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• ATLAS has measured a range of UPC final states 
• Exclusive dileptons (e,µ,τ)

• Inelastic photonuclear

• Photonuclear dijet


• “Exclusivity” has been a topic of recent debate 

• While it has a simple experimental definition it is  
problematic conceptually: 
• Photon fluxes in Pb+Pb are quite high, especially for soft 

photons

• At large enough production rates, we expect multiple UPC 

processes to occur simultaneously in a single Pb+Pb 
interaction


• Realized since 1999 (and trivially true for coincident 
forward neutrons!) but not explored systematically for 
central production.


• Are some of our exclusive processes “lost” to this?  
• A question posted by Harland-Lang (SciPost Phys. 11, 064 

(2021)) to understand data-theory discrepancies

• The answer requires measuring coincident UPC processes

• Concern for analysis and trigger strategies

Coincident UPC processes
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

https://arxiv.org/abs/2011.12211



• Measurement of two coincident 
processes 
• γ+γ→µ+µ- and γ+IP→ρ0


• Trigger and event selection 
• µ with pT>4 GeV at L1

• Events selected with two opposite sign 

muons with pT > 4 GeV

|d0| and |z0,PVsin(𝜃)| < 1 mm


• Muons satisfy requirements on pair 
acoplanarity (ɑ<0.15) and momentum 
asymmetry (A<0.2), to suppress 
dissociative production


• An additional two tracks with pT>100 
MeV and |η|<2.5


|d0| and |z0,PVsin(𝜃)| < 1.5 mm


• Most of the “additional” track pairs 
are clearly from ρ0 
• Template fit accounts for residual 

contributions from γγ and inelastic 
collisions

Coincident UPC processes in ATLAS
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Figure 1: Template fits to the 𝐿𝐿𝐿 distributions for the 𝑀
0 candidates. The two panels show the data distributions, the

template fit, and the contributions from the di!erent templates to the fit for the (left) 𝑁n𝑁n and (right) 0n0n ZDC
selection.

the 𝑂𝑂 → 𝑃
+
𝑃
↑ background is found to be smaller than that from the 𝑂𝑂 → 𝑄

+
𝑄
↑ background. This is

due to the reconstruction e"ciencies for electron-pairs being smaller than that for muon-pairs. Statistical
uncertainties in the contributions from the di!erent templates are evaluated using re-samplings of the
measured distributions, assuming Poisson-distributed statistical uncertainties for each point. Each of the
re-sampled distributions are fit using the di!erent templates, and the standard deviation of the resulting
template fractions are taken as the statistical uncertainty. For the distributions shown in Figure 1, the values
of the fit-𝑅2 divided by the number of degrees of freedom are between 1 and 2. Distributions of 𝑆, 𝑇T, 𝑁,
𝑈↓, 𝑇T,𝐿𝐿 and 𝑉𝐿𝐿 with template fractions obtained from the 𝐿𝐿𝐿 fits are shown and compared with the
data distributions in Figure 2 for the 𝑁n𝑁n ZDC selection. The signal counts obtained from the template
fits are corrected for ine"ciencies arising from the track reconstruction and the 𝑆 < 0.15 and 𝑁 < 0.2
requirements imposed on the tracks. The e"ciency correction factor is obtained using the 𝑀

0
→ 𝑊

+
𝑊
↑ MC

sample described above and it is defined as the ratio of the number of events in which the two pion tracks
are successfully reconstructed (i.e., satisfy all o#ine selections on the tracks and on the track-pair) to the
number of events for which the generated 𝑀

0 decayed into two pions in the measured fiducial region. The
reconstruction e"ciency depends on the kinematics of the two pions from the decay. For instance, while
the e"ciency correction has an average value of approximately 1.3, it varies from ↔1.7 at 𝑇T = 150 MeV to
↔ 1.2 at 𝑇T = 300 MeV, beyond which it increases only gradually. However, as demonstrated in Figure 2,
the kinematic distributions in the data are well described by the MC signal templates, so a single average
e"ciency correction is applied to the yield obtained from the template fits.

4 Systematic uncertainties

Systematic uncertainties in the 𝑀
0 yields are obtained by varying various aspects of the analysis. The

nominal 𝑀0
→ 𝑊

+
𝑊
↑ yields are evaluated using template fits to the 𝐿𝐿𝐿 distributions (Figure 1). To

test the stability of the results and the ability of the templates to describe additional features in the data,
simultaneous fits are made to the one-dimensional distributions for 𝐿𝐿𝐿 , 𝑆, 𝑇T and 𝑁, by treating them as
independent distributions, and requiring identical fit fractions for the di!erent templates. The variation in
the result is included as a systematic uncertainty.
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• Measurement of two coincident 
processes 
• γ+γ→µ+µ- and γ+IP→ρ0


