvectors for the MSHT20qed set1.

QED corrections to DGLAP evolution are again included up O(↵2) and O(↵↵S). The

treatment of these is therefore broadly the same as in MMHT15qed, with however one exception.

Namely, we now choose to include leptonic loop contributions to the photon–photon splitting

function, which at O(↵) is proportional to the sum

X

i

e
2
i
= NC

nFX

q

e
2
q
+

nLX

l

e
2
l
. (2)

In the MMHT15qed fit, the second term was omitted, as the inclusion of this strictly implies

that we must include lepton PDFs (see [35, 36] for further studies), which in principle enter

due to splittings of the form � ! ll̄. As these are not present in the MSHT framework the

inclusion of lepton loops in P�� would in particular lead to some small amount of violation

of the momentum sum rule, due to absence of l ! l� splitting contributions.2 However, as

discussed in [26] (see Fig. 24 of that paper) the impact of such lepton loops is not completely

1
We in fact find that a more stable set of eigenvectors is found by fixing the 3rd rather than the 4th Chebyshev

polynomial associated with the down valence, but otherwise the same parameters are fixed as in the previous

MSHT20 PDFs when generating the eigenvectors.
2
In fact the MMHT15qed PDFs had a momentum violation of +0.00008% due to contributions to the photon

from inelastic and higher twist sources above Q2
0. The e↵ect from lepton splitting from photons is in the opposite

direction, and of comparable, though slightly smaller size, so in total momentum is more closely conserved in

MSHT20qed than in MMHT15qed.

4

• As in MMHT14qed our starting point is the LUXqed formula, suitably 
modified:

★ Set                                 in order to determine photon at input scale and 
then coupled QED DGLAP above that.

★ To achieve this the upper limit of the first integral is modified from original 
formulation:                                . Then all contributions with                 due 
to DGLAP.

★ Second ‘matching’ term consistently modified. Though note this term is 
only formally relevant if NLO PI cross sections are used.
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at input scale Q0 = 1 GeV. The structure functions F2,L receive contributions from both elastic

and inelastic photon emission, and are precisely determined using experimental data on lepton–

proton scattering. In more detail, the elastic structure functions are determined from a fit by

the A1 collaboration [32], and the inelastic via the HERMES GD11–P fit [33] and data from the

CLAS collaboration [34], in the continuum and resonance regions, respectively. Uncertainties

on the photon are included due to several sources (see [26]) for further details): the experimental

uncertainty on the elastic structure functions, the value of the R ratio used to determine the

inelastic FL, the value of the threshold W between which the HERMES and CLAS data are

used for the inelastic structure functions, the experimental uncertainty on the CLAS data for

the resonance region, the uncertainty in the HERMES fit for the continuum region, and the

modelling of renormalon corrections to the quark evolution. Each of these is included as a

separate error eigenvector pair, while in addition the standard PDF uncertainties due to the

fit of the QCD partons as in the MSHT20 set [31] are included; these give 32 eigenvectors, and

hence in total there are 38 eigenvectors for the MSHT20qed set1.

QED corrections to DGLAP evolution are again included up O(↵2) and O(↵↵S). The

treatment of these is therefore broadly the same as in MMHT15qed, with however one exception.

Namely, we now choose to include leptonic loop contributions to the photon–photon splitting

function, which at O(↵) is proportional to the sum

X

i

e
2
i
= NC

nFX

q

e
2
q
+

nLX

l

e
2
l
. (2)

In the MMHT15qed fit, the second term was omitted, as the inclusion of this strictly implies

that we must include lepton PDFs (see [35, 36] for further studies), which in principle enter

due to splittings of the form � ! ll̄. As these are not present in the MSHT framework the

inclusion of lepton loops in P�� would in particular lead to some small amount of violation

of the momentum sum rule, due to absence of l ! l� splitting contributions.2 However, as

discussed in [26] (see Fig. 24 of that paper) the impact of such lepton loops is not completely

1
We in fact find that a more stable set of eigenvectors is found by fixing the 3rd rather than the 4th Chebyshev

polynomial associated with the down valence, but otherwise the same parameters are fixed as in the previous

MSHT20 PDFs when generating the eigenvectors.
2
In fact the MMHT15qed PDFs had a momentum violation of +0.00008% due to contributions to the photon

from inelastic and higher twist sources above Q2
0. The e↵ect from lepton splitting from photons is in the opposite

direction, and of comparable, though slightly smaller size, so in total momentum is more closely conserved in

MSHT20qed than in MMHT15qed.

4

• In brief, as in MMHT14qed our inputs for the SFs closely follow LUXqed:

★ Elastic form factors from A1 collaboration data.
★ Inelastic SF divided into low scale resonant (CLAS data), low scale 

continuum (HERMES parameterisation) and high scale continuum 
(NNLO pQCD) contributions.

• We in addition include renormalon corrections, relevant in low scale region.

• Uncertainties due to the above experimental inputs, renormalon corrections 
+ usual eigenvector uncertainties from global fit also included.

• 32 PDF + 6 photon eigenvectors = 38 in total.

HERMES, A. Airapetian et al., 
JHEP 05, 126 (2011) 

CLAS, M. Osipenko et al., Phys. 
Rev. D67, 092001 (2003) 

A1 Collaboration, Phys. Rev. 
C90, 015206 (2014)
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MSHT20QED: DGLAP

• The PDF DGLAP evolution is also suitably modified to include QED 
corrections:for the QED and mixed QED–QCD case, recent theoretical work [23, 24] enable the terms

P (QED)
ij =

α

2π
P (0,1)
ij +

ααS

(2π)2
P (1,1)
ij +

( α

2π

)2

P (0,2)
ij + ... (22)

to be used in the QED supplemented evolution. Here, the first and second superscript indices
denote the order in QCD and QED respectively, and the second term in this expansion reflects
mixed order splitting kernels.

Since the non-abelian nature of QCD does not manifest at leading order in quark inter-
actions, the majority of the splitting functions in QCD and QED are simply related at this
order:

P (0,1)
qq =

e2q
CF

P (1,0)
qq , P (0,1)

qγ =
e2q
TF

P (1,0)
qg , (23)

P (0,1)
γq =

e2q
CF

P (1,0)
gq , Pγγ = −

2

3

nF
∑

i

e2i δ(1− y), (24)

The exception is Pγγ , which differs considerably from the expression for Pgg, due to the purely
gluonic contribution in the latter case.

A further caveat regarding Pγγ is that we only include quark loops, and not those due
to leptons. In the latter case, consistency would require the corresponding introduction of
lepton PDFs, which in principle enter amongst the partons discussed so far, due to splittings
of the form γ → ll̄. More precisely, for Q2 > m2

l , lepton splittings should also be incorporated
into Pγγ, such that the sum over quarks is modified to include the leptons:

∑

i

e2i = NC

nF
∑

q

e2q +
nL
∑

l

e2l . (25)

In our framework, we neglect the latter term which accounts for leptonic contributions to Pγγ ,
since the contribution of the photon itself enters as an O(α) correction to the PDFs, with
the lepton contributions at O(α2), implying they are extremely suppressed. This was studied
more extensively in [37] where it was found that the magnitude of the lepton distributions
were many orders of magnitude below those of xγ(x,Q2), with negligible effects on the PDFs
at the scales considered in this paper.

However, we note that the LUXqed PDF set [22] does include this contribution in the
DGLAP evolution used to develop their xγ(x,Q2). Since the right hand side of Eq. 24 is a
δ(1 − x) term multiplied by a negative coefficient, the extra contributions from the lepton
splitting terms in DGLAP are anticipated to slightly reduce the magnitude of a photon whose
evolution accounts for them (as one anticipates from the process γ → ll̄).

Upon inspection of eqs. (23) to (24), even at leading order it becomes apparent that the
distributions in eqs. (15) to (20) cannot be used since QED couplings no longer support
flavour symmetry, due to the charge separation of up and down type quarks (eu #= ed). Fur-
thermore, one anticipates based on this observation the breaking of isospin symmetry when
comparing the valence distributions of the proton and neutron, as discussed in Section 3.1.
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z
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o
,
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at input scale Q0 = 1 GeV. The structure functions F2,L receive contributions from both elastic

and inelastic photon emission, and are precisely determined using experimental data on lepton–

proton scattering. In more detail, the elastic structure functions are determined from a fit by

the A1 collaboration [32], and the inelastic via the HERMES GD11–P fit [33] and data from the

CLAS collaboration [34], in the continuum and resonance regions, respectively. Uncertainties

on the photon are included due to several sources (see [26]) for further details): the experimental

uncertainty on the elastic structure functions, the value of the R ratio used to determine the

inelastic FL, the value of the threshold W between which the HERMES and CLAS data are

used for the inelastic structure functions, the experimental uncertainty on the CLAS data for

the resonance region, the uncertainty in the HERMES fit for the continuum region, and the

modelling of renormalon corrections to the quark evolution. Each of these is included as a

separate error eigenvector pair, while in addition the standard PDF uncertainties due to the

fit of the QCD partons as in the MSHT20 set [31] are included; these give 32 eigenvectors, and

hence in total there are 38 eigenvectors for the MSHT20qed set1.

