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Outline of this talk

1. Quantum Electrodynamics
• Introduction & some history

• Ultra-peripheral Heavy Ion collisions →QED under extreme conditions

2. Observation of the Breit-Wheeler Pair Production process
1. Energy spectrum

2. Anisotropic effects in polarized "" → #!#" process

3. Summary

July 12, 2021 Daniel Brandenburg | BNL (CFNS) 2



Fundamental Interactions : light & matter

July 12, 2021 Daniel Brandenburg | BNL (CFNS) 3

Compton Scattering 
1906 Thomson, Conduction of 

Electricity through Gases

Photo Electric Effect
1887 Hertz, Ann Phys 

(Leipzig) 31, 983

Bremsstrahlung
1895 Röntgen, Ann Phys 

(Leipzig) 300, 1

Bethe-Heitler Pair 
Production

1932, Anderson, 
Science 76,238

!!

" "⋆

Single Photon 
Annihilation

1933, Blackett & 
Occhialini, Proc R Soc 

Lond A 139, 699

Dirac Annihilation
1934, Klemperer, 

Proc Camb Phil Soc 
30, 347

Breit-Wheeler pair 
production

Predicted 1934

!!

!#



Fundamental Interactions : light & matter

July 12, 2021 Daniel Brandenburg | BNL (CFNS) 4

Compton Scattering 
1906 Thomson, Conduction of 

Electricity through Gases

Photo Electric Effect
1887 Hertz, Ann Phys 

(Leipzig) 31, 983

Bremsstrahlung
1895 Röntgen, Ann Phys 

(Leipzig) 300, 1

Bethe-Heitler Pair 
Production

1932, Anderson, 
Science 76,238

!!

" "⋆

Single Photon 
Annihilation

1933, Blackett & 
Occhialini, Proc R Soc 

Lond A 139, 699

Dirac Annihilation
1934, Klemperer, 

Proc Camb Phil Soc 
30, 347

Breit-Wheeler pair 
production

Predicted 1934

!!

!#



0 2 4 6 8 10
!/m

10°30

10°29

10°28

æ
(m

2 )

æ∞∞

æ∞e

Why is the Breit-Wheeler process so elusive?

Breit and Wheeler, Phys Rev 46, 1087 (1934)!
Jauch and Rohrlich, The Theory of Photons and Electrons (1959)

• The Breit-Wheeler cross-section!
!
!
!
!
is, at its peak, of the same order as that of 
Compton scattering and Dirac annihilation.!

• However, to create matter from a massless 
state, the centre-of-mass energy must be at 
least 2m.!

• It has previously not been possible to promote 
enough photons above threshold for the 
process to be observable and Breit-Wheeler 
pair production has eluded any direct 
detection.
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Breit-Wheeler and Klein-Nishina cross-sections
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Breit-Wheeler Process, why so elusive?

oSame peak cross section as Compton 
scattering and Dirac annihilation 

oCross section, !## peaks at 10$%&m2

oCreating matter from massless state, 
remember : $ = &'%
o center of mass energy must be $ ≥ 2'#
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Breit-Wheeler Pair Production Cross Section $!!:

https://agenda.infn.it/event/8532/contributions/74190/attachments/53971/63642/O_Pike_LNF_231014.pdf


SLAC E-144 Experiment
• Non-linear Breit-Wheeler Process: ( + *(' → ,(,$
• Two step process: Compton backscattering

• Energy threshold requires ( > 4with ( = 6.44

→No pair measurements

→No angular measurements

Progress Towards the Breit-Wheeler Process
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46.6GeV electron beam

%"

10#$W/cm% laser

%"
%&

Excess of ~100
positrons detected 
in 20,000 shots

Burke et al., PRL79, 1626 (1997)
Hu & Müller, PRL107, 090402 (2010)



Photon Scattering with Ultra-Strong Lasers
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Due to advances in laser technology and 
experimental designs, the achievability of the linear 
Breit-Wheeler process with ultra-strong lasers is 
nearing realization. 

> 011 MeV 5-rays from high energy electron beam

+
> keV X-ray field inside an NIF hohlraum

= 01, 111 pairs / shot

Setup capable of achieving energy threshold:

7'(7') > 8*9)

Many Laser-based experimental concepts for achieving the Breit-Wheeler process

Cannot cover them all



COLLI SION OF TWO LI GHT QUANTA i09i

for the transformation of momentum and energy.
The collision cross section for pair production
over all angles depends only on t'o'devi and
one may thus use Eqs. (21) for the calculation
of these cross sections for any angle between
light quanta by applying

o' =sin' (rp/2) o ((vi'vq') & sin (y/2)) v (23')

