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Ultra-relativistic charged nuclei produce highly Lorentz 
contracted electromagnetic field

Weizäcker-Williams Equivalent Photon Approximation (EPA):
→ In a specific phase space, EM fields can be quantized as a flux of 
real photons 

𝑍𝛼 ≈ 1 → High photon density 
Magnetic field strength B ≈ 1012 − 1014 T  

Test QED under extreme conditions

Weizsäcker, C. F. v. Zeitschri) für Physik 88 (1934): 612 

Skokov, V., et. al. Int. J. Mod. Phys. A 24 (2009): 5925–32
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1934 Breit & Wheeler  : “Collision of two Light Quanta”

𝛾𝛾 → 𝑒$𝑒% Process
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G. Breit and J. A. Wheeler. Physical Review 46 (1934): 1087 

1. Idenffying 𝛾𝛾 → 𝑒$𝑒% process in 
ultra-peripheral heavy-ion collisions

2. Ultra-peripheral vs. peripheral

3. First Earth-based observafon of 
vacuum birefringence

4. Applicafons 
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Signatures of the 𝛾𝛾 → 𝑒$𝑒% Process
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1. Exclusive production of 𝑒$𝑒% pair

2. Smooth invariant mass spectra 
(No vector mesons)

3. Individual 𝑒$/𝑒% preferentially 
aligned in beam direction

4. Production peaked at very low 𝑃9
(pair transverse momentum)

Daniel Brandenburg
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Total 𝛾𝛾 → 𝑒$𝑒% cross-section in STAR Acceptance
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Pure QED 2 → 2 scattering : 
⁄𝑑𝜎 𝑑𝑀 ∝ 𝐸%2 ≈ 𝑀%2

No vector meson production
→ Forbidden for real photons with 
helicity ±1 (i.e. 0 is forbidden)

gEPA & QED : W. Zha, J.D.B., Z. Tang, Z. Xu  arXiv:1812.02820 [nucl-th]
STARLight: S. R. Klein,  et. al. Comput. Phys. Commun. 212 (2017)  258

Data : 0.261±0.004 (stat.) ± 0.013 (sys.) 
± 0.034 (scale) mb
STARLight gEPA QED

0.22 mb 0.26 mb 0.29 mb

Measurement of total cross 
section agrees with theory 
calculations at ±𝟏𝝈 level

𝝈 𝜸𝜸 → 𝒆$𝒆% in STAR Acceptance: 

arXiv : 1910.12400
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⁄𝑑𝜎 𝛾𝛾 → 𝑒$𝑒% 𝑑𝑐𝑜𝑠 𝜃F
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𝛾𝛾 → 𝑒$𝑒% : Individual 𝑒$/𝑒% preferentially 
aligned along beam axis [1]:

oHighly virtual photon interactions should 
have an isotropic distribution 

oMeasure 𝜃F, the angle between the 𝑒$ and 
the beam axis in the pair rest frame.

Data are fully consistent with 𝑮(𝜽)
distribution expected for 𝜸𝜸 → 𝒆$𝒆% [1] S. Brodsky, T. Kinoshita and H. Terazawa, Phys. Rev. D4, 1532 (1971) 

STARLight: S. R. Klein,  et. al. Comput. Phys. Commun. 212 (2017)  258

𝐺 𝜃 = 2 + 4 1 −
4𝑚P

𝑊P

1 − 4𝑚
P

𝑊P sinP 𝜃 cosP 𝜃 + 4𝑚
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arXiv : 1910.12400

Daniel Brandenburg



⁄𝑑𝜎 𝛾𝛾 → 𝑒$𝑒% 𝑑𝑃9
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oCross-section peaks at low 𝑃9, as 
expected for real photon collisions

oData are well described by leading 
order QED calculation (𝜸𝜸 → 𝒆$𝒆%)

o STARLight predicts significantly 
lower ⟨𝑃9⟩ than seen in data
o STARLight calculations do not have 

centrality dependent 𝑃9 distribution

o Experimentally investigate impact 
parameter dependence :

