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Spin interference enabled nuclear tomography

• Teaser: 
Polarized photon-gluon fusion reveals 
quantum wave interference of non-identical 
particles and shape of high-energy nuclei 
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• Linearly polarized photoproduction 
of vector meson
• At a distance with two 

wavefunctions (180o rotation 
symmetry) 
• Entanglement between p± from r

decay and interference between 
identical pion wavefunction  

Three ingredients 
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Imaging the nucleus with high-energy photons

ALICE, JHEP06 (2020) 35
Klein and Mantysaari, Nature Reviews Physics 1 (2019) 662 

Long history with some puzzling mysteries (20+ years): 
Diffractive |t| distribution qualitatively resembles what it should be 
Extracted radius is way too large (+1fm) 
Cross sections are used for comparison to theory 

STAR, PRC 96 (2017) 54904



Polarized photons from boosted Coulomb field
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The Breit-Wheeler process shows: 
ggàe+e- angular distribution 
from 100% linearly polarized 
photon collisions 

STAR, Phys. Rev. Lett. 127 (2021) 52302
e-Print Archives (1910.12400)

How do we know photons are polarized?



Azimuthal angular dependence of diffraction
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Standard r0 relativistic Breit-Wigner function 
r0 spin aligned along impact parameter direction
Project r0 momentum along the daughter pion momentum direction 
Striking azimuthal dependence of the diffraction  



Novel Form of Quantum Entangled Interference 

• Different from Young’s double-slit 
experiment in which identical 
photons originate from one source

• What we have are non-identical 
particles (p±) from two difference 
sources interfere  
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Novel Form of Quantum Interference

March 31st, 2022 Daniel Brandenburg | Goldhaber Fellow @ BNL 28

Similar to double-slit experiment

But with non-identical particles!

Possible theoregcal explanagon from Frank Wilczeck’s group at MIT –
Entanglement enabled interference of amplitudes from non-idengcal pargcles

BUT
Interference occurs between 
distinguishable particles

J. Cotler, F. Wilczek, and V. Borish, Annals of Physics 424, 168346 (2021).

Entanglement Enabled Intensity Interference (D2E2)

!"
Possible similarity proposed by Frank Wilczek's group at MIT: 
“Entanglement Enabled Intensity Interference of 
different wavelengths of lasers” 
J. Cotler, F. Wilczek, V. Borish, Annals of Physics, 424 (2021)  168346



• Linearly polarized photoproduction 
of vector meson
• At a distance with two 

wavefunctions (180o, p rotation 
symmetry) 
• Entanglement between p± from r

decay  and interference between 
identical pion wavefunction  

Three ingredients 
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Interference depends on PT and species

π− 2
π− 0 2

π π
φ

0.4

0.6

0.8

1

1.2

1.4

 c
ou

nt
s 

(n
or

m
. t

o 
un

ity
)

:STAR  < 60 MeV
T

 pairs with P−π+πSignal A

) φ) = 1 + A cos(2φf(
-210×0.4±0.4 ±29.1 : A = 
-210×0.4±0.6 ±23.8 : A = 
-210×0.9±1.2 ±-0.5 : A = 

Au+Au
U+U
Au+p

Syst. Uncert.

0 0.05 0.1 0.15 0.2 0.25
 (GeV) TP

0

0.1

0.2

0.3

0.4

〉) φ
 c

os
(2

〈
 2

 

:STAR  pairs−π+πSignal B
=200 GeVNNsAu +Au

 =200 GeVNNsAu  +p
 =193 GeVNNsU   +U

=200 GeVNNsAu +Au
 =200 GeVNNsAu  +p
 =193 GeVNNsU   +U

10

Amplitude different between Au+Au and U+U, 
absent in p+Au

=>Requires two photon sources 

Show classic interference pattern vs r0 PT
Different pattern in Au+Au and U+U 
(qualitatively consistent with size of Au and U)

STAR, arXiv:2204.01625



Angular differential |t| distribution|t| vs. &, which radius is ‘correct’? 

