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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)

ar
X

iv
:1

90
8.

05
18

0v
1 

 [h
ep

-p
h]

  1
4 

A
ug

 2
01

9
L. Beresford and J. Liu, PRD 102 (2020) 11, 113008
M. Dyndal et al., PLB 809 (2020) 135682C. Baldenegro et al, JHEP 12 (2020) 

165, JHEP 06 (2017) 142

1

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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118 (2017) 17, 171801, D. 
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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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• 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

81

Photoproduction

Mass (MeV)
6000 8000 10000 12000

Ev
en

ts
 p

er
 5

00
 M

eV

0

2

4

6

8

10

12
LHCb

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

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

Q

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!

<latexit sha1_base64="Cm62MsggUd+xD5t3e/Mb7XcAuoA=">AAACF3icbVA9SwNBEN3z2/gVtbQ5DILV5c4iilXQJkWKiEaFJIS9zSS3ZG/v2J0Vw5F/YeNfsbFQxFY7/42bj0KNDwYe780wMy9MBdfo+1/O3PzC4tLyympubX1jcyu/vXOtE6MY1FkiEnUbUg2CS6gjRwG3qQIahwJuwv75yL+5A6V5Iq9wkEIrpj3Ju5xRtFI77zUR7hExixBTfVos9jhGJvRYEherhnEqK9XipUlBnUecDdv5gu/5Y7izJJiSApmi1s5/NjsJMzFIZIJq3Qj8FFsZVciZgGGuaTSklPVpDxqWShqDbmXjv4bugVU6bjdRtiS6Y/XnREZjrQdxaDtjipH+643E/7yGwe5JK+MyNQiSTRZ1jXAxcUchuR2ugKEYWEKZ4vZWl0VUUYY2ypwNIfj78iy5PvKCkle6OCqUz6ZxrJA9sk8OSUCOSZlUSI3UCSMP5Im8kFfn0Xl23pz3SeucM53ZJb/gfHwDZnOgEA==</latexit>

https://github.com/LucianHL/SuperChic
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Figures curtesy of J. Liu

★ Probing the tau g-2:

•While experimental situation 
for lighter leptons well 
developed…
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•For the tau lepton surprisingly little is known!
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•Does not even probe 1-loop QED: •Sensitivity to BSM unprobed:
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The tau lepton g-2



The tau lepton g-2 in PI production
• By measuring                     production - sensitive to tau g-2. 
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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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•Sensitivity via differential cross section has 
already set new limits.
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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-

ATLAS, arXiv:2204.13478
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Figure 13: Measurements of at (left) and dt (right) performed in this analysis, compared with
previous results from the OPAL, L3, DELPHI, ARGUS, Belle, ATLAS, and CMS experiments [9,
10, 24–28]. Confidence intervals at 68 and 95% CL are shown with thick black and thin green
lines, respectively. The SM values of the t anomalous electromagnetic moments, at = 1.2 ⇥
10�3 and dt = �7.3 ⇥ 10�38

e cm, are indicated with the dashed blue lines.
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parts of the Wilson coefficients Ct B and CtW divided by L2. The SM value is indicated with a
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Figure 12: Expected and observed negative log-likelihood as a function of at (left) and dt

(right), for the combination of all SRs in all data-taking periods.

10.2 Constraints on the anomalous electromagnetic moments of the t lepton

Constraints on at and dt are set independently by performing a binned likelihood scan with at

and dt as single parameters of interest. Unlike in Section 10.1, at and dt are allowed to float,
one at a time, whereas the normalization and mvis distribution of the gg ! tt process under
the SM hypothesis is constrained to its predicted value, estimated from the elastic production
simulation [38] and weighted with the scale factor from the µµ CR to include dissociative con-
tributions. Varying at and dt from their SM values modifies both the normalization of the
signal process and its mvis distribution. In particular, the number of predicted signal events
increases with mvis for large |at | values, as shown in the ratio panels of Figs. 9–10 for an illus-
trative value of at = 0.008.

The combination of all final states and years, using SRs with Ntracks = 0 or 1, gives an ob-
served best fit value of at = 0.0009+0.0016

�0.0015 (syst)+0.0028
�0.0027 (stat), equivalent to at = 0.0009+0.0032

�0.0031, at
68% confidence level (CL). The corresponding expected best fit value is at = 0.0012+0.0041

�0.0043, as
shown in Fig. 12 (left). Contrary to the signal strength measurement assuming SM values for
at and dt , the statistical uncertainty dominates in the measurement of at because the sensitiv-
ity is driven by the high-mvis bins where BSM effects could be enhanced. The corresponding
observed (expected) constraint at 95% CL is: �0.0042 < at < 0.0062 (�0.0051 < at < 0.0072).
The 68% CL constraint on dt is |dt | < 1.7 ⇥ 10�17

e cm (|dt | < 2.3 ⇥ 10�17
e cm), with a best

fit value of dt = 0.0 ⇥ 10�17
e cm, whereas the 95% CL interval is |dt | < 2.9 ⇥ 10�17

e cm
(|dt | < 3.4 ⇥ 10�17

e cm). These results are compared with constraints from other experiments
in Fig. 13. If the measurement were performed using information about the mvis distribution
and with a floating normalization for the gg ! tt process, the expected precision in the mea-
surement of at would decrease by about 50%.