QED corrections to DGLAP evolution are again included up O(↵2) and O(↵↵S). The

treatment of these is therefore broadly the same as in MMHT15qed, with however one exception.

Namely, we now choose to include leptonic loop contributions to the photon–photon splitting

function, which at O(↵) is proportional to the sum

X

i

e
2
i
= NC

nFX

q

e
2
q
+

nLX

l

e
2
l
. (2)

In the MMHT15qed fit, the second term was omitted, as the inclusion of this strictly implies

that we must include lepton PDFs (see [35, 36] for further studies), which in principle enter

due to splittings of the form � ! ll̄. As these are not present in the MSHT framework the

inclusion of lepton loops in P�� would in particular lead to some small amount of violation

of the momentum sum rule, due to absence of l ! l� splitting contributions.2 However, as

discussed in [26] (see Fig. 24 of that paper) the impact of such lepton loops is not completely

1
We in fact find that a more stable set of eigenvectors is found by fixing the 3rd rather than the 4th Chebyshev

polynomial associated with the down valence, but otherwise the same parameters are fixed as in the previous

MSHT20 PDFs when generating the eigenvectors.
2
In fact the MMHT15qed PDFs had a momentum violation of +0.00008% due to contributions to the photon

from inelastic and higher twist sources above Q2
0. The e↵ect from lepton splitting from photons is in the opposite

direction, and of comparable, though slightly smaller size, so in total momentum is more closely conserved in

MSHT20qed than in MMHT15qed.
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O(↵)

• Second term was omitted in MMHT14qed, as strictly speaking requires 
lepton PDFs (currently absent).

• However major impact is on photon PDF ( ~ 2% smaller at LHC), while 
momentum violation from missing lepton PDFs tiny. Hence we now include!

Backup
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PI production: general comments

• In addition include PI channel for processes in fit. For MSHT these are:

★ Inclusive jets.
★ Top quark pair production.
★ DIS.
★ Lepton pair production.

• Considering the production of strongly interacting objects (jets,     ), leading 
PI contribution simply replaces initial-state gluon with photon, e.g.:
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�g ! tt

• At what level do we expect PI corrections to enter?
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Figure 1: (Left) The ratio of the � to the g distributions at Q2
= 10

4
GeV

2. In addition the same ratio,
but weighted by ↵(MZ)/↵S(MZ), is shown. (Right) Ratio of the �� to the charge weighted qq luminosity
at 13 TeV. Also shown is the same ratio, weighted by inverse of the LO QCD DY colour factor. In both
plots the PDFs result from NNLO fits to the MSHT20 dataset, with QED e↵ects included

therefore should, and can, be verified by explicit calculation. This is achieved in e.g. [24,37] for

the case of tt production, and in fact the level of suppression is found to be larger than that

expected from Fig. 1 (left), by roughly a further order of magnitude. For jet production, we can

expect the suppression to be even greater, due to the presence of pure gluonic channels, which

of course receive no leading PI contribution, although the heavy top quark mass in the tt case

makes the comparison a little less direct. For DIS, the same argument applies as above, but now

it is the NLO in QCD gluon–initiated diagram that receives the leading correction as above,

and hence the suppression is expected to be an O(↵S) more. We therefore conclude that the

impact of PI contributions to these processes is in general not expected to be significant at the

NNLO QCD precision level3, although this should of course be verified by explicit calculation,

given it may not apply uniformly in all kinematic regions and for all processes.

We are therefore left to consider lepton pair production, for which the final state is of course

not strongly interacting, and hence the arguments above do not apply. Here, as is well known,

the t–channel �� ! l
+
l
� process can be of much greater phenomenological relevance. To

demonstrate this, in Fig. 1 (right) we show the ratio of the �� partonic luminosity to the e
2
q

charge weighted qq luminosity, relevant for qq ! �
⇤ DY production; see e.g. [39] for a definition

of these. We can see that this ratio is at the level of a few per mille, however once we divide by

the LO QCD DY colour factor, 1/NC , this is at the level of 1%, as can be seen in the figure.

When we also account for the t–channel enhancement of the �� cross section:

|M(�� ! l
+
l
�)|2

|M(qq ! l+l�)|2
/

ŝ
2

ût̂
� 4 , (3)

where ŝ, t̂, û are the usual partonic Mandlestam variables, we can expect this to enter at the

3
A similar argument can be applied to the case of e.g. isolated photon production, which is included in the

NNPDF4.0 fit [38].
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↵S ! ↵

• Combination of both: PI contribution at most at permille level, i.e. broadly 
entering at same level as N3LO (not NNLO) QCD.
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Figure 4.6. Same as Fig. 4.3 for the invariant mass distribution of top quark pairs mtt̄ (left) and the
transverse momentum of top quarks ptT (right plot) in top-quark pair production at 13 TeV.

individual W bosons pWT . Here we find that the PI contribution using NNPDF3.1luxQED are
small, around the ' 1% level, over the entire range in pWT considered. Additionally, the e↵ect
of using NNPDF3.0QED instead is not so dramatic, with an increase in the cross-section of a
few percent at most. The di↵erences between the two distributions arise from the fact that the
PI contribution to W boson pair production is kinematically enhanced only in the large mWW

limit, irrespective of the value of pWT . The results of Fig. 4.5 suggest that current measurements
of this process from ATLAS and CMS [132,133] might already be sensitive to the photon PDF.

4.3 Top-quark pair di↵erential distributions

Next we turn to study the impact of the PI contributions on di↵erential distributions in top-
quark pair production (see also Refs. [5, 51]). The APPLgrid tables generated for this process
include only the �� ! tt̄ channel. In Fig. 4.6 we show the ratio of the PI contribution over the
QCD cross-section for the invariant mass distribution of top-quark pairs mtt̄ and the transverse
momentum of the single top quarks ptT at the 13 TeV LHC. Unlike in the case of high-mass
Drell-Yan production, we find that the PI contribution to top-quark pair production is negli-
gible even for the highest values of mtt and ptT accessible at the LHC. Indeed, in the case of
NNPDF3.1luxQED the size of the PI contribution is at the permille level at most. Therefore,
in theoretical calculations of top-quark pair production with electroweak corrections, the PI
contribution can be safely neglected.

From the comparisons in Fig. 4.6 we also see that the PI correction is somewhat larger
in NNPDF3.0QED but with larger associated uncertainties. Even in this case, at the highest
invariant masses the upper edge of the 68% CL interval indicates that corrections due to the PI
contribution are at most 0.1%. We have also verified that the PI contribution to tt̄ production
is phenomenologically negligible also for other distributions such as the rapidity distribution of
top quarks and top-antitop pairs, yt and ytt̄, respectively.

4.4 Higgs production in association with a vector bosons

The last process that we consider in this section is Higgs production in association with a vector
boson, see Fig. 4.1. PI corrections to this process are known to be significant. In the Higgs
Cross Section Working Group prediction for the total cross-sections, where NNPDF3.0QED is
used, the uncertainty due to the PI contribution is the dominant source of theory error [134].
To investigate this, we have generated and then combined exclusive samples for pp ! hW+ and
pp ! hW+j with and without the PI contribution. Both the Higgs boson and the W+ boson
are required to be in the central rapidity region, |yW |  2.5 and |yh|  2.5. No other kinematic
cuts are applied.

In Fig. 4.7 we show the same comparison as in Fig. 4.2 for the Higgs transverse momentum
phT and rapidity yh distributions. In the case of the phT distribution, we find that PI e↵ects can
be up to 5% when using NNPDF3.1luxQED, with the largest e↵ects localised at intermediate
values of phT ' 200 GeV. We also note that the shift induced by the PI contribution is bigger
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• Indeed seen in explicit calculation.

• Argument general for production 
of strongly coupled objects.

• Similar argument applies for DIS, 
with further            suppression 
expected.
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• Now turn to the production of particles with (only) EW couplings. In PDF 
fits currently limited to lepton pair production.

• In this case, the t-channel LO process is:
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• What do we expect here?
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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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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

LB JL — Draft November 3, 2018 — 13

�

�

˜̀

˜̀

p

p

p

`

�̃0
1

�̃0
1

`

p
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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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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 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 

 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

12

) SuperChic

4

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

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

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

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

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

R

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

X 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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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

• But also require the introduction of a photon PDF, and inclusion of 
photon-initiated (PI) production in the corresponding cross sections.

for the QED and mixed QED–QCD case, recent theoretical work [23, 24] enable the terms

P (QED)
ij =

α

2π
P (0,1)
ij +

ααS

(2π)2
P (1,1)
ij +

( α

2π

)2

P (0,2)
ij + ... (22)

to be used in the QED supplemented evolution. Here, the first and second superscript indices
denote the order in QCD and QED respectively, and the second term in this expansion reflects
mixed order splitting kernels.

