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Photon-Photon Physics
• Both protons and heavy ions can act as source of initial-state photons      purely photon-initiated 
production possible.
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• This allows for exclusive/semi-exclusive production: colour singlet photon naturally leads to events 
with intact protons/rapidity gaps in final state:

Exclusive Semi-exclusive 

★ QCD interactions between hadrons can be largely ignored, i.e. ~ pure QED production
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Selecting semi-exclusive production
• Key point: quark/gluon-initiated production leads to colour flow between 

protons        these break up + significant amount of additional particles 
present in detector (‘underlying event’).

<latexit sha1_base64="BIfUHlVU7c1a6PJgRvc3Ixz3fq4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1U3bvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5LBkXI=</latexit>)

• For photon-initiated production no longer 
the case: dominant contribution to such 
topologies.
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What does is it look like?
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★ By dealing with ~ pure QED initial state, many studies of the EW sector and BSM modifications 
to it open up…

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

5

FIG. 3. Feynman diagram illustrating photon-initiated pro-
cesses with one or two top quarks in the final state and at
least one FCNC coupling.

C. Required Integrated Luminosity for Discovery

To observe a process, using purely statistical uncer-
tainties, the standard criterion of an excess of 5 standard
deviations from the null hypothesis can be met by ob-
serving 25 or more events above the background expec-
tation (assuming only Poisson statistical errors). Three
di↵erent benchmark delivered luminosities are considered
at 13 TeV; 100 pb�1, 300 pb�1, and 1 fb�1. The ex-
pected number of measured tt̄ events for each of these
benchmarks is presented in Table III B. Only statistical
uncertainties from the cross-section calculation are con-
sidered and these are negligible. For fully elastic pro-
cesses involving either one or two photons, the expected
yields are well below one event and are therefore unlikely
to be measurable in low-µ data. In contrast, the semi-
elastic production could almost be measured with even
the most pessimistic amount of low-µ data and should
be observable (and perhaps even di↵erentiated between
pomeron- and photon-induced processes) with 300 pb�1

and above. It should be noted that the assumption of no
background is generally true (given that statistical un-
certainties on the data would be 10% or higher at these
expected number of events). The tt̄ final state is not
easily imitated by other SM signatures, and this is even
more true for the elastic case. One process that would
not form a relevant background but could form an addi-
tional signal is the associated production of a top quark
and a W boson, which can be produced semi-elastically,
mediated by a photon, with roughly half the cross-section
of the �p ! tt̄process. The central detector acceptance
for this process would look very similar to the dileptonic
and semi-leptonic cases for tt̄ but would not pass the all
hadronic selection (as there is only one b-tagged jet in
the tW final state). In the most optimistic luminosity
case, the tW process would add around 10 events to the
total signal.

IV. FLAVOR CHANGING NEUTRAL
CURRENTS

Photon-initiated elastic processes are a potential lab-
oratory for searching for the existence of flavor-changing
neutral currents (FCNCs) of the form t ! u/c�. The SM
predicts that such currents can exist but that their ex-
istence is heavily suppressed. FCNCs could manifest in
many elastic processes involving top quarks and photons
but in most cases, there would be a significant SM back-
ground. One case, however, stands out as being uniquely
sensitive. The production of a single top quark, with
no associated quarks or bosons (�u ! t), is something
that e↵ectively does not exist in the SM but could pro-
duce measurable numbers of events with relatively weak
FCNCs. There is no other SM process that can imitate
this signature, and an observation of it would be strik-
ing evidence for the presence of photon-mediated FCNC.
This unique topology was already discussed in previous
studies [26], however, the unique ability to suppress SM
backgrounds by concentrating on the elastic process with
a forward proton tag is discussed here for the first time.
This process is modeled using MadGraph5 aMC@NLO
in an e↵ective field theory context using the dim6top
model [27]. This model allows 15 CP-conserving and
15 CP-violating degrees of freedom. We follow a similar
EFT setup to the one used in [28], with the added simpli-
fication that left-handed and right-handed couplings be-
come degenerate in the t ! u/c� process and we, there-
fore, estimate limits on only two couplings:

C(3a)
uA ⌘ C(a3)

uA ⌘ cWC(3a)
uB + sWC(3a)

uW , (3)

where the index a is 1 for up flavor quarks and 2 for
charm flavor quarks. The SM predicts that the branch-
ing ratio for tops to decay to either an up quark or charm
quark and a photon to be 4 ⇥ 10�16 and 5 ⇥ 10�14, re-
spectively [29]. The presence of many new physics mod-
els, such as a flavor violating two-Higgs-doublet-model
(2HDM), can increase this considerably to O(10�7) [30].
The branching ratio for such couplings have already been
probed by the ATLAS and CMS collaborations in top
quark decays and have been constrained to the level of
< O(10�5) for t ! �u and < O(10�4) for t ! �c [28, 31].
However, these analyses had to contend with huge SM
cross-sections, relative to their potential FCNC signal
strength, and must use complex neural networks to con-
struct sensitive observables. Such experimental gymnas-
tics are not necessary for elastic top production as the
primary signature has no irreducible backgrounds and
strong limits can be set based on a simple cut-and-count
cross-section measurement. Though the study here ex-
plores the �p ! t process, the results are expressed as
branching ratios for t ! �p to facilitate comparisons with
existing limits from ATLAS and CMS. Using the same
technique used to prototype the required amount of data
to observe elastic processes in Section III C I extrapolate
the limits that could be achieved by a lack of observa-
tion of the � ! tt̄ process with the three benchmark
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Compressed SUSY Anomalous couplings

tau g-2

LbyL scattering/ALPS

New physics and tau g � 2 using LHC heavy ion collisions

Lydia Beresford1, ⇤ and Jesse Liu1, 2, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK
2Department of Physics, University of Chicago, Chicago IL 60637, USA

The anomalous magnetic moment of the tau lepton a⌧ = (g⌧ �2)/2 strikingly evades measurement,
but is highly sensitive to new physics such as compositeness or supersymmetry. We propose using
ultraperipheral heavy ion collisions at the LHC to probe modified magnetic �a⌧ and electric dipole
moments �d⌧ . We introduce a suite of one electron/muon plus track(s) analyses, leveraging the
exceptionally clean photon fusion �� ! ⌧⌧ events to reconstruct both leptonic and hadronic tau
decays sensitive to �a⌧ , �d⌧ . Assuming 10% systematic uncertainties, the current 2 nb�1 lead–lead
dataset could already provide constraints of �0.0080 < a⌧ < 0.0046 at 68% CL. This surpasses 15
year old lepton collider precision by a factor of three while opening novel avenues to new physics.

I. INTRODUCTION

Precision measurements of electromagnetic couplings
are foundational tests of quantum electrodynamics
(QED) and powerful probes of beyond the Standard
Model (BSM) physics. The electron anomalous mag-
netic moment ae = 1

2 (ge �2) is among the most precisely
known quantities in nature [1–5]. The muon counterpart
aµ is measured to 10�7 precision [6] and reports a 3� 4�

tension from SM predictions [7, 8]. This may indicate
new physics [9–12], to be clarified at Fermilab [13] and
J–PARC [14]. Measuring a` generically tests lepton com-
positeness [15], while supersymmetry at energy scales MS

induces radiative corrections �a` ⇠ m
2
`/M

2
S for leptons

with mass m` [9]. Thus the tau ⌧ can be m
2
⌧/m

2
µ ⇠ 280

times more sensitive to BSM physics than aµ.
However, a⌧ continues to evade measurement because

the short tau proper lifetime ⇠ 10�13 s precludes use
of spin precession methods [6]. The most precise single-
experiment measurement a

exp
⌧ is from DELPHI [16, 17]

at the Large Electron Positron Collider (LEP), but is re-
markably an order of magnitude away from the theoret-
ical central value a

pred
⌧, SM predicted to 10�5 precision [18]

a
exp
⌧ = �0.018 (17), a

pred
⌧, SM = 0.001 177 21 (5). (1)

The poor constraints on a⌧ present striking room for
BSM physics, especially given other lepton sector ten-
sions [19–26], and motivate new experimental strategies.

This Letter proposes a suite of analyses to probe a⌧

using heavy ion beams at the LHC. We leverage ultrape-
ripheral collisions (UPC) where only the electromagnetic
fields surrounding lead (Pb) ions interact. Tau pairs are
produced from photon fusion PbPb ! Pb(�� ! ⌧⌧)Pb,
illustrated in Fig. 1, whose sensitivity to a⌧ was sug-
gested in 1991 [27]. We introduce the strategy crucial
for experimental realization and importantly show that
the currently recorded dataset could already surpass LEP
precision. The LHC cross-section enjoys a Z

4 enhance-
ment (Z = 82 for Pb), with over one million �� ! ⌧⌧

events produced to date. Existing proposals using lep-
ton beams require future datasets (Belle-II) or proposed
facilities (CLIC, LHeC) [28–34], while LHC studies fo-
cus on high luminosity proton beams [35–40]. No LHC
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FIG. 1. Pair production of tau leptons ⌧ from ultraperipheral
lead ion (Pb) collisions in two of the most common decay
modes: ⇡

±
⇡

0
⌫⌧ and `⌫`⌫⌧ . New physics can modify tau–

photon couplings a↵ecting the magnetic moment by �a⌧ .

analysis of �� ! ⌧⌧ exists as the taus have insu�cient
momentum for ATLAS/CMS to record or reconstruct.

Our proposal overcomes these obstructions in the clean
UPC events [41], enabling selection of individual tracks
from tau decays with no other detector activity akin to
LEP [16]. We exploit recent advances in low momentum
electron/muon identification [42–44] to suppress hadronic
backgrounds. We then present a shape analysis sensitive
to interfering SM and BSM amplitudes to enhance a⌧

constraints. Our strategy also probes tau electric dipole
moments d⌧ induced by charge–parity (CP) violating new
physics. This opens key new directions in the heavy ion
program amid reviving interest in photon collisions [45–
47] for light-by-light scattering [48–51], standard candle
processes [52–56], and BSM dynamics [57–67].

II. EFFECTIVE THEORY & PHOTON FLUX

The anomalous ⌧ magnetic moment a⌧ = (g⌧ � 2)/2 is
defined by the spin–magnetic Hamiltonian �µ⌧ · B =
�(g⌧e/2m⌧ )S · B. In the Lagrangian formulation of
QED, electromagnetic moments arise from the spinor
tensor �

µ⌫ = i[�µ
, �

⌫ ]/2 structure of the fermion current
interacting with the photon field strength Fµ⌫

L = 1
2 ⌧̄L�

µ⌫
⇣
a⌧

e
2m⌧

� id⌧�5

⌘
⌧RFµ⌫ . (2)
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1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.
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Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production
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p

p p

p

Figure 1. Schematic diagram of an axion-like particle production in two-photon coherent emis-
sion in proton-proton collisions. The scattered intact protons are tagged with the forward proton
detectors and the photon pair is detected in the central detector.

duction in p-p collisions (see Fig. 1),

pp ! p(�� ! ��)p (1.1)

where the photon pair is measured in the central detector and the scattered intact protons

are tagged with dedicated forward proton detectors, which are installed symmetrically at

a distance of about 210 m (220 m) with respect to the interaction points of the CMS

(ATLAS) experiment (see Fig. 2 ). Using proton tagging, we can reach diphoton invariant

masses between 350 GeV and 2 TeV, where the acceptance of the forward detectors is

nearly 100% e�cient.

