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Direct Resolved

In ultra-relativistic heavy ion collisions, 
the intense electromagnetic fields 
provide a flux of quasi-real photons.

Those photons can scatter off of

partons in the other (target) nucleus.

Jet kinematics provide access to 
hard-scattering kinematics, directly 
probing nuclear PDF effects.

𝐻𝑇 = ∑
𝑖

𝑝𝑖
𝑇 𝑥𝐴 =

𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
𝑧𝛾 =

𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

Pythia8 generator level

“Resolved” photons scatter via 
a virtual qq excitation (+ Fock 
states) of photon.

“Direct” photons 
scatter off 
nuclear partons
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• Nuclear Parton Distribution Functions (nPDFs) are 
important for precision measurements of a number of 
physical observables.


• They are poorly constrained at low-  and intermediate  
due to a lack of available data.


• 100 GeV²  1000 GeV² has very little 
constraint.


• Nuclear shadowing at low-  in this region is of 
particular theoretical interest.


• Photo-nuclear jet production provides a clean probe of this 
kinematic region, similar to DIS:

• Proposal by Strikman, Vogt, and White (2005)

• Test of sensitivity (right) by Helenius (2018)

𝑥 𝑄2

<  𝑄2 <

𝑥

https://arxiv.org/abs/hep-ph/0508296
https://arxiv.org/abs/hep-ph/0508296
https://arxiv.org/abs/1811.10931
https://arxiv.org/abs/1811.10931
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Event Selections

• 0nXn requirement for nuclear breakup in exactly one ATLAS Zero-Degree 

Calorimeter (ZDC)

• Large rapidity gaps on photon-going side of the detector ∑𝛄∆η (“sum of gaps”)


• To veto ,  also require 


• At least two Particle-Flow jets with  GeV.


𝛾𝛾 → 𝑞𝑞̄ ∆ η𝑒𝑑𝑔𝑒
𝐴 < 3

𝑝𝑇 > 15
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𝐻𝑇 = ∑
𝑖

𝑝𝑖
𝑇

𝑥𝐴 =
𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

𝑧𝛾 =
𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

Selecting at least two jets 
allows access to the hard-
scattering kinematics
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energy photons.
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The photo-nuclear jet requirements select events with very high-
energy photons.


•  Biases towards lower impact parameter 
collisions


• Much higher probability of breakup due to additional EM 
interactions

𝐸𝛾 ∝ 1/𝑏 →

Studies of dijet events with 
large gaps on one side estimate 
about 50% of photo-nuclear jet 
production breaks up both 
nuclei (i.e. XnXn)!

Simple theoretical model 
(based on STARlight formalism) 
predicts an even higher 
breakup rate.

This theoretical model for breakup is used to compare 
theory to data.

fraction of events with no breakup

described below. The final triple-di�erential cross-sections are then obtained using

d3�

dHTdxAdz�
⌘ ��unf

�HT�xA�z�
(4)

where ��unf is the unfolded cross-section in a given interval of HT, xA, and z�, and the quantities, �HT,
�xA, and �z� represent the widths of those intervals.

4.6 Unfolding

The e�ects of the jet response on the measured cross-sections are accounted for by applying an iterative
unfolding procedure [49] implemented in the RooUnfold software package [50]. The unfolding is
performed simultaneously in the three variables HT, xA, and z�. Statistical uncertainties in the unfolding
procedure are evaluated by using pseudo-experiments with 100 independent variations performed on both
the input data and the MC-populated response matrix.

In this analysis, the number of iterations was selected to be 10 by comparing the di�erence between each
data point before and after an additional iteration and ensuring that the di�erence was smaller than the
previous such comparison (convergence). The number of iterations was selected by increasing it until the
iterative di�erences and statistical uncertainties were of similar size. After the number of iterations was
decided, the self-consistency of the unfolding procedure was tested via a split-sample closure test, where
one half of the sample was used to unfold the other half to test its closure against the truth distribution. This
test showed no systematic e�ects, and disagreements between the unfolded and generator-level results were
generally consistent within the statistical uncertainties. The largest single bin of statistically significant
non-closure was below 2%.

4.7 Breakup measurement

The sample of events recorded using the ZDC XnXn condition were analyzed in the same manner as the
main data set, except that the photon-going direction is determined purely using the gap sum quantities.
Namely, the side with the largest sum in events where at least one of the gap sums exceeds 2.5, is taken to
be the photon-going direction. To avoid ambiguities in the assignment of the photon-going direction, the
gaps in this sample are required to pass a more stringent gap selection,

Õ
� �⌘ >

Õ
A�⌘ + 2. The obtained

events are corrected for a z�-dependent e�ciency that follows from the track requirement imposed by the
trigger. That correction is approximately a factor of two for z� < 0.0002 and is unity for z� > 0.001. The
resulting set of events is used together with events from the main 0nXn sample to calculate the nominal
fraction of events for which the photon-emitting nucleus does not break up as a function of the measured z�

value:

fno BU ⌘
d�/dz�

��0nXn

d�/dz�

��
XnXn

+ d�/dz�

��0nXn

(5)

Here, d�/dz�

��
XnXn

and d�/dz�

��0nXn
represent the measured – i.e. not unfolded or e�ciency-corrected

– cross-sections as a function of z� for the XnXn events and the 0nXn events respectively.