Since the non-abelian nature of QCD does not manifest at leading order in quark inter-
actions, the majority of the splitting functions in QCD and QED are simply related at this
order:

P (0,1)
qq =

e2q
CF

P (1,0)
qq , P (0,1)

qγ =
e2q
TF

P (1,0)
qg , (23)

P (0,1)
γq =

e2q
CF

P (1,0)
gq , Pγγ = −

2

3

nF
∑

i

e2i δ(1− y), (24)

The exception is Pγγ , which differs considerably from the expression for Pgg, due to the purely
gluonic contribution in the latter case.

A further caveat regarding Pγγ is that we only include quark loops, and not those due
to leptons. In the latter case, consistency would require the corresponding introduction of
lepton PDFs, which in principle enter amongst the partons discussed so far, due to splittings
of the form γ → ll̄. More precisely, for Q2 > m2

l , lepton splittings should also be incorporated
into Pγγ, such that the sum over quarks is modified to include the leptons:

∑

i

e2i = NC

nF
∑

q

e2q +
nL
∑

l

e2l . (25)

In our framework, we neglect the latter term which accounts for leptonic contributions to Pγγ ,
since the contribution of the photon itself enters as an O(α) correction to the PDFs, with
the lepton contributions at O(α2), implying they are extremely suppressed. This was studied
more extensively in [37] where it was found that the magnitude of the lepton distributions
were many orders of magnitude below those of xγ(x,Q2), with negligible effects on the PDFs
at the scales considered in this paper.

However, we note that the LUXqed PDF set [22] does include this contribution in the
DGLAP evolution used to develop their xγ(x,Q2). Since the right hand side of Eq. 24 is a
δ(1 − x) term multiplied by a negative coefficient, the extra contributions from the lepton
splitting terms in DGLAP are anticipated to slightly reduce the magnitude of a photon whose
evolution accounts for them (as one anticipates from the process γ → ll̄).

Upon inspection of eqs. (23) to (24), even at leading order it becomes apparent that the
distributions in eqs. (15) to (20) cannot be used since QED couplings no longer support
flavour symmetry, due to the charge separation of up and down type quarks (eu #= ed). Fur-
thermore, one anticipates based on this observation the breaking of isospin symmetry when
comparing the valence distributions of the proton and neutron, as discussed in Section 3.1.

10

• These enter via QED modification to DGLAP:

• Historically, this were either fit 
agnostically or evaluated in model-
dependent way.

• However, with advent of LUXqed work 
we can be more precise…

3
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Figure 1: (Left) The ratio of the � to the g distributions at Q2
= 10

4
GeV

2. In addition the same ratio,
but weighted by ↵(MZ)/↵S(MZ), is shown. (Right) Ratio of the �� to the charge weighted qq luminosity
at 13 TeV. Also shown is the same ratio, weighted by inverse of the LO QCD DY colour factor. In both
plots the PDFs result from NNLO fits to the MSHT20 dataset, with QED e↵ects included

therefore should, and can, be verified by explicit calculation. This is achieved in e.g. [24,37] for

the case of tt production, and in fact the level of suppression is found to be larger than that

expected from Fig. 1 (left), by roughly a further order of magnitude. For jet production, we can

expect the suppression to be even greater, due to the presence of pure gluonic channels, which

of course receive no leading PI contribution, although the heavy top quark mass in the tt case

makes the comparison a little less direct. For DIS, the same argument applies as above, but now

it is the NLO in QCD gluon–initiated diagram that receives the leading correction as above,

and hence the suppression is expected to be an O(↵S) more. We therefore conclude that the

impact of PI contributions to these processes is in general not expected to be significant at the

NNLO QCD precision level3, although this should of course be verified by explicit calculation,

given it may not apply uniformly in all kinematic regions and for all processes.

We are therefore left to consider lepton pair production, for which the final state is of course

not strongly interacting, and hence the arguments above do not apply. Here, as is well known,

the t–channel �� ! l
+
l
� process can be of much greater phenomenological relevance. To

demonstrate this, in Fig. 1 (right) we show the ratio of the �� partonic luminosity to the e
2
q

charge weighted qq luminosity, relevant for qq ! �
⇤ DY production; see e.g. [39] for a definition

of these. We can see that this ratio is at the level of a few per mille, however once we divide by

the LO QCD DY colour factor, 1/NC , this is at the level of 1%, as can be seen in the figure.

When we also account for the t–channel enhancement of the �� cross section:

|M(�� ! l
+
l
�)|2

|M(qq ! l+l�)|2
/

ŝ
2

ût̂
� 4 , (3)

where ŝ, t̂, û are the usual partonic Mandlestam variables, we can expect this to enter at the

3
A similar argument can be applied to the case of e.g. isolated photon production, which is included in the

NNPDF4.0 fit [38].
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• We are now ~ interested in the 
ratio of the        to       
luminosities.

• More precisely, account for 
charge weighting of DY and 
relative colour factor.

• Find ratio of ~1%.
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qq

• In addition to this the PI process receives a t-channel enhancement, with:

Figure 1: (Left) The ratio of the � to the g distributions at Q2
= 10

4
GeV

2. In addition the same ratio,
but weighted by ↵(MZ)/↵S(MZ), is shown. (Right) Ratio of the �� to the charge weighted qq luminosity
at 13 TeV. Also shown is the same ratio, weighted by inverse of the LO QCD DY colour factor. In both
plots the PDFs result from NNLO fits to the MSHT20 dataset, with QED e↵ects included

therefore should, and can, be verified by explicit calculation. This is achieved in e.g. [24,37] for

the case of tt production, and in fact the level of suppression is found to be larger than that

expected from Fig. 1 (left), by roughly a further order of magnitude. For jet production, we can

expect the suppression to be even greater, due to the presence of pure gluonic channels, which

of course receive no leading PI contribution, although the heavy top quark mass in the tt case

makes the comparison a little less direct. For DIS, the same argument applies as above, but now

it is the NLO in QCD gluon–initiated diagram that receives the leading correction as above,

and hence the suppression is expected to be an O(↵S) more. We therefore conclude that the

impact of PI contributions to these processes is in general not expected to be significant at the

NNLO QCD precision level3, although this should of course be verified by explicit calculation,

given it may not apply uniformly in all kinematic regions and for all processes.

We are therefore left to consider lepton pair production, for which the final state is of course

not strongly interacting, and hence the arguments above do not apply. Here, as is well known,

the t–channel �� ! l
+
l
� process can be of much greater phenomenological relevance. To

demonstrate this, in Fig. 1 (right) we show the ratio of the �� partonic luminosity to the e
2
q

charge weighted qq luminosity, relevant for qq ! �
⇤ DY production; see e.g. [39] for a definition

of these. We can see that this ratio is at the level of a few per mille, however once we divide by

the LO QCD DY colour factor, 1/NC , this is at the level of 1%, as can be seen in the figure.

When we also account for the t–channel enhancement of the �� cross section:

|M(�� ! l
+
l
�)|2

|M(qq ! l+l�)|2
/

ŝ
2

ût̂
� 4 , (3)

where ŝ, t̂, û are the usual partonic Mandlestam variables, we can expect this to enter at the

3
A similar argument can be applied to the case of e.g. isolated photon production, which is included in the

NNPDF4.0 fit [38].
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     PI will enter at the ~1-10% level away from the Z peak. Indeed find this.
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• On peak, same argument applies as above wrt the NLO               correction, 
i.e. permille level wrt QCD correction.
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• In summary, for strongly coupled objects (jets, top quarks):

★ PI production expected to enter at permille level. 
★ One can (should) include these as part of broader EW 

corrections, but K-factor treatment sufficient at least provided a 
suitable LUXqed-based photon PDF set used.

★ MSHT20qed: include PI (+ EW) corrections using K-factors.

• By far the dominant PI contribution is to off Z-peak lepton pair production.

★ Here contribution is ~ 1-10%. This process a (the?) key one for 
PDF fits to LHC data. Important to get right!

• Photon PDF a la LUX 
necessary.

• But not sufficient: LO 
process has large scale 
variations (as usual):

(5). For completeness we add this in quadrature to the experimental uncertainty discussed above
in the total cross section, but as we will see this is in general a negligible source of uncertainty
on the total cross section.

3.1 Invariant mass distributions

0

2

4

6

8

10

12

14

16

10 20 30 40 50 60

d���

dmll
/d�DY

dmll
[%], |yl| < 2.5,

p
s = 13 TeV

mll [GeV]

SF, �� only

SF, total

Collinear, �� LO

0

2

4

6

8

10

12

14

16

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

d���

dmll
/d�DY

dmll
[%], |yl| < 2.5,

p
s = 13 TeV

mll [GeV]

SF, �� only

SF, total

Collinear, �� LO

Figure 2: Ratio of the photon–initiated cross sections for lepton pair production to the NLO QCD Drell–Yan
cross section at the 13 TeV LHC, as a function of the lepton pair invariant mass, mll. The leptons are required to
lie in the |⌘l| < 2.5 region. The LO collinear predictions and the structure function result are shown, in the latter
case for both the pure �� initiated and the total. In the former case the uncertainty band due to factorization
scale variation by a factor of two around the central value µ = mll, added in quadrature with the much smaller
PDF uncertainty, is given. In the latter case, the error band due to the experimental uncertainty on the structure
functions and scale variation in the �/Z + q component is shown added in quadrature (note in some regions this
is comparable to the line width of the central value).