The LHC magnets around the interaction points of CMS and ATLAS act as a precise

longitudinal momentum spectrometer on the protons that have lost a fraction of their orig-

inal momentum due to the photon exchange. The forward proton detectors are equipped

with charged particle trackers to tag the intact protons. The proton fractional momentum

loss ⇠ = �p/p is reconstructed o✏ine. Compared to other exclusive production searches,

which usually rely on vetoes on the detector activity (for example, absence of calorimeter

activity in the forward and backward rapidities above a threshold), the proton tagging

method directly measures the proton surviving the coherent photon emission.

p
p

p p

Figure 2. Schematic diagram of the proton tagging method at the LHC in central exclusive
processes. The central detector (circle) collects the photon pair. The LHC magnets (blue) act
as a precise momentum spectrometer on the outgoing intact protons. The protons pass through
the forward detectors (black boxes) and their kinematic information is reconstructed o✏ine. The
dashed line represents the beamline.
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Figure 10: Observed and predicted Ntracks distributions for events passing the SR selection but
with the relaxed requirement Ntracks < 10 and the additional requirement mvis > 100 GeV,
combining the eµ, eth, µth, and thth final states together. The inclusive diboson background
contribution is drawn together with the tt process. The predicted distributions are adjusted
to the result of the global fit performed with the mvis distributions in the SRs, and the signal
distribution is normalized to its best fit signal strength. The inset shows the difference between
the observed events and the backgrounds, as well as the signal contribution. Systematic un-
certainties are assumed to be uncorrelated between final states to draw the uncertainty band.

contributions with respect to the thth final state.

The Ntracks distribution for events with Ntracks < 10 is shown for the combination of final states
in Fig. 10 for events with A < 0.015, as in the SR, and mvis > 100 GeV, so as to reduce the
Drell–Yan background contribution. The signal contribution is visible as an excess of events
over the inclusive background in the first bins, while the agreement between prediction and
observation in the other bins demonstrates a good control of the background modelling and
more specifically of the Ntracks corrections to the simulations and to the MFs used to predict the
background with misidentified jets.

We measure a best-fit signal strength of µ̂ = 0.75+0.21
�0.18, where the systematic uncertainty domi-

nates over the statistical uncertainty (µ̂ = 0.75+0.17
�0.14 (syst) ± 0.11 (stat)). Using only the SRs with

Ntracks = 0 and discarding the SRs with Ntracks = 1, the signal strength becomes µ̂(Ntracks =
0) = 0.69+0.23

�0.19.

10.2 Constraints on the anomalous electromagnetic moments of the t lepton

Constraints on at and dt are set independently by performing a negative log-likelihood scan
with at and dt as single parameters of interest. The SM normalization of gg ! tt is con-

CMS, SMP-23-005-PAS
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Figure 1: Muon transverse momentum distributions in the (top-left) `1T-SR, (top-right) `3T-SR, (bottom-left) `e-SR,
and (bottom-right) 2`-CR categories. Black markers denote data and stacked histograms indicate the di�erent
components contributing to the regions. Post-fit distributions are shown with the signal contribution corresponding to
the best-fit 0g value (0g = �0.041). For comparison, signal contributions with alternative 0g values are shown as solid
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Refs. [76, 77], together with corrections applied to account for pileup modeling. The dominant uncertainties
for 44 events arise from pileup modeling (2%) and identification (1%), while for `` events, these correspond
to pileup modeling (3%), resolution (3%), and scale (2%); other sources such as trigger and isolation
e�ciencies contribute 1% or less. Using data-driven methods described in Ref. [5], a further correction of
0.89 ± 0.04 is applied to ⇠cent to account for di�erences between data and simulation when modeling the
luminous region at the interaction point. The 5% uncertainty in this correction is evaluated as the di�erence
between either applying this data-driven method to simulated signal samples or imposing the #

0.5 mm
tracks = 0

requirement on these samples. Overall, this results in ⇠
44

cent = 0.12 ± 0.01
�
⇠

``

cent = 0.22 ± 0.02
�

for the 44

(``) channel.

The ⇠AFP factor is defined by the product ntrack · nsmear. The track reconstruction e�ciency ntrack is found to
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Figure 8: Measured di�erential fiducial cross sections of WW ! WW production in Pb+Pb collisions at
p
BNN = 5.02 TeV

for four observables (from left to right and top to bottom): diphoton invariant mass, diphoton absolute rapidity,
average photon transverse momentum and diphoton | cos(\⇤) |. The measured cross-section values are shown as
points with error bars giving the statistical uncertainty and grey bands indicating the size of the total uncertainty. The
results are compared with the prediction from the SuperChic v3.0 MC generator (solid line) with bands denoting the
theoretical uncertainty.

shape of | cos(\⇤) | distribution. The <WW di�erential fiducial distribution is measured up to <WW = 30 GeV.
For <WW > 30 GeV, no events are observed in data versus a total expectation of 0.8 events.

The cross sections for all distributions shown in this paper, including normalised di�erential fiducial cross
sections, are available in HepData [62].

8.4 Search for ALP production

Any particle coupling directly to photons could be produced in an B-channel process in photon–photon
collisions, leading to a resonance peak in the invariant mass spectrum. One popular candidate for producing
a narrow diphoton resonance is an axion-like particle (ALP) [12]. The measured diphoton invariant mass
spectrum, as shown in Figure 7, is used to search for WW ! 0 ! WW process, where 0 denotes the ALP.
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Figure 6: Detector-level kinematic distributions for candidate exclusive diphoton events pass-
ing all selection criteria (Table 1) in the data (black dots) compared with the simulated LbL
scattering signal (orange histogram) and backgrounds from the B–W (yellow histogram) and
CEP (blue histogram, scaled as described in the text) processes. All MC simulations are nor-
malised as explained in the text. Error bars on the data points show statistical uncertainties,
and dashed bands on the stacked histograms (and at unity in the data/MC ratios) represent
systematic and MC statistical uncertainties added in quadrature.
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★ And there has been significant experimental progress…
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★ And there has been significant experimental progress…but with focus on pp and PbPb.
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Figure 10: Observed and predicted Ntracks distributions for events passing the SR selection but
with the relaxed requirement Ntracks < 10 and the additional requirement mvis > 100 GeV,
combining the eµ, eth, µth, and thth final states together. The inclusive diboson background
contribution is drawn together with the tt process. The predicted distributions are adjusted
to the result of the global fit performed with the mvis distributions in the SRs, and the signal
distribution is normalized to its best fit signal strength. The inset shows the difference between
the observed events and the backgrounds, as well as the signal contribution. Systematic un-
certainties are assumed to be uncorrelated between final states to draw the uncertainty band.

contributions with respect to the thth final state.

The Ntracks distribution for events with Ntracks < 10 is shown for the combination of final states
in Fig. 10 for events with A < 0.015, as in the SR, and mvis > 100 GeV, so as to reduce the
Drell–Yan background contribution. The signal contribution is visible as an excess of events
over the inclusive background in the first bins, while the agreement between prediction and
observation in the other bins demonstrates a good control of the background modelling and
more specifically of the Ntracks corrections to the simulations and to the MFs used to predict the
background with misidentified jets.

We measure a best-fit signal strength of µ̂ = 0.75+0.21
�0.18, where the systematic uncertainty domi-

nates over the statistical uncertainty (µ̂ = 0.75+0.17
�0.14 (syst) ± 0.11 (stat)). Using only the SRs with

Ntracks = 0 and discarding the SRs with Ntracks = 1, the signal strength becomes µ̂(Ntracks =
0) = 0.69+0.23

�0.19.

10.2 Constraints on the anomalous electromagnetic moments of the t lepton

Constraints on at and dt are set independently by performing a negative log-likelihood scan
with at and dt as single parameters of interest. The SM normalization of gg ! tt is con-

CMS, SMP-23-005-PAS
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Figure 1: Muon transverse momentum distributions in the (top-left) `1T-SR, (top-right) `3T-SR, (bottom-left) `e-SR,
and (bottom-right) 2`-CR categories. Black markers denote data and stacked histograms indicate the di�erent
components contributing to the regions. Post-fit distributions are shown with the signal contribution corresponding to
the best-fit 0g value (0g = �0.041). For comparison, signal contributions with alternative 0g values are shown as solid
red (0g = �0.06) or dashed blue (0g = 0.04) lines. The bottom panel shows the ratio of the data to post-fit predictions.
Vertical bars denote uncertainties from the finite number of data events. Hatched bands represent ±1f systematic
uncertainties of the prediction with the constraints from the fit applied.
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Figure 3: Distributions of dilepton acoplanarity �
✓✓

q
(left), invariant mass <✓✓ (center), rapidity H✓✓ (right) satisfying

b✓✓ , bAFP 2 [0.02, 0.12], and |bAFP � b✓✓ | < 0.005 for at least one AFP side. Events with 70 < <✓✓ < 105 GeV are
vetoed. The total prediction comprises the signal and combinatorial background processes, where ?

⇤ denotes a
dissociated proton. The simulated predictions are normalized to data to illustrate the expected signal composition.
The rightmost bin of the <✓✓ distribution includes overflow. The hatched band indicates the combined statistical and
systematic uncertainties of the prediction. Error bars denote statistical uncertainties of the data.

Refs. [76, 77], together with corrections applied to account for pileup modeling. The dominant uncertainties
for 44 events arise from pileup modeling (2%) and identification (1%), while for `` events, these correspond
to pileup modeling (3%), resolution (3%), and scale (2%); other sources such as trigger and isolation
e�ciencies contribute 1% or less. Using data-driven methods described in Ref. [5], a further correction of
0.89 ± 0.04 is applied to ⇠cent to account for di�erences between data and simulation when modeling the
luminous region at the interaction point. The 5% uncertainty in this correction is evaluated as the di�erence
between either applying this data-driven method to simulated signal samples or imposing the #

0.5 mm
tracks = 0

requirement on these samples. Overall, this results in ⇠
44

cent = 0.12 ± 0.01
�
⇠

``

cent = 0.22 ± 0.02
�

for the 44

(``) channel.

The ⇠AFP factor is defined by the product ntrack · nsmear. The track reconstruction e�ciency ntrack is found to
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Figure 8: Measured di�erential fiducial cross sections of WW ! WW production in Pb+Pb collisions at
p
BNN = 5.02 TeV

for four observables (from left to right and top to bottom): diphoton invariant mass, diphoton absolute rapidity,
average photon transverse momentum and diphoton | cos(\⇤) |. The measured cross-section values are shown as
points with error bars giving the statistical uncertainty and grey bands indicating the size of the total uncertainty. The
results are compared with the prediction from the SuperChic v3.0 MC generator (solid line) with bands denoting the
theoretical uncertainty.

shape of | cos(\⇤) | distribution. The <WW di�erential fiducial distribution is measured up to <WW = 30 GeV.
For <WW > 30 GeV, no events are observed in data versus a total expectation of 0.8 events.