May 3rd, 2022 Daniel Brandenburg 35

Now instead of +/ and +1 lets look at |5| with a 2D approach

• Drastically different radius depending on ', still way too big
• Notice how much better the Woods-Saxon dip is resolved for ' = 6/2 -> experimentally 

able to remove photon momentum, which blurs diffraction pattern
• Can we extract the ‘true’ nuclear radius from |t| vs. 9 information?
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Precision radius measurement with interference
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Azimuthal variation due to: 
• Photon linear polarization, 
• Spin transfer to VM 
• Photon finite kT
• VM spin 1 decay to spin 0 pions
• Interference along impact parameter 

These image blurring effects can be 
improved with the angular dependence 

STAR, arXiv:2204.01625



Extracted neutron skins and comparison to world data 

M. Centelles, X. Roca-Maza, X. Viñas, and M. Warda
Phys. Rev. Lett. 102, (2009) 122502

13
  

Neutron skin physics at RHIC. 

Accurate measurement of Δrnp of 208Pb from neutral 
weak form factor at JLab (PREX-II experiment):

Stiffer EoS than expected. 

The neutron skin in atomic nuclei, Δrnp, is 
proportional to the slope L of symmetry energy.

 Δrnp =

Can we get an independent estimate at RHIC?

[Reed et al., PRL 126 (2021) 17, 172503]
[Fattoyev et al., PRL 120 (2018) 17, 172702]

[PREX-II experiment,
 PRL 126 (2021) 17, 172502]

From 
GW170817

24
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Comparison to models
Comparison to models with 
the interference effect

• Model I: 
VM production cross section 
from HERA ep data 
Glauber with smooth NN 
overlap function  
• Model II: 

dipole model with gluon 
saturation in A+A
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Improvements of 
future measurements

• Both interference and Woods-Saxon models 
only describe the first peak well 

• The neutron skin syst. uncertainty mainly 
due to WS vs Gaussian, 
and the actual distribution seems to 
be flatter (more prominent second peak) 

0 0.005 0.01 0.015 0.02
2 |t|) GeV≈ (T

2P

3−10

2−10

1−10

 d
N

/d
|t|

 (a
rb

. n
or

m
.)

/24π < /2π − φData: 
/2π=φModel II, 

Woods-Saxon,
R=7.09 fm, a=0.54 fm

=200 GeVNNsAu +: AuSTARD

16

0 0.05 0.1 0.15 0.2 0.25
 (GeV) TP

0

0.2

0.4

〉) φ
 c

os
(2

〈
 2

 

STAR  pairs vs. Models−π+πSignal B
=200 GeVNNsAu +Au

Model I: R=6.38 fm, a=0.535 fm

Model II: R=6.9 fm, a=0.535 fm

=200 GeVNNsAu +Au

Model I: R=6.38 fm, a=0.535 fm

Model II: R=6.9 fm, a=0.535 fm

STAR, arXiv:2204.01625



Coherent diffraction with added noise

• Coherent diffraction is usually defined 
with initial and final-state nuclei intact 
• Do violent A+A collisions 

accompanying diffraction exist? 
• Do violent A+A collisions collapse 

the wavefunctions of the rho decay? 
• Does interference persist with the 

added noisy environment? 
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Photoproduction with spin alignment 
in peripheral collisions
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Comparison to UPC
● Signal persists in 

peripheral events

● Wavefunction is 
surviving potential 
hadronic interference

● There does not appear 
to be a strong centrality 
dependence

– Though expectation is 
increasing signal UPC N

ch
 ≤ 5 5 < N

ch
  10≲ 70-80%

(UPC 
does not 
use SS)

STAR preliminary

80-100%

Au+Au 200 GeV
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The alignments along impact-parameter cancel

The spin alignment becomes along the B-field direction
Does this phenomenon have anything to do with 
global polarization? 

Spin interference and coherent diffraction persist 
into peripheral heavy-ion collisions 



Summary and future perspectives
• STAR observed spin interference effect in vector meson 

photoproduction 
• The effect is observed in Au+Au and U+U, and is enabled by non-

identical particle entanglement from r0 decay. 
• The angular dependence removes photon blurring effect and enables 

precise nuclear radius measurements of 197Au and 238U, possible 208Pb
• Future tests of coherent and quantum effects with diffraction in non-

UPC and other particles (f, J/Y)
• RHIC, LHC and future EIC experiments can provide further 

experimental insights into these phenomena 
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