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Ultra-Peripheral Collisions
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• At the LHC, ion beams are accompanied by large 
equivalent photon flux 
-Photons that can be emitted by entire nucleus are 

enhanced by Z2  
‣  k⊥ 𝛾 ~ ℏc / 2RN ~ 15 MeV, kz 𝛾 = γboost x k⊥ 𝛾 ~ 40 GeV 

• Reactions possible at large impact parameter 
-Event characteristics are qualitatively different than 

usual AA collisions 
• Substantial rate for two photon reactions 

-Mostly exclusive processes 
-Opportunity to study light-by-light scattering 

• Can study nPDFs with photo-nuclear jet production 
-Proposal by Strikman, Vogt and White: hep-ph/0508296 
-Very clean probe of target, a la DIS

http://arxiv.org/abs/hep-ph/0508296


ATLAS Detector
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M. Dyndal Electromagnetic processes in Pb+Pb UPC with ATLAS

The ATLAS detector
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𝛾𝛾→𝝁+𝝁-: Measurement
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• Important baseline for other UPC measurements 
-Control over photon flux and its relationship to 

nuclear breakup modes 
• Analysis: ATLAS-CONF-2016-025 
-Two opposite signed muons pT > 4 GeV, |η| < 2.4 

and m𝝁𝝁 > 10 GeV 
-Reconstructed vertex with zero additional tracks 
-12069 total di-muon pairs 

• Comparison to STARlight 1.1 (EPA+LO QED) 
• Total cross section: 
-σmeas. = 32.2 ± 0.3 (stat.) ± 4.0 (syst.) μb  
-σstarlight = 31.6 μb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-025/


𝛾𝛾→𝝁+𝝁-: Cross Sections
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• Both d𝞼/dM𝝁𝝁 and d𝞼/dY𝝁𝝁 in reasonably good 
agreement with prediction 
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𝛾𝛾→𝝁+𝝁-: Acoplanarity
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• Background or QED radiation? 
- Influences systematics 

• Could use theoretical input for how much of 
broadening comes from radiation
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𝛾𝛾→𝛾𝛾: Measurement
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• Process is forbidden in classical 
electrodynamics but is a basic 
prediction of QED 

• Has not been directly observed* 
-As particle-like scattering of 

two photons of well-defined 
momenta 

• Process also sensitive to quartic 
gauge couplings and potentially 
new BSM particles

One of the key features of Maxwell’s equations is their linearity in both the sources and the fields, from
which follows the superposition principle. This forbids e↵ects such as light-by-light (LbyL) scattering,
�� ! ��, which is a purely quantum-mechanical process. It was realised in the early history of quan-
tum electrodynamics (QED) that LbyL scattering is related to the polarisation of the vacuum [1]. In the
Standard Model (SM) of particle physics, the virtual particles that mediate the LbyL coupling are elec-
trically charged fermions or W± bosons. In QED, the �� ! �� reaction proceeds at lowest order in the
fine structure constant (↵em) via virtual one-loop box diagrams involving fermions (Figure 1(a)), which
is an O(↵4

em ⇡ 3 ⇥ 10�9) process, making it challenging to test experimentally. Indeed, the elastic LbyL
scattering has remained unobserved: even the ultra-intense laser experiments are not yet powerful enough
to probe this phenomenon [2].

LbyL scattering via an electron loop has been precisely, albeit indirectly, tested in measurements of the
anomalous magnetic moment of the electron and muon [3, 4] where it is predicted to contribute substan-
tially, as one of the QED corrections [5]. The �� ! �� reaction has been measured in photon scattering
in the Coulomb field of a nucleus (Delbrück scattering) at fixed photon energies below 7 GeV [6–9]. The
analogous process, where a photon splits into two photons by interaction with external fields (photon
splitting), has been observed in the energy region of 0.1–0.5 GeV [10]. A related process, in which initial
photons fuse to form a pseudoscalar meson which subsequently decays to a pair of photons, has been
studied at electron–positron colliders [11–13].

An alternative way by which LbyL interactions can be studied is by using relativistic heavy-ion collisions.
In ‘ultra-peripheral collision’ (UPC) events, with impact parameters larger than twice the radius of the
nuclei [14, 15], the strong interaction does not play a role. The electromagnetic (EM) field strengths of
relativistic ions scale with the proton number (Z). For example, for a lead nucleus (Pb) with Z = 82
the field can be up to 1025 Vm�1 [16], much larger than the Schwinger limit [17] above which QED
corrections become important. In the 1930s it was found that highly relativistic charged particles can
be described by the equivalent photon approximation (EPA) [18–20], which is schematically shown in
Figure 1(b). The EM fields produced by the colliding Pb nuclei can be treated as a beam of quasi-real
photons with a small virtuality of Q2 < 1/R2, where R is the radius of the charge distribution and so

(a) (b)