The polarizations of the light quanta are changed
by the Lorentz transformation and thus only
(21.3) has in general a simple meaning. '
Using Eq. (17'), comparing it with Eq. (18')

and Eq. (21.3), one obtains the probability of
recombination per unit volume per second as

c~.ov(o/2) (~P)
in the frame of zero momentum in terms of the
electron and, positron densities p., p„. Trans-
forming to a frame in which the electrons are
at rest one has

As for pair productions the number of recom-
binations per unit volume per unit time is
Lorentz invariant and thus in E' (system where
electron is at rest) this number per unit electron
and positron density is

This is Dirac's recombination formula with
Dirac's n =cosh 20. One could also derive (21.3)
from Dirac's recombination formula and the
relations (17'), (18'). The other formulas (20),
(21) require, however, the more detailed calcu-
lations, the results of which were reported
above.
As has been reported at the Washington

meeting, pair production due to collisions of
cosmic rays with the temperature radiation of
interstellar space is much too small to be of any
interest. We do not give the explicit calculations,
since the result is due to the orders of magnitude
rather than exact relations. It is also hopeless to
try to observe the pair formation in laboratory
experiments with two beams of x-rays or p-rays
meeting each other on account of the smallness
of cr and the insufficiently large available densities
of quanta. In the considerations of Williams,
however, the large nuclear electric fields lead to
large densities of quanta in moving frames of
reference. This, together with the large number
of nucleii available in unit volume of ordinary
materials, increases the effect to observable
amounts. Analyzing the field of the nucleus into
quanta by a procedure similar to that of v.
Weizsacker, 4 he finds that if one quantum hv
per cm' is incident on a nucleus of charge Ze then
the number of pairs produced is'

' Two light waves polarized parallel or perpendicular to
each other retain their relative polarization when viewed
from another frame of reference if they travel in the same
direction. If, however, they travel in opposite directions
the relative polarization is in general changed. On the
other hand, an unpolarized beam remains unpolarized
when viewed from any frame of reference. Thus Eq. (21.3)
in conjunction with (23') always applies to the collision of
a quantum with quanta having random polarizations.
For quanta colliding head-on the relative polarizations

are the same as in the frame of zero momentum, and for
such quanta Eq. (23') with cr as given by Eqs. (21.1), (21.2)
may be applied directly to. the calculation of collisions
between quanta polarized parallel or perpendicular to
each other whether the total momentum is zero or not.

where a(C) is given by Eq. (21.3), hv=mc'$ and
a =2m.e'/hc. The evaluation of the integral shows
tha, t o(P) is in asymptotic agreement with the
corresponding formula of Heitler and Sauter'
for high P.

4 C. F. v. Weizsacker, Zeits. f. Physik 88, 612 (1934).' We are very much indebted to Dr. E. J, Williams for
permission to quote his results.
'W. Heitler and F. Sauter, Nature 132, 892 (1933).

Cf. also J. R. Oppenheimer and M. S. Plesset, Phys. Rev.
44, 53 (1933).

DECEM HER 15, 1934 P H YS I CAI REVI EW VOI-U M E

Collision of Two Light Quanta
G. BREIT AND JQHN A. WHEELER, **Department of Physics, ¹mYork University

(Received October 23, 1934)

The recombination of free electrons and free positrons
and its connection with the Compton effect have been
treated by Dirac before the experimental discovery of the
positron. In the present note are given analogous calcula-
tions for the production of positron electron pairs as a
result of the collision of two light quanta. The angular
distribution of the ejected pairs is calculated for diff'erent

polarizations, and formulas are given for the angular dis-
tribution of photons due to recombination. The results are
applied to the collision of high energy photons of cosmic
radiation with the temperature radiation of interstellar
space. The effect on the absorption of such. quanta is found
to be negligibly small.

~WO simultaneously acting light waves with
vector potentials

A;=a;* exp {—(~;l—k;r) I
+a; exp {2(cv;t—k,r) } (1)

are considered as acting on an electron. Under
the inliuence of the waves a single electron wave
function P'2) is changed, and the perturbed
function may be expanded according to powers
of a, u*. The phenomena of pair production and
of recombination have to do with the terms in
a&*a2* and. u1c&, respectively, as is obvious frorr1
the theory of quantization of light waves. We
consider first the pair production. We let the
function $(0) represent an electron in a negative
energy state. It is convenient for practical
applications to normalize P"& so as to have the
electron density equal to unity. It is also un-
necessary to use quantized light waves in the
pair production problem, since the results with
quantized waves are known to be identical with
those obtained by means of ordinary waves.
'As a result of the calculation one finds that at
a time t after the application of the waves the
wave function contains a term which may be
interpreted as referring to an electron in a
positive energy state with a momentum and a
spin coordinate which are functions of the
original momentum and spin and of the momenta
and polarizations of the light quanta. The
density of electrons corresponding to this wave
function may be put into the form

* Now at Department of Physics, University of Wis-
consin.**National Research Fellow now at Copenhagen.