• Trigger and event selection 
• µ with pT>4 GeV at L1

• Events selected with two opposite sign 

muons with pT > 4 GeV

|d0| and |z0,PVsin(𝜃)| < 1 mm


• Muons satisfy requirements on pair 
acoplanarity (ɑ<0.15) and momentum 
asymmetry (A<0.2), to suppress 
dissociative production


• An additional two tracks with pT>100 
MeV and |η|<2.5


|d0| and |z0,PVsin(𝜃)| < 1.5 mm


• Most of the “additional” track pairs 
are clearly from ρ0 
• Template fit accounts for residual 

contributions from γγ and inelastic 
collisions



• Ratio of (ρ0+µµ)/µµ (“coincidence ratio”) 
shown for 5 ZDC classes 
• An is inclusive, Xn is one or more neutrons

• NB that this involves 3 or 4 coincident UPC 

processes (γγ, ρ, neutrons)


• Ratio is 1% inclusive in the selected 
kinematic region 
• Not a huge overall effect

• But large enough to not be ignored


• ZDC selects impact parameter ranges 
which affect secondary UPC production  
• Strongest for XnXn


• Even within a ZDC class, the µµ (γγ) 
kinematics have an effect on 
coincidence rate 
• Selecting different dimuon mass changes 

momentum of incoming photons, selecting 
different impact parameter ranges


• Small, but significant effects within each 
ZDC class (even inclusive)

5

Coincident UPC events in ATLAS
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Inclusive



• Large mass of J/𝛙 provides a hard 
scale that allows perturbative 
calculations: Q2 = mV2/4 

• Exclusive process implies that the 
properties of the produced vector 
meson can be related simply to the 
kinematics of the Bjorken x of the 
scattering process 
• 

• The sign choices reflect the fact that 

either nucleus can act as the photon 
emitter


• In recent measurements from 
ALICE & CMS, use the ZDC to 
break the degeneracy and extract 
the fundamental photonuclear 
cross section

x = (mV / sNN)exp(±y)

J/Ψ as probe of saturation & shadowing

6
scenarios are shown [33]. The color dipole (CD) models,
with different model parameters (BGK, BGW, IIM),
assume quark-antiquark dipole scattering from the nuclear
targets [62].
For the case of no neutron selection (AnAn), the data

follow the trend of the forward-rapidity measurements from
ALICE [13] over a new y region.None of themodels describe
the combined results over the full rapidity range. The color
dipole models agree with the measurements in the forward-
rapidity region, but fail to describe the data at y ≈ 0. In each
neutron multiplicity class, the LTA predictions tend to be
lower than the CMS results, particularly for the strong
shadowing scenario. These comparisons indicate that there
are key ingredients missing from the theoretical understand-
ing of high energy photon-nucleus scattering processes.
To gain further insight, the total measured J=ψ coherent

photoproduction cross section as a function of WPb
γN up to

≈400 GeV is shown in Fig. 3, after decomposing the two-
way ambiguity. Because the contributions of high energy
photons are negligible at very forward rapidity (less than
5% for−4.5 < y < −3.5) [32,33], and the fact that at y ≈ 0,
ω1 ≈ ω2 ≈MJ=ψ=2, the total cross section at lower WPb

γN
values can be approximated using ALICE and LHCb
measurements. These results are also shown in Fig. 3.
The experimental and theoretical (from the photon flux)
uncertainties are displayed separately in Fig. 3. Predictions
from the LTA and CD models, as well as the gluon
saturation models bBK [63], IPsat [64], and GG [65]),
are compared to the experimental measurements. The
prediction (σIA) from the impulse approximation (IA)
model [32] is also shown, based on a simple scaling of
the experimental data from exclusive J=ψ photoproduction
off protons with the nuclear form factor and neglecting all
other nuclear effects, except for coherence.
The measured total cross section has an unexpected

energy dependence, approximately quadrupling as WPb
γN

goes from 15 to 40 GeV. This is consistent with the
expectation of a fast-growing gluon density at low x
(e.g., from the IA model). However, this trend vanishes
for WPb

γN > 40 GeV, and instead the total cross section
begins a slow linear rise with a slope of ð2.2" 1.9Þ ×
10−5 mb=GeV determined by a fit to CMS data with proper
consideration of the covariance matrix of both statistical
and systematic uncertainties [34]. Considering the

FIG. 2. The differential coherent J=ψ photoproduction cross section as a function of rapidity, in different neutron multiplicity classes:
0n0n, 0nXn, and XnXn (left); AnAn (right). The small vertical bars and shaded boxes represent the statistical and systematic
uncertainties, respectively. The horizontal bars show the bin widths. Theoretical predictions from LTAweak and strong shadowing [33],
color dipole models (CD_BGK, CD_BGW, and CD_IIM) [62], and STARlight [46] are shown by the curves. The right plot also displays
the results from the ALICE [13,14] and LHCb [17] experiments.

