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UPCs: impact parameter 𝑏 greater than the sum of the radii of the colliding nuclei

Purely hadronic interactions highly suppressed 
→ study of photon-induced reactions

Heavy-ion collisions: intense, energetic, and low-virtuality photon fluxes 
→ high cross section, proportional to Z2

Coherent: the photon interacts with the nucleus as a whole
Incoherent: the photon interacts with one nucleon

The electromagnetic field of the nuclei can be seen as a flux of photons

ALICE webpage

https://alice-collaboration.web.cern.ch/
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Interesting process: 
coherent photoproduction of a vector meson (e.g. 𝜌0) 

UPCs with independent electromagnetic dissociation
→ nuclear break-up with emission of forward neutrons

The exchanged photon splits into a quark-antiquark pair 
that interacts with the nucleus via Pomeron exchange

Clear signal: 𝜌0 → 𝜋+𝜋−at midrapidity 
Two tracks in an otherwise empty detector

Intense EM fields 
→ possible multi-photon exchange in a single collision

Phys.Rept. 458 (2008) 1171

https://arxiv.org/abs/0706.3356
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EM field of the nuclei highly Lorentz-contracted
→ exchanged photons are fully linearly polarized along the impact parameter 

The polarization is transferred to the 𝜌0 and, upon decay, 
to the orbital angular momentum of the pions

The angular distribution of the pions is determined by the 
conservation of the total angular momentum

It results in an azimuthal modulation in the 
momentum distribution wrt the polarization direction

BUT… the impact parameter is random event-by-event 
→ the anisotropy vanishes

AZIMUTHAL ANISOTROPY

We need another ingredient…
…let’s look at the photoproduction process in UPCs!

Talk by D. Brandenburg

https://indico.bnl.gov/event/10184/contributions/48002/attachments/34759/56456/jdb_CFNS_EIC_PolarizedPhotonGluon.pdf
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AZIMUTHAL ANISOTROPY

Each nucleus can act as the source of the photon 
or as the target in the interaction

→ two indistinguishable amplitudes contribute to the cross section

Interference between the amplitudes!

Correlation between 𝜌0 momentum and polarization (aligned along 𝑏)
→ preserves the anisotropy!

𝜌0 is short lived: 𝑐𝜏 ≪ 𝑏
→ decay length too short for amplitudes to overlap

Interference involves the pions, which need 
to be emitted in an entangled state [4]
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[4] PRL 84 (2000) 2330-2333

https://indico.bnl.gov/event/10184/contributions/48002/attachments/34759/56456/jdb_CFNS_EIC_PolarizedPhotonGluon.pdf
https://inspirehep.net/literature/506531
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Double-slit experiment at fm scale [5]
→ 𝑏 = distance between the openings
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The pomeron exchange restricts the 𝜌0

production site within one of the nuclei

There are theoretical models available

H. Xing et al. [6]: color-dipole model + scattering with 
gluons from color glass condensate inside nuclei

Both models implement a correlation between 
the incoming photon’s spin and momentum

Predict a cos(2𝜙) modulation of the 𝜌0 yield

Depends on 𝑝T → STAR [8,9]

Depends on 𝑏 → ALICE

This talk! And paper in preparation!
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TPC: large gaseous detector. Main tracker, 
used also for PID via energy loss

AD/V0: arrays of scintillators at forward rapidities. 
Used for triggering

ZDC: sampling Cherenkov calorimeters. 
Used to detect forward neutrons and protons

Data: ℒ𝑖𝑛𝑡=0.485 𝜇𝑏−1 from Pb-Pb collisions at 
sNN = 5.02 TeV

Trigger

AD and V0 used as veto 
→ suppression of purely hadronic interactions 

Topological trigger: events with at least two 
track segments in the ITS SPD with an opening 

angle θ>153°

Run 2 ALICE DETECTOR & DATA SAMPLE
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𝝓 = angle between 𝒑+and 𝒑−
Ԧ𝑝± = Ԧ𝑝T,1 ± Ԧ𝑝T,2