Figure 1: Diagrams illustrating the QED LbyL interaction processes and the equivalent photon approximation. (a)
Diagrams for Delbrück scattering (left), photon splitting (middle) and elastic LbyL scattering (right). Each cross
denotes external field legs, e.g., an atomic Coulomb field or a strong background magnetic field. (b) Illustration
of an ultra-peripheral collision of two lead ions. Electromagnetic interaction between the ions can be described
as an exchange of photons that can couple to form a given final-state X. The flux of photons is determined from
the Fourier transform of the electromagnetic field of the ion, taking into account the nuclear electromagnetic form
factors.
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𝛾𝛾→𝛾𝛾: Results

8

• ATLAS paper: arxiv:1702.01625, 4.4𝞼 obs (3.8 SM) 
• Cross section: σmeas.=70 ± 20 (stat.)±17(syst.) nb 
• ET𝛾 > 3 GeV, |η𝛾| < 2.37 
•m𝛾𝛾 < 6 GeV, pT𝛾𝛾 < 2 GeV, Aco = 1-Δϕ/π < 0.01 
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Nuclear Parton Distributions

• Recent CTEQ analysis of 
nuclear PDFs with 
comparisons to other fits 

• “Old” problem of the low-
x behavior 
- Large uncertainties 
- Not so much progress 

because little/no new 
data

9



Measurement Coverage
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Figure adapted from EPPS16 
1612.05741 [hep-ph]  



Measurement Coverage

11

UPC	jets

Figure adapted from EPPS16 
1612.05741 [hep-ph]  
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•  ATLAS-CONF-2017-011

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-011/
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Event Topology: “Direct”
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Photon participates directly 
in hard scattering
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Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

Event Topology: “Resolved”
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• Using 2015 Pb+Pb data; √sNN=5.02 TeV 
- Events selected with ZDC (+jet) triggers, 0.38 nb-1 

• Use ZDC to select “0nXn” events (fiducial) 
- No correction for photon emitter breakup 

• Physics backgrounds 
-  Ordinary Pb+Pb jet production 
‣Remove with minimum gap requirement in 𝛾 

direction: Σ𝛾Δη > 2 
- Central diffraction, 
‣Not usually 0nXn 
‣Remove with maximum gap requirement in A 

direction: ΣA Δη < 3 
- Cross sections corrected for inefficiency introduced by 

gap requirements

The Measurement: Event Selection

14

�� ! e+e� , ⌧+⌧� , qq̄



Event topology: 0nXn

• Events selected ZDC “XOR” trigger 
• Red: photon-going direction, 0n 
• Black: nuclear direction, Xn
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• Event-level observables generalize to n jet final states 
• In 2 → 2 scattering limit:  

- xA→ x of struck parton in nucleus 
- z𝛾 →x𝛾 y𝛾  

- HT → 2Q

The Measurement: Jets and Kinematics

• Measure differential cross sections as vs of HT, xA and z𝛾:
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- pT lead > 20 GeV 
- pT sublead > 15 GeV

- |η| < 4.4 
- mjets > 35 GeV

Sign of z/η/y defined to be positive in γ direction
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Theoretical Model (I)
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• Pythia 6 can be used in “mu/gamma p” mode to 
simulate photo-nuclear processes 
-Contains mixture of direct and resolved processes 
‣ Does not have right photon flux 

• STARlight capable of providing nuclear photon flux 
-Needs to be integrated over target 
-For small b, additional hadronic interactions cause 

nuclei to break up 
‣ No longer UPC events 
‣ Cannot separate photo-nuclear processes from 

“normal” AA collisions 
• Used modified STARlight to calculate weights applied on 

per-event basis to Pythia sample



Monte Carlo Re-weighting

• Re-weighted 
Pythia in good 
(not perfect) 
agreement 
with data
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Data-MC Comparisons

• Positive rapidity in 
photon direction  
-See backward shift 

because zγ < xA
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• Good description of 
gap quantity 
-Comfortable w/ MC-

based corrections



2-D Cross Sections

• Acceptance in (zγ, xA) strongly dependent on 
minimum jet system mass 
- Determined by minimum pT in analysis 
- Easiest way to get to low xA is large zγ
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Corrections and Systematics
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• Correct for inefficiency introduced by event selection 
requirements 
-ZDC inefficiency: can lose 0n1n contribution 

‣On average: 0.98 ± 0.01 
- “EM pileup”: extra neutrons from EM dissociation 

‣5 ± 0.5 % on overall normalization 
-Signal events removed by gap requirement 

‣Evaluated in MC sample 
‣~1% effect except at very large z𝛾 

• Luminosity: 6.1% uncertainty 
• Jet response: energy scale and resolution 

uncertainties
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Results: HT Dependence
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• Not in systematic bands: 
overall normalization 
systematic of 6.2% 

• Not exactly same as 
F2(x,Q2) 
• Still has ~1/Q4  and z𝛾 

dependence in cross 
section 

• Don’t expect to see 
scaling explicitly 

Slices of xA
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Results: z𝛾 Dependence

24

• Largest disagreement with 
model at large and small z𝛾 
where reweighting is most 
significant

• Can extend to lower xA by 
going to higher z𝛾

Slices of HT
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UPC Jet Production: Conclusions
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• Presented a measurement of photo-nuclear jet 
production 
-Qualitatively different than normal jet production in 

hadronic collisions 
-Expected features— rapidity gaps and neutron 

distributions— observed in the data 

• Measurement needs to be unfolded 
-Lots of experience with this 

• More rigorous comparisons to theory 
• Input into new nPDF analyses 
-Domain of x/Q2 not covered by previous data 

• Connects to day 1 measurements at EIC



Questions/Remarks
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• Given recent nPDF analyses, would this data 
actually be used in a fit? 
-e.g. recent EPPS16 analysis ignores potentially 

useful data like inclusive jet production 
• Should we be presenting measurements of (e.g. 

unfolding) something closer to the structure 
function? 