FIG. 3. The total coherent J=ψ photoproduction cross section
as a function ofWPb

γN from the CMS measurement in Pb-Pb UPCs
at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Approximated results (implied by the
asterisk) from the ALICE [13,14] and LHCb [17] experiments
are displayed for specific rapidity regions, where the two-way
ambiguity effect is expected to be negligible. The WPb

γN values
used correspond to the center of each experiment’s rapidity range.
The vertical bars and the shaded and open boxes represent the
statistical, experimental, and theoretical (photon flux) uncertain-
ties, respectively. The predictions from various theoretical cal-
culations [32,33,62–65] are shown by the curves.
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regime of the gluon distribution is known as saturation, see ref. [2] for a recent review.
In a nucleus with A nucleons, the parton distributions would naively be A times those in
a single nucleon, but modifications, known as nuclear shadowing, are observed at small
x [3]. Similar considerations to those for a single nucleon regarding unitarity imply that
saturation is expected to set in for large nuclei at lower energies (higher x values) than in
protons, with this behaviour scaling roughly as A1/3 [4].

Diffractive production of J/ψ vector mesons off nuclear targets is a powerful tool to
study the energy evolution of the structure of heavy nuclei. The interaction can involve
the full nucleus or only one nucleon; these cases are called coherent and incoherent pro-
duction, respectively. The coherent process has a large experimental cross section, it is
very sensitive to the gluon structure of hadrons, and it can be described within perturba-
tive QCD owing to the large J/ψ mass, which provides a hard scale to justify the use of
perturbative techniques. At the LHC, the coherent production of J/ψ can be measured in
ultra-peripheral collisions (UPCs) where the incoming Pb nuclei pass each other at impact
parameters larger than the sum of their radii, such that the interaction involves photons
from the strong electromagnetic field of the incoming ions [5–8].

Previous measurements of this process at the LHC were performed at different centre-
of-mass energies per nucleon pair (→sNN) and different rapidities of the J/ψ. Using data
from LHC Run 1, where the Pb nuclei collided at →

sNN = 2.76TeV, the ALICE Collabora-
tion measured the coherent photoproduction of J/ψs in UPCs at forward rapidity [9] and
midrapidity [10], while the CMS Collaboration provided a cross section for this process at
an intermediate rapidity range [11]. For LHC Run 2, the energy of Pb-Pb collisions was
raised to →

sNN = 5.02TeV and new measurements of this process were performed by the
ALICE Collaboration at mid [12, 13] and forward rapidity [14] as well as by the LHCb
Collaboration at forward rapidity [15].

The importance of a wide experimental rapidity coverage is that the rapidity of the
J/ψ in this process is related to the centre-of-mass energy per nucleon in the γ Pb system
by (Wγ Pb,n)2 = m

→
sNN exp(−y), where m is the mass of the J/ψ and y its rapidity in

the laboratory frame measured with respect to the direction of the incoming Pb nucleus.
(Natural units are used in all equations.) At the LHC, either of the two incoming Pb ions
can be the source of the photon and, in this circumstance, the cross section for the coherent
photoproduction of J/ψ in UPCs as a function of rapidity has two components [16]

dσPbPb
dy = nγ(y, {b})σγ Pb(y) + nγ(−y, {b})σγ Pb(−y), (1.1)

where σγ Pb(y) is the photonuclear cross section for the coherent production of a J/ψ at
rapidity y, and nγ(y) is the photon flux which, in the equivalent photon approximation [5],
quantifies the number of photons with energy k = (m/2) exp(−y). The notation {b}
signifies that the flux is obtained by integrating over a range on impact parameter b.

A study of the rapidity dependence of σγ Pb was performed in ref. [17] using ALICE
Run 1 data at →

sNN = 2.76TeV. The analysis is based on two facts: (1) at y = 0 both
contributions in eq. (1.1) are equal, so that knowledge of the photon flux nγ(y = 0) yields
σγ Pb at the corresponding Wγ Pb,n = 92GeV; (2) at the largest rapidities accessible to

– 2 –

ATLAS



• This analysis is a measurement of 
coherent J/𝛙 photoproduction in the 
µ+µ- decay channel 
• Data from 2023 with √sNN = 5.36 TeV


• No ZDC selections in this first result, 
e.g. as used by ALICE & CMS 
• Expected to be part of next round of 

ATLAS results


• Primary event trigger requires 
• TRT FastOR

• Total ET<20 GeV

• Trigger level ET in FCal regions below 5 

GeV

• HLT track selections requiring 1-5 tracks 

with pT>1 GeV

• Maximum of 15 tracks with pT>200 MeV

• Integrated luminosity of 78 µb-1 for Pb+Pb


• TRT FastOR efficiency measured in 
data, and “scale factors” used to 
correct for MC trigger efficiency