Ԧ𝑝T,1( Ԧ𝑝T,2) = transverse momentum of track 1(2), 
randomly assigned to the positive and negative tracks
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Neutron emission probability decrease with the impact 
parameter 𝒃
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randomly assigned to the positive and negative tracks
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Ԧ𝑝± = Ԧ𝑝T,1 ± Ԧ𝑝T,2
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0n0n = no forward 
neutrons

Neutron emission probability decrease with the impact 
parameter 𝒃
→ different neutron emission classes correspond to 
different average values of 𝒃

𝝓 = angle between 𝒑+and 𝒑−
Ԧ𝑝± = Ԧ𝑝T,1 ± Ԧ𝑝T,2

Ԧ𝑝T,1( Ԧ𝑝T,2) = transverse momentum of track 1(2), 
randomly assigned to the positive and negative tracks

Xn0n = neutron(s) detected 
only at one side of the IP

XnXn = neutron(s) detected 
at both sides of the IP
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Data (invariant mass distributions) 
need to be corrected for 

acceptance and efficiency

Use of STARlight [11] MC (𝜌0 + continuum pion pair production)

CORRECTIONS
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Data (invariant mass distributions) 
need to be corrected for 

acceptance and efficiency

Fit the MC generated 𝑝T
2 distribution using the square 

of the nuclear form factor (1) to extract 𝑎𝑃𝑏 and 𝑅𝑃𝑏

Compute the weights using (2), where 𝑅𝑋 is chosen to 
minimize discrepancies between data and 
reconstructed MC 𝑝T distributions

Build the MC mass distributions by weighting each 
event with 𝑤(𝑝𝑇) evaluated at the generated 𝑝T

Re-weighting procedure

Use of STARlight [11] MC (𝜌0 + continuum pion pair production)

CORRECTIONS
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SIGNAL EXTRACTION
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The corrected mass spectra in each 𝜙 bin are 
fitted using the Söding model

ൗ𝑑𝑁
𝑑𝑚𝜋𝜋

= |𝐴 ∙ 𝐵𝑊𝜌 + 𝐵|2
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B is the non-resonant amplitude
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continuum pion pair production
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The corrected mass spectra in each 𝜙 bin are 
fitted using the Söding model

ൗ𝑑𝑁
𝑑𝑚𝜋𝜋

= |𝐴 ∙ 𝐵𝑊𝜌 + 𝐵|2

BWρ is a Breit Wigner that represents 
the 𝜌0 and A its amplitude

Extraction of the 𝜌0 yield in 
each neutron emission 
class, as a function of 𝜙

B is the non-resonant amplitude

Interference between resonant and 
continuum pion pair production

SIGNAL EXTRACTION
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Fit to 𝜌0 yields as a function of 𝜙 in each neutron 
emission class to extract the anisotropy

ASYMMETRY EXTRACTION
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Fit to 𝜌0 yields as a function of 𝜙 in each neutron 
emission class to extract the anisotropy

We are looking for a cos(2𝜙) modulation 
with 𝑏-dependent amplitude
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Fit to 𝜌0 yields as a function of 𝜙 in each neutron 
emission class to extract the anisotropy

We are looking for a cos(2𝜙) modulation 
with 𝑏-dependent amplitude

𝒃 neutron emission classes
Migrations across neutron classes, due to ZN efficiency 
and pile-up, need to be considered!
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Fit to 𝜌0 yields as a function of 𝜙 in each neutron 
emission class to extract the anisotropy

We are looking for a cos(2𝜙) modulation 
with 𝑏-dependent amplitude

𝒃 neutron emission classes
Migrations across neutron classes, due to ZN efficiency 
and pile-up, need to be considered!

𝑎2 = true amplitudes of the 
modulation

ASYMMETRY EXTRACTION
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Fit to 𝜌0 yields as a function of 𝜙 in each neutron 
emission class to extract the anisotropy

We are looking for a cos(2𝜙) modulation 
with 𝑏-dependent amplitude

𝒃 neutron emission classes
Migrations across neutron classes, due to ZN efficiency 
and pile-up, need to be considered!

w Y → Z = contribution of the physical class Y to the 
yield in the experimental class Z. 
Computed from measured cross sections ratios 
and migration probabilities [12].