The constraints on at and dt can be converted to two-dimensional constraints on the real and
imaginary parts of the Wilson coefficients Ct B and CtW divided by L2, using Eq. (5). The 95%
CL intervals in the plane of the normalized Wilson coefficients are shown in Fig. 14.
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★ Probing the tau g-2:
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The tau lepton g-2



What is missing?

where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts

�a⌧ =
2m⌧

e

Re [C⌧B]

M
, �d⌧ =

Im [C⌧B]

M
, (3)

such that the corresponding ⌧⌧� vertex has the form

V µ
⌧⌧� = ie�µ �


�a⌧

e

2m⌧
+ i�d⌧�5

�
�µ⌫q⌫ , (4)

where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
µ⌫ + a⌧d⌧M1,1

µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by

�pp =
1

2s

Z
d3p01d

3p02d�

E0
1E

0
2

↵(Q2
1)↵(Q

2
2)
⇢µµ

0

1 ⇢⌫⌫
0

2 M⇤
µ0⌫0Mµ⌫

Q2
1Q

2
2

�(4)(q1 + q2 � k) , (6)

where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by

⇢↵�i = 2

Z
dM2

i

Q2
i


�
 
g↵� +

q↵i q
�
i

Q2
i

!
F1(xB,i, Q

2
i ) +

(2p↵i � q↵i
xB,i

)(2p�i � q�i
xB,i

)

Q2
i

xB,i

2
F2(xB,i, Q

2
i )

�
,

(7)
where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion

3

• Non-zero modifications                 induce change in          vertex:
<latexit sha1_base64="rKkBkX6IggFg1Tl6FY3v2bEXDg0=">AAACBXicdVDLSgNBEJyNrxhfUY96GAyCBwm7QWJyC3rxGME8IBtC7+wkGTL7YKZXCCEXL/6KFw+KePUfvPk3TpIVVLRgoLqqm54uL5ZCo21/WJml5ZXVtex6bmNza3snv7vX1FGiGG+wSEaq7YHmUoS8gQIlb8eKQ+BJ3vJGlzO/dcuVFlF4g+OYdwMYhKIvGKCRevlD1+cSgULPRUhOaVr687KXL9hF26BcpjPiVGzHkGq1UipVqTO3bLtAUtR7+XfXj1gS8BCZBK07jh1jdwIKBZN8mnMTzWNgIxjwjqEhBFx3J/MrpvTYKD7tR8q8EOlc/T4xgUDrceCZzgBwqH97M/Evr5Ngv9KdiDBOkIdssaifSIoRnUVCfaE4Qzk2BJgS5q+UDUEBQxNczoTwdSn9nzRLRadcLF+fFWoXaRxZckCOyAlxyDmpkStSJw3CyB15IE/k2bq3Hq0X63XRmrHSmX3yA9bbJ9ezmDI=</latexit>

�a⌧ , �d⌧
<latexit sha1_base64="SM4EVsnyvarkgbiozWXFlhBocc4=">AAAB9XicdVBNS8NAEN3Ur1q/qh69LBbBU0mKxPZW9OKxgv2ANpbJdtMu3U3C7kYpof/DiwdFvPpfvPlv3KQVVPTBwOO9GWbm+TFnStv2h1VYWV1b3yhulra2d3b3yvsHHRUlktA2iXgkez4oyllI25ppTnuxpCB8Trv+9DLzu3dUKhaFN3oWU0/AOGQBI6CNdDvQkOQ1BiFgWK7YVdvAdXFGnLrtGNJo1Gu1BnZyy7YraInWsPw+GEUkETTUhINSfceOtZeC1IxwOi8NEkVjIFMY076hIQiqvDS/eo5PjDLCQSRNhRrn6veJFIRSM+GbTgF6on57mfiX1090UPdSFsaJpiFZLAoSjnWEswjwiElKNJ8ZAkQycysmE5BAtAmqZEL4+hT/Tzq1quNW3euzSvNiGUcRHaFjdIocdI6a6Aq1UBsRJNEDekLP1r31aL1Yr4vWgrWcOUQ/YL19Aigdkvk=</latexit>⌧⌧�

• Note in particular differing kinematic structure (additional        ).
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• Leads to well known increase in effect of                 with increasing scale. But also:
<latexit sha1_base64="rKkBkX6IggFg1Tl6FY3v2bEXDg0=">AAACBXicdVDLSgNBEJyNrxhfUY96GAyCBwm7QWJyC3rxGME8IBtC7+wkGTL7YKZXCCEXL/6KFw+KePUfvPk3TpIVVLRgoLqqm54uL5ZCo21/WJml5ZXVtex6bmNza3snv7vX1FGiGG+wSEaq7YHmUoS8gQIlb8eKQ+BJ3vJGlzO/dcuVFlF4g+OYdwMYhKIvGKCRevlD1+cSgULPRUhOaVr687KXL9hF26BcpjPiVGzHkGq1UipVqTO3bLtAUtR7+XfXj1gS8BCZBK07jh1jdwIKBZN8mnMTzWNgIxjwjqEhBFx3J/MrpvTYKD7tR8q8EOlc/T4xgUDrceCZzgBwqH97M/Evr5Ngv9KdiDBOkIdssaifSIoRnUVCfaE4Qzk2BJgS5q+UDUEBQxNczoTwdSn9nzRLRadcLF+fFWoXaRxZckCOyAlxyDmpkStSJw3CyB15IE/k2bq3Hq0X63XRmrHSmX3yA9bbJ9ezmDI=</latexit>

�a⌧ , �d⌧

★ Survival factor.