We first consider the dilepton invariant mass distributions, taking the same mass regions
and cuts as in [27]. Starting with the low mass region (10 < mll < 60 GeV) we can see that the
initial–state Z contribution is negligible, as at these low masses the average �/Z virtuality Q

2

i is
rather low. In addition, for this inclusive observable we find that the q� contribution is equally
very small.

Turning now to the intermediate mass region (60 < mll < 120 GeV), then away from the Z

peak the picture is rather similar to the low mass case, for the same reasons. Indeed, across the
entire region the initial–state Z contribution is again very small. However, in the Z peak region
we observe a significant enhancement with respect to the pure �� that comes from the mixed
�q contribution, where the dilepton pair can now be produced by a resonant intermediate Z

(see Figs. 1). This provides the dominant contribution, as we might reasonably expect. We also
show the result without applying the subtraction (21), to assess its impact, and can see that this
results in a non–negligible reduction in the cross section in the Z peak region, while outside of
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• A NLO calculation (at least) 
therefore necessary here.

• Alternatively, apply ‘Structure 
Function’ calculation directly. 
Automatically gives % level 
precision in cross section prediction 
for                     off Z-peak.

<latexit sha1_base64="aDXrU1DRfn4T5PNxbXbs9yXWaVE=">AAACAXicdVDLSgMxFM20Pmp9jY+F4CZYBEEskyJ9uCq4cVnBPqCtJZOmNTSZGZKMUIa68VfcuFDEreDajRt3/o2ZjoKKHrjhcM693NzjBpwp7TjvVio9Mzs3n1nILi4tr6zaa+sN5YeS0DrxuS9bLlaUM4/WNdOctgJJsXA5bbqj49hvXlKpmO+d6XFAuwIPPTZgBGsj9eytzhALgZMXdrQP+fm+qYOenXPyjuMghGBMUKnoGFKplAuoDFFsGeSqm8/p4PUlrPXst07fJ6GgniYcK9VGTqC7EZaaEU4n2U6oaIDJCA9p21APC6q60fSCCdw1Sh8OfGnK03Cqfp+IsFBqLFzTKbC+UL+9WPzLa4d6UO5GzAtCTT2SLBqEHJpD4zhgn0lKNB8bgolk5q+QXGCJiTahZU0IX5fC/0mjkEfF/OGpSeMIJMiAbbAD9gACJVAFJ6AG6oCAK3AD7sC9dW3dWg/WY9Kasj5nNsAPWE8fBbaZpg==</latexit>

�� ! l+l�

(5). For completeness we add this in quadrature to the experimental uncertainty discussed above
in the total cross section, but as we will see this is in general a negligible source of uncertainty
on the total cross section.
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Figure 2: Ratio of the photon–initiated cross sections for lepton pair production to the NLO QCD Drell–Yan
cross section at the 13 TeV LHC, as a function of the lepton pair invariant mass, mll. The leptons are required to
lie in the |⌘l| < 2.5 region. The LO collinear predictions and the structure function result are shown, in the latter
case for both the pure �� initiated and the total. In the former case the uncertainty band due to factorization
scale variation by a factor of two around the central value µ = mll, added in quadrature with the much smaller
PDF uncertainty, is given. In the latter case, the error band due to the experimental uncertainty on the structure
functions and scale variation in the �/Z + q component is shown added in quadrature (note in some regions this
is comparable to the line width of the central value).

We first consider the dilepton invariant mass distributions, taking the same mass regions
and cuts as in [27]. Starting with the low mass region (10 < mll < 60 GeV) we can see that the
initial–state Z contribution is negligible, as at these low masses the average �/Z virtuality Q

2

i is
rather low. In addition, for this inclusive observable we find that the q� contribution is equally
very small.

Turning now to the intermediate mass region (60 < mll < 120 GeV), then away from the Z

peak the picture is rather similar to the low mass case, for the same reasons. Indeed, across the
entire region the initial–state Z contribution is again very small. However, in the Z peak region
we observe a significant enhancement with respect to the pure �� that comes from the mixed
�q contribution, where the dilepton pair can now be produced by a resonant intermediate Z

(see Figs. 1). This provides the dominant contribution, as we might reasonably expect. We also
show the result without applying the subtraction (21), to assess its impact, and can see that this
results in a non–negligible reduction in the cross section in the Z peak region, while outside of
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Backup

• This is applied in MSHT20qed.

• Final caveat: for many ATLAS datasets the                     has been subtracted 
in the analysis, so cannot be included (double counting). Often done with 
outdated set. Clearly not to be encouraged in future!

• In the end only two sets - ATLAS high mass DY, and CMS double 
differential DY where we should (and do) include PI.
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Results - Fit Quality

Data set QCD QED Change
ATLAS W

+, W�, Z [85] 29.9/30 29.7/30 -
CMS W asym. pT > 35 GeV [86] 8.2/11 8.0/11 -
CMS asym. pT > 25, 30 GeV [87] 7.4/24 7.5/24 -
LHCb Z ! e

+
e
� [88] 22.3/9 22.6/9 -

LHCb W asym. pT > 20 GeV [89] 12.4/10 12.1/10 -
CMS Z ! e

+
e
� [90] 18.0/35 18.0/35 -

ATLAS High-mass Drell-Yan [91] 18.6/13 19.1/13 -
CMS double di↵. Drell-Yan [43] 144.8/132 145.4/132 -
Tevatron, ATLAS, CMS �tt̄ [92]- [93] 14.5/17 14.4/17 -
LHCb 2015 W , Z [94, 95] 101.4/67 100.6/67 -
LHCb 8 TeV Z ! ee [96] 26.2/17 25.8/17 -
CMS 8 TeV W [97] 12.6/22 14.0/22 (+1.4)
ATLAS 7 TeV jets [47] 221.3/140 217.8/140 (-3.5)
CMS 7 TeV W + c [98] 8.3/10 7.8/10 -
ATLAS 7 TeV high precision W , Z [45] 117.3/61 119.4/61 (+2.1)
CMS 7 TeV jets [48] 176.9/158 176.4/158 -
CMS 8 TeV jets [49] 262.4/174 267.9/174 (+5.5)
CMS 2.76 TeV jet [99] 102.4/81 102.8/81 -
ATLAS 8 TeV Z pT [52] 190.8/104 200.8/104 (+10.0)
ATLAS 8 TeV single di↵ tt̄ [58] 25.8/25 26.8/25 (+1.0)
ATLAS 8 TeV single di↵ tt̄ dilepton [100] 3.3/5 3.7/5 -
CMS 8 TeV double di↵erential tt̄ [101] 22.3/15 22.1/15 -
CMS 8 TeV single di↵erential tt̄ [59] 13.0/9 13.3 /9 -
ATLAS 8 TeV High-mass Drell-Yan [4] 56.9/48 57.8/48 -
ATLAS 8 TeV W [102] 57.8/22 59.2/22 (+1.4)
ATLAS 8 TeV W + jets [103] 18.7/30 19.1/30 -
ATLAS 8 TeV double di↵erential Z [46] 75.9/59 77.5/59 (+1.6)
Total 5111.8/4363 5136.1/4363 (+24.3)

Table 2: The values of �2/Npts for the LHC data sets included in a NNLO fit to the MSHT20 dataset,
with and without QED corrections. The di↵erence in �2/Npts is also shown explicitly, for the cases that
the magnitude is larger than 1 point; negative values indicate a better fit quality in the QED case. The
total �2 value corresponds to the sum of the individual values shown in Tables 1 and 2.
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• Perform a NNLO QCD fit to the MSHT20 dataset, following the approach 
outlined in previous slides. 