𝑎2 = true amplitudes of the 
modulation

ASYMMETRY EXTRACTION
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The modulation is very different 
in different neutron emission 

classes
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The modulation is very different 
in different neutron emission 

classes

The effect of migrations is 
important especially in 
Xn0n and XnXn

ASYMMETRY EXTRACTION
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First measurement of the impact-parameter dependent angular 
anisotropy in the decay of coherently photoproduced 𝝆𝟎

𝑏∼49 fm

ASYMMETRY RESULTS

𝑏 ∼23 fm 𝑏 ∼18 fm
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compatible with STAR results [8] for Au-Au and 

U-U collisions at lower energy
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The modulation strength strongly increases 
as 𝒃 decreases

Compatible with theory [6,7], XnXn amplitude 
compatible with STAR results [8] for Au-Au and 

U-U collisions at lower energy

First measurement of the impact-parameter dependent angular 
anisotropy in the decay of coherently photoproduced 𝝆𝟎

𝑏∼49 fm It is not possible to constrain models yet
→ goal with Run 3 data!

ASYMMETRY RESULTS

𝑏 ∼23 fm 𝑏 ∼18 fm
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Take home

We measured for the first time the angular 
anisotropy in the decay of coherently photoproduced 

𝝆𝟎 as a function of the impact parameter

TAKE HOME & OUTLOOK
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Results compatible with available theoretical 
predictions [6,7] and with STAR [8] for the same 

neutron emission requirement
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Outlook

Run 3 data will allow one to constrain models and 
to perform more differential studies

DIS 2024 | April 10th, 2024

Theoretical predictions:
[6] JHEP 10 (2020) 064
[7] arXiv:2310.15300 [nucl-th] (2023)

STAR results:
[8] Sci.Adv. 9 (2023) eabq3903

https://inspirehep.net/literature/1802355
https://link.springer.com/article/10.1007/JHEP10(2020)064
https://inspirehep.net/literature/1802355
https://arxiv.org/abs/2310.15300
https://inspirehep.net/literature/1802355
https://www.science.org/doi/10.1126/sciadv.abq3903


13/15Andrea Giovanni Riffero

Take home

The strength varies by more than one order of 
magnitude as a function of 𝒃

We measured for the first time the angular 
anisotropy in the decay of coherently photoproduced 

𝝆𝟎 as a function of the impact parameter

Results compatible with available theoretical 
predictions [6,7] and with STAR [8] for the same 

neutron emission requirement

TAKE HOME & OUTLOOK

Outlook

Run 3 data will allow one to constrain models and 
to perform more differential studies

The effect depends on the nuclear structure [6,7] 
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Take home

The strength varies by more than one order of 
magnitude as a function of 𝒃

We measured for the first time the angular 
anisotropy in the decay of coherently photoproduced 

𝝆𝟎 as a function of the impact parameter

Results compatible with available theoretical 
predictions [6,7] and with STAR [8] for the same 

neutron emission requirement

TAKE HOME & OUTLOOK

Outlook

Run 3 data will allow one to constrain models and 
to perform more differential studies

The same effect can be studied with other 
particles (e.g. J/ψ) where the model predictions 

are expected to be more precise

The effect depends on the nuclear structure [6,7] 
→ useful to repeat the analysis for other 

colliding systems (e.g. OO)
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OTHER ALICE TALKS

Tue     09/04   09:50 A. Bylinkin Exclusive four pion photoproduction in ultra-peripheral Pb–Pb 
collisions at √sNN = 5.02 TeV at ALICE

Tue     09/04    11:20 J. Park Reacent heavy flavour measurements from ALICE

Tue     09/04    14:00 R. Guernane Overview of ALICE Upgrades

Tue     09/04   14:20 L. Huhta ALICE Forward Calorimeter upgrade (FoCal): Physics program and 
performance

Tue     09/04   16:00 A. Shatat Coherent vector meson photoproduction and polarization in heavy-
ion collisions with nuclear overlap in ALICE

Tue     09/04   16:20 G. Contreras Energy dependence of coherent J/psi production off lead with ALICE

Wed   10/04   11:40 D. Grund First study of the initial gluonic fluctuations using UPCs with ALICE

Wed   10/04   12:20 M. Kim K+K− photoproduction in ultra-peripheral Pb–Pb collisions with ALICE

Check them out!
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