★ Proton dissociation (EL vs. SD vs. DD).

• Will also be different between the LO and                 terms.
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�a⌧ , �d⌧

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

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

4 Hadron–hadron collisions

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

�pp =
1

2s

Z
dx1dx2 d

2
q1?d

2
q2?d�↵(Q2

1)↵(Q
2
2)
⇢
µµ0

1 ⇢
⌫⌫0
2 M

⇤
µ0⌫0Mµ⌫

q21q
2
2

�
(4)(q1 + q2 � pX) , (29)

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

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

M
⇤
µ0⌫0Mµ⌫ = Rµµ0R⌫⌫0

1

4

X

�1�2

|M�1�2 |2 + · · · , (30)

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

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

R
µ⌫ = �g

µ⌫ +
(q1q1)(q

µ
1 q

⌫
2 + q

⌫
1q

µ
2 ) +Q

2
1q

µ
2 q

⌫
2 +Q

2
2q

µ
1 q

⌫
1

(q1q2)2 �Q2
1Q

2
2

. (31)
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• PI cross section calculated in `structure function’ (SF) approach:
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• Key point (without details) for us -               vertex given in terms of (elastic/inelastic) 
proton SFs, taken from experiment.  
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• Elastic SF (i.e. form factor) falls much faster with photon           
differing impact wrt                 (recall factor of       ).

where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts

�a⌧ =
2m⌧

e

Re [C⌧B]

M
, �d⌧ =

Im [C⌧B]

M
, (3)

such that the corresponding ⌧⌧� vertex has the form

V µ
⌧⌧� = ie�µ �


�a⌧

e

2m⌧
+ i�d⌧�5

�
�µ⌫q⌫ , (4)

where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
µ⌫ + a⌧d⌧M1,1

µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by

�pp =
1

2s

Z
d3p01d

3p02d�

E0
1E

0
2

↵(Q2
1)↵(Q

2
2)
⇢µµ

0

1 ⇢⌫⌫
0

2 M⇤
µ0⌫0Mµ⌫

Q2
1Q

2
2

�(4)(q1 + q2 � k) , (6)

where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by

⇢↵�i = 2

Z
dM2

i

Q2
i


�
 
g↵� +

q↵i q
�
i

Q2
i

!
F1(xB,i, Q

2
i ) +

(2p↵i � q↵i
xB,i

)(2p�i � q�i
xB,i

)

Q2
i

xB,i

2
F2(xB,i, Q

2
i )

�
,

(7)
where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion

3
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Survival Factor

in impact parameter space.
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Z
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2b2? |M̃(~b1? ,~b2? , ...)|2e�⌦(~b1?�~b2? )
• In more detail, condition is not discrete - some overlap can occur. Schematically:

                                  : survival factor - probability for no additional particle 
production at impact parameter                            . Roughly:

but not exact!

b? = |~b1? �~b2?|
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• Key point - not a constant! Depends on kinematic and process:
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Kinematics Process

• Probability of no inelastic hadron-hadron interactions. Schematically:

• Again recall differing impact wrt                 (recall factor of       ). 
Survival factor will be different between these!
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where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts

�a⌧ =
2m⌧

e

Re [C⌧B]

M
, �d⌧ =

Im [C⌧B]

M
, (3)
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where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
µ⌫ + a⌧d⌧M1,1

µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by
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where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by
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(7)
where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion
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Results
• In all cases anomalous                  in SC5.0 using matrix elements from                                          
via                                                                    package.
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Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.

5

• (Differential) cross section can be written as:
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d⌧ = 0 for simplicity here
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d�i

• Will show results with respect to tau level pseudo-observables (                  ) to highlight relevant 
effects, but SC implementation allow for unweighted events, i.e. tau decays via external tool.

• Will only show results for      here, but      qualitatively similar.
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• All preliminary! Start with PbPb case…
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Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.
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• Plot survival factor for dominant                  contribution and the LO (           ) one.