The cross sections for all distributions shown in this paper, including normalised di�erential fiducial cross
sections, are available in HepData [62].

8.4 Search for ALP production

Any particle coupling directly to photons could be produced in an B-channel process in photon–photon
collisions, leading to a resonance peak in the invariant mass spectrum. One popular candidate for producing
a narrow diphoton resonance is an axion-like particle (ALP) [12]. The measured diphoton invariant mass
spectrum, as shown in Figure 7, is used to search for WW ! 0 ! WW process, where 0 denotes the ALP.
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Figure 6: Detector-level kinematic distributions for candidate exclusive diphoton events pass-
ing all selection criteria (Table 1) in the data (black dots) compared with the simulated LbL
scattering signal (orange histogram) and backgrounds from the B–W (yellow histogram) and
CEP (blue histogram, scaled as described in the text) processes. All MC simulations are nor-
malised as explained in the text. Error bars on the data points show statistical uncertainties,
and dashed bands on the stacked histograms (and at unity in the data/MC ratios) represent
systematic and MC statistical uncertainties added in quadrature.
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★ Why is this? First, quick recap of how we model photon-initiated production.
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<latexit sha1_base64="xwHzGNTCGJHxZfKDnQVHFwC2opE=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoMgiGE2yJrcAh70GME8INmE2clsMmT2wcysEJZ8hBcPinj1e7z5N84mEVS0oKGo6qa7y4sFVxrjDyu3srq2vpHfLGxt7+zuFfcPWipKJGVNGolIdjyimOAha2quBevEkpHAE6ztTa4yv33PpOJReKenMXMDMgq5zynRRmqL/hkS/fNBsYTL2MBxUEbsKrYNqdWqlUoN2XML4xIs0RgU33vDiCYBCzUVRKmujWPtpkRqTgWbFXqJYjGhEzJiXUNDEjDlpvNzZ+jEKEPkR9JUqNFc/T6RkkCpaeCZzoDosfrtZeJfXjfRftVNeRgnmoV0schPBNIRyn5HQy4Z1WJqCKGSm1sRHRNJqDYJFUwIX5+i/0mrUradsnN7UapfL+PIwxEcwynYcAl1uIEGNIHCBB7gCZ6t2Hq0XqzXRWvOWs4cwg9Yb5+LM48Z</latexit>

l+l�

pp

pp
pp

PbPb

PbPb

PbPb
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PI production: building blocks

•(Semi)-Exclusive PI cross section given in terms of:

★                            form factor.

★                     cross section.
★ `Survival factor’ probability of no 

addition hadron-hadron interactions.

• Start with                          form factor…

<latexit sha1_base64="1v3icZ8swnnmoInKUxTTz353a+Y=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgqiSl9LErunFZwT6gM5RMmrahycyQZMQy9FfcuFDErT/izr8x01ZQ0QMJh3Pu5d57glhwbRD6cHIbm1vbO/ndwt7+weGRe1zs6ihRlHVoJCLVD4hmgoesY7gRrB8rRmQgWC+YXWV+744pzaPw1sxj5ksyCfmYU2KsNHSL3oRISVY/9EwE+0O3hMoIIYwxzAiu15AlzWajghsQZ5ZFCazRHrrv3iiiiWShoYJoPcAoNn5KlOFUsEXBSzSLCZ2RCRtYGhLJtJ8ud1/Ac6uM4DhS9oUGLtXvHSmRWs9lYCslMVP928vEv7xBYsYNP+VhnBgW0tWgcSKgPTELAo64YtSIuSWEKm53hXRKFKHGxlWwIXxdCv8n3UoZ18rVm2qpdbmOIw9OwRm4ABjUQQtcgzboAAruwQN4As/Ownl0XpzXVWnOWfecgB9w3j4BodaUMw==</latexit>

�� ! X

<latexit sha1_base64="yz7jmjuJFlHQJJeybgAc9BFi1gE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQXZSkSGx3RTcuK9gHNLFMptNm6EwSZiZCCPVX3LhQxK0f4s6/cdJWUNEDFw7n3Mu99/gxo1JZ1odRWFldW98obpa2tnd298z9g66MEoFJB0csEn0fScJoSDqKKkb6sSCI+4z0/Oll7vfuiJA0Cm9UGhOPo0lIxxQjpaWhWQ5cFUF3gjhHMIDV4Pb0ZGhWrJql4TgwJ3bDsjVpNhv1ehPac8uyKmCJ9tB8d0cRTjgJFWZIyoFtxcrLkFAUMzIruYkkMcJTNCEDTUPEifSy+fEzeKyVERxHQleo4Fz9PpEhLmXKfd3JkQrkby8X//IGiRo3vIyGcaJIiBeLxgmD+t88CTiigmDFUk0QFlTfCnGABMJK51XSIXx9Cv8n3XrNdmrO9VmldbGMowgOwRGoAhucgxa4Am3QARik4AE8gWfj3ng0XozXRWvBWM6UwQ8Yb58If5PA</latexit>

h ! �h(h⇤)

<latexit sha1_base64="yz7jmjuJFlHQJJeybgAc9BFi1gE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQXZSkSGx3RTcuK9gHNLFMptNm6EwSZiZCCPVX3LhQxK0f4s6/cdJWUNEDFw7n3Mu99/gxo1JZ1odRWFldW98obpa2tnd298z9g66MEoFJB0csEn0fScJoSDqKKkb6sSCI+4z0/Oll7vfuiJA0Cm9UGhOPo0lIxxQjpaWhWQ5cFUF3gjhHMIDV4Pb0ZGhWrJql4TgwJ3bDsjVpNhv1ehPac8uyKmCJ9tB8d0cRTjgJFWZIyoFtxcrLkFAUMzIruYkkMcJTNCEDTUPEifSy+fEzeKyVERxHQleo4Fz9PpEhLmXKfd3JkQrkby8X//IGiRo3vIyGcaJIiBeLxgmD+t88CTiigmDFUk0QFlTfCnGABMJK51XSIXx9Cv8n3XrNdmrO9VmldbGMowgOwRGoAhucgxa4Am3QARik4AE8gWfj3ng0XozXRWvBWM6UwQ8Yb58If5PA</latexit>

h ! �h(h⇤)
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• Start with                          form factor…
<latexit sha1_base64="yz7jmjuJFlHQJJeybgAc9BFi1gE=">AAAB/HicdVDLSsNAFJ3UV62vaJduBotQXZSkSGx3RTcuK9gHNLFMptNm6EwSZiZCCPVX3LhQxK0f4s6/cdJWUNEDFw7n3Mu99/gxo1JZ1odRWFldW98obpa2tnd298z9g66MEoFJB0csEn0fScJoSDqKKkb6sSCI+4z0/Oll7vfuiJA0Cm9UGhOPo0lIxxQjpaWhWQ5cFUF3gjhHMIDV4Pb0ZGhWrJql4TgwJ3bDsjVpNhv1ehPac8uyKmCJ9tB8d0cRTjgJFWZIyoFtxcrLkFAUMzIruYkkMcJTNCEDTUPEifSy+fEzeKyVERxHQleo4Fz9PpEhLmXKfd3JkQrkby8X//IGiRo3vIyGcaJIiBeLxgmD+t88CTiigmDFUk0QFlTfCnGABMJK51XSIXx9Cv8n3XrNdmrO9VmldbGMowgOwRGoAhucgxa4Am3QARik4AE8gWfj3ng0XozXRWvBWM6UwQ8Yb58If5PA</latexit>

h ! �h(h⇤)

•Key point: form factors determined with 
percent level precision from wealth of 
lepton-hadron scattering data:

★ Protons - both elastic and dissociative PI production can be modelled in  `Structure function’ 
approach:

e

p
<latexit sha1_base64="8952hZF5CoWy9D02cTRLLuidyU4=">AAAB+HicdVDJSgNBEO1xjXHJqEcvjUHwFKZDyAIeAl48RjALJGOo6fQkTXoWunuEOORLvHhQxKuf4s2/sSeJoKIPCh7vVVFVz4sFV9pxPqy19Y3Nre3cTn53b/+gYB8edVSUSMraNBKR7HmgmOAha2uuBevFkkHgCdb1ppeZ371jUvEovNGzmLkBjEPucwraSEO70L1NByDiCQw8pmE+tItOyXEcQgjOCKlVHUMajXqZ1DHJLIMiWqE1tN8Ho4gmAQs1FaBUnzixdlOQmlPB5vlBolgMdApj1jc0hIApN10cPsdnRhlhP5KmQo0X6veJFAKlZoFnOgPQE/Xby8S/vH6i/bqb8jBONAvpcpGfCKwjnKWAR1wyqsXMEKCSm1sxnYAEqk1WeRPC16f4f9Ipl0i1VLmuFJsXqzhy6ASdonNEUA010RVqoTaiKEEP6Ak9W/fWo/VivS5b16zVzDH6AevtE0fik4E=</latexit>

W↵�

•Structure functions parameterise the                 vertex:�p ! X

<latexit sha1_base64="+rgsxMfIdX0T5CYJ8mo6lj7Ew18=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4r2A9oYplsN+3S3STsbpRS+j+8eFDEq//Fm//GbZuDtj4YeLw3w8y8MBVcG9f9dgorq2vrG8XN0tb2zu5eef+gqZNMUdagiUhUO0TNBI9Zw3AjWDtVDGUoWCsc3kz91iNTmifxvRmlLJDYj3nEKRorPfh9lBJJSnyTkHa3XHGr7gxkmXg5qUCOerf85fcSmkkWGypQ647npiYYozKcCjYp+ZlmKdIh9lnH0hgl08F4dvWEnFilR6JE2YoNmam/J8YotR7J0HZKNAO96E3F/7xOZqLLYMzjNDMspvNFUSaIfXEaAelxxagRI0uQKm5vJXSACqmxQZVsCN7iy8ukeVb1zqtXd+eV2nUeRxGO4BhOwYMLqMEt1KEBFBQ8wyu8OU/Oi/PufMxbC04+cwh/4Hz+AHG8kdg=</latexit>

18. Structure functions 3

The hadronic tensor, which describes the interaction of the appropriate electroweak
currents with the target nucleon, is given by

Wµν =
1

4π

∫

d4z eiq·z
〈

P, S
∣

∣

∣

[

J†
µ(z), Jν(0)

]
∣

∣

∣
P, S

〉

, (18.5)

where S denotes the nucleon-spin 4-vector, with S2 = −M2 and S · P = 0.