→Compare UPC vs. peripheral collisions
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STARLight: S. R. Klein,  et. al. Comput. Phys. Commun. 212 (2017)  258

QED and STARLight are scaled to match measured 𝜎(𝛾𝛾 → 𝑒$𝑒%)

QED : W. Zha, J.D.B., Z. Tang, Z. Xu  arXiv:1812.02820 [nucl-th]

arXiv : 1910.12400
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𝛾𝛾 → 𝑒$𝑒% : UPC vs. Peripheral 
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arXiv : 1910.12400
Characterize difference in spectra via ⟨𝑃9P⟩

o Leading order QED calculafon of          
𝛾𝛾 → 𝑒$𝑒% describes both spectra (±1𝜎)

𝑃9𝟐 (MeV/c) UPC Au+Au 60-80% Au+Au

Measured 38.1 ± 0.9 50.9 ± 2.5
QED 37.6 48.5
𝒃 range (fm) ≈ 20 ≈ 11.5 − 13.5

Daniel Brandenburg

[1] STAR, Phys. Rev. Lett. 121 (2018) 132301



𝛾𝛾 → 𝑒$𝑒% : UPC vs. Peripheral 
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Characterize difference in spectra via ⟨𝑃9P⟩

o Leading order QED calculation of          
𝛾𝛾 → 𝑒$𝑒% describes both spectra (±1𝜎)

oBest fit for spectra in 60-80% collisions 
found for QED shape plus                         
14 ± 4 (stat.)±4 (syst.) MeV/c broadening

oProposed as a probe of trapped magnetic 
field or Coulomb scattering in QGP [1-3]

11/05/19 9

STAR observes 𝟒. 𝟖𝝈 difference between UPC and 60-80% Au+Au collisions

[1] STAR, Phys. Rev. Leo. 121 (2018) 132301
[2] S. R.  Klein, et. al, Phys. Rev. Leo. 122, (2019), 132301 
[3] ATLAS Phys. Rev. Leo. 121 (2018) , 212301

arXiv : 1910.12400
𝑃9𝟐 (MeV/c) UPC Au+Au 60-80% Au+Au

Measured 38.1 ± 0.9 50.9 ± 2.5
QED 37.6 48.5
𝒃 range (fm) ≈ 20 ≈ 11.5 − 13.5
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Optical Birefringence
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Birefringent material:  Different index of 
refraction for light polarized parallel (𝑛∥) vs. 
perpendicular (𝑛9) to material’s ordinary axis

Birefringent Material
Linearly polarized 
(verfcal) 

Linearly polarized 
(horizontal) 

→ splitting of wave function when  𝚫𝒏 = 𝒏∥ − 𝒏9 ≠ 𝟎

Ordinary ray

Extra-ordinary ray

Daniel Brandenburg



Birefringence of the QED Vacuum 
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Vacuum birefringence : Predicted in 1936  by 
Heisenberg & Euler. Index of refraction for 𝛾
interaction with 𝐵 field depends on relative 
polarization angle i.e. 𝚫𝝈 = 𝝈∥ − 𝝈9 ≠ 𝟎

Lorentz contraction of EM fields →
Quasi-real photons should be linearly polarized (𝐸 ⊥ 𝐵 ⊥ 𝑘)

Can we observe vacuum birefringence in  
ultra-peripheral collisions?

Feynman Diagram for Vacuum Birefringence

𝛾 from 𝐵

Probe 𝛾

𝑅𝑒𝑎𝑙(𝑛) = transmission process 𝛾𝛾 → 𝛾𝛾
𝐼𝑚𝑎𝑔(𝑛) = absorption process 𝛾𝛾 → 𝑒$𝑒% (diagram cut)

𝑣 ≈ 𝑐

𝐸

𝐵

Observed 𝛾

S. Bragin, et. al., Phys. Rev. Lett. 119 (2017), 250403 
R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492

Daniel Brandenburg



Birefringence of the QED Vacuum 
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Recently realized, Δ𝜎 = 𝜎∥ − 𝜎9 ≠ 0
leads to 𝐜𝐨𝐬(𝒏𝚫𝝓) modulations in 
polarized 𝛾𝛾 → 𝑒$𝑒% [1]

Δ𝜙 = Δ𝜙 𝑒$ + 𝑒% , 𝑒$ − 𝑒%
≈ Δ𝜙 𝑒$ + 𝑒% , 𝑒$

−𝐴2yz(%)

Total Cross-section Measured STARLight gEPA QED

�(�� ! e+e�) mb
0.261 ± 0.004 (stat.)