• Not individually observable but demonstrates differences. Can see that there is indeed a different 
between the                   and             though for the dominant            correction difference very mild.    
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O(a⌧ , a
2
⌧ )

where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts

�a⌧ =
2m⌧

e

Re [C⌧B]

M
, �d⌧ =

Im [C⌧B]

M
, (3)

such that the corresponding ⌧⌧� vertex has the form

V µ
⌧⌧� = ie�µ �


�a⌧

e

2m⌧
+ i�d⌧�5

�
�µ⌫q⌫ , (4)

where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
µ⌫ + a⌧d⌧M1,1

µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by

�pp =
1

2s

Z
d3p01d

3p02d�

E0
1E

0
2

↵(Q2
1)↵(Q

2
2)
⇢µµ

0

1 ⇢⌫⌫
0

2 M⇤
µ0⌫0Mµ⌫

Q2
1Q

2
2

�(4)(q1 + q2 � k) , (6)

where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by

⇢↵�i = 2

Z
dM2

i

Q2
i


�
 
g↵� +

q↵i q
�
i

Q2
i

!
F1(xB,i, Q

2
i ) +

(2p↵i � q↵i
xB,i

)(2p�i � q�i
xB,i

)

Q2
i

xB,i

2
F2(xB,i, Q

2
i )

�
,

(7)
where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion

3
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Figure 2: Difference in cross section modifications, �, due to non–zero anomalous a⌧ , between the case with and
without the survival factor included. Results shown for ⌧ pair production in PbPb collisions at

p
sNN = 5.02 TeV, as

in Fig. 1

Figure 3: Ratios of 00 and XX to the total cross sections for ⌧ pair production in PbPb collisions at
p
sNN = 5.02

TeV, for different O(a⌧ ) contributions to the overall cross sections. Cuts are as described in text.
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We can see that this is indeed not identical between the three considered cases, with the
O(a⌧ ) survival factor being ⇠ 5% higher. why higher? would naively have expected it
to be lower because of extra ⇠ qµ, perhaps just due to non–trivial helicity structure
etc. The O(a2⌧ ) component is on the other hand rather close to the O(a0⌧ ) one, albeit slightly
higher than it at higher p?,⌧ . This is of particular note as it is in fact this O(a2⌧ ) component that
provides by far the dominant deviation due to a non–zero a⌧ at higher p?,⌧ . We may therefore
expect the impact this to have on any a⌧ determination to be relatively limited.

To examine if this is the case we will consider cross section modifications, defined as

� =
1

d�0

4X

i=1

(a⌧ )
id�i , (15)

that is, these define the relative deviation with respect to the a⌧ = 0 cross section that comes
from a particular value of a⌧ . We can then examine the impact that including a full modelling
of e.g. survival e↵ects of survival e↵ects will have on this deviation by taking the ratio of the �
with this accounted for to the case without, for a given of value of a⌧ . In particular, while in
e.g. the calculation of [9] and evaluation of the survival factor is included, its process (and in
particular a⌧ ) dependence is not, and hence the relative impact on the di↵ering terms in (14)
will be constant. The no survival factor case, where this will also by definition be true, therefore
e↵ectively corresponds to this case for the value of � defined above.

This ratio is shown in Fig. 2 (left) and we and can see that it is indeed often true that
this modification is at the percent level. The larger di↵erences observed for negative values
of a⌧ are due to the fact that the value of � passes through zero in this region, as is seen in
Fig. 2 (right). While it is not straightforward to immediately translate these results into a
corresponding change in a given determination of (or as is currently the case experimentally,
limit setting on) a⌧ , we can make a few general comments here. First, we note that if the ratio
plotted in Fig. 2 is roughly constant with p?,⌧ then this does not correspond to a constant o↵set
in between the resulting di↵erential cross sections. Rather, for a⌧ = 0.01 and 0.05, as the ratio
is constant and larger than unity, from the right plot we can see that these distributions will fall
somewhat more slowly with p?,⌧ . Under the (incorrect) assumption that the O(a⌧ ) component
provides the dominant correction, then the corresponding fit to a⌧ , or its limit, would be shifted
down by the ratio shown in the left plot. In reality, given the presence of the higher power term
in a⌧ , this correction will not be so direct, and more generally in the presence of a non–constant
o↵set the impact will again be correspondingly non–trivial.

More generally, the precise impact will depend on the specific experimental binning, whether
the shape information or also the absolute value of the cross section is used, and most signifi-
cantly the corrections due to the decay of the ⌧ leptons and construction of the corresponding
experimental observables due to this. Given these factors, and the relatively mild impact of the
e↵ects observed in Fig. 2 and below, we do not pursue a full evaluation of the impact on any a⌧
determination here. However, as a guide we note that following the discussion above a percent
level deviation in the ratios in the left plot will roughly speaking correspond to a percent level
deviation in the value of a⌧ , or the limit on it, that is extracted.

Next, in Fig. 3 we show the same cross section components as in Fig. 1, but now look at the
predicted 0n0n and XnXn fractions (see [26]). We we can see that these are in fact expected to
be rather uniform between the di↵erent d�i components, and hence this e↵ect is not expected
to play a noticeable role in the determination of a⌧ . We therefore do not consider it further in
what follows.