18.2. Structure functions of the proton

The structure functions are defined in terms of the hadronic tensor (see Refs. [1–3])

Wµν =

(

−gµν +
qµqν

q2

)

F1(x, Q2) +
P̂µP̂ν

P · q
F2(x, Q2)

− iεµναβ
qαPβ

2P · q
F3(x, Q2)

+ iεµναβ
qα

P · q

[

Sβg1(x, Q2) +

(

Sβ −
S · q
P · q

Pβ
)

g2(x, Q2)

]

+
1

P · q

[

1

2

(

P̂µŜν + ŜµP̂ν

)

−
S · q
P · q

P̂µP̂ν

]

g3(x, Q2)

+
S · q
P · q

[

P̂µP̂ν

P · q
g4(x, Q2) +

(

−gµν +
qµqν

q2

)

g5(x, Q2)

]

(18.6)

where

P̂µ = Pµ −
P · q
q2

qµ, Ŝµ = Sµ −
S · q
q2

qµ . (18.7)

In [2], the definition of Wµν with µ ↔ ν is adopted, which changes the sign of the
εµναβ terms in Eq. (18.6), although the formulae given below are unchanged. Ref. [1]
tabulates the relation between the structure functions defined in Eq. (18.6) and other
choices available in the literature.

The cross sections for neutral- and charged-current deep inelastic scattering on
unpolarized nucleons can be written in terms of the structure functions in the generic
form

d2σi

dxdy
=

4πα2

xyQ2
ηi

{(

1 − y −
x2y2M2

Q2

)

F i
2

+ y2xF i
1 ∓

(

y −
y2

2

)

xF i
3

}

, (18.8)

where i = NC, CC corresponds to neutral-current (eN → eX) or charged-current
(eN → νX or νN → eX) processes, respectively. For incoming neutrinos, LW

µν of

June 5, 2018 19:53
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e

p

e

p

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>

F inel
1,2

<latexit sha1_base64="lPgAxb1OaOv4wFWAzXLSRTi+dGE=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgQkrSio9dQRCXFewD2hgm00k7dCYJMxOxhPyKGxeKuPVH3Pk3TtIgaj1w4XDOvTP3Hi9iVCrL+jRKS8srq2vl9crG5tb2jrlb7cowFph0cMhC0feQJIwGpKOoYqQfCYK4x0jPm15mfu+eCEnD4FbNIuJwNA6oTzFSWnLN6pWb2MeN9C4ZCg71Iyx1zZpVt3LARWIXpAYKtF3zYzgKccxJoDBDUg5sK1JOgoSimJG0MowliRCeojEZaBogTqST5Lun8FArI+iHQlegYK7+nEgQl3LGPd3JkZrIv14m/ucNYuWfOwkNoliRAM8/8mMGVQizIOCICoIVm2mCsKB6V4gnSCCsdFyVPISLDKffJy+SbqNuN+vNm5Naq1XEUQb74AAcARucgRa4Bm3QARg8gEfwDF6M1HgyXo23eWvJKGb2wC8Y719K35QZ</latexit>

•Both elastic and inelastic SFs 
accounted for:

★Elastic: precisely measured proton EM form factor.

★ Inelastic:

•Low      and/or             
region: take direct 
experimental 
determinations.

•High      region, simplest to calculate using 
(NNLO) pQCD + global PDFs.

<latexit sha1_base64="BmabOTKt+Y5Tulngf5UgwMNPYnc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0QVDwFvHhM0DwgWcPsZDYZMju7zPQKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777aytb2xubed28rt7+weHhaPjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDvzW09cGxGrBxwn3I/oQIlQMIpWuq8/lnuFolty5yCrxMtIETLUeoWvbj9macQVMkmN6Xhugv6EahRM8mm+mxqeUDaiA96xVNGIG38yP3VKzq3SJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMNrfyJUkiJXbLEoTCXBmMz+Jn2hOUM5toQyLeythA2ppgxtOnkbgrf88ipplkveZalSrxSrN1kcOTiFM7gAD66gCndQgwYwGMAzvMKbI50X5935WLSuOdnMCfyB8/kD0LyNeg==</latexit>

Q2
<latexit sha1_base64="4F4Q6uysAFU5vuLITYkOa8pXpm4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoOIp4MVjRPOAZA2zk95kyOzsMjMrhJBP8OJBEa9+kTf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3cz81hMqzWP5YMYJ+hEdSB5yRo2V7luPlV6x5JbdOcgq8TJSggz1XvGr249ZGqE0TFCtO56bGH9CleFM4LTQTTUmlI3oADuWShqh9ifzU6fkzCp9EsbKljRkrv6emNBI63EU2M6ImqFe9mbif14nNeGVP+EySQ1KtlgUpoKYmMz+Jn2ukBkxtoQyxe2thA2poszYdAo2BG/55VXSrJS9i3L1rlqqXWdx5OEETuEcPLiEGtxCHRrAYADP8ApvjnBenHfnY9Gac7KZY/gD5/MH2eCNgA==</latexit>

W 2

<latexit sha1_base64="BmabOTKt+Y5Tulngf5UgwMNPYnc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0QVDwFvHhM0DwgWcPsZDYZMju7zPQKIeQTvHhQxKtf5M2/cZLsQRMLGoqqbrq7gkQKg6777aytb2xubed28rt7+weHhaPjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDvzW09cGxGrBxwn3I/oQIlQMIpWuq8/lnuFolty5yCrxMtIETLUeoWvbj9macQVMkmN6Xhugv6EahRM8mm+mxqeUDaiA96xVNGIG38yP3VKzq3SJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMNrfyJUkiJXbLEoTCXBmMz+Jn2hOUM5toQyLeythA2ppgxtOnkbgrf88ipplkveZalSrxSrN1kcOTiFM7gAD66gCndQgwYwGMAzvMKbI50X5935WLSuOdnMCfyB8/kD0LyNeg==</latexit>

Q2
<latexit sha1_base64="h9WgiMmAEMBV77AjEAW/Yl2bl1k=">AAACB3icdVDLSgMxFM34rPVVdSlIsAgupExK6UMQCi502YJ9QDsdMmnahiYzQ5IRytCdG3/FjQtF3PoL7vwbM20FFT1w4eSce8m9xws5U9q2P6yl5ZXVtfXURnpza3tnN7O331RBJAltkIAHsu1hRTnzaUMzzWk7lBQLj9OWN75M/NYtlYoF/o2ehNQReOizASNYG8nNHNV7eTfuSgFJpKfwAqLu2ex5RZu9/NTNZO2cbdsIIZgQVCrahlQq5TwqQ5RYBlmwQM3NvHf7AYkE9TXhWKkOskPtxFhqRjidpruRoiEmYzykHUN9LKhy4tkdU3hilD4cBNKUr+FM/T4RY6HURHimU2A9Ur+9RPzL60R6UHZi5oeRpj6ZfzSIONQBTEKBfSYp0XxiCCaSmV0hGWGJiTbRpU0IX5fC/0kzn0PFXKFeyFbPF3GkwCE4BqcAgRKogmtQAw1AwB14AE/g2bq3Hq0X63XeumQtZg7AD1hvn9rPmAg=</latexit>

Q2
cut = 1GeV2

<latexit sha1_base64="m8yV/szMFLS6PhmJXSsl27QQ7fg="></latexit>

W 2
cut = 3.5GeV2

RESONANCE COMPONENT
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➤ proton gets excited, e.g. to  
Δ→ pπ and higher resonances 

➤ relevant for  
(mp+mπ)2<W2<3.5GeV2
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relevant kinematic range is very insensitive to the value
of R. In fact even a 100% systematic uncertainty on R
gives only a few percent uncertainty on F2. The relative
total systematic error is given by:

δsys
F2

(x, Q2) =

[

δ2
sys(x, Q2) +

(

1 − ϵ

1 + ϵR

δR

1 + R

)2]1/2

.

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

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

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

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

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

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

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

Momentum correction 0.1-30 3.5
Uncertainty of R = σL

σT
0.5-5 2.4

Total 2.5-30 7.7

G. Moments of the Structure Function F2

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

Mn = M el
n + M in

n . (23)

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

x

F 2
(x
)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

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

Ref. [14]:

M el
n =

(

2

1 + r

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

(n + 2)(n + 3)

G2
E(Q2) + Q2

4M2 G2
M (Q2)

1 + Q2

4M2

, (24)

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

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

The evaluation of the inelastic moment M in
n involves

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

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

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

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

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

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

F2(x, Q2
0) =

F2(x, Q2)

FB
2 (x, Q2)

FB
2 (x, Q2

0) . (25)

Δ(1232)
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Figure 9: HERMES data for the photon-proton cross section σp
L+T as a function of W 2, together

with world data and the results from the GD11-P fit (central curves) and its uncertainties (outer
curves), in bins of Q2. The data points denoted ’real photon’ are for photoproduction. Inner error
bars are statistical uncertainties, while outer error bars are total uncertainties calculated as the
sum in quadrature of all statistical and systematic uncertainties including normalization.
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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.

������� � � ��� ���

�
� �
��
��
��
�

�

������������� �� � ���
������ ������ ����

��� ������ �����
����� �� ������� ��������� ���

����� �� ��������� ������ �����
�������� ��� ��� ��� ���

����� � ���������� �� � �� ��� ���
��� �� ����������

�

����

����

����

����

����

���� ���� ���� ���� ��� �� �� �� �� �

���
��

�

�

���

��

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

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

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

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

I. INTRODUCTION

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

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

1 mass.
This enables interactions that reduce the �̃0

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

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

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

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

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

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

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

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

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

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

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

II. PHOTON COLLIDER SIMULATION

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

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

�NP(Z ! ���) =
m9

Z(2⇣
2 + 2⇣̃2 � ⇣⇣̃)

8640⇡3
. (2.2)

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

d�NP
��!�Z

d⌦
=

�

16⇡2s

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

Zstu
i
, (2.3)

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

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

|⇣ + ⇣̃|s2 < 4⇡ , |⇣ � ⇣̃|s2 <
12⇡

5
. (2.4)

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

couplings up to
⇣, ⇣̃ < (10�12

� 10�11) GeV�4 . (2.5)

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

3 Contributions from New Physics

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

⇣
⇣, ⇣̃

⌘
=

⇣
cs, c̃s

⌘ ↵2
em

swcw m4
d

✓
c2w

3d4 � 10d2 + 7

240
+ (c2w � s2w)

(d2 � 1)Y 2

4
� s2wY

4

◆
, (3.1)

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

�Z
± Õ

�Z
do not interfere. This property provides

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

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

3

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

20

Lepton pair production

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

e µ

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

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

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

p
s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

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

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

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

c� 2015 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.
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Table 3: Definition of the electron and muon channel fiducial regions for which the exclusive cross-sections are
evaluated.