• Role of direct vs resolved photon contributions 
-Description of photon structure required for 

extraction of nPDF 
-How should this be handled in measurement?



Extras



Event topology: 0nXn

• Events selected ZDC “XOR” trigger 
• Red: photon-going direction, 0n 
• Black: nuclear direction, Xn

29

 / 2.51 TeV ZDCE

1−10 1 10 210

 / 
2.

51
 T

eV
)

ZD
C

E
/d

(
N

 d
ev

t
N

1/

4−10

3−10

2−10

1−10

1

A
ZDCE

γ
ZDCE

 PreliminaryATLAS
-1Pb+Pb 2015, 0.38 nb

 = 5.02 TeV, UPC triggerNNs



Event topology (experimental)

a

b

c

ΣA Δη 

Σ𝛾 Δη = a + b + c 

η

ϕ

N neutrons 
in ZDCA

0 neutrons 
in ZDC𝛾

Photon-going 
direction +y-y

Traditional “edge gap”

 Δη𝛾edge 
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Event topology (experimental)

a

b

c

ΣA Δη 

Σ𝛾 Δη = a + b + c 

ϕ

N neutrons 
in ZDCA

0 neutrons 
in ZDC𝛾

Photon-going 
direction

• ZDC requirement: “0nXn” topology 
• Minimum Σ𝛾 Δη  requirement: Σ𝛾 Δη>  > 2 
• Maximum ΣA Δη< requirement:  ΣA Δη < 3

+y-y

Traditional “edge gap”

 Δη𝛾edge 

η
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Jet kinematic distributions

• Left: jet pT spectra 

• Right: leading - sub-leading Δφ distributions 
for different numbers of jets
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Event topology: gaps

• Left: compare Σ𝛾Δη to forward edge gaps 
-See effect of resolved photons in split gaps 
➡Σ𝛾Δη > Δηedge  

• Right: Σ𝛾Δη vs ΣAΔη 

➡backgrounds (e.g. γγ→e+e-) for large Σ𝛾Δη
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Theoretical model (II)

DRAFT

As discussed above, the experimentally accessible part of the photo-nuclear cross section only receives190

contributions from events where there are no additional hadronic interactions. Thus the cross section191

must be multiplied by a factor PUPC(b), where b is the impact parameter of the collision. STAR�����192

also also contains a model of the nuclear geometry and hadronic interactions and can be used to calculate193

PUPC(b).194

For the process A + B! � + B! X , the EPA cross section is:195

d�AB
EPA

d2sAd2sBdE
⌘

dNA
�

dEd2sA

d��B

d2sB
, (4)

where the coordinates sA and sB denote coordinates in the target and projectile nuclei A and B, respectively.196

The cross section for � +B scattering can be expressed in terms of the � + N cross section and the nuclear197

thickness function TB(sb), which is the transverse density of nucleons in the nucleus per unit area,198

d��B

d2sB
= TB(sb)��N . (5)

The total cross section is obtained by multiplying by PUPC and integrating over the projectile and target.199

Thus,200
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where factor of 2 has been inserted to account for the symmetry of the Pb+Pb collision system. The201

P����� + STAR����� model is constructed by using STAR����� to obtain dNe�
� /dE and using it to define202

a weight,203

w(E) ⌘
dNe�

�

dE

, dNP�����
�

dE
(7)

which is applied to the generated P����� events.204

5 Analysis205

5.1 Reconstruction206

The events used for this analysis were reconstructed using a configuration of the ATLAS software typically207

used in pp collisions. The reconstruction of charged particle tracks used the same settings and selections208

as those applied in minimum-bias measurements [16]. Calorimeter clusters were reconstructed using the209

same method applied in other ATLAS analyses [17] but with thresholds set appropriate for low-luminosity210

conditions. The jets were reconstructed using the heavy ion jet reconstruction algorithm configured for211

small underlying event energy densities.212

This measurement uses R = 0.4 anti-kt jets. Following well-established procedures within ATLAS [18],213

the jet energies are calibrated initially using constants obtained from MC evaluations of the jet response in214 p
s = 5 TeV pp collisions. A set of corrections is applied to the jet energies to account for the di�erence215

in flavor composition between the jets in this measurement and inclusive jet production in pp collisions.216

Data-driven corrections are performed to account for di�erences between data and MC simulations. A217
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Jet system distributions

• Distributions of the primary 
ingredients to the kinematic 
variables used in cross-section 

• Data-MC description very good 
for variables sensitive to 
transverse dynamics
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Event topology (idealized)
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