We next turn to the case of PI ⌧ pair production in pp collisions, taking
p
s = 13 TeV, and

for |⌘⌧ | < 2.5 and p⌧? < 25 GeV. In Fig. 4 (left) we show the came comparison as in Fig. 1 for the
PbPb case, namely the survival factor di↵erentially now in the ⌧ pair invariant mass, m⌧⌧ , for
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where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts
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, (3)

such that the corresponding ⌧⌧� vertex has the form
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where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0
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µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by
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where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by
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(7)
where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion
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Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.
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Figure 4: (Left) As in Fig. 1 and (right) as in Fig. 2 but now for pp collisions at 13 TeV, with cuts as described in
text.

the individual components of (14), again up to O(a2⌧ ). While the overall size of this is di↵erent
from the PbPb case, due to the di↵ering beams and kinematics, we can see there are similarities
in the di↵erences between the components. Namely the O(a⌧ ) survival factor is somewhat higher
than the O(a0⌧ ), while the O(a2⌧ ) is close to it (and in this case somewhat below it). In Fig. 4
(bottom) we show the same comparison as in Fig. 2 (left), namely for the ratio of cross section
modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
stration. We note that the overall size of these ratios and trend with increasing invariant mass
is as we would expect broadly in line with the comparisons shown in e.g. [1], as is also the
case when the veto is applied, as discussed below. In particular, prior to imposing any veto or
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modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.
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unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
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therefore likewise be at the percent level.
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are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
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where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts

�a⌧ =
2m⌧

e

Re [C⌧B]

M
, �d⌧ =

Im [C⌧B]

M
, (3)

such that the corresponding ⌧⌧� vertex has the form

V µ
⌧⌧� = ie�µ �


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e

2m⌧
+ i�d⌧�5

�
�µ⌫q⌫ , (4)

where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
µ⌫ + a⌧d⌧M1,1

µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by
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where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by
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p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion
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Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.
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Figure 4: (Left) As in Fig. 1 and (right) as in Fig. 2 but now for pp collisions at 13 TeV, with cuts as described in
text.

the individual components of (14), again up to O(a2⌧ ). While the overall size of this is di↵erent
from the PbPb case, due to the di↵ering beams and kinematics, we can see there are similarities
in the di↵erences between the components. Namely the O(a⌧ ) survival factor is somewhat higher
than the O(a0⌧ ), while the O(a2⌧ ) is close to it (and in this case somewhat below it). In Fig. 4
(bottom) we show the same comparison as in Fig. 2 (left), namely for the ratio of cross section
modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
stration. We note that the overall size of these ratios and trend with increasing invariant mass
is as we would expect broadly in line with the comparisons shown in e.g. [1], as is also the
case when the veto is applied, as discussed below. In particular, prior to imposing any veto or

8

• Rather similar story to PbPb for survival factor effect…    

15

pp

where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts
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where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form
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and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by
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where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by
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where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion
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Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.
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Figure 4: (Left) As in Fig. 1 and (right) as in Fig. 2 but now for pp collisions at 13 TeV, with cuts as described in
text.

the individual components of (14), again up to O(a2⌧ ). While the overall size of this is di↵erent
from the PbPb case, due to the di↵ering beams and kinematics, we can see there are similarities
in the di↵erences between the components. Namely the O(a⌧ ) survival factor is somewhat higher
than the O(a0⌧ ), while the O(a2⌧ ) is close to it (and in this case somewhat below it). In Fig. 4
(bottom) we show the same comparison as in Fig. 2 (left), namely for the ratio of cross section
modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
stration. We note that the overall size of these ratios and trend with increasing invariant mass
is as we would expect broadly in line with the comparisons shown in e.g. [1], as is also the
case when the veto is applied, as discussed below. In particular, prior to imposing any veto or
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tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.
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where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form
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and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by
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where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by
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p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion
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Figure 5: Ratios of dissociative (SD, DD) and total (EL + SD + DD) to elastic (EL) ⌧ pair production cross sections
in pp collisions at

p
s = 13 TeV, for different O(a⌧ ) contributions to the overall cross section. Cuts are as described

in text.
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• Single dissociation (SD) dominant one - show here. Again see moderate differences in the SD/
EL fractions in the different terms. Pre-veto corrections prefers dissociation (       higher       ).
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Figure 4: (Left) As in Fig. 1 and (right) as in Fig. 2 but now for pp collisions at 13 TeV, with cuts as described in
text.

the individual components of (14), again up to O(a2⌧ ). While the overall size of this is di↵erent
from the PbPb case, due to the di↵ering beams and kinematics, we can see there are similarities
in the di↵erences between the components. Namely the O(a⌧ ) survival factor is somewhat higher
than the O(a0⌧ ), while the O(a2⌧ ) is close to it (and in this case somewhat below it). In Fig. 4
(bottom) we show the same comparison as in Fig. 2 (left), namely for the ratio of cross section
modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
stration. We note that the overall size of these ratios and trend with increasing invariant mass
is as we would expect broadly in line with the comparisons shown in e.g. [1], as is also the
case when the veto is applied, as discussed below. In particular, prior to imposing any veto or
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• After veto differences remain, but reduced (higher      ~ removed).
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• Look at modifications in total ( EL + SD + DD ) cross section.

• In high          tail, where corrections largest again impact is very small in particular after veto.

• Differences appear larger at lower mass, but here absolute corrections small.

• Precise impact depend on how      is extracted, decays etc but points to percent level again.