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

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

Similarly, for the µ+µ� channel,

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

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

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

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

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

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

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

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

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

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

8 Conclusion

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

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

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

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

I. INTRODUCTION

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

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

1 mass.
This enables interactions that reduce the �̃0

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

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

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

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

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

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

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

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

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

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

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

II. PHOTON COLLIDER SIMULATION

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

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

�(x2, µ
2)

<latexit sha1_base64="UeDBX65Fdd399D64dQs6ryv8FUA=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBEqSEljH7oruHFZwT6gqeVmOm2HziRhZiItpb/ixoUibv0Rd/6NSdqKrwMXDufcy733uAFnSlvWh7Gyura+sZnaSm/v7O7tmweZhvJDSWid+NyXLRcU5cyjdc00p61AUhAup013dBX7zXsqFfO9Wz0JaEfAwGN9RkBHUtfMOAMQAnLjrn3miPDOPsVdM2vlrQTYypfsSqVcwoWlsiRZtECta747PZ+EgnqacFCqXbAC3ZmC1IxwOks7oaIBkBEMaDuiHgiqOtPk9hk+iZQe7vsyKk/jRP0+MQWh1ES4UacAPVS/vVj8z2uHun/RmTIvCDX1yHxRP+RY+zgOAveYpETzSUSASBbdiskQJBAdxZVOQriMUf77+xdp2PnCeb54U8xWy4s4UugIHaMcKqAKqqJrVEN1RNAYPaAn9GzMjEfjxXidt64Yi5lD9APG2yds4pN/</latexit>

�(x1, µ
2)

<latexit sha1_base64="Q4b/vutM6kT6tXkbJi4a6641fC0=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQULSlqq7ghuXFewDmhgm00k7dCYJMxNpCf0VNy4UceuPuPNvTNIqKj1w4XDOvdx7jxcxKpVpfmqFtfWNza3idmlnd2//QD8sd2UYC0w6OGSh6HtIEkYD0lFUMdKPBEHcY6TnTa4zv/dAhKRhcKdmEXE4GgXUpxipVHL1sj1CnKPq1LXObR7f186gq1dMw8wBTaNRN5tmE1rfyjepgCXarv5hD0MccxIozJCUA8uMlJMgoShmZF6yY0kihCdoRAYpDRAn0kny2+fwNFWG0A9FWoGCufp7IkFcyhn30k6O1Fj+9zJxlTeIlX/pJDSIYkUCvFjkxwyqEGZBwCEVBCs2SwnCgqa3QjxGAmGVxlXKQ7jKsOL3H9KtGVbdaNw2Kq3mMo4iOAYnoAoscAFa4Aa0QQdgMAWP4Bm8aHPtSXvV3hatBW05cwT+QHv/AliIk3E=</latexit>

•Uncertainty in inputs ~ to equivalent photon PDF uncertainty. That is % level or less (in particular 
for elastic case).

A. Manohar et al., JHEP 1712 (2017) 046
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★ Heavy ions - form factor similarly v. well 
determined.
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Figure 2: Normalized charge form factor due to lead and copper ions.

for concreteness. The sharp fall o↵ with Q
2 is clear, with the form factors falling to roughly zero

by
p

Q2 ⇠ 3/R ⇠ 0.1 GeV; for the smaller Cu ion this extends to somewhat larger Q
2 values.

The above results, which are written at the cross section level, completely define the situation
in the absence of screening corrections. However for the purpose of future discussion we can also
write this in terms of the amplitude

T (q1?, q2?) = N1N2 q
µ
1?q

⌫
2?Vµ⌫ , (13)

where Vµ⌫ is the �� ! X vertex, and the normalization factors are given by
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Indeed, the derivation of the equivalent photon approximation at the amplitude level has pre-
cisely this Lorentz structure2. This then reduces to the usual cross section level result after
noting that we can write
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where M±± corresponds to the �(±)�(±) ! X helicity amplitude. We then have
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after performing the azimuthal angular integration on the left hand side.
The cross section is then given by

�N1N2!N1XN2 =

Z
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2
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q2?PSi|T (q1?, q2?)|2 , (17)

1Correspondingly, we have s = A1A2snn, where snn is the squared c.m.s. energy per nucleon and Ai is the ion
mass number.

2Strictly speaking this is only true for the contribution proportional to the electric form factors, see [12] for
further discussion; however here we indeed take FM = 0.
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Figure 2: Normalized charge form factor due to lead and copper ions.
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Q2 ⇠ 3/R ⇠ 0.1 GeV; for the smaller Cu ion this extends to somewhat larger Q
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Ion charge density

•  Low       : constant (~ Z)
•  Higher      : falls off as substructure probed. 
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Q2

ATLAS data [14,16] Baseline FF uncertainty Dipole FF
� [pb], 7 TeV 0.628 ± 0.038 0.742 +0.003

�0.005 0.755
� [pb], 13 TeV 3.12 ± 0.16 3.43 ±0.01 3.48

Table 3: Comparison of predictions for exclusive dimuon production in pp collisions, as in Table 2, but showing

the uncertainty in the theoretical predictions due to the proton form factors (FFs), evaluated as described in the

text. Also shown, for comparison, is the result using the dipole form factor (5). All results include the survival

factor.

due to the A1 collaboration [35]. To evaluate the uncertainty on this, we add in quadrature the
experimental uncertainty on the polarized extraction and the di↵erence between the unpolarized
and polarized cases. This gives an uncertainty on the form factors GE,M that is at the sub–
percent level in the lower Q2 region relevant to our considerations. We show in Table 3 the
impact of this on the same pp cross sections as before, and can see that they are less than 1%
and hence are under good control. As an aside, we also show results with the rather approximate
dipole form factor (5). Here the di↵erence is a little larger, though still rather small. Thus even
taking this rather approximate and extreme case (the dipole form factor is certainly disfavoured
experimentally) leads to very little di↵erence in the result. In other words, this is a negligible
source of uncertainty with respect to the measurements we consider here.

We next consider the uncertainty due the survival factor. We can see that this reduces
the predicted cross sections by ⇠ 7 (4) % in the 7 (13) TeV cases, with the di↵erence being
primarily driven by the lower dimuon invariant mass cut in the 13 TeV case. These are clearly
rather mild suppressions, which as discussed in e.g. [1,25] are driven by the peripheral nature of
photon–initiated process. In particular, the elastic proton form factors are strongly peaked at
low photon Q2, and in impact parameter space this corresponds to rather large proton–proton
impact parameters, b?.

Nonetheless, one might then wonder if a di↵erent modelling of such e↵ects could reasonably
lead to a somewhat larger suppression, and hence a better matching of the data. As a first
attempt, we could consider taking the di↵erent models described in [33], which all correspond to
two–channel eikonal models that provide an equally good description of the available hadronic
data at the time, but with rather di↵erent underlying parameters. The di↵erence between these
is in general rather large, and in this study it is shown that the predicted survival factor for
exclusive SM Higgs Boson production varies by a factor of ⇠ 3 between the di↵erent models;
for such a QCD–initiated process the reaction is significantly less peripheral and therefore the
dependence on the model of the survival factor correspondingly larger. Taking these alterna-
tive models (we take model 4 for concreteness in our baseline predictions) in the current case,
however, we find the variation is negligible, at the per mille level.

To investigate this e↵ect further, we consider some more dramatic (and certainly experimen-
tally disfavoured) variations in the modelling of the survival factor. We in particular consider a
simplified ‘one–channel’ model, as in e.g. [40]. That is, we ignore the internal structure of the
proton, and assume the proton–proton elastic scattering amplitude is given by a single Pomeron
exchange, with

App(s, k
2
?) = isC⇤�tot

pp (s) exp
�
�Bk2?/2

�
. (23)

The proton opacity ⌦pp(s, b?) appearing in (14) is given in terms of the Fourier transform of
this, i.e.

⌦pp(s, b?) =

Z
d2k? e�i~b?·~k?App(s, k

2
?) . (24)

Here taking C⇤ 6= 1 physically provides an e↵ective way of accounting for the possibility of proton
excitations (p ! N⇤) in the intermediate states. As discussed in [40], a value of C⇤ ⇠ 1.3 gives
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ATLAS, Phys. Lett. B 749, 242 (2015), Phys. Lett. B 777, 303 (2018)  

•Form factor uncertainty 
explicitly studied, and is small.

LHL, V.A Khoze, M.G. Ryskin,  SciPost 
Phys. 11 (2021) 064
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µ+µ� (PbPb)

•Key point: ~        enhancement for each ion.
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Survival Factor
• Probability of no additional inelastic hadron-hadron interactions. In general requires understanding of 

non-perturbative QCD - sizeable uncertainty.

•Hadrons like to interact: naively expect              . 

•Exclusive PI production a special case: quasi-real photon                  large average hh impact 
parameter                      , and             .
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Exclusive production: theory

d�pp!pXp

dM2
XdyX

⇠
dLEPA

��

dM2
XdyX

�̂(�� ! X)

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

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

! Relatively clean      initial state, with QCD playing small role. 
Why we can say the LHC is a      collider.
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• In a little more detail: can show that cross 
section dominated by region of impact 
parameter where                 .

model dependent

model 
independent
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S2 ⇠ 0.7� 0.9

•Full account gives:

Depending on precise process, kinematics and beam.

• Above plot is for pp case, but story is very similar for PbPb and pPb: 
<latexit sha1_base64="kYPNHW4KzcLdAEUozW+CcptZddE="></latexit>

2rp ! 2RA and (RA + rp) for AA and pA

• With steeper        fall off of ion form factors (i.e. larger ion size) ensuring dominant cross section 
contribution again outside these overlaps. Mild trend for lower      in pA, AA.

• Uncertainty on       small, at % level.
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Effective Luminosities

5/15CMS HIN Workshop, ECT* May’23                                           David d'Enterria (CERN)

Effective Effective ���� luminosities at the LHC luminosities at the LHC

 Lighter 

ions

■ Thanks to Z4 boost, A-A �� lumis (per collision) well above p-p ones:

■  Elastic �� luminosities uncertainties (PbPb): Low-mass: few %. High mass: ~10%

gamma-UPC ChFF � spectra

Glauber MC:

Variations of R,a,⇧
NN

4/15CMS HIN Workshop, ECT* May’23                                           David d'Enterria (CERN)

How peripheral are Pb-Pb UPCs at the LHC?How peripheral are Pb-Pb UPCs at the LHC?

■ Average |b
1
-b

2
| vs. m��:

⌅⌅

 m��<5 GeV: �Δb⇥ >1000 fm

 m�� >100 GeV: �Δb⇥ ~20 fm

■ Pb-Pb survival probab. vs. m��: 

 m��<5 GeV: �P
non-overlap

⇥ >90%

 m��>100 GeV: �P
non-overlap

⇥ <40%

gamma-UPC

gamma-UPC

David d’Enterria, ECT* workshop, May 23

• Look at effective luminosities ~ cross 
sections for different beam configurations.

• Key points:

★ Clear enhancement with Pb beams due 
to       in form factor.