Data set QCD QED Change
BCDMS µp F2 [61] 178.8/163 182.5/163 (+3.7)
BCDMS µd F2 [61] 145.6/151 146.8/151 (+1.2)
NMC µp F2 [62] 124.0/123 124.9/123 -
NMC µd F2 [62] 112.4/123 113.1/123 -
NMC µn/µp [63] 130.4/148 128.9/148 (-1.5)
E665 µp F2 [64] 65.0/53 65.0/53 -
E665 µd F2 [64] 59.9/53 59.7/53 -
SLAC ep F2 [65, 66] 32.3/37 32.4/37 -
SLAC ed F2 [65, 66] 22.9/38 23.0/38 -
NMC/BCDMS/SLAC/HERA FL [61, 62, 66–69] 68.4/57 68.2/57 -
E866/NuSea pp DY [70] 225.8/184 226.0/184 -
E866/NuSea pd/pp DY [71] 9.5/15 8.8/15 -
NuTeV ⌫N F2 [72] 38.2/53 37.2/53 (-1.0)
CHORUS ⌫N F2 [73] 30.3/42 29.4/42 -
NuTeV ⌫N xF3 [72] 30.9/42 30.5/42
CHORUS ⌫N xF3 [73] 18.4/28 18.4/28 -
CCFR ⌫N ! µµX [74] 68.1/86 68.4/86 -
NuTeV ⌫N ! µµX [74] 57.5/84 56.7/84 (-1.0)
HERA e

+
p CC [75] 50.2/39 50.9/39 -

HERA e
�
p CC [75] 70.3/42 72.2/42 (+1.9)

HERA e
+
p NC 820 GeV [75] 89.9/75 90.1/75 -

HERA e
+
p NC 920 GeV [75] 510.7/402 511.2/402 -

HERA e
�
p NC 460 GeV [75] 247.6/209 248.0/209 -

HERA e
�
p NC 575 GeV [75] 262.2/259 262.8/259 -

HERA e
�
p NC 920 GeV [75] 243.9/159 244.8/159 -

HERA ep F
charm
2 [76] 132.6/79 131.9/79 -

DØ II pp̄ incl. jets [77] 120.3/110 119.5/110 -
CDF II pp̄ incl. jets [78] 60.1/76 60.9/76 -
CDF II W asym. [79] 18.9/13 18.5/13 -
DØ II W ! ⌫e asym. [80] 33.5/12 33.5/12 -
DØ II W ! ⌫µ asym. [81] 17.8/10 17.6/10 -
DØ II Z rap. [82] 16.3/28 16.4/28 -
CDF II Z rap. [83] 37.1/28 37.2/28 -
DØ W asym. [84] 12.8/14 11.3/14 (-1.5)

Table 1: The values of �2/Npts for the non-LHC data sets included in a NNLO fit to the MSHT20
dataset, with and without QED corrections. The di↵erence in �2/Npts is also shown explicitly, for the
cases that the magnitude is larger than 1 point; negative values indicate a better fit quality in the QED
case.

11

<latexit sha1_base64="jKPVaegMTNhJ863S+rMbz5f2Fns=">AAAB7XicdVDLSgMxFM1YH7W+6mPnJlgEVyUp0oerghuXFewD2rFk0kwbm8kMSUYoQ//BjQtF3PoXrt24ceffmGkVVPTAhcM593LvPV4kuDYIvTsLmcWl5ZXsam5tfWNzK7+909JhrChr0lCEquMRzQSXrGm4EawTKUYCT7C2Nz5N/fY1U5qH8sJMIuYGZCi5zykxVmr16Ihflvr5AioihDDGMCW4UkaW1GrVEq5CnFoWhfrecyZ6fYkb/fxbbxDSOGDSUEG07mIUGTchynAq2DTXizWLCB2TIetaKknAtJvMrp3CQ6sMoB8qW9LAmfp9IiGB1pPAs50BMSP920vFv7xubPyqm3AZxYZJOl/kxwKaEKavwwFXjBoxsYRQxe2tkI6IItTYgHI2hK9P4f+kVSricvH43KZxAubIgn1wAI4ABhVQB2egAZqAgitwA+7AvRM6t86D8zhvXXA+Z3bBDzhPHzsLkpg=</latexit>
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• Find a mild deterioration in fit quality wrt pure QCD fit. Similar effect seen 
in MMHT14, though somewhat larger here.

• Broadly spread across datasets, though of note is impact on gluon-sensitive 
LHC processes, due to impact of QED on gluon:

Data set QCD QED Change
ATLAS W

+, W�, Z [85] 29.9/30 29.7/30 -
CMS W asym. pT > 35 GeV [86] 8.2/11 8.0/11 -
CMS asym. pT > 25, 30 GeV [87] 7.4/24 7.5/24 -
LHCb Z ! e

+
e
� [88] 22.3/9 22.6/9 -

LHCb W asym. pT > 20 GeV [89] 12.4/10 12.1/10 -
CMS Z ! e

+
e
� [90] 18.0/35 18.0/35 -

ATLAS High-mass Drell-Yan [91] 18.6/13 19.1/13 -
CMS double di↵. Drell-Yan [43] 144.8/132 145.4/132 -
Tevatron, ATLAS, CMS �tt̄ [92]- [93] 14.5/17 14.4/17 -
LHCb 2015 W , Z [94, 95] 101.4/67 100.6/67 -
LHCb 8 TeV Z ! ee [96] 26.2/17 25.8/17 -
CMS 8 TeV W [97] 12.6/22 14.0/22 (+1.4)
ATLAS 7 TeV jets [47] 221.3/140 217.8/140 (-3.5)
CMS 7 TeV W + c [98] 8.3/10 7.8/10 -
ATLAS 7 TeV high precision W , Z [45] 117.3/61 119.4/61 (+2.1)
CMS 7 TeV jets [48] 176.9/158 176.4/158 -
CMS 8 TeV jets [49] 262.4/174 267.9/174 (+5.5)
CMS 2.76 TeV jet [99] 102.4/81 102.8/81 -
ATLAS 8 TeV Z pT [52] 190.8/104 200.8/104 (+10.0)
ATLAS 8 TeV single di↵ tt̄ [58] 25.8/25 26.8/25 (+1.0)
ATLAS 8 TeV single di↵ tt̄ dilepton [100] 3.3/5 3.7/5 -
CMS 8 TeV double di↵erential tt̄ [101] 22.3/15 22.1/15 -
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• Find that including PI improves description of CMS 7 TeV double-
differential DY by ~ 10 points. Interestingly default LO collinear calculation 
does not see this improvement.

15



Results - PDFs

0.9

0.95

1

1.05

1.1

1e-05 0.0001 0.001 0.01 0.1

u+ u (NNLO), Q2
= 10

4
GeV

2

x

QCD
QED refit

Figure 2: The ratio of the u+u and d+d distributions (with uncertainties) at Q2
= 10

4
GeV

2, resulting
from NNLO fits to the MSHT20 dataset, with QED e↵ects included to that without.

We note that, as discussed in the previous section, explicit PI contributions are only included

for two datasets, namely the ATLAS 8 TeV high mass DY [4] and the CMS 7 TeV double

di↵erential DY [43]. The size of the PI contributions to these are as much as 5% of the

QCD DY prediction, depending on the mass and rapidity region, and hence it is interesting to

investigate the impact this has on the fit quality, in addition to that due to QED corrections

to DGLAP evolution. We have therefore repeated the fit with the the PI components for these

datasets excluded, as well as with them included but using LO collinear factorization (with

µF = µR = mll), as opposed to the SF approach. For the ATLAS data, we find that including

the PI component via LO collinear factorization, or even excluding the PI component entirely,

has a very mild impact, at the level of less than 1 point in �
2. For the CMS data, on the

other hand, we find that excluding the PI component leads to a deterioration of the fit quality

by ⇠ 10 points in �
2. Interestingly, a very similar level of deterioration is seen if we instead

include the PI component via LO collinear factorization. Therefore, we can conclude that there

is a preference for the SF approach here, although the impact on the final PDF fit will be

very small and some caution is needed in this inteprertation, given as discussed above other

EW corrections are not included in this case. If the PI component were included at NLO in

collinear factorization, we would on the other hand expect a closer matching to the SF result,

and therefore potentially a similar level of improvement.

4 Impact on PDFs and Benchmark Cross Sections

We now present the impact of the inclusion of QED e↵ects on the MSHT PDFs. Many of the

e↵ects mimic those seen in the MMHT15qed set, and therefore we show only a selection here.

In all cases, these correspond to the scale Q
2 = 104 GeV2.

We begin with the up and down singlet distributions, u + ū and d + d̄, in Fig. 2. At high

x these may be expected to show a reduction in the PDFs due to q ! q + � emission. This

13

• Reduces           at high     due 
to               .

•        (not shown) reduced at 
high/intermediate     .
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Figure 3: The ratio of the uV and dV distributions (with uncertainties) at Q2
= 10

4
GeV

2, resulting
from NNLO fits to the MSHT20 dataset, with QED e↵ects included to that without.
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Figure 4: The ratio of the s + s and g distributions (with uncertainties) at Q2
= 10

4
GeV

2, resulting
from NNLO fits to the MSHT20 dataset, with QED e↵ects included to that without.

reduces the quark singlet momenta, and correspondingly increases the photon PDF, with the

e↵ect being most pronounced at high x. This can be clearly seen in the up singlet distribution in

Fig. 2 (left), although the changes are O(1%) and well within the uncertainty bands. However,

the e↵ect on the down singlet (right) is minimal due to its smaller charge, and is largely removed

upon refitting.

The impact on the valence quarks is shown in Fig. 3. The same q ! q+� emission as before

plays the dominant role here; this mimics the impact of QCD DGLAP on the valence quarks,

due to gluon emission, i.e. both the quarks and antiquarks are shifted to lower x, and hence

the valence di↵erence tends to reduce at intermediate to high x. This e↵ect is visible in the up

valence, which is reduced at intermediate to high x, with a corresponding increase observed at

lower x, due to the valence sum rule (though the size of the impact at the very lowest values of

x is to some extent driven by extrapolation). Again, the impact on the down valence is rather

milder.

Finally, the e↵ects of the inclusion of QED e↵ects on the total strangeness, s+ s̄, and on the

gluon are illustrated in Fig. 4. The strangeness will be sensitive to the same photon emission
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• Gluon reduced across wide     
region due to momentum sum 
rule (     carrying extra 
momentum).