Dataset and primary trigger

7
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Figure 2: The L1 TRT trigger logic in the TRT barrel A region (0 < 𝐿 ↭ 0.8) [26]. The region is divided into 32
phi sectors (bold gray), each consisting of 9 TRT trigger segments (shown as green triangles/trapezoids). A trigger
signal within a segment is formed if the transition radiation threshold is exceeded in any of TRT straws from this
segment (shown as red triangles/trapezoids). Then, the trigger logic aggregates signals from all segments in a region
formed from four adjacent phi sectors (shown in blue for example region), yielding an e!ective 𝑀 segmentation of
1/8. To form a global trigger decision, a given number of segments (multiplicity) with a trigger signal has to be
reached in a given set of four sectors (or equivalently, in 36 segments).

STARlight was also used for the background samples. It was similar interfaced to P!"#$% 8 for coherent155

𝑁/𝑂 → 𝑃
+
𝑃
↑, incoherent 𝑁/𝑂 → 𝑄

+
𝑄
↑ and 𝑅𝑅 → 𝑄

+
𝑄
↑ UPC production, where 𝑄 = 𝑃, 𝑆. The feed-down156

background from the production of coherent and incoherent 𝑂(2S) vector meson in UPC was generated157

with STARlight, and the E&"G’( 2.2.1 [31] was used to provide all known 𝑂(2𝑇) decay channels. The158

FSR from the charged decay products of 𝑂(2S) vector meson was simulated with P#)")*++ 3.61 [32].159

In all of the STARlight events, the produced 𝑁/𝑂 and 𝑂(2S) vector meson were assumed to be transversely160

polarized. This is consistent with expectations from helicity conservation in photoproduction and consistent161

with experimental observations [33]. As STARlight is known to mismodel the shape of the coherent 𝑁/𝑂162

𝑈T distribution, the 𝑁/𝑂 𝑈T distribution in coherent 𝑁/𝑂 → 𝑄
+
𝑄
↑ samples is reweighted to match the163

measured cross sections by the LHCb Collaboration [21].164
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• Charged particle tracks pre-selected with 
• pT > 100 MeV, |η| < 2.5, |d0| < 2 mm, Loose 

primary working point


• Events selected with exactly two 
opposite-charged tracks, each with pT > 
1 GeV (to match trigger conditions) 
• In subsequent analysis, tracks are assigned 

the muon mass


• Fiducial signal region 
• 2.9 < mµµ < 3.2 GeV

• pTµµ < 0.2 GeV

• Final result extrapolated to full phase space


• Signal extraction of the coherent  
yield requires a systematic subtraction of 
several sources of background  
• 

• Incoherent   
•  feeddown to  (coherent & 

incoherent)

• Non-resonant background from 



• Charged hadrons from inelastic 

photonuclear production

J/ψ

J/ψ → e+e−

J/ψ
ψ(2S) J/ψ

γγ → ℓ+ℓ−

Event selection and signal extraction 
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Example yield extraction: |y|<0.5

9

Mass fit constrains fraction 
of dilepton yield within 

signal region (2.9-3.2 GeV), 
also constrains µµ to ee ratio

pT fit uses constraints from data 
on dileptons, feed down and 
photonuclear contributions: 

3 free parameters are coherent and 
incoherent J/Ψ, and dissociative
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Example yield extraction: 2<|y|<2.5

10

Mass fit constrains fraction 
of dilepton yield within 

signal region (2.9-3.2 GeV), 
also constrains µµ to ee ratio

pT fit uses constraints from data 
on dileptons, feed down and 
photonuclear contributions: 

3 free parameters are coherent and 
incoherent J/Ψ, and dissociative
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•  is integrated luminosity of data sample, BR is from PDG 

• Efficiency factor  defined relative to fiducial region 
• pTµ > 1 GeV, |ηµ|<2.5, 2.9 < mµµ < 3.2 GeV, pTµµ < 0.2 GeV

• 

• Varies between 64-78% except for 2<|y|<2.5 where it is 22%, due to limited 

TRT acceptance


• Acceptance factor defined relative to all  produced in a particular 
rapidity region  
• 

• Corrected to MC born level (before FSR)

• Varies between 51-63% for |y|<2 and is also about 19% for 2<|y|<2.5 

• Corrects for how acceptance cuts into cos(𝜃*) distribution

ℒint

ϵC

ϵC = N(rec)/N(gen, fid.)