± 0.013 (syst.) ± 0.034 (scale) 0.22 0.26 0.29

Differential Quantities
Ultra-Peripheral Peripheral HHICs

Measured QED �
2
/ndf Measured QED �

2
/ndf

|A4��| (%) 16.8 ± 2.5 22 18.8 / 16 27±6 39 10.2 / 17

|A2��| (%) 2.0 ± 2.4 0 18.8 / 16 6±6 0 10.2 / 17
q
hP 2

?i (MeV/c) 38.1±0.9 37.6 — 50.9±2.5 48.5 —

Table 1: The top row reports the total measured cross-section within STAR acceptance for
�� ! e

+
e
� in (XnXn) events compared with three theory calculations. The lower rows report

measurements of �� and
q
hP 2

?i from UPCs and peripheral HHICs with the corresponding
theory calculations where applicable. The uncertainties reported here are the statistical and
systematic uncertainties added in quadrature. The theory calculations for the

q
hP 2

?i are from
Ref. (24). The QED calculations for the �� modulations are provided by Ref. (13).

Distribution Source of
Contamination Fit Result �2/ndf

Mee ⇢
0 ! e

+
e
� �0.36 ± 1.2 (% of total �) 106 / 98

! ! e
+
e
� �0.17 ± 0.35 (% of total �) 106 / 98

� ! e
+
e
� +0.57 ± 0.24 (% of total �) 104 / 98

| cos✓0| Isotropic e
+
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� +0.9 ± 1.7 (% of total �) 7.7 / 12

P? (60� 80%) Broadening 14 ± 4 (stat.) ± 4 (syst.) (MeV/c) 3.4 / 6

Table 2: The result from fits to various possible sources of contamination. For each source, the
given distribution was fit to the combination of the Breit-Wheeler shape and the listed contam-
ination shape. The �

2
/ndf of each fit is also shown.
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arXiv : 1910.12400
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Peripheral (60−80%)

𝑠|| = 200 GeV

[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Leo. B 795, 576 (2019)
QED calculafon: arxiv : 1911.00237



Birefringence of the QED Vacuum 
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[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
QED calculation: arxiv : 1911.00237

→ First Earth-based observation (𝟔. 𝟕𝝈 level) of vacuum birefringence
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𝑠|| = 200 GeV

Peripheral (60−80%)

Recently realized, Δ𝜎 = 𝜎∥ − 𝜎9 ≠ 0
leads to 𝐜𝐨𝐬(𝒏𝚫𝝓) modulations in 
polarized 𝛾𝛾 → 𝑒$𝑒% [1]

Δ𝜙 = Δ𝜙 𝑒$ + 𝑒% , 𝑒$ − 𝑒%
≈ Δ𝜙 𝑒$ + 𝑒% , 𝑒$



ApplicaGon : Mapping the MagneGc Field
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→ Report 𝐵 (single ion) that matches measured cross-section

Total and differential cross-sections (e.g. 𝑑𝜎/𝑑𝑃9) for 
𝛾𝛾 → 𝑒$𝑒% are related to field strength and configuration
photon density is related to energy flux of the 
electromagnetic fields [1]

𝑛 ∝ 𝑆 =
1
𝜇�

𝐸×𝐵

arXiv : 1910.12400

arXiv : 1910.12400

[1] M. Vidovic ́, et al., Phys. Rev. C 47 (1993), 2308 
Daniel Brandenburg
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Diffractive Photoproduction of the 𝜌� Meson
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J. Zhou Phys. Rev. D 94 (2016), 114017