• Increase at high     also seen by 
NNPDF, CT. Reason unclear 
(to us).
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Figure 5: The ratio of the (left) photon and (right) charge–weighted singlet distributions (with uncer-
tainties) at Q2

= 10
4
GeV

2, resulting from fits to the MSHT20 dataset, to the MMHT15qed case.
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Figure 6: The ratio of the (left) photon and (right) charge–weighted singlet distributions for various PDF
sets at Q2

= 10
4
GeV

2.

e↵ect as the up and down quarks, and indeed some reduction is observed in the high x region,

though not at the highest values of x. However, this reduction extends to intermediate and

low values of x. This is due to the addition of the photon PDF, which carries a fraction of

the proton momentum, and hence requires a reduction in the size of the other PDFs in order

to satisfy the momentum sum rule. As the strangeness is rather less well constrained than the

up and down singlets, it is more a↵ected by this. A similar reduction is observed for the gluon

across a broad region, apart from at the very highest values of x, where some increase is seen,

an e↵ect which seems common to other analyses [24, 27].

In Fig. 5 (left) we show the change in the photon PDF with respect to the MMHT15qed

case. We can see that, as expected from the discussion in Section 2, the photon is now O(2%)

lower across the entire x region. This is almost entirely due to the impact of lepton loops in P��;

to demonstrate this we also show the result of performing a fit to the same MSHT20 dataset,

but with leptonic loops excluded (i.e. following the procedure of MMHT15qed). We can see

that in this case the photon is very similar to the MMHT15qed, apart from at rather lower x,

where it is somewhat reduced. In Fig. 5 (right) we show the charge–weighted quark singlet,
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• Broad consistency between our result and NNPDF, CT.

• Enhancement at low    largely due to differing charge weighted quark singlet.

• Enhancement at high     may be due to inherent difference in our low scale     
approach wrt NNPDF + CT18lux. 

• Indeed best agreement seen with CT18qed1.3GeV, which is closest to 
MSHT20qed in approach (though not perfect at highest     ).
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Results - Benchmark Cross Sections
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Figure 7: Benchmark cross sections obtained with NNLO fits to the MSHT20 dataset, with QED e↵ects
included to that without.. Results are normalized to the central value of the QCD only fit.

which is somewhat lower at intermediate to low x, reflecting the di↵erence in the MMHT15

and MSHT20 QCD–only PDFs. This di↵erence will drive the reduction in the photon at low x,

due to the reduced contribution from q ! q+� emission. We note that the impact of including

lepton loops in P�� on all other partons is very minor, and is for that reason not shown here.

In Fig. 6 we compare the MSHT20qed photon PDF with other results in the literature,

namely the NNPDF31luxqed [24], and CT18qed, CT18lux [27] sets. These all apply the same

basic LUXqed approach as outlined in [20, 21] and used for the MSHT set, but di↵er in the

specifics of the implementation, as well as the underlying QCD partons. In more detail, the

CT18qed set applies a similar modification to us, namely applying the LUXqed formula for the

photon at input scale Q0, before evolving with standard QED DGLAP. On the other hand,

NNPDF31luxqed and CT18lux apply the LUXqed formula at higher scales, see [24,27] for more

details. We can see that for intermediate to reasonably high values of x the agreement between

the sets is good, as we might expect. At low x the CT and NNPDF photons lie somewhat above

MSHT, which from Fig. 6 (right) we can see is largely driven by the di↵erence in the charge

weighted quark singlet PDFs, via their impact on the photon through DGLAP evolution. At

the highest values x & 0.5, on the other hand, the MSHT photon is lower than the other results.

In [27] it is argued that the MSHT ‘Q0’ approach tends to lead to a lower photon at high x

in comparison to the high scale approach, due to the di↵erence in treatment of non-leading

twist contributions to F2(x,Q2) above Q
2
0, and hence this could explain the di↵erence with

respect to the NNPDF31luxqed and CT18lux sets. We can see that the CT18qed set, which

applies the same basic ‘Q0’ methodology as MSHT, remains higher than MSHT (though indeed

smaller than CT18lux, even if this is not evident in the plot), but there is better agreement

with CT18qed1.3GeV, which has a more similar starting scale to MSHT, whereas the default

CT18qed uses Q0 = 3 GeV. We note that in [27] it was observed that the MMHT15qed

set was similar in size to CT18qed. However, as discussed above this excluded leptonic loop

contributions to P�� (which are included in CT18), which as observed in Fig. 24 of [26] reduce

the photon PDF most prominently at high x.

Finally, in Fig. 7 we show results for a range of benchmark cross sections, namely Higgs

16

• Gluon-initiated Higgs and     ~ 1% lower. Driven by lower gluon in QED fit. 

• Similar impact on W,Z due to lower quark, W/Z ratio stable.

Impact smaller than but comparable to PDF uncertainties.
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violate the pure assumption of isospin symmetry, for which dV (n) = uV (p) and uV (n) = dV (p).

These will modify the distributions at the input scale Q0 = 1 GeV, as well as then explicitly

in the QED corrected DGLAP evolution to higher scales. The ratio of the neutron down and

up valence quarks, at the input scale, to their isospin symmetry partners is shown in Fig. 9.

We can see that the e↵ect of isospin violation is small, at the 1% level around the peaks of the

valence distributions. These results are comparable to the MMHT15qed case, though interest-

ingly the impact of isospin violation on the uV (n)/dV (p) ratio is significantly less at low and

high x, which is most likely a result of the rather di↵erent proton down valence in the MSHT20

fit with respect to the MMHT14 case, due to the more flexible parameterisation as well as the

impact of new data in the fit, see [31] for further discussion. The same comparison, but at

Q
2 = 104 GeV2, is shown in Fig. 10. Broadly, we can see that at high x the neutron dV (uV )

is enhanced (suppressed) with respect to the proton uV (dV ), due to the lower (higher) electric

charge of the corresponding neutron PDFs, and hence less (more) significant QED radiation

e↵ects, which tend to reduce the valence distribution in this region. As expected from the form

of the prescription for the input neutron PDFs, this trend is already present in the distributions

at input, and then is clearly enhanced by the e↵ect of QED DGLAP as we evolve to Q
2 = 104

GeV2.

Finally, in Fig. 11 (left) we show the ratio of the photon PDF in the neutron to the proton

case. We can see that the neutron’s photon PDF is rather lower than that in the proton,

due in part to the significantly smaller elastic component of the photon in this case, but also

the suppression in the charge–weighted singlet quark PDF at higher x (Fig. 11 (right)), and

hence the smaller inelastic photon component that this will generate. At low x the sea quarks

dominate and this ratio tends to unity. Hence, at low x the suppression of the photon PDF

in the neutron is observed to be less significant, though this is also due to the smaller relative

elastic component in the proton case at low x, as seen in Fig. 8.
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Elastic/Inelastic Breakown

• We also provide photon PDF sets with just the elastic and inelastic input 
photon included.

• Can be useful for dedicated studies (though care needed in interpretation).
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Neutron PDFs

• As in MMHT14qed we provide a neutron PDF set: QED corrections lead to 
isospin violation and proton-neutron differences.
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6 PDF availability

We provide the MSHT20 PDFs in the LHAPDF format [108]:

http://lhapdf.hepforge.org/

as well as on the repository:

http://www.hep.ucl.ac.uk/msht/

We present NNLO eigenvector sets of PDFs at the default value of ↵S(M2
Z
) = 0.118:

MSHT20qed nnlo

but not at NLO, as it is only at NNLO QCD level of precision that QED corrections be-

come relevant. We also provide equivalent PDF sets, but with only the elastic or inelastic
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components of the photon output (see [26] for discussion of how this is achieved):

MSHT20qed nnlo elastic

MSHT20qed nnlo inelastic

Finally, we also present neutron PDF sets, including the elastic and inelastic photon com-

ponents:

MSHT20qed nnlo neutron

MSHT20qed nnlo neutron elastic

MSHT20qed nnlo neutron inelastic

In all cases these contain 38 eigenvectors, of which 6 are due to uncertainties in the deter-

mination of the photon PDF.

7 Conclusions

In this paper, we have presented the MSHT20qed NNLO PDF set. This closely follows the

MSHT20 global analysis [31], but includes QED corrections to the PDF evolution, and a cor-

responding photon PDF of the proton. The photon PDF is calculated at input following the

LUXqed approach, such that percent level PDF uncertainties in the photon PDF are achieved,

and a full refit is performed. From this, we have made available a the fully consistent set of

QED corrected partons.

We have presented a detailed overview of the expectations for the relevance of photon–

initiated (PI) production in processes that enter current global PDF fits. We have seen that

in most cases the PI contribution, calculated using a suitable photon PDF set based on the

20
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Summary

Thank you for listening!

★ Have presented new MSHT20qed sets:

Figure 9: Ratio of neutron down (up) valence to the proton isospin partner, at Q2
= 1 GeV
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the left (right) plots.