J/ψ

A = N(gen, fid.)/N(all)

Efficiency and acceptance corrections
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In these fits, the normalizations of the templates for 𝐿(2S) feed-down and photonuclear pion pairs are kept256

fixed according to the procedures explained above. The normalization of the dilepton continuum from the257

𝑀𝑀 → 𝑁
+
𝑁
↑ process is fixed by the results for the background description of the two-track invariant mass258

fits. In addition, the 𝑂
+
𝑂
↑
/𝑃

+
𝑃
↑ ratios for individual contributions are kept fixed according to the results259

from the invariant mass fits. Hence the only free parameters in the 𝑄
𝐿
+
𝐿
↑

T fits are the normalization factors260

for coherent 𝑅/𝐿 → 𝑁
+
𝑁
↑, incoherent 𝑅/𝐿 → 𝑁

+
𝑁
↑ and dissociative 𝑅/𝐿 → 𝑁

+
𝑁
↑ production. For each261

rapidity interval, the binned maximum-likelihood fits are performed for events in the 0 < 𝑄
𝐿
+
𝐿
↑

T < 2 GeV262

range. Figure 5 shows the 𝑄
𝐿
+
𝐿
↑

T distributions after the fit procedure. The total fits adequately describe the263

𝑄
𝐿
+
𝐿
↑

T shapes observed in data.264

6 E!ciency and acceptance corrections265

The coherent 𝑅/𝐿 meson di!erential cross section is given by266

d𝑆
d𝑇

=
𝑈

coh
𝑀/𝑁→𝐿

+
𝐿
↑

𝑉 ↓ 𝑊𝑂 ↓ 𝑋𝑌 ↓ Lint ↓ ω𝑇
, (1)

where ω𝑇 denotes the rapidity interval, Lint is the integrated luminosity of data sample, 𝑋𝑌 is the267

𝑅/𝐿 → 𝑃
+
𝑃
↑ branching fraction, 𝑊𝑂 (𝑉) denotes the e"ciency (acceptance) corrections and 𝑈

coh
𝑀/𝑁→𝐿

+
𝐿
↑ is268

the raw yield of coherent 𝑅/𝐿 → 𝑃
+
𝑃
↑ events extracted from the 𝑄

𝐿
+
𝐿
↑

T fits. The factor 𝑊𝑂 is a correction269

factor accounting for detector ine"ciencies (which can be factorized into reconstruction e"ciency and270

trigger e"ciency components). It is defined as the ratio of the number of generated events that satisfy271

the final selection criteria after event reconstruction to the number of generated events within the fiducial272

region. reconstruction within the acceptance. The fiducal region is defined as two muons (after FSR)273

having 𝑄
𝐿

T > 1 GeV, |𝑍𝐿 | < 2.5, 2.9 < 𝑎𝐿
+
𝐿
↑ < 3.2 GeV and 𝑄

𝐿
+
𝐿
↑

T < 0.2 GeV. The factor 𝑉 is the274

acceptance for coherent 𝑅/𝐿 → 𝑃
+
𝑃
↑ events being studied. It is defined as the fraction of generated events275

that satisfy the fiducial requirements. This acceptance is determined using MC signal sample, corrected to276

the generator QED Born level (before FSR), and is used to extrapolate the measured cross-section in the277

fiducial region to the full phase space.278

The values of 𝑊𝑂 vary between 60% and 75% for |𝑇 | < 2. For the 2 < |𝑇 | < 2.5 rapidity bin, 𝑊𝑂 ↔ 20%.279

Similarly, the values of 𝑉 are in the range 50–65% for |𝑇 | < 2 region (and around 20% for the 2 < |𝑇 | < 2.5280

region).281

7 Trigger e!ciency measurement282

The e"ciency of the L1 TRT trigger is determined with an independent set of triggers based on a ZDC283

selection at L1. The supporting ZDC trigger selects events with ZDC activity on either side and no284

“activity” on the opposite side, accompanied by a total maximum transverse energy of 200 GeV, a 5 GeV285

maximum transverse energy in each FCal region, and at least one track in the ID with 𝑄T > 200 MeV.286

These triggers are sensitve to coherent 𝑅/𝐿 → 𝑃
+
𝑃
↑ events with single electromagnetic dissociation of287

one of the outgoing ions [19]. The ZDC triggers are fully independent of the ID, and thus serve as an288

unbiased reference for the L1 TRT trigger.289
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• Luminosity uncertainty is 3.5%  

• Statistical and systematic uncertainties on 
the trigger corrections 

• ID material variations 
• Four standard changes in the ID material, 

capturing range of data-MC differences

• Impact both on tracking efficiency, and on 

mass line shape


• Alternate fitting procedure using STARlight 
continuum mass spectrum, and 
templates directly from MC (also fixing µµ/ee 
ratio) (2-3.7%) 

• Alternate assumptions for continuum mass 
shape (2nd order polynomial vs. exponential) 

• Removing LHCb correction to  signal pT 
shape 

• Relaxing track veto to allow for events with 
up to 4 tracks (2.1%) 

• BR uncertainty is 0.5%

J/ψ

J/ψ

Systematic uncertainties

12
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Table 1: Systematic uncertainty on the measured coherent 𝐿/𝑀 → 𝑁
+
𝑁
↑ yields due to variations in detector geometry

description. The table shows how the measured yields change in each rapidity interval when a given 𝑂𝐿
+
𝐿
↑ or 𝑃𝐿

+
𝐿
↑

T
template distribution is varied. Last row shows the total uncertainty accounting for a correlated variation of all three
e!ects.