We can see that this is indeed not identical between the three considered cases, with the
O(a⌧ ) survival factor being ⇠ 5% higher. why higher? would naively have expected it
to be lower because of extra ⇠ qµ, perhaps just due to non–trivial helicity structure
etc. The O(a2⌧ ) component is on the other hand rather close to the O(a0⌧ ) one, albeit slightly
higher than it at higher p?,⌧ . This is of particular note as it is in fact this O(a2⌧ ) component that
provides by far the dominant deviation due to a non–zero a⌧ at higher p?,⌧ . We may therefore
expect the impact this to have on any a⌧ determination to be relatively limited.

To examine if this is the case we will consider cross section modifications, defined as

� =
1

d�0

4X

i=1

(a⌧ )
id�i , (15)

that is, these define the relative deviation with respect to the a⌧ = 0 cross section that comes
from a particular value of a⌧ . We can then examine the impact that including a full modelling
of e.g. survival e↵ects of survival e↵ects will have on this deviation by taking the ratio of the �
with this accounted for to the case without, for a given of value of a⌧ . In particular, while in
e.g. the calculation of [9] and evaluation of the survival factor is included, its process (and in
particular a⌧ ) dependence is not, and hence the relative impact on the di↵ering terms in (14)
will be constant. The no survival factor case, where this will also by definition be true, therefore
e↵ectively corresponds to this case for the value of � defined above.

This ratio is shown in Fig. 2 (left) and we and can see that it is indeed often true that
this modification is at the percent level. The larger di↵erences observed for negative values
of a⌧ are due to the fact that the value of � passes through zero in this region, as is seen in
Fig. 2 (right). While it is not straightforward to immediately translate these results into a
corresponding change in a given determination of (or as is currently the case experimentally,
limit setting on) a⌧ , we can make a few general comments here. First, we note that if the ratio
plotted in Fig. 2 is roughly constant with p?,⌧ then this does not correspond to a constant o↵set
in between the resulting di↵erential cross sections. Rather, for a⌧ = 0.01 and 0.05, as the ratio
is constant and larger than unity, from the right plot we can see that these distributions will fall
somewhat more slowly with p?,⌧ . Under the (incorrect) assumption that the O(a⌧ ) component
provides the dominant correction, then the corresponding fit to a⌧ , or its limit, would be shifted
down by the ratio shown in the left plot. In reality, given the presence of the higher power term
in a⌧ , this correction will not be so direct, and more generally in the presence of a non–constant
o↵set the impact will again be correspondingly non–trivial.

More generally, the precise impact will depend on the specific experimental binning, whether
the shape information or also the absolute value of the cross section is used, and most signifi-
cantly the corrections due to the decay of the ⌧ leptons and construction of the corresponding
experimental observables due to this. Given these factors, and the relatively mild impact of the
e↵ects observed in Fig. 2 and below, we do not pursue a full evaluation of the impact on any a⌧
determination here. However, as a guide we note that following the discussion above a percent
level deviation in the ratios in the left plot will roughly speaking correspond to a percent level
deviation in the value of a⌧ , or the limit on it, that is extracted.

Next, in Fig. 3 we show the same cross section components as in Fig. 1, but now look at the
predicted 0n0n and XnXn fractions (see [26]). We we can see that these are in fact expected to
be rather uniform between the di↵erent d�i components, and hence this e↵ect is not expected
to play a noticeable role in the determination of a⌧ . We therefore do not consider it further in
what follows.

We next turn to the case of PI ⌧ pair production in pp collisions, taking
p
s = 13 TeV, and

for |⌘⌧ | < 2.5 and p⌧? < 25 GeV. In Fig. 4 (left) we show the came comparison as in Fig. 1 for the
PbPb case, namely the survival factor di↵erentially now in the ⌧ pair invariant mass, m⌧⌧ , for
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Figure 6: Difference in cross section modifications, �, due to non–zero anomalous a⌧ , between the dissociative
(SD, DD) and total (EL + SD + DD) and elastic (EL) cases. Results shown for ⌧ pair production in pp collisions atp
s = 13 TeV, as in Fig. 5
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pp

where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts

�a⌧ =
2m⌧

e

Re [C⌧B]

M
, �d⌧ =

Im [C⌧B]

M
, (3)

such that the corresponding ⌧⌧� vertex has the form

V µ
⌧⌧� = ie�µ �


�a⌧

e

2m⌧
+ i�d⌧�5

�
�µ⌫q⌫ , (4)

where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
µ⌫ + a⌧d⌧M1,1

µ⌫ + a2⌧M2,0
µ⌫ + d2⌧M0,2

µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by

�pp =
1

2s

Z
d3p01d

3p02d�

E0
1E

0
2

↵(Q2
1)↵(Q

2
2)
⇢µµ

0

1 ⇢⌫⌫
0

2 M⇤
µ0⌫0Mµ⌫

Q2
1Q

2
2

�(4)(q1 + q2 � k) , (6)

where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).

In the above expression, ⇢ is the density matrix of the virtual photon, which is given by

⇢↵�i = 2

Z
dM2

i

Q2
i
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g↵� +

q↵i q
�
i

Q2
i

!
F1(xB,i, Q

2
i ) +

(2p↵i � q↵i
xB,i

)(2p�i � q�i
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)

Q2
i
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2
F2(xB,i, Q

2
i )

�
,

(7)
where xB,i = Q2

i /(Q
2
i+M2

i �m2
p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion

3

Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.