The measured no-breakup fraction is shown in Fig. 7. It is compared to the results of the calculation described
in Appendix A which is evaluated as a function of measured z� by propagating the breakup probability
through the P����� 8 MC sample. The measurement provides a cross-check for the scale of the theory
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ATLAS has observed jet production 
in UPCs without nuclear breakup 
(0n0n) - cf. CMS arXiv:2205.00045

Gaps are required on both sides of 

the detector: ∑ ∆ η > 2.0
A factor of 10 more events are 
observed in data than are predicted 
from  jets, estimated by Pythia 
or comparison to  studies. 

𝛾𝛾 →
𝛾𝛾 → 𝜇+𝜇−
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Gaps are required on both sides of 

the detector: ∑ ∆ η > 2.0
A factor of 10 more events are 
observed in data than are predicted 
from  jets, estimated by Pythia 
or comparison to  studies. 

𝛾𝛾 →
𝛾𝛾 → 𝜇+𝜇−

The distribution shapes look different than Pythia 8  jets.𝛾𝛾 →

ATLAS has observed jet production 
in UPCs without nuclear breakup 
(0n0n) - cf. CMS arXiv:2205.00045
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𝐻𝑇 = ∑
𝑖

𝑝𝑖
𝑇

𝑥𝐴 =
𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
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𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

𝑑3𝜎
𝑑𝐻𝑇𝑑𝑥𝐴𝑑𝑧𝛾

=
1
ℒ

∆ 𝑌
∆ 𝐻𝑇 ∆ 𝑥𝐴 ∆ 𝑧𝛾
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𝐻𝑇 = ∑
𝑖

𝑝𝑖
𝑇
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𝑑3𝜎
𝑑𝐻𝑇𝑑𝑥𝐴𝑑𝑧𝛾

=
1
ℒ

∆ 𝑌
∆ 𝐻𝑇 ∆ 𝑥𝐴 ∆ 𝑧𝛾

Acceptance in  is strongly dependent 
on the photon energy, .

𝑥𝐴
𝑧𝛾

 does not depend strongly on  or .𝐻𝑇 𝑥𝐴 𝑧𝛾
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𝑖

𝑝𝑖
𝑇 𝑥𝐴 =

𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
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𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁

Unfolded / Measured

The measured cross-sections are then unfolded in 3 dimensions to 
correct for detector effects.


• Low-  flavor effects are the largest correction.𝑝𝑇
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Systematic uncertainties 
are the key limiting factor 
in our sensitivity to 
nuclear PDFs.

The jet energy scale and 
resolution uncertainties 
are typically 5-10%.

Control over the preliminary 
low-μ calibration currently 
provides the dominant 
source of uncertainty.

Systematic uncertainties are 
also evaluated on the 
unfolding and event 
selections.
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• The distribution of  values for large  in bins of  (right) 
reflects the photon flux.  

• The breakup model performs well within systematic 

uncertainties.

• Disagreements appear to arise at low , where the 

breakup model tends to over-correct.

𝑧𝛾 𝑥𝐴 𝐻𝑇

𝑧𝛾
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The  distribution has substantial acceptance 
effects in 


Selecting on photon energy removes this bias, 
allowing a more direct measurement of nPDFs.

𝑥𝐴
𝑧𝛾 .

𝐻𝑇 = ∑
𝑖

𝑝𝑖
𝑇 𝑥𝐴 =

𝑀𝑗𝑒𝑡𝑠𝑒−𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
𝑧𝛾 =

𝑀𝑗𝑒𝑡𝑠𝑒+𝑦𝑗𝑒𝑡𝑠

𝑠𝑁𝑁
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Photon Energy

0.004 <  < 0.008𝑧𝛾

• At intermediate photon energies, we can access higher-x partons.




Measured Cross-Sections

27

Event Selections Raw Yields Unfolding Systematic 
Uncertainty Final Results

Photon Energy

0.008 <  < 0.015𝑧𝛾

• Higher photon energy opens up the low-x shadowing region.

• Results are quite consistent with the theoretical model.
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Photon Energy

0.015 <  < 0.027𝑧𝛾

• The highest photon energy allows the most access to low .

• Systematic control is more challenging near acceptance edges.

𝑥
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• Photo-nuclear jet production was measured by ATLAS in 5.02 TeV 
Pb+Pb collisions with 2018 data.

• Particle-Flow jets allow for the measurement to be extended 

even lower in jet  while maintaining systematic control.

• This measurement has been fully unfolded for detector 

response for the first time.

• The overall normalization of the cross-section is well-predicted by 

theoretical comparisons.

• A theoretical model of nuclear breakup is necessary to 

understand the total cross-section.

• This study is sensitive to nuclear PDF effects with a precision of up 

to 10% in some bins.

• Once final studies of low-μ jet response in ATLAS can be 

completed, substantial gains in systematic control are 
possible.


• These results should offer helpful input for preparations for early 
results at the EIC.

𝑝𝑇
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Theoretical Modeling of Nuclear Breakup
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• The photon flux available through Pythia makes certain overly-simplified assumptions which we correct 
via modeling with STARlight.

Integrate over A-A impact parameter (b) 
and the impact parameter relative to the 
photon-emitting nucleus ( ).𝑠𝐴

Correction for the probability 
of breakup due to additional 
EM interactions Nuclear thickness function

Correction for the probability 
of breakup due to hadronic 
interactions (overlap veto)

The photon flux from Pythia uses a 
point source, so this term corrects 
for coherent nuclear emission.
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• The highest photon energy allows the most access to low .

• Systematic control is more challenging near acceptance edges.

𝑥