Absolute rapidity interval 0–0.5 0.5–1 1–1.5 1.5–2 2–2.5
𝐿/𝑀 → 𝑁

+
𝑁
↑
𝑂𝐿

+
𝐿
↑ lineshape 1.4% 1.2% 0.7% 0.7% 1.6%

𝐿/𝑀 → 𝑄
+
𝑄
↑
𝑂𝐿

+
𝐿
↑ lineshape 0.7% 0.6% 0.3% 0.2% 0.1%

𝑃
𝐿
+
𝐿
↑

T shape 0.1% 0.1% 0.1% 0.2% 0.3%
Total ID material unc. on signal yield 2.1% 1.8% 0.9% 1.0% 0.8%

resolution, the leading contribution to the signal yield uncertainty is the 𝐿/𝑀 → 𝑁
+
𝑁
↑ mass lineshape.353

The shape variations of the 𝑃T spectrum give negligible impact on the final results.354

8.2 Trigger e!ciency corrections355

The statistical uncertainties on the L1 TRT trigger SFs are propagated using the pseudo-experiment method356

in which the SF values are randomly shifted in an ensemble of pseudo-experiments according to the mean357

and standard deviation of the correction factor. This uncertainty a!ects the measured cross sections by358

about 1.5–2% in the 0 < |𝑅 | < 2.0 range, and it grows to 7% in the 2.0 < |𝑅 | < 2.5 region.359

The systematic uncertainties on the L1 TRT trigger SFs are estimated by varying the selection criteria360

described in Sec. 7. They are then propagated in the nominal analysis by the o!set method in which the SF361

values are coherently shifted upwards and downwards by one standard deviation and the magnitude of the362

change in the measurement is computed. These variations result in an 1–3.5% change of the measured363

cross sections.364

8.3 Signal and background modeling365

The uncertainty on the signal modeling in the signal extraction procedure (𝑃𝐿
+
𝐿
↑

T fits) is estimated by366

taking the full di!erence between the fits using the signal 𝑃𝑀/𝑁

T shape reweighted to LHCb data and the367

signal 𝑃𝑀/𝑁

T shape from STARlight. This results in 0.3–1.6% variations in the signal yield, which is taken368

as systematic uncertainty.369

In addition, the di!erence between the nominal fit results and an alternative set of mass and 𝑃T fits with no370

relative weighting for the two contributions (𝐿/𝑀 → 𝑄
+
𝑄
↑ and 𝐿/𝑀 → 𝑁

+
𝑁
↑) beyond that in the MC is371

used as additional uncertainty. The di!erence typically amounts to 1–3.7% as a function of 𝑅.372

The uncertainties on the modeling of the 𝑆𝑆 → 𝑇
+
𝑇
↑ are estimated using the alternative mass shape373

parametrisation (second order polynomial instead of exponential function). This results in 0.4–3.2% impact374

on the measured cross sections.375

In order to assign uncertainty due to the incoherent 𝐿/𝑀 background modeling, the 𝑃
𝐿
+
𝐿
↑

T fits are repeated376

for di!erent fit ranges in terms of the maximum 𝑃
𝐿
+
𝐿
↑

T value (varied between 1 GeV and 3 GeV). This377

results in 0.2–1.8% impact on the measured cross sections.378
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Total uncertainty ~6% (12% in 2<|y|<2.5) 
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• Data presented in 5 bins in  y (averaged over ±|y|) 
• Error bars are statistical, while blue bands are total uncertainty


• Compared to two theoretical approaches 
• STARlight convolves photon flux with photonuclear cross section parametrization, in a Glauber approach

• CGC (parton saturation) approach (Mantyasaari, Salazar & Schenke) with and without nucleon shape 

variations.  The version with shape variations gets the best description of this set.

J/ψ

ATLAS results
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• ATLAS 5.36 TeV data extrapolated to 5.02 TeV using STARlight 
• Simple rapidity-dependent ratio to correct each bin, about 5% for all bins


• Comparison with previous measurements 
• Reasonable agreement with CMS in the overlap region 1.5<|y|<2.5

• Slope continuous with the forward ALICE & LHCb data

• Substantial tension 30-40% with the ALICE data |y|<0.8

ATLAS results in context

14
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ATLAS results in context
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• ALICE mid-rapidity data requires veto on forward counters (V0 and AD, both in 
regions well beyond ATLAS acceptance) 
• ALICE publications raise concern that simultaneous forward e+e- pairs (assumed to be pileup) 

could lead to self-veto

• Correct for pileup using veto rate measured in an unbiased beam-crossing trigger