<latexit sha1_base64="yoMcQ3XPxST5ZoRnxYfORYnwSlk=">AAAB6nicdVBNS8NAEJ34WetX1aOXxSJ4KkmQ2N6KXjxWtB/YxrLZbtqlm03Y3Qgl9Cd48aCIV3+RN/+Nm7aCij4YeLw3w8y8IOFMadv+sJaWV1bX1gsbxc2t7Z3d0t5+S8WpJLRJYh7LToAV5UzQpmaa004iKY4CTtvB+CL32/dUKhaLGz1JqB/hoWAhI1gb6fr2zu2XynbFNvA8lBOnajuG1GpV160hZ2bZdhkWaPRL771BTNKICk04Vqrr2In2Myw1I5xOi71U0QSTMR7SrqECR1T52ezUKTo2ygCFsTQlNJqp3ycyHCk1iQLTGWE9Ur+9XPzL66Y6rPoZE0mqqSDzRWHKkY5R/jcaMEmJ5hNDMJHM3IrICEtMtEmnaEL4+hT9T1puxfEq3tVpuX6+iKMAh3AEJ+DAGdThEhrQBAJDeIAneLa49Wi9WK/z1iVrMXMAP2C9fQI40o3K</latexit>

Z2

★ Steeper fall off in PbPb due to lower 
maximum photon energy

3/15CMS HIN Workshop, ECT* May’23                                           David d'Enterria (CERN)

Photon-photon collisions at the LHCPhoton-photon collisions at the LHC

■  HE ions generate huge EM fields from coherent action of Z=82 protons:

==

■ Electromagnetic ultra-peripheral collisions (UPC): b
min

>R
A
+R

B

Photon luminosities 

increase as log3(√s)

 ■  Beam-energy dependence:

 ■  Huge photon fluxes: 

     s(��) ~ Z4 (~5·107 for PbPb) 

                 times larger than p,e±

Q ~ 1/R
 
~ 0.06 GeV (Pb), 0.28 GeV (p)

~ 80 GeV (Pb), ~ 2.5 TeV (p) ■  Maximum � longitud. energies: 

 ■  Quasi-real � (coherent emission):

⇥ Single X = C-even (spin 0,2) resonances only (Landau-Yang + C symmetry)

•But need to scale by machine luminosities…
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Dilepton Cross Sections

• Consider dimuon  production with some representative cuts. Similar scaling to before.
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• Scaling by roughly representative luminosities, pPb lowest in terms of rate. Remain true 
even with             .

• Challenging, though note in terms of raw number of events in lower        region still viable.
• Well known fall off in PbPb rates not seen in pPb.
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What can pA add?

• Seems clear that in terms of cross sections, pA not particularly competitive with pp and AA.
• Initial state is (in theory) well understood for both proton and ion beams - see earlier slides.
• So what can pA add? One possible avenue:

★ There are differences between the pp and AA cases. In AA (but not pp/pA) we have:

•HO QED effects? Recent paper 
suggests could act in this direction/with 
this size. 

•But controversial. Previous studies 
predict much smaller effect, expect to be 
suppressed by 
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FIG. 1: The Feynman diagram for the lepton pair production in the Born approximation

FIG. 2: The Feynman diargam for the Coulomb correction

and [5] that the Coulomb corrections are large while the unitarity corrections are small

(see Table II). The results of [5] were confirmed recently in [6] by a direct summation of

the Feynman diagrams.

FIG. 3: The Feynman diagram for the unitarity correction

In this paper we present our calculations related to the exclusive and inclusive muon

pair production. This process may be easier to observe experimentally than e+e− pair

production described above. It should be stressed that the calculation scheme, as well as,

the final results for the µ+µ− pair production are quite different than those for the e+e−

pair production.

In the next section we calculate the Born cross section for one µ+µ− pair production

using the improved equivalent photon approximation with an accuracy about 5 %. In

Sect. 3 we present the Coulomb and unitarity corrections to the exclusive production

3
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⇠ Q2/m2
µµ

W. Zha and Z. Tang, (2021), JHEP 08 (2021) 083 

K. Hencken, E.A. Kuraev, V. Serbo, Phys.Rev.C 
75 (2007) 034903… 

•Unitary corrections? Studies suggest ~ 50% 
events accompanied by additional           pairs.

•Might these be vetoed on? Strongly peaked at 
low         so perhaps not.
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• Moreover, agreement between data and theory not perfect for standard candle case of dilepton 
production. Tendency to overshoot data by ~ 10% in pp…

1 Introduction

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

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

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

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

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

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

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

s = 13 TeV is presen-
ted for muon pairs with invariant mass 12 GeV < mµ+µ� < 70 GeV. The di↵erential cross-sections,
d�/dmµ+µ� , are determined within a fiducial acceptance region. In the region 30 GeV < mµ+µ� < 70 GeV,
the minimum transverse momentum of each muon is required to be 10 GeV. For 12 GeV < mµ+µ� <
30 GeV, the minimum muon transverse momentum is reduced to 6 GeV by taking advantage of the lower
trigger thresholds available by making additional requirements on muon-pair topology. In addition, both
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Table 1: Fiducial cross sections from the combined ������ and ����� predictions with (surv = 1 and (surv estimated
using Refs. [33, 34] as described in the main text. ��������� 4 [97] predictions include fully kinematically dependent
(surv. Uncertainties of 7% (17%) are assigned for predictions of the exclusive (single-dissociative) processes [98].
The bottom row displays the measured cross sections with statistical and systematic uncertainties combined.

f������+����� ⇥ (surv f
fid.
44+? (fb) f

fid.
``+? (fb)

(surv = 1 15.5 ± 1.2 13.5 ± 1.1
(surv using Refs. [33, 34] 10.9 ± 0.8 9.4 ± 0.7

��������� 4 [97] 12.2 ± 0.9 10.4 ± 0.7

Measurement 11.0 ± 2.9 7.2 ± 1.8

be 0.92 ± 0.02 for sides � and ⇠. The near-station e�ciency is estimated using a tag-and-probe method by
first selecting events with exactly one track in the far (tag) station in the acceptance common to both stations,
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Figure 4: Comparison of SuperChic 4 + Pythia 8.2 predictions for the dilepton acoplanarity
distribution compared to the ATLAS data [30] at

p
s = 7 TeV, within the corresponding experi-

mental fiducial region, and with a rapidity veto applied on tracks in the central region. Electron
(muon) pair production is shown in the left (right) figures. The elastic and SD contributions
are overlaid, while the DD has been subtracted from the data, and so is not included.

accurate evaluation of the true veto, though of course in a realistic analysis one would account
for the e�ciency of this. Once one imposes a p? > 0.2 GeV threshold and allows photons to lie
within a R = 0.2 radius of the leptons, we can see that the result of this and of simply vetoing on
all particles with no threshold and with no FSR photon emission are very similar. If we simply
veto on all particles above p? > 0.2 GeV then at higher Mll the reduction is larger.

3.2 Dilepton acoplanarity distribution: comparison to data

In Fig. 4 we compare the predicted acoplanarity distribution for electron (left) and muon (right)
pairs to the ATLAS data on semi–exclusive dilepton production at

p
s = 7 TeV. This is selected

by imposing a veto on additional tracks in association with the dilepton vertex, see [30] for
further details. The Drell–Yan and DD contributions are subtracted from the data, and so
we do not include these; we will comment on the latter case further below. We impose the
corresponding rapidity veto (although its impact is very small) directly on our sample of SD
events that were generated without pile-up, and apply the veto e�ciency obtained in the ATLAS
analysis evaluated on samples of elastic events including pile-up to both the elastic and SD events.
Pile–up is by far the dominant e↵ect in reducing the veto e�ciency, with values around ⇠ 74%
for both the electron and muon channels. We apply all other cuts on the dilepton system as
described in the ATLAS analysis, and in particular a cut on the dilepton pll? < 1.5 GeV, which
suppresses the SD contribution and leads to the relatively small impact of the rapidity veto in
the absence of pile–up e↵ects. We include the e↵ect of FSR photon emission from the dilepton
system.

The results in the figure are shown overlaid, such that the upper red curve corresponds to the
total (elastic + SD) prediction. We can see that the description of the electron data is excellent,
and the description of the muon data is generally good. In Fig. 5 we show the same results, but
with the predictions excluding survival e↵ects given in addition, and we can see the importance
in including these to achieve a good description of the distributions. On the other hand, in the
muon case the predictions appear to overshoot the measurement in the lowest acoplanarity bin
somewhat, where the elastic contribution is enhanced. Given the relatively limited statistics
and apparent mild inconsistency between the two samples, for which the pl? cuts are slightly
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• Final consideration:                  subprocess.

• In general QED corrections should be 1% level - under good control.

• Only remark: if experimental cuts placed on acoplanarity         
sensitivity to system        . May enhance this.

• E.g. FSR in case of dilepton production, though can account after 
passing to general purpose MC.
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more than two photons in the initial state) are relevant and would tend to reduce the predicted cross-sections
by the observed discrepancies [46].
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Figure 6: Fully corrected di�erential cross-sections measured inclusively in ZDC categories for exclusive dielectron
production, WW ! 4

+
4
�, as a function of <44, h?4Ti, |H44 | and | cos \⇤ | for data (dots) and MC predictions from

S�������� (solid blue) and S����C��� (dashed red). Bottom panels present the ratios of data to MC predictions.
The shaded area represents the total uncertainty of the data, excluding the 2% luminosity uncertainty.

The di�erential cross-sections as a function of <44, h?4Ti, |H44 | and | cos \⇤ | for the 0n0n category
are presented in Figure 7. They are compared with the MC predictions from S�������� v3.13 and
S����C��� v3.05. Both simulated samples were produced inclusively and reweighted to the 0n0n category
using the measured fractions in the inclusive data sample. Each theory prediction is represented by two
curves reflecting the systematic variations of the measured 0n0n fractions. S�������� can also generate a
prediction conditional on the presence of neutron emission in one or both directions. These dedicated
predictions from S�������� for the 0n0n category are shown in the same plots. That prediction agrees well
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• In PbPb latest picture is mixed. 
Similar tendency wrt ATLAS 
data, but recent CMS data.
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5. Measurement of the Breit–Wheeler process 15
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Figure 4: Differential cross sections for exclusive dielectron production, in the fiducial phase
space of Table 1, as a function of pair pT (upper left), rapidity (upper right), invariant
mass (lower left), and |cos q⇤| (lower right). Data (black dots) are compared with SUPER-
CHIC + FSR(PHOTOS++), STARLIGHT, and gamma-UPC + FSR(PY8) predictions. Vertical bars
(boxes) show statistical (systematic) uncertainties.
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• Even for the standard candle case, picture in pp and PbPb in detail mixed, even if broadly 
agreement is good!

• Looking in pA collisions could provide useful additional handle here, completing the picture. 
Generally true for other processes beyond dilepton production.

★ Further possibility: ion dissociation. 

✦  Additional boosted neutron production 
measured by ATLAS/CMS Zero Degree 
Calorimeters detectors. LHL, Phys.Rev.D 107 (2023) 9, 093004

✦  Different neutron multiplicities have different 
impact parameter profiles         modifies central 
kinematics.
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Figure 3: (Left) Breakup probabilities for single and multiple neutron emission, as defined in (39) and (33), for

PbPb collisions at
p
snn = 5.02 TeV. The probability that no inelastic ion–ion scattering occurs, as introduced in

(19), is indicated by the dashed black curve. (Right) As in the left figure, but now multiplied by the no inelastic

ion–ion scattering probability, i.e. including the survival factor.

where

AXn =
Z2↵

⇡2

Z
d!

!
��A!A⇤(!) . (43)

The large b? limit of (41), for which we have �A1A2(b?) ⇠ 1, is therefore driven by the integrand

IX1X2(b?) ⌘ b?J0(b?k?)PX1X2(b?)
1/2 , (44)

where in this limit we have

P0n(b?) ⇡ 1� AXn

b2?
,

P1n(b?) ⇡
A1n

b2?