Figure 10: As in Fig. 9, but at Q2
= 10

4
GeV
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6 PDF availability

We provide the MSHT20 PDFs in the LHAPDF format [108]:

http://lhapdf.hepforge.org/

as well as on the repository:

http://www.hep.ucl.ac.uk/msht/

We present NNLO eigenvector sets of PDFs at the default value of ↵S(M2
Z
) = 0.118:

MSHT20qed nnlo

but not at NLO, as it is only at NNLO QCD level of precision that QED corrections be-

come relevant. We also provide equivalent PDF sets, but with only the elastic or inelastic
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★ Include QED corrections to DGLAP + precision photon PDF.

★ Leads to a mild deterioration in fit quality, but still is more accurate!

★ Impact on PDFs + benchmark cross sections moderate but not 
negligible for precision physics.

★ PI cross sections: general discussion suggests lepton pair production 
key.

★ NNLO proton set, elastic/inelastic breakdown + neutron sets available.
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Structure Function Calculation
LHL, JHEP 03 (2020) 128

• Alternative approach: apply ‘structure function’ calculation directly.

• Structure function parameterises all physics that 
goes on in                 vertex.�p ! X
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• Use precisely same argument 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
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2
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2
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2
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�
(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
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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:
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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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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

LB JL — Draft November 3, 2018 — 13

�

�

˜̀

˜̀

p

p

p

`

�̃0
1

�̃0
1

`

p

FIG. 8. Exclusive pair-production of sleptons ˜̀ via photon–photon fusion. Each slepton decays
directly to a lepton and neutralino �̃0

1.

LB JL — Draft November 3, 2018 — 13

�

�

W

W

p

p

p

`

⌫

⌫

`

p

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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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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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

ar
X

iv
:1

81
1.

06
46

5v
1 

 [h
ep

-p
h]

  1
5 

N
ov

 2
01

8
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 

 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

12

) SuperChic

4

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

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

↵2
S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1

130

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

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

R

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

X 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

1.
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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

ar
X

iv
:1

81
1.

06
46

5v
1 

 [h
ep

-p
h]

  1
5 

N
ov

 2
01

8

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

⇢1 ⇠ F2,L
<latexit sha1_base64="zg9WilaniSqKpB0evuuODkv4+Ec=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkLS1KrgoiCICxcV7APaEibTaTt0JgkzE6GE+ituXCji1g9x5984aaP4OnDhcM693HuPHzEqlW2/G7mFxaXllfxqYW19Y3PL3N5pyjAWmDRwyELR9pEkjAakoahipB0JgrjPSMsfn6d+65YIScPgRk0i0uNoGNABxUhpyTOLXTEKPQd2JeXwwkvKh1dTzyw5lj0DtC234ladI00y5dMqgQx1z3zr9kMccxIozJCUHceOVC9BQlHMyLTQjSWJEB6jIeloGiBOZC+ZHT+F+1rpw0EodAUKztTvEwniUk64rzs5UiP520vF/7xOrAYnvYQGUaxIgOeLBjGDKoRpErBPBcGKTTRBWFB9K8QjJBBWOq+CDsG2TlNUv17+S5ply3Et97pSqp1lceTBLtgDB8ABx6AGLkEdNAAGE3APHsGTcWc8GM/Gy7w1Z2QzRfADxusHYSSUEg==</latexit>

⇢2 ⇠ F2,L
<latexit sha1_base64="BCnRCBC0cjqpRO+nCaVdUsrdstI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkLaBm3BRUEQFy4q2Ae0JUymk3boTBJmJkII9VfcuFDErR/izr9x0lbxdeDC4Zx7ufceL2JUKtt+N3JLyyura/n1wsbm1vaOubvXlmEsMGnhkIWi6yFJGA1IS1HFSDcSBHGPkY43Oc/8zi0RkobBjUoiMuBoFFCfYqS05JrFvhiHbgX2JeXwwk0rx1dT1yyVLXsGaFsVp+Y4dU0WyqdVAgs0XfOtPwxxzEmgMENS9sp2pAYpEopiRqaFfixJhPAEjUhP0wBxIgfp7PgpPNTKEPqh0BUoOFO/T6SIS5lwT3dypMbyt5eJ/3m9WPm1QUqDKFYkwPNFfsygCmGWBBxSQbBiiSYIC6pvhXiMBMJK51XQIdhWPcPJ18t/SbtilatW9dopNc4WceTBPjgAR6AMTkEDXIImaAEMEnAPHsGTcWc8GM/Gy7w1ZyxmiuAHjNcPb66UHA==</latexit>

• Cross section given in terms of photon density matrices       :<latexit sha1_base64="F8cmbY6DlMo++tAzRnIAzSHHpsY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4KkmRPlwV3LisYB/QDiWTZtrYTDIkGaEM/Qc3LhRx6/+482/MtBVU9MCFwzn3cu89QSy4sQh9eLm19Y3Nrfx2YWd3b/+geHjUMSrRlLWpEkr3AmKY4JK1LbeC9WLNSBQI1g2mV5nfvWfacCVv7SxmfkTGkoecEuukzkBP1JAPiyVURghhjGFGcK2KHGk06hVchzizHEpghdaw+D4YKZpETFoqiDF9jGLrp0RbTgWbFwaJYTGhUzJmfUcliZjx08W1c3jmlBEMlXYlLVyo3ydSEhkziwLXGRE7Mb+9TPzL6yc2rPspl3FimaTLRWEioFUwex2OuGbUipkjhGruboV0QjSh1gVUcCF8fQr/J51KGVfL6Oai1LxcxZEHJ+AUnAMMaqAJrkELtAEFd+ABPIFnT3mP3ov3umzNeauZY/AD3tsn6I6PVg==</latexit>⇢i
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• Uncertainties on SF predicted         cross section:
<latexit sha1_base64="EMAQ7mr3QeErS/SU1rJyLIXc4A0=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARBDN1BsngKePEYwSyQTEJPpydp0rPQ3SOEkI/w4kERr36PN//GniSCij4oeLxXRVU9L5ZCG4w/nJXVtfWNzcxWdntnd28/d3DY1FGiGG+wSEaq7VHNpQh5wwgjeTtWnAae5C1vfJ36rXuutIjCOzOJuRvQYSh8waixUkv2zpHsXfRzeVzAGBNCUEpIuYQtqVYrRVJBJLUs8rBEvZ977w4ilgQ8NExSrTsEx8adUmUEk3yW7Saax5SN6ZB3LA1pwLU7nZ87Q6dWGSA/UrZCg+bq94kpDbSeBJ7tDKgZ6d9eKv7ldRLjV9ypCOPE8JAtFvmJRCZC6e9oIBRnRk4soUwJeytiI6ooMzahrA3h61P0P2kWC6RUwLeX+drVMo4MHMMJnAGBMtTgBurQAAZjeIAneHZi59F5cV4XrSvOcuYIfsB5+wR7D47/</latexit>

l+l�

★ Experimental uncertainty on               , HO corrections to                     , non-
factorizable NLO EW/NNLO QCD corrections connecting beams.

<latexit sha1_base64="oGM1GV9J3+LxjeeTkNLk0OXCRzc=">AAAB/HicdVDLSgMxFM3UV62vapdugkVwIUNSpA9XBUFcVrAPaMchk2ba0MyDJCOUof6KGxeKuPVD3Pk3ZtoKKnrgwuGce5N7jxcLrjRCH1ZuZXVtfSO/Wdja3tndK+4fdFSUSMraNBKR7HlEMcFD1tZcC9aLJSOBJ1jXm1xkfveOScWj8EZPY+YEZBRyn1OijeQWS5cuv00HMoBMnELziLBnbrGMbIQQxhhmBNeqyJBGo17BdYgzy6AMlmi5xffBMKJJwEJNBVGqj1GsnZRIzalgs8IgUSwmdEJGrG9oSAKmnHS+/AweG2UI/UiaCjWcq98nUhIoNQ080xkQPVa/vUz8y+sn2q87KQ/jRLOQLj7yEwF1BLMk4JBLRrWYGkKo5GZXSMdEEqpNXgUTwtel8H/Sqdi4aqPrs3LzfBlHHhyCI3ACMKiBJrgCLdAGFEzBA3gCz9a99Wi9WK+L1py1nCmBH7DePgHxWJRO</latexit>

F el,inel.
i

<latexit sha1_base64="fAWhibSn+f7hVyReeMJ6SBFxOd8=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARBLEkRfpwVXDjsoJthc5YMmnahiYzQ5IRSqkbf8WNC0Xc+hfu/BszbQUVPXDD4Zx7ubkniAXXBqEPJ7OwuLS8kl3Nra1vbG652ztNHSWKsgaNRKSuA6KZ4CFrGG4Eu44VIzIQrBUMz1O/dcuU5lF4ZUYx8yXph7zHKTFW6rh7Xp9ISWYv9EwExc2JreOOm0cFhBDGGKYEl0vIkmq1UsQViFPLIg/mqHfcd68b0USy0FBBtG5jFBt/TJThVLBJzks0iwkdkj5rWxoSybQ/nl4wgYdW6cJepGyFBk7V7xNjIrUeycB2SmIG+reXin957cT0Kv6Yh3FiWEhni3qJgPbQNA7Y5YpRI0aWEKq4/SukA6IINTa0nA3h61L4P2kWC7hUQJen+drZPI4s2AcH4AhgUAY1cAHqoAEouAMP4Ak8O/fOo/PivM5aM858Zhf8gPP2CT5Elhc=</latexit>

�� ! l�l+

Percent level precision in predicted cross section.