• ALICE forward results do not apply this selection

https://arxiv.org/abs/2509.04135
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• Similar to previous result, ATLAS have looked for events with 4-tracks in 
which both  and  are produced 
• Require back-to-back track pairs for each decay

• Require large acoplanarity of J/Ψ and ρ candidates


• Average distance of  decay pion z0 from  vertex is consistent with both 
particles emitted from the same vertex

J/ψ ρ0

ρ0 J/ψ

Discussion - coincident UPC events

16

Double VM production is “same event”, and not pileup
https://arxiv.org/abs/2509.04135
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• First ATLAS measurements of  and coincident UPC processes in 5.36 TeV 
Pb+Pb data  

• Coincident UPC production of µ+µ- and ρ0 
• Small overall effect (1% inclusive, 3% for XnXn), but crucial to account for in future 

measurements

• Large impact from changing ZDC categories 

• Small but significant impact of changing µµ kinematics


• Coherent  production from ultraperipheral collisions 
• Measured in the  channel


Removing contributions from e+e-, incoherent production, photonuclear backgrounds, and continuum 
dileptons 

• Cross section measured differentially in 0 < |y| < 2.5

• Good agreement with model trends, and magnitude is best described by CGC models 

with nucleonic shape variations

• Good agreement at large |y|, but tension with ALICE data at |y| < 0.8


Tension may be related to prevalence of multiple UPC processes 

• Clear indications that our field has work to do to improve our understanding and 
modeling of multiple UPC processes 
• We can’t wait: the EIC is coming and needs input from RHIC/LHC

J/ψ

J/ψ
μ+μ−

Conclusions
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• Trigger efficiency is parametrized as a function of |η|1 and |η|2 
• The minimum |η|1  and maximum |η|2 pseudorapidity in a track pair

• Binning reflects structure of TRT (Barrel <0.7, Transition 0.7-0.9 / 0.9-1.1, Endcap 1.1-1.8, Edge 1.8-2.5)


•  Derived in data and MC using mass fits, similar to yield extraction, but binned in |η|1 and |η|2 
• Accounts for continuum backgrounds and separately yields ee and µµ

• Data/MC scale factors allow correction of MC efficiency to data (applied to every MC event)

• No dependence on muon pT

Trigger scale factors
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Photonuclear contributions
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Low-mass sideband region High-mass sideband region

Surprisingly good description of sideband regions with background processes  
(& some signal leakage to low mass region from e+e- channel)
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Coincident UPC events in ATLAS
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• Signal samples 
• Using STARlight MC version 2.0 (revision 313)


Interfaced with Pythia 8.312 to model final state radiation (FSR) 
Excellent description of dilepton production (µµ and ee channels, including radiative effects) 

• STARlight uses a vector meson dominance (VMD) model, with nuclear effects implemented 
in a Glauber formalism


Multiple interactions in the nucleus, but no explicit PDF shadowing effects 
• Simulated events each in µµ and ee channels, for both coherent and incoherent processes 


• STARlight also used to model the two primary background processes 
• Non-resonant two-photon production of dileptons (ee and µµ)

• Feed down from 𝛙(2S)


• Full transverse polarization of the produced J/𝛙 and 𝛙(2S) 
• Imposes a polar angle distribution of 1+cos2(𝜃) on the outgoing leptons

• Most of the acceptance correction accounts for the events rejected by the ID 

pseudorapidity acceptance


• STARlight uses an assumed form of the Pb form factor to provide a pT distribution 
to the incoming photons and pomerons 
• This is found to be shifted from the true distribution

• LHCb data on J/𝛙 pT used to reweigh the MC distributions to better agree with data

Monte Carlo samples

22



• The extraction of the coherent  yield requires a systematic subtraction of several sources 
of background  
• 


Nominally a signal sample, but line shape and efficiency strongly distorted by ID material, so its contribution is 
estimated and accounted for (not presented as a cross section) 

• Incoherent  
Exclusive incoherent production pT distributions from simulated STARlight events 
Contributions from nucleon dissociation (which overlap photonuclear production at high pT) modeled with a 
functional form from H1 

•  feeddown to  (coherent & incoherent)

Data driven yield constrained from  using events with 4 tracks or 3 tracks + 1 pixel track 
Used to estimate coherent and incoherent contributions, with backgrounds from inelastic photonuclear (estimated 
with sidebands), as well as  production (estimated using selection on acoplanarity of the  and ππ)  

• Non-resonant background from 

Modeled with an exponential function (and also with STARlight) 
Constrained by fit to invariant mass distribution 

• Charged hadrons from inelastic photonuclear production

Estimated using same selection as signal region but with same-sign pairs. 
Yield constrained with low and high mass sidebands, normalized at pTµµ>1 GeV, where other contributions are 
negligible 