5

0.7

0.75

0.8

0.85

0.9

0.95

50 100 150 200 250 300 350 400 450 500

S2, pp, EL

m⌧⌧ [GeV]

O(a0⌧ )

O(a⌧ )

O(a2⌧ )

Figure 4: (Left) As in Fig. 1 and (right) as in Fig. 2 but now for pp collisions at 13 TeV, with cuts as described in
text.

the individual components of (14), again up to O(a2⌧ ). While the overall size of this is di↵erent
from the PbPb case, due to the di↵ering beams and kinematics, we can see there are similarities
in the di↵erences between the components. Namely the O(a⌧ ) survival factor is somewhat higher
than the O(a0⌧ ), while the O(a2⌧ ) is close to it (and in this case somewhat below it). In Fig. 4
(bottom) we show the same comparison as in Fig. 2 (left), namely for the ratio of cross section
modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
stration. We note that the overall size of these ratios and trend with increasing invariant mass
is as we would expect broadly in line with the comparisons shown in e.g. [1], as is also the
case when the veto is applied, as discussed below. In particular, prior to imposing any veto or
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where L⌧ (H) is the tau-lepton (Higgs) doublet, Bµ⌫ is the hypercharge field, and C⌧B is the
complex Wilson coe�cient in the Warsaw basis [29]. The real and imaginary parts of C⌧B

correspond to the shifts
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where q is the photon momentum and we have also included the usual LO contribution in the
SM. The corresponding structure of the �� ! ⌧+⌧� amplitude then has the form

Mµ⌫ = M0,0
µ⌫ + a⌧M1,0

µ⌫ + d⌧M0,1
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µ⌫ , (5)

and the cross section in general receives contribution up to O(a4⌧ , d
4
⌧ ). The above formalism

is implemented, as proposed in [8] using the SMEFTsim general alphaScheme UFO model of
the SMEFTsim package [30, 31], in MadGraph 5 amc@NLO [32, 33]. The latter output is,
as in [25], evaluated in standalone mode, such that the resulting amplitudes can be directly
interfaced to SuperCHIC. For simplicity, in the results which follow we will denote the �a⌧ , �d⌧
that enter the above expressions as simply a⌧ , d⌧ .

2.2 Modelling photon–initiated production

To model photon–initiated ⌧ pair production we apply the approach described in [23,34]. Here
we very briefly summarise the key ingredients of this, but refer the reader to these references
for further details. The key formula for the PI cross section of ⌧ pairs in the high energy limit
is given by
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where the outgoing hadronic systems have momenta p01,2 and the photons have momenta q1,2,

with q21,2 = �Q2
1,2. We consider the production of a system of 4–momentum k = k1 + k2 where

d� = d3k1d3k2/[4E1E2(2⇡)6] is the standard two–body phase space volume for the production
of ⌧ leptons with momenta k1,2. Mµ⌫ corresponds to the �� ! ⌧+⌧� production amplitude,
with arbitrary photon virtualities, which is given as in (5).
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p) for a hadronic system of massMi and we note that the definition

of the photon momentum qi as outgoing from the hadronic vertex is opposite to the usual DIS
convention. Here, the integral over M2

i is understood as being performed simultaneously with
the phase space integral over p0i, i.e. is not fully factorized from it (the energy E0

i in particular
depends on Mi).

By suitably substituting for the relevant elastic and/or inelastic proton structure functions
F1,2 in the above expression, as described in detail in [34], we can then provide predictions for
elastic (EL), single (SD) and double dissociative (DD) production. For the case of heavy ion
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Figure 1: Survival factor for ⌧ pair production in PbPb collisions at
p
sNN = 5.02 TeV, for different O(a⌧ ) contribu-

tions to the overall cross section. Cuts are as described in text.

3 Results

In this section we show a selection of results for ⌧ pair production in both pp and PbPb collisions,
in all cases implemented in the SuperCHIC MC following the approach described in the previous
sections. To focus most directly on the impact of proton dissociation and survival e↵ects on the
production cross section in the presence of anomalous magnetic and electric dipole moments,
we will define our fiducial cross sections and show our results at the level of ⌧–level pseudo-
observables, prior to their decay. However, we note that the implementation in SuperCHIC

provides full final–state particle information in the LHE [36] and HepMC [37] format unweighted
events, such that the ⌧ decays can be fully accounted for in any comparison to data. Moreover,
the visible mass and lepton p? from the ⌧ decays can act as (biased) proxies for the ⌧ pair
invariant mass and ⌧ lepton p? pseudo–observables that we will consider below.