Employ the same observable for 
𝜌� → 𝜋$𝜋% (and direct 𝜋$𝜋%)

o Use the polarized 𝜸 as a probe 
of the nucleus

o Calculate coefficients ⟨cos(𝑛Δ𝜙)⟩

Δ𝜙 = Δ𝜙 𝜋$ + 𝜋% , 𝜋$ − 𝜋%

Daniel Brandenburg



Photoproduction of the 𝜌� Meson
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Parameter XnXn 1n1n
�coh. 6.49± 0.01(stat.)± 1.18(syst.) mb 0.770± 0.004(stat.)± 0.140(syst.) mb
�incoh. 2.89± 0.02(stat.)± 0.54(syst.) mb 0.162± 0.010(stat.)± 0.029(syst.) mb
�incoh./�coh. 0.445± 0.015(stat.)± 0.005(syst.) 0.233± 0.007(stat.)± 0.007(syst.)

TABLE VII: The coherent and incoherent cross-sections for ⇢0 photoproduction within |y| < 1 with XnXn and 1n1n mutual
excitation, and their ratios.

tum Glauber calculation that does not include nuclear
shadowing.

An exponential function is used to characterize the
spectrum below the first peak (0.0024 < |t| <

0.0098 (GeV/c)2). The measured slope is 426.4 ±
1.8 (GeV/c)�2 for the XnXn events and 407.8 ±
3.2 (GeV/c)�2 for the 1n1n events. The XnXn slope is
very similar to the ALICE measurement of 426± 6± 15
(GeV/c)�2 [8]; there is no evidence for an increase in
e↵ective nuclear size with increasing photon energy.

At very small �t, |t| < 10�3 (GeV/c)2, both cross
sections flatten out and turn downward, as can be seen in
the insert in Fig. 8. This is expected due to destructive
interference between ⇢

0 production on the two nuclear
targets [40, 43].

These results are subject to the common uncertainties
from Tab. IV, in addition to the point-to-point uncer-
tainties described above and listed in Tab. VI. The yel-
low and pink bands in Fig. 8 are the sum in quadrature
of all systematic uncertainties and statistical errors.

The shape of d�/dt for coherent photoproduction is
determined by the position of the interaction sites within
the target. One can, in principle, determine the density
distribution of the gold nucleus via a two-dimensional
Fourier transform of d�/dt. RHIC beam energies are high
enough that, for ⇢0 photoproduction at mid-rapidity, the
longitudinal density distribution may be neglected and
the ions may be treated as discs. Nuclei are azimuthally
symmetric, so the radial distribution can be determined
with a Fourier-Bessel (Hankel) transformation:

F (b) / 1

2⇡

Z 1

0

dpT pTJ0(bpT )

r
d�

dt
(8)

Figure 9 shows the result of this transform in the region
|t| < 0.06 (GeV/c)2. Several features are visible. The
tails of F (b) are negative around |b|= 10 fm. This may
be due to interference between the two nuclei, since the
drop in d�/dt for |t| < 0.0002 (GeV/c)2 is due to what is
e↵ectively a negative amplitude for photoproduction on
the ‘other’ nucleus [43].

We varied the maximum |t| used for the transform over
the range 0.05 to 0.09 (GeV/c)2. This led to substantial
variation at small b, shown by the cyan region in Fig. 9.
The origin of this variation is not completely clear, but it
may be related to aliasing due to the lack of a windowing
function [44], or because of the limited statistics at large
|t|. There is much less variation at the edges of the distri-
bution, showing that the transform is stable in the region
4 < b < 7 fm. The full-width half-maximum (FWHM)
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)
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FIG. 8: d�/dt for coherent ⇢0 photoproduction in XnXn
events (filled red circles) and 1n1n events (open blue circles).
The filled bands show the sum in quadrature of all system-
atic uncertainties listed in Tab. V and the statistical errors,
which are shown as vertical lines. The red and blue lines
show an exponential fit at low t, as discussed in the text.
The insert shows, with finer binning at low pT , the e↵ects
of the destructive interference between photoproduction with
the photon emitted by any of the two ions.

of the distribution is 2⇥ (6.17± 0.12) fm. This FWHM
is a measure of the hadronic size of the gold nucleus.
With theoretical input, it could be compared with the
electromagnetic (proton) radius of gold, as determined
by electromagnetic scattering. The di↵erence would be a
measure of the neutron skin thickness of gold, something
that is the subject of considerable experimental interest
[45, 46].