✓
1� AXn

b2?

◆
,

PXn(b?) ⇡
AXn

b2?
, (45)

such that

I1n1n, I1nXn, IXnXn ⇠ J0(b?k?)

b?
, (46)

which is numerically rapidly converging1. For the same reason, once we appropriately use (25)
rather than (23) then the 0n0n results in an integral that has the same convergence. For the
remaining cases however we have

I0n1n, I0nXn ⇠ J0(b?k?) , (47)

and the numerical convergence of the integral (though it is certainly finite) is more problematic.
To resolve this, we can consider the integrands

"
I0n1n � A1/2

1n

b?

#
+

A1/2
1n

b?
. (48)

1
Strictly speaking this result relies on the xb?mA ⌧ 1 limit being true, and hence is not valid at very large

values of b?. However this occurs in a region where the integrand is already numerically negligible and moreover

for large xb?mA � 1 scaling is in fact more strongly (exponentially) suppressed by b?, such that the corresponding

integral (41) is certainly convergent.
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duction in AuAu collisions at
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large that one can necessarily neglect it entirely in the calculation. More precisely, the predicted
distribution (53) in fact corresponds [65] to the di↵erential cross section with respect to pee

? and
the vector di↵erence l? defined above, whereas the observed cross section is of course integrated
over these. The lepton transverse momenta cuts pe? > pcut? = 200 MeV correspond in terms of
these to

l2? + (pee? )2 ± 2|l?||pee? | cos�� > 4(pcut? )2 , (54)

which can introduce a dependence on cos��, that is not captured by (53) with A2�� = 0.
The precise form of this depends on the above cut and its non–trivial interplay with the full
kinematic dependence of the production cross section, and hence is not straightforward to predict
analytically. It is only by providing a full MC treatment, as we do here, that this can be
accounted for. We note that if we remove the pe? cuts, then the predicted value of A2�� is indeed
consistent with zero, as it is if we increase the threshold on mee to e.g ⇠ 4 GeV; this e↵ect is
therefore rather specific to the STAR kinematics. If we reduce the electron mass arbitrarily,
then this makes a negligible di↵erence, confirming that this is not the relevant factor.

In the STAR analysis [27] the data are compared to a ‘QED’ prediction from [68]. Although
the language used is sometimes di↵erent, the basic approach of this is the same as that applied
here, i.e. the impact parameter dependent ion dissociation and ion–ion survival probabilities are
accounted for and appropriately translated to transverse momentum space, with the standard
LO QED �� ! l+l� amplitude applied and the ion photon flux accounted for via the usual
ion EM form factors. Qualitatively we see reasonable agreement with these results, but they
are not identical. The reason for this is unclear, and may lie in the precise implementation of
the above theoretical ingredients. However, we note that the quoted value of A2�� is indeed
exactly zero, contrary to the discussion above, and therefore these predictions must rely on the
pee? ⌧ pe? approximation, which as discussed above is not necessarily valid for the STAR data.
Hence, this is a possible reason for the observed di↵erence.

Finally, we end this section by noting that some care is needed in interpreting the comparisons
made in the STAR analysis [27]. In particular, in the previous versions of SuperChic, as is
clearly described in [18] for the case of version 3 where heavy ion UPCs are first considered,
ion dissociation had not yet been implemented. That is, only inclusive (with respect to ion
dissociation) production could be generated. The STAR data are on the other hand taken with
a XnXn tag, that is they are not inclusive with respect to ion dissociation. Given this, and as
we have discussed in detail above, we would expect the SuperChic 3 predictions not to match
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Figure 9: Comparison of SuperChic 4.2 predictions to CMS data [26] on ultraperipheral muon pair production

in PbPb collisions at
p
snn = 5.02 TeV for the average dimuon acoplanarity, ↵, and invariant mass, mee, for

di↵erent neutron tags. The muons are required to have p?,µ > 3.5 GeV, |⌘µ| < 2.4, 8 < mµµ < 60 GeV. Data

errors correspond to systematic and statistical added in quadrature.

Figure 10: Comparison of SuperChic 4.2 predictions to CMS data [26] on ultraperipheral muon pair production

in PbPb collisions at
p
snn = 5.02 TeV as a function of the dimuon acoplanarity, ↵, for di↵erent neutron tags.

The distributions are defined such that the cross section is normalized in the ↵ < 0.004 region, where higher order

QED e↵ects are less significant. The muons are required to have p?,µ > 3.5 GeV, |⌘µ| < 2.4, 8 < mµµ < 60 GeV.

Data errors correspond to systematic and statistical added in quadrature.

driven to somewhat larger values by such higher order QED e↵ects. As these are absent in the
current theoretical treatment, this would then lead the observed excess in Fig. 9 (left).

In Fig. 9 (right) the average dimuon invariant mass is shown. The basic trend is for this to
increase as one requires more neutron emission, and is again as expected from the discussion in
the previous section, and indeed observed in the ATLAS data, for which the 0nXn and XnXn
event fractions are enhanced at larger dilepton invariant masses. This is therefore again an
encouraging validation of the overall approach. Some excess of data over theory is on the other
hand observed in the 0nXn and XnXn cases, albeit within relatively large experimental errors.

3.3 Comparison to STAR data

Finally, in this section we compare to the STAR measurement [27] of ultraperipheral electron
pair production in AuAu collisions at

p
snn = 200 GeV. These data are taken with a XnXn

neutron tag imposed, or more precisely a Y nY n tag with Y = 1, 2, 3 suitably corrected up to the
full X > 0 case. A particular observable of interest is the azimuthal angle ��, defined in [27] as
the angle between the dielectron transverse momentum, pee? , and the transverse momenta of one
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Figure 6: Comparison of SuperChic 4.2 predictions to ATLAS data [25] on ultraperipheral electron pair pro-

duction in PbPb collisions at
p
snn = 5.02 TeV as a function of the dimuon invariant mass and for di↵erent

dimuon rapidity regions. Results for the ratio of the 0n0n, Xn0n and XnXn cross sections to the inclusive UPC

case (with respect ion dissociation) are shown. The electrons are required to have p?,e > 2.5 GeV, |⌘e| < 2.4,
mee > 5 GeV and p?,µµ < 2 GeV. Data errors correspond to systematic and statistical added in quadrature.

dimuon invariant mass distributions on the same plot. We can see that indeed the predicted
0nXn, XnXn distributions overshoot both sets of data, in particular at lower mass, but that
this occurs rather more significantly for the dimuon data. We also show in the dashed histogram
the predicted fractions when the default �A ! A⇤ cross section is multiplied by a factor of 0.8,
and can see that in this case the agreement is rather better. It may therefore be that some
amount of tuning is required in the future to better match the data. To enable this, in the
public SuperChic 4.2 release we provide a flag (fracsigX) by which the normalization of the
�A ! A⇤ cross section may be modified. We note however, that in practice a reduction in the
�A ! A⇤ cross section cannot simply be achieved by e.g. removing the higher energy and less
well constrained region, where a Regge theory parameterisation must be used; even removing
the entire cross section above ! > 20 GeV (corresponding to |y�n| ⇠ 6.5) only reduces the cross
section by a further ⇠ 10%. This therefore corresponds to a fairly significant reduction.

We note that in principle another variable that will impact on the predicted dissociation
fractions is the treatment of the survival factor. For example, if the suppression due to this is
increased and/or pushed to lower impact parameter values, this will modify the average impact
parameter sampled in the cross section. Given the dissociation probabilities have distinct impact
parameter dependencies as in Fig. 3, this will then modify these. However, on closer investigation
we find that it is only with the rather extreme variations in the survival factor (of the type
examined in [21]) that a noticeable reduction in the 0nXn, XnXn fractions occurs, and not
necessarily with a better description of both cases simultaneously. A further way to shed light
on this issue would be to present data in the 0n1n and 1n1n channels. In these cases the ion
dissociation is guaranteed to be dominated by the GDR region, where uncertainties due to the
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✦  Neutron dissociation categories and their kinematic 
dependence opens up wealth of new information from data.

✦  Broad agreement with range of LHC/RHIC data, but devil in 
detail!

✦  Additional handle in measurements/searches.

CMS, Phys. Rev. Lett. 127, 122001 
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can be traced to different implementations of the Pb photon flux and the nuclear nonoverlap
condition. Variations of the nonoverlap condition computed with a Glauber model for varying
Pb radius and diffusivity parameters [56] propagate into few percent differences in the cross
sections. The major difference between MC models is the electric-dipole and charged-form-
factor photon fluxes implemented in STARLIGHT and SUPERCHIC and gamma-UPC, respectively.

Finally, we also measure the number of forward neutrons emitted in the EMD of the two in-
teracting ions, in B–W events passing our fiducial criteria. We determine this number based
on the energy deposition in the ZDC detectors, correcting for bin migrations, and EMD pileup
events, as described in [65, 67]. Table 5 lists the fraction of different neutron multiplicity classes
(0n, 1n, and Xn with X > 0) on each side measured in the B–W process, and Fig. 3 shows them
in graphical form, compared with the SUPERCHIC 4.2 [68] and STARLIGHT predictions (note
that some predictions are missing because the MC generators do not include all the measured
categories). A good agreement is found between data and EMD models.

Table 5: Probability of different neutron multiplicity classes measured in the exclusive dielec-
tron events passing our fiducial criteria (Table 1), compared with the predictions of SUPER-
CHIC 4.2 and STARLIGHT 3.13 for the deexcitation of the Pb ions in concurrent EMD processes.
(The MC predictions are not available for all XnYn categories). The experimental (MC model)
uncertainties quoted are the square sum of statistical and systematic (MC statistical) sources.

Neutron multiplicity Probability (%)
category Data SUPERCHIC 4.2 STARLIGHT 3.13

0n0n 74.0 ± 0.7 76.6 ± 1.0 74.5 ± 1.0
0nXn + Xn0n 19.8 ± 0.5 18.6 ± 0.2 19.1 ± 1.0

XnXn 6.2 ± 0.2 4.9 ± 0.1 5.9 ± 0.5
0n1n + 1n0n 4.5 ± 0.2 6.4 ± 0.1 —
1nXn + Xn1n 3.7 ± 0.1 — —

1n1n 0.54 ± 0.04 0.5 ± 0.0 0.4 ± 0.1

0n0n 0nXn + Xn0n

XnXn
0n1n + 1n0n

1nXn + Xn1n
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Figure 3: Probability for different neutron multiplicity classes (0n, 1n, and Xn with X > 2)
measured on each ZDC side, for B–W process events within the fiducial phase space of Table 1.
The measured ratios are compared with SUPERCHIC 4.2 and STARLIGHT predictions.