Focussing on the case of non–zero a⌧ , i.e. assuming d⌧ = 0 for now, we will in all cases make
use of the fact that following (5) the cross section can be written in the form

d� =
4X

i=0

(a⌧ )
id�i , (14)

where we denote the cross section as d� to indicate that this applies di↵erentially, i.e. for a
binned observable. Each individual contribution, d�i, is gauge invariant and can be individually
extracted from the simulation by isolating the contributing squared amplitudes and interference
terms that contribute, or evaluating the total cross section at a⌧ = 0 and four other non–zero
values; we apply the former approach, and make this possibility available in the SuperCHIC for
the user. Once this is done, the combined cross section, d�, can be evaluated for arbitrary
values of a⌧ without recalculating the results, while the individual contributions can also be
considered in isolation in order to clarify the analysis. For the case of d⌧ we the expansion is
identical to (14) but the linear and cubic terms in d⌧ are zero due to the presence of the �5 in
(4). The non–zero coe�cients, d�i are identical after accounting for the appropriate rescaling
of the normalization as derived from (4).

We begin by considering PbPb collisions, at
p
sNN = 5.02 TeV, for |⌘⌧ | < 2.5 and p⌧? < 2.5

GeV. In Fig. 1 we show the survival factor di↵erentially in the ⌧ transverse momentum, p?,⌧ , for
the individual components of (14). We do not show the O(a3⌧ , a

4
⌧ ) cases as these are generally

subleading, and give a very similar result to the O(a2⌧ ) component for the survival factor. Any
di↵erence between the O(a⌧ ) and higher components and the O(a0⌧ ) case will in particular be an
e↵ect that is missed in the calculation of [9] that has been applied in the ATLAS analyses [18],
as described in the introduction.
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Figure 4: (Left) As in Fig. 1 and (right) as in Fig. 2 but now for pp collisions at 13 TeV, with cuts as described in
text.

the individual components of (14), again up to O(a2⌧ ). While the overall size of this is di↵erent
from the PbPb case, due to the di↵ering beams and kinematics, we can see there are similarities
in the di↵erences between the components. Namely the O(a⌧ ) survival factor is somewhat higher
than the O(a0⌧ ), while the O(a2⌧ ) is close to it (and in this case somewhat below it). In Fig. 4
(bottom) we show the same comparison as in Fig. 2 (left), namely for the ratio of cross section
modifications, �, and as we would expect this gives similar levels of di↵erence, at the percent
level. In Fig. 2 (right) we show the absolute values of the modifications, and we can see that
these increase monotonically to rather large values at larger ⌧ invariant masses. As there is no
sign change in the modifications, there is in contrast to the PbPb case no enhancement in the
ratios in the bottom plot. The impact of omitting this dependence on any a⌧ determination will
therefore likewise be at the percent level.

We next turn to the impact of proton dissociation. In Fig. 5 we show a range of ratios of the
SD and DD to the EL cross sections for the di↵erent the individual components of (14). These
are again only shown up to O(a2⌧ ), as the higher power contributions are subleading, although
in this case in contrast to the survival factor the behaviour of these is distinct from that of
the O(a2⌧ ) in terms of the plotted ratios. We recall that in order to select PI production, it is
common to impose a veto on additional particle production in the central detector. We will
account for this approximately by simply vetoing on the outgoing quark lines, assuming LO
kinematics, that come on the dissociative side(s) for the SD and DD channels. We in particular
veto on these for the case that p? > 0.5 GeV and |⌘| < 2.5.

In the top left and middle left plots we show the SD and DD ratios for the experimentally
unrealistic case where we do not include the survival factor or any veto, for the sake of demon-
stration. We note that the overall size of these ratios and trend with increasing invariant mass
is as we would expect broadly in line with the comparisons shown in e.g. [1], as is also the
case when the veto is applied, as discussed below. In particular, prior to imposing any veto or

8

• Rather similar story to PbPb for survival factor effect…    
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Summary/Outlook
★ Anomalous in            photon-initiated     pair production included in SuperChic for first time, in 

pp and AA.

★ First complete treatment of survival factor and proton dissociation, and dependence on           .
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a⌧ , d⌧
<latexit sha1_base64="HEAGZak30rWidRuKiTSMx9WDn0E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WNBBI8V7Ae0oWy2m3bp7ibsToQS+he8eFDEq3/Im//GTZuDVh8MPN6bYWZemAhu0PO+nNLa+sbmVnm7srO7t39QPTzqmDjVlLVpLGLdC4lhgivWRo6C9RLNiAwF64bTm9zvPjJteKwecJawQJKx4hGnBHNpgCQdVmte3VvA/Uv8gtSgQGtY/RyMYppKppAKYkzf9xIMMqKRU8HmlUFqWELolIxZ31JFJDNBtrh17p5ZZeRGsbal0F2oPycyIo2ZydB2SoITs+rl4n9eP8XoOsi4SlJkii4XRalwMXbzx90R14yimFlCqOb2VpdOiCYUbTwVG4K/+vJf0rmo+4164/6y1rwt4ijDCZzCOfhwBU24gxa0gcIEnuAFXh3pPDtvzvuyteQUM8fwC87HNyWmjlY=</latexit>⌧

★ Bottom line: impact of including this 
dependence small (percent level wrt       
determination/limits).
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a⌧ , d⌧
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a⌧ , d⌧

★ Suggests existing LHC analyses 
already robust wrt this, but looking to 
the future we may care about these 
effects!

★ Proper treatment of proton 
dissociation also arguably mandatory 
(always there in pp) - now possible.
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