• All enter at ~ 1% level or less, and no       dependence  

!

<latexit sha1_base64="WcqKzVbfij1BgI9wot6NYS91Tyk=">AAAB8nicbZC7SgNBFIZn4y3GW9TSZjEIsQm7Il4qAzaWEcwFdpcwO5lNhszOLDNnlbDkGaxsLBSx9RGsfAQ7H8TeyaXQxB8GPv7/HOacEyacaXCcLyu3sLi0vJJfLaytb2xuFbd3GlqmitA6kVyqVog15UzQOjDgtJUoiuOQ02bYvxzlzVuqNJPiBgYJDWLcFSxiBIOxPF+xbg+wUvKuXSw5FWcsex7cKZQu3svfH/f+Ya1d/PQ7kqQxFUA41tpznQSCDCtghNNhwU81TTDp4y71DAocUx1k45GH9oFxOnYklXkC7LH7uyPDsdaDODSVMYaens1G5n+Zl0J0FmRMJClQQSYfRSm3Qdqj/e0OU5QAHxjARDEzq016WGEC5koFcwR3duV5aBxV3OPK+bVTqp6gifJoD+2jMnLRKaqiK1RDdUSQRA/oCT1bYD1aL9brpDRnTXt20R9Zbz8MnJV3</latexit>

• Relationship to collinear PDF? Based on expanding SF result in                 . ⇠ Q2/M2

<latexit sha1_base64="878CuleqlyriikXfV1xhc3Ykp7c=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSJ4qrulYL0VvHgRWrAf0G5LNk3b0CS7JtlCWfo7vHhQxKs/xpv/xrTdg7Y+GHi8N8PMvCDiTBvX/XY2Nre2d3Yze9n9g8Oj49zJaUOHsSK0TkIeqlaANeVM0rphhtNWpCgWAafNYHw395sTqjQL5aOZRtQXeCjZgBFsrOR3NBOo1i2i64dusZfLuwV3AbROvJTkIUW1l/vq9EMSCyoN4VjrtudGxk+wMoxwOst2Yk0jTMZ4SNuWSiyo9pPF0TN0aZU+GoTKljRoof6eSLDQeioC2ymwGelVby7+57VjMyj7CZNRbKgky0WDmCMTonkCqM8UJYZPLcFEMXsrIiOsMDE2p6wNwVt9eZ00igWvVLitlfKVchpHBs7hAq7AgxuowD1UoQ4EnuAZXuHNmTgvzrvzsWzdcNKZM/gD5/MH0LaQ0A==</latexit>
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Q2 = 0

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 –

<latexit sha1_base64="Gdpuub/A0OnMArmK1IsE8wb2HYQ=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGUfEU8OIxQfOAZA2zk9lkyOzsMtMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChIpDLrut5NbW9/Y3MpvF3Z29/YPiodHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbmt564NiJWDzhOuB/RgRKhYBStdF9/rPSKJbfszkFWiZeREmSo9Ypf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYbX/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2BG/55VXSrJS9y7JbvyhVb7I48nACp3AOHlxBFe6gBg1gMIBneIU3RzovzrvzsWjNOdnMMfyB8/kDz3SNdg==</latexit>

Q2

• Improves at NLO (+ …) but key point: these corrections are known 
before they are calculated. Already contained in the SF calculation.

Uncertainties/relation to photon PDF

F el
1,2

<latexit sha1_base64="kxSYZNkHkBXXjjpORUHKCfuH0jA=">AAAB+XicbVDLSsNAFJ34rPUVdelmsAgupCSt+NgVBHFZwT6gjWEynbRDZyZhZlIooX/ixoUibv0Td/6NkzSIWg9cOJxzL/feE8SMKu04n9bS8srq2nppo7y5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxteZ35kQqWgk7vU0Jh5HQ0FDipE2km/bN37qntZmD2lfckjYzLcrTtXJAReJW5AKKND07Y/+IMIJJ0JjhpTquU6svRRJTTEjs3I/USRGeIyGpGeoQJwoL80vn8FjowxgGElTQsNc/TmRIq7UlAemkyM9Un+9TPzP6yU6vPRSKuJEE4Hni8KEQR3BLAY4oJJgzaaGICypuRXiEZIIaxNWOQ/hKsP598uLpF2ruvVq/e6s0mgUcZTAITgCJ8AFF6ABbkETtAAGE/AInsGLlVpP1qv1Nm9dsoqZA/AL1vsXrvOTLg==</latexit>

e

p

= + +…

24

• At LO               and no control over non-zero        behaviour.

Drell–Yan process and the region of lower transverse momenta, where resummation must be
applied. We in particular present results for the ATLAS 8 TeV event selection [29]. These
can enter at the level of a few percent in the region where fixed–order QCD may be applied,
relevant to PDF fits, while for the lower pll? region relevant to comparisons with resummed QCD
calculations, these can be as large as 10%.

The outline of this paper is as follows. In Section 2 we summarise the key ingredients of
the structure function approach. In Section 3 we present a detailed comparison of this with
the standard approach, in terms of a photon PDF, for the simpler case of lepton–proton (and
photon–proton) scattering; we in particular demonstrate explicitly how the standard approach
is derived via an approximation to the structure function calculation, and which is therefore
by construction less precise. In Section 4 we discuss the case of proton–proton collisions, and
present phenomenological predictions for lepton pair production at the LHC. In Section 5 we
conclude and discuss future work.

2 Structure Function Calculation

The basic observation we apply is that in the high–energy limit the photon–initiated cross section
in proton–proton collisions1 can be written in the general form

�pp =
1

2s

Z
d3p1d3p2d�

E1E2
↵(Q2

1)↵(Q
2
2)
⇢
µµ0

1 ⇢
⌫⌫0
2 M

⇤
µ0⌫0Mµ⌫

q21q
2
2

�
(4)(q1 + q2 � k) . (1)

Here the outgoing hadronic systems have momenta p1,2 and the photons have momenta q1,2, with

q
2
1,2 = �Q

2
1,2. We consider the production of a system of 4–momentum k = q1 + q2 =

PN
j=1 kj

of N particles, where d� =
QN

j=1 d
3
kj/2Ej(2⇡)3 is the standard phase space volume. M

µ⌫

corresponds to the �� ! X(k) production amplitude, with arbitrary photon virtualities.
The above expression is the basis of the equivalent photon approximation [7], as well as being

precisely the formulation used in the structure function approach [19] applied to the calculation
of Higgs Boson production via VBF. In particular, ⇢ is the density matrix of the virtual photon,
which is given in terms of the well known proton structure functions:

⇢
↵�
i = 2

Z
dxB,i

x2B,i


�
 
g
↵� +

q
↵
i q

�
i

Q2
i

!
F1(xB,i, Q

2
i ) +

(2p↵i � q↵i
xB,i

)(2p�i � q�i
xB,i

)

Q2
i

xB,i

2
F2(xB,i, Q

2
i )

�
,

(2)
where xB,i = Q

2
i /(Q

2
i + M

2
i � m

2
p) for a hadronic system of mass Mi and we note that the

definition of the photon momentum qi as outgoing from the hadronic vertex is opposite to the
usual DIS convention. This corresponds to the general Lorentz–covariant expression that can be
written down for the photon–hadron vertex, and indeed because of precisely this point it is the
same object which appears in the cross section for (photon–initiated) lepton–hadron scattering,
including in the DIS region. We have

d�lp
dQ2

=
↵(Q2)

4s2
⇢
↵�
i L↵�

Q2
, (3)

where L is the usual spin–averaged leptonic tensor. Indeed the photon density matrix is straight-
forwardly related to the standard hadronic tensor W↵� that enters the e.g. the DIS cross section
via

⇢
↵�
i = 2

Z
dxB,i

x2B,i

W
↵�
i = 2

Z
dM2

i

Q2
i

W
↵�
i . (4)

1We will for concreteness consider the case of two–photon initiated production, but the mixed case where only
one photon participates in the initial state can be written down in a similar way.
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to events with intact protons/rapidity gaps in final state.
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Lepton pair production

• ATLAS (arXiv:1506.07098) have measured exclusive   and    pair 
production      use                    to compare to this.
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Measurement of exclusive �� ! `+`� production in proton–proton
collisions at

p
s = 7 TeV with the ATLAS detector
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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 (                                                         ).
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S(MZ) ⇠ 0.1182 ⇠ 1

70
↵QED(MZ) ⇠

1
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! 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. 
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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

1.
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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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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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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 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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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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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

ar
X

iv
:1

81
1.

06
46

5v
1 

 [h
ep

-p
h]

  1
5 

N
ov

 2
01

8

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
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