The uncorrected kinematic distributions of the exclusive dielectron events obtained after all
selection criteria (Fig. 2) are unfolded to the particle level in the fiducial phase space defined
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★ All so far for PbPb. What about pA? Just one 
ion dissociating - somewhat simpler?
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Aside: the Odderon
𝛾 C-even

meson

p X

Odderon

Pb

C-even
meson

Odderon

Pb

p

𝛾

(a) (b)

Figure 1: The Odderon exchange contribution to (a) photoproduction of C-even mesons and (b)
exclusive ultraperipheral C-even meson production in Pb�p collisions.

exchange. In Section 7 we discuss the reducible background arising from the radiative decay

of vector mesons. In Section 8 we present a detailed numerical analysis of the signal and

background cross sections for the cases of f2, ⇡0, ⌘ and ⌘c production. Finally, in Section 9 we

conclude.

2 Searching for evidence of Odderon exchange

Although in QCD we expect both Pomeron and Odderon exchange to contribute to scattering

processes, the pre–LHC experimental quest for the Odderon has proven to be quite a challenging

task, see for instance [22, 24, 25, 30] for reviews. In particular, the contribution from Odderon

exchange to elastic pp-scattering is predicted to be rather small, see e.g. [31, 32], providing

only a small correction to the dominant even-signature Pomeron exchange. Moreover, due to

screening e↵ects this contribution is expected to decrease with increasing energy, see [4,31–33].

The possibility of probing the Odderon via the high energy exclusive photoproduction of

C-even mesons, which can be mediated by this odd-signature exchange, has a long history, see

e.g. [34–41]. In particular, above the very low transverse momenta region where the major

contribution comes from photon exchange, the Odderon may dominate, see Fig. 1 (a). The

cross sections for light C–even meson (⇡0
, ⌘, f2) photoproduction were evaluated for example

in [35, 37, 39], by applying a pQCD treatment with an e↵ective cuto↵ applied to regulate the

contribution from the infrared region.

The expected rates become rather large when break up of the target proton is permitted. In

particular, an Odderon-induced cross section of⇠ 300 nb has been predicted for the �p ! ⇡
0+X

reaction [37], and about 21 nb for the �p ! f2 + X case [39], at
p
s = 20 GeV. Since the ⌘

3

• Not strictly photon-photon, but pA collisions 
can serve as possible environment to search for 
odderon contribution to light meson production.

LHL et al., Phys.Rev.D 99 (2019) 3, 034011

Pb
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Pomeron
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Figure 3: A background to the Odderon searches based on Fig. 1(b) arising from the production of
C-even mesons by Pomeron-Pomeron fusion.

6 Background from Pomeron-Pomeron fusion

In contrast to the odderon searches at HERA via photoproduction, in heavy ion-proton col-

lisions we must also consider the background due to Pomeron–Pomeron fusion, see Fig. 3.

While we might naively expect such a QCD–initiated background to be enhanced relative to

Odderon–induced photoproduction, in fact for the case of exclusive, or semi–exclusive produc-

tion (CEP⇤), this is strongly suppressed by the gap survival factor S2. In particular, in addition

to the specific nucleon-nucleon collision which participates in the CEP⇤ interaction, there is a

significant probability to have additional inelastic interactions between other pairs of nucleons

which will populate the rapidity gaps either side of the produced meson. It is therefore only

in relatively peripheral ion�p collisions that the probability of a semi–exclusive production, in

which we allow for low-mass proton dissociation but no other outgoing particles except for the

intact heavy ion and the C-even meson in the central region, is large enough. We first study

the dependence of this contribution on the number, A, of nucleons in the heavy ion.

6.1 A dependence of CEP⇤ cross section in pPb collisions

For simplicity we will consider the case of genuine exclusive production, that is where the proton

remains intact. To allow for the possibility of p ! X low-mass dissociation we simply replace

�
nn

CEP
by �

nn

CEP⇤ in the results which follow. As we will discuss below, the transverse scale of

the interaction amplitude between the proton and the nucleon in the lead ion is significantly

smaller than the ion extent. This will remain a good approximation when the proton is allowed

to dissociate, as here the transverse scale is very similar to the pure exclusive case. We note

that the results presented below closely follow the arguments discussed in [53], and further

details can be found there.
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• Background from pomeron-pomeron suppressed by UPC requirement, from photon-photon by 
pA instead of AA.
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Figure 4: Predictions for the Pomeron-Pomeron and �-Odderon fusion contributions to the asym-
metry as a function of the rapidity of the f2 meson produced in the process AA ! A + f2 + A⇤

(that is (26) plotted in the left-hand diagram) and in the process pA ! p + f2 + A (that is (25)
plotted in the right-hand diagram). We also show the e↵ect of changing �tot(f2N) from 0 to
forms given by (17) with �0=15.7/2 or 15.7 mb and ✏ = 0.055. The e↵ects of including secondary
Reggeon-exchange terms only change the predictions within the limits of the �0 predictions.

a small negative asymmetry A(AA⇤) < 0) while the energy dependence of the absorptive cross
section gives a small positive asymmetry (A(AA⇤) > 0). Recall that without the f2 absorption
the secondary Reggeon contributions do not produce an additional asymmetry. For the photon-
induced component we observe in the forward region (y > 0) a large negative asymmetry that
already by y = 3 is close to -1 due to the growth of the photon flux (19) as x / e�y decreases.

For pA collisions, the same qualitative behaviour of the asymmetry is observed as in AA
collisions, although the asymmetry for the Pomeron-induced process is slightly smaller, and the
photon-induced asymmetry approaches -1 at slightly larger rapidities, as seen by comparing
the plots in Fig. 4.

Recall, however, the possibility mentioned in Section 2.4 that the Pomeron-Pomeron fusion
background may be suppressed. The dominant Pomeron-induced background will then be
caused by fusion with a secondary Reggeon. In such a case there will be a large positive
asymmetry in Fig. 4 (right) since when the p beam energy is larger than the energy of the
nucleon in the ion, the dominant diagram is that where the secondary Regeeon couples to the
ion A and thus the f2 meson goes in the direction of ion.

In summary, assuming an Odderon cross section �Odd = 1 nb in (22), the exclusive f2 photo-
production cross-section in the forward region for AA ! A+ f2 + A⇤ processes is expected to
be an order-of-magnitude larger than for Pomeron-Pomeron fusion in AA collisions already at
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• Nonetheless backgrounds can be challenging. Looking at 
rapidity distributions may help.
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• A MC event generator 
for CEP processes. 
Common platform for:

‣ QCD-induced CEP.
‣ Photoproduction.
‣ Photon-photon induced CEP.

• For pp, pA and AA collisions.  Weighted/unweighted events (LHE, HEPMC) 
available- can interface to Pythia/HERWIG etc as required.

SuperChic MC Implementation

LHL et al., Eur.Phys.J.C 80 (2020) 10, 925

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

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

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

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

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

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

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

L ⇠ (W †
µnW µAn �WµnW †µAn)

+(1+Dkg)W †
µWnAµn +

l g

M2
W

W †
rµW µ

nAnr). (5.27)

The strategy is the same as for the SM coupling studies: we first implement this lagrangian in FPMC [179]
and we select the signal events when the Z and W bosons decay into leptons. The difference is that the
signal appears at high mass for l g and Dkg only modifies the normalization and the low mass events
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3 Future measurement at low/medium luminosity: motivation
3.1 Photon–induced processes
3.1.1 Diffractive photoproduction g p !V p

Q

Q̄

F(x,) = @G(x,)/@ log 2

(1� z,�~k?)

(z,~k?)
 V (z, k?)

VM = J/ , 0,⌥,⌥0, . . .�

~�~

p p

W 2

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

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

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

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

¡mA(g⇤(Q2)p !V p;W, t = 0) =
Z 1

0
dz

Z
d2r yV (z,r)yg⇤(z,r,Q2)s(x,r) , (5.3)

where x = M2
V/W 2, yV and yg are the light-cone wave functions for the quark-antiquark Fock states of

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

s(x,r) =
4p
3

aS

Z d2k
k4

∂xg(x,k2)

∂ log(k2)

h
1� exp(ikr)

i
, (5.4)

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

58

1 Introduction

The use of diffractive processes to study the Standard Model (SM) and New Physics at the
LHC has only been fully appreciated within the last few years; see, for example [1, 2, 3, 4], or
the recent reviews [5, 6, 7], and references therein. By detecting protons that have lost only

about 1-3% of their longitudinal momentum [8, 9], a rich QCD, electroweak, Higgs and BSM
programme becomes accessible experimentally, with the potential to study phenomena which

are unique to the LHC, and difficult even at a future linear collider. Particularly interesting
are the so-called central exclusive production (CEP) processes which provide an extremely

favourable environment to search for, and identify the nature of, new particles at the LHC. The
first that comes to mind are the Higgs bosons, but there is also a potentially rich, more exotic,
physics menu including (light) gluino and squark production, searches for extra dimensions,

gluinonia, radions, and indeed any new object which has 0++ (or 2++) quantum numbers and
couples strongly to gluons, see for instance [2, 10, 11]. By “central exclusive” we mean a process

of the type pp → p +X + p, where the + signs denote the absence of hadronic activity (that
is, the presence of rapidity gaps) between the outgoing protons and the decay products of the
centrally produced system X . The basic mechanism driving the process is shown in Fig. 1.

There are several reasons why CEP is especially attractive for searches for new heavy objects.
First, if the outgoing protons remain intact and scatter through small angles then, to a very

good approximation, the primary active di-gluon system obeys a Jz = 0, C-even, P-even,
selection rule [12]. Here Jz is the projection of the total angular momentum along the proton
beam axis. This selection rule readily permits a clean determination of the quantum numbers

of the observed new (for example, Higgs-like) resonance, when the dominant production is a
scalar state. Secondly, because the process is exclusive, the energy loss of the outgoing protons

is directly related to the mass of the central system, allowing a potentially excellent mass
resolution, irrespective of the decay mode of the centrally produced system. Thirdly, in many

topical cases, in particular, for Higgs boson production, a signal-to-background ratio of order
1 (or even better) is achievable [3, 11], [13]-[18]. In particular, due to Jz = 0 selection, leading-
order QCD bb̄ production is suppressed by a factor (mb/ET )2, where ET is the transverse energy

of the b, b̄ jets. Therefore, for a low mass Higgs, MH
<
∼ 150 GeV, there is a possibility to observe

Figure 1: The basic mechanism for the exclusive process pp → p + X + p. The system X is

produced by the fusion of two active gluons, with a screening gluon exchanged to neutralize
the colour.
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SuperChic 5 - MC Implementation

• Version 5 now released. Significant updates to code:

★HepMC output now properly supported.

★Full testing suite added + cmake build 

system.

★Various bug fixes + code improvements.

★ Future releases will be via github. 

Collaboration/PRs welcome!
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Summary/Outlook
★ Photon-photon initiated production provides a relatively clean environment with which to 

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

★ Initial-state rather well understood, and impact of QCD interactions between hadrons small 
but not negligible. No qualitative changes between p and A cases.

★ In terms of expected rates, pA does not appear to be competitive with pp/AA. However 
expected cross sections measurable in low to intermediate mass region!

★ Many physics effects still being disentangled in e.g. case of dilepton production. Having 
additional handle of pA measurement could be key here. Similarly for ion dissociation.

★ Have set the scene here, and presented some first thoughts in this direction, but not intended 
to be exhaustive - other motivations may be there to discuss.
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