There are a few e↵ects that need to be considered in
comparing the distribution in Fig. 9 with nuclear data.
Because of the significant qq dipole size, ⇢0 production
occurs preferentially on the front side of the nucleus, and
the contribution of the central region is reduced. Since
the photons come from the fields of the other nucleus, the
photon field is not uniform across the target; it is stronger
on the ’near’ side. Finally, the interference between pro-
duction on the two targets alters the distributions at large
|b|.

o Amplitude of the cos(2Δ𝜙) modulation appears to be 
related to diffraction peaks

o Theory input needed for quantitative description of data

STAR, Phys. Rev. C 96, (2017) , 054904

Daniel Brandenburg

−𝑡 ≈ 𝑃9P
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[1] J. Zhou Phys. Rev. D 94 (2016), 114017

Observation of significant      
cos(4Δ𝜙) modulation with 
respect to background

Predicted to be sensitive to the gluon 
Generalized Transverse Momentum 
Dependent  (GTMD) Distribution [1] 

“…offers direct access to the second 
derivative of the saturation scale with 
respect to 𝑏9P” [1]

Tensor Pomeron model may also lead 
to cos 4Δ𝜙 modulations

Daniel Brandenburg

o Theory input needed for quantitative description of data



Summary 1
1. Measurements of exclusive 𝛾𝛾 → 𝑒$𝑒% process

2. Experimental demonstration that the 𝑃9P spectra from 
𝛾𝛾 → 𝑙$𝑙% depends on impact parameter                     
(4.8𝜎 observation)

3. First Earth-based observation of Vacuum Birefringence :
Observed (6.7𝜎) via angular modulations in linear polarized 𝛾𝛾 → 𝑒$𝑒% process

11/05/19 18Daniel Brandenburg



Summary 2 (Applications)
1. Photons originate from colliding electromagnetic fields 

oMeasurement of the 𝛾𝛾 → 𝑒$𝑒% process : Lorentz invariant process for mapping 
strength  of initial 𝑩

2. New observable measured in photo-produced 𝜌� Meson
o Significant cos 2Δ𝜙 and cos 4Δ𝜙 modulations observed
oMay be sensitive to gluon Generalized Transverse Momentum Dependent  (GTMD) 

Distribution or spin of Pomeron (in Pomeron model)
o Theory input needed for quantitative description

11/05/19 19

Thank you for your attention
Daniel Brandenburg



Backup
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The 𝛾𝛾 → 𝑒$𝑒% Process
1934 Breit & Wheeler  : “Collision of two Light Quanta”

• Trigger on neutrons in ZDC → Select events with mutual Coulomb 
excitafon followed by dissociafon

11/05/19 21
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G. Breit and J. A. Wheeler. Physical Review 46 (1934): 1087 

Daniel Brandenburg



⁄𝑑𝜎 𝑑𝑀 for events with 1n1n events
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11/05/19 22Daniel Brandenburg

1n1n: events with 1 neutron in 
each ZDC



Application : Mapping the Magnetic Field
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The colliding photons in the 𝛾𝛾 → 𝑒$𝑒%
process originate from the Lorent-
contracted Electromagnetic fields

photon density is related to energy flux of 
the electromagnetic fields
𝑛 ∝ 𝑆 = 1

��
𝐸×𝐵

For highly Lorentz contracted fields         
𝐸 ≈ 𝐵 with 𝐸 ⊥ 𝐵 and 𝑆 ∝ 𝐸 P ≈ 𝐵 P

Equivalent Photon Approximation, photon density (single ion): 

𝑛 𝜔; 𝑏 =
1
𝜋𝜔 𝐸9 𝑏,𝜔 P =

1
𝜋𝜔 𝐵9 𝑏,𝜔 P =

4𝑍P𝛼
𝜔

�
𝑑P𝑘9
2𝜋 P 𝑘9

𝐹 𝑘9P + ⁄𝜔P 𝛾P

𝑘9
P + ⁄𝜔P 𝛾P

𝑒%� �⋅��
P

Two-photon density 
(arb. norm.)