• Binned likelihood performed incorporating all of these contributions  
• Free parameters indicated in green, others constrained by data

• Incoherent exclusive and incoherent dissociative normalized separately


• All MC templates require MC trigger simulation, and corrected by trigger MC scale factors

J/ψ

J/ψ → e+e−

J/ψ

ψ(2S) J/ψ
ψ′￼→ ψ + π+π−

ψ + ρ ψ
γγ → ℓ+ℓ−

Backgrounds & yield extraction
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ZDC probability in µµ events
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If we assumed that µ+µ- should have no ZDC coincidence, then we would 
interpret the µ+µ- events with any ZDC signals as “backgrounds” - reducing observed σ

If we corrected just for ZDC rates from pileup (e.g. using an unbiased trigger), 
we’d observe ~5% probability per side, and only correct up by ~10% (far too small)

What about other processes, e.g. double vector mesons? 
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Calculations of multi-UPC processes
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At RHIC, when photons from both nuclei are added to-
gether, separate peaks appear indN/dy. At LHC, the higher
energies spread the distribution over a much wider rapidity
range, and the double-peaked structure largely disappears,
except for the! .

The total perpendicular momentum spectrum is domi-
nated by the two nuclear form factors, through the cutoff on
the emitted photonp! and through the slopeb of d" /dt. The
#quadrature$ sum of these is roughly! 2%/RA or about
45 MeV/c for gold. This cutoff is a clear signature of co-
herent interactions, shared with&& and coherent double-
Pomeron interactions. Because of the exclusive production
and smallp! , these events can be easily separated from
background such as grazing nuclear collisions, beam gas in-
teractions, and incoherent photonuclear interactions' 23(.

Other authors have considered coherent double-Pomeron
interactions in heavy ion collisions' 24(. If reactions where
the nuclei collide are excluded, the cross section is very
small, and depends critically on the range of the Pomeron
' 8,25(.

IV. MULTIPLE VECTOR MESON PRODUCTION

Because the cross sections are so large, the probability of
having multiple interactions in a single nucleus-nucleus en-
counter is non-negligible. This can be quantiÞed by consid-
ering the meson production probabilityP(V)! d" /2) bdb
for a single collision. Figure 7 shows this probability for
various mesons for#a$ gold beams at RHIC and#b$ lead

beams at LHC; the probabilities reach the 1% level. For the
! , we show results from two different hadronic interactions
models: the Woods-Saxon model, Eq.#5$, and also a hard
sphereb" 2RA result. Although the two models predict very
similar overall rates, the probability is signiÞcantly affected
aroundb! 2RA , doubling the maximum probability at LHC.

This probability is high enough that, even in the absence
of correlations' 26(, signiÞcant numbers of vector meson
pairs should be produced. Neglecting correlations, the pair
production probability isP(V)2/2 for identical pairs and
P(V1)P(V2) for nonidentical pairs. These cross section and
corresponding yearly rates are tabulated in Table V.

Triples and higher multiples are also possible. Of course,
Þnal state interactions may affect what is observed in a de-
tector.

V. INTERPLAY BETWEEN PHOTONUCLEAR
AND TWO-PHOTON INTERACTIONS

Two-photon physics is expected to be a signiÞcant activ-
ity at RHIC ' 3,15( and LHC' 22,27(. Because the kinematics
for both photonuclear interactions and two-photon collisions
is dominated by the coherent coupling to the two nuclei and,
consequently, by the nuclear form factors, the reactions have
similar kinematics. So the speciÞc pathway may not be de-

FIG. 6. The rapidity distribution of produced! #top$, * #center$,
and J/+ #bottom$. The left panels are for gold beams at RHIC,
while the right panels are for calcium beams at LHC. The solid line
is the total production, while the dashed line is for photons coming
from the nucleus on the left. FIG. 7. Probability of vector meson production as a function of

collision impact parameter for#a$ gold at RHIC and#b$ lead at
LHC. The solid lines show the Woods-Saxon hadronic interaction
probability, while the dashed lines show the result of a hard sphere
calculation for the! .
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• Basic formalism is to integrate over the 
product of impact-parameter dependent 
probabilities of the processes (e.g. 
process 1 with selections X and process 
2 with selections Y) 
 
 

• This has been discussed since the 
earliest papers on of UPC at RHIC & 
LHC, e.g. Klein and Nystrand in 1999, 
calculating double VM production 

• Some discussions in the literature 
following this paper (e.g. Baur et al, NPA 
2003) but few measurements! 

• STARlight can perform calculations in b 
ranges for dileptons but *not* for 
coherent J/Ψ (this paper used and 
unreleased custom version)

σ(P1, P2) = 2π
!

P1(b, X)P2(b, Y ) bdb

Several new results all point at increasing importance of 
quantitative understanding of multiple UPC processes! 