Uniformly Charged 
Sphere 
𝐴𝑢 ion, 𝑅 = 6.38 fm
𝑏 = 19 fm

EPA Two Photon Distribufon

[1] M. Vidovic ,́ et al., Phys. Rev. C 47, 2308 (1993). 
[2] C. F. v. Weizsa c̈ker, Z. Phys. 88, 612 (1934). 
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Example : Light-by-Light Scattering 
ATLAS Observed Light-by-Light 
Scattering in UPCs: 
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Figure 2: The diphoton A� distribution
for events satisfying the signal selection,
but before the A� < 0.01 requirement.
Data are shown as points, while the
histograms represent the expected signal
and background levels.
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Figure 3: Kinematic distributions for �� ! �� event candidates: (a)
diphoton invariant mass, (b) diphoton transverse momentum. Data
(points) are compared with the sum of signal and background expectations
(histograms). Systematic uncertainties of the signal and background
processes, excluding that of the luminosity, are shown as shaded bands.

and resolution e�ects. The C factor is defined as the ratio of the number of selected MC signal events
passing the selection and after applying data/MC correction factors to the number of generated MC signal
events satisfying the fiducial requirements. It is found to be C = 0.350 ± 0.024. The uncertainty in C
is estimated by varying the data/MC correction factors within their uncertainties, as well as using an
alternative signal MC sample based on calculations from Ref. [29]. The overall uncertainty is dominated
by uncertainties in the photon reconstruction e�ciency (4%) and the trigger e�ciency (2%).

The measured fiducial cross section is 78 ± 13 (stat.) ± 7 (syst.) ± 3 (lumi.) nb, which can be compared
with the predicted values of 51 ± 5 nb from Ref. [29] and 50 ± 5 nb from SuperChic3 MC simulation [28].
The experiment-to-prediction ratios are 1.53 ± 0.33 and 1.56 ± 0.33, respectively.

In summary, this Letter reports the observation of light-by-light scattering in quasi-real photon interactions
from ultraperipheral Pb+Pb collisions at psNN = 5.02 TeV recorded in 2018 by the ATLAS experiment.
After applying all selection criteria, 59 data events are observed in the signal region, while 12±3 background

7

• Purely quantum 
mechanical process (𝛼��2 )

• Light-by-Light scattering 
involves real photons by 
definition

ATLAS, Nature Physics 13 (2017),  852

Daniel Brandenburg



⁄𝑑𝜎 𝛾𝛾 → 𝑒$𝑒% 𝑑𝑃9
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• Cross-section peaks at low 𝑃9, as 
expected for real photon collisions

• QED calculations predicts higher 
⟨𝑃9⟩ at smaller impact paramters (𝑏)

• Total 𝜎 corrected to XnXn condition, 
but shape is not corrected.
• Data agrees well with QED 

calculation (scaled 1n1n condition)

More neutrons in ZDC

Smaller ⟨𝑏⟩

Fewer neutrons in ZDC

Larger ⟨𝑏⟩

QED Calculation: W. Zha, J.D.B., Z. Tang, Z. Xu  arXiv:1812.02820 [nucl-th]

Daniel Brandenburg



Photoproduction of the 𝜌� Meson
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J. Zhou Phys. Rev. D 94 (2016), 114017 

Use similar observable for 𝜌� → 𝜋$𝜋%
• Calculate coefficients ⟨cos(𝑛Δ𝜙)⟩
• Sensifve to gluon distribufon and 

gradients

𝑛 = 1 : Closure test, no modulafon 
expected

Background esfmates: 
1. STARLight (does not include 

polarizafon effects)
2. Data-driven (like-sign pairs)

Daniel Brandenburg

Δ𝜙 = Δ𝜙 𝜋$ + 𝜋% , 𝜋$ − 𝜋%