8W=c(P22+m2c2) 2+ W1—h1 1—hv2,
W1=—W, (3)

where P2 Pl+Pl+ P2
is the final momentum of the electron and
P1, P& are the momenta of the quanta. The total
electron density due to the two light quanta is
obtained by summing expression (2) over all
possible states of negative energy. The equal and
opposite spin directions for every p& contribute
to the density. One is thus only interested in
the average for 8 over the different directions 0.

of the positron spin. This average will be called8'. There are 2P1'dP1d~1 U/h' electronic states
of negative energy in the fundamental volume V
for which the momentum is p1 and the direction
is within the solid. angle dco1. Each of (hese has
a density 1/ U. The number of positron electron
pairs produced per cm' corresponding to the
absolute value of positron momentum being
between p1 and p1+dp1 in the direction —P1 and
in solid angle ds&1 is thus obtained from (2) by
multiplying it by 2P1'dp1dco1/h'. Integrating over
dpi, and making use of

d(5W) ~ I Pl/Wl+P1P2/P1W2jdp1 (3)

—exp ( 2tbw—/h) I2/(Bw)'. (2)

Here 8 is a dimensionless number depending on
initial momenta and spin and the polarizations
of the quanta. 6$' is the difference in energy of
the initial and the final states. Thus if S'
=—IWI is the energy of the electron in its
initial state and if hv1, kv2 are the energies of the
quanta, then

1087

Breit-Wheeler Process, why so elusive?
oAlready in 1934 Breit and Wheeler knew it was hard, maybe impossible?
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where a(C) is given by Eq. (21.3), hv=mc'$ and
a =2m.e'/hc. The evaluation of the integral shows
tha, t o(P) is in asymptotic agreement with the
corresponding formula of Heitler and Sauter'
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4 C. F. v. Weizsacker, Zeits. f. Physik 88, 612 (1934).' We are very much indebted to Dr. E. J, Williams for
permission to quote his results.
'W. Heitler and F. Sauter, Nature 132, 892 (1933).

Cf. also J. R. Oppenheimer and M. S. Plesset, Phys. Rev.
44, 53 (1933).
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* Now at Department of Physics, University of Wis-
consin.**National Research Fellow now at Copenhagen.
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Breit-Wheeler Process, why so elusive?
oAlready in 1934 Breit and Wheeler knew it was hard, maybe impossible?
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oOr maybe not impossible!

Gregory Breit

John Wheeler

V. Weizsäcker

E. J. Williams Phys. Rev. 45, 729 (1934)
K. F. Weizsacker, Z. Physik , 612 (1934)

E. J. Williams



Ultra-Peripheral Heavy Ion Collisions 
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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, transverse EM fields can be quantized 
as a flux of quasi-real photons 

01 ≈ 1 →High photon density

Ultra-strong electric and magnetic fields:

→ Expected magnetic field strength 4 ≈ 560> − 560?T

Test QED under extreme conditions

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

Skokov, V., et. al. Int. J. Mod. Phys. A 24 (2009): 5925–32

Daniel Brandenburg | BNL (CFNS)
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[1]

K. Hattori and K. Itakura, Photon and Dilepton Spectra from Nonlinear QED Effects in 
Supercritical Magnetic Fields Induced by Heavy-Ion Collisions, Nuclear and Particle Physics 

Proceedings 276–278, 313 (2016).



The Central Challenge
Similar to the laser experiments, central challenge is to precisely 
distinguish pair production mechanism
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Virtual photon scattering
1934, Landau & Lifshitz

Phys. Z.6, 244

Bethe-Heitler Pair Production
1932, Anderson, Science 76,238
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Virtual photon scattering
1934, Landau & Lifshitz

Phys. Z.6, 244
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1932, Anderson, Science 76,238
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STAR in !""# ∶ ⁄&' (( → *!*" &+#
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In that paper and subsequent papers from 

community, assume that difference between 

EPA and QED (near 8G ≈ 0) results from 

significant photon virtuality

Higher order processes may reduce cross 

section by ~20%

→ Unable to definitively determine process

Daniel Brandenburg | BNL (CFNS)

One unavoidable difficulty in studying this reaction at an
ion collider is that e+e− pairs are dominantly produced with a
forward-backward topology. The angle between the electron
momentum and the two-photon axis in the two-photon rest
frame, !*, is usually small. Only a small fraction of the pairs
are visible in a central detector, limiting the statistics.
This analysis presents data taken in 2001 with the Sole-

noidal Tracker at the RHIC (STAR) detector at the Relativ-
istic Heavy Ion Collider (RHIC). Tracks were reconstructed
in a large cylindrical time projection chamber (TPC) [24]
embedded in a solenoidal magnetic field. The track position
and specific energy loss !dE /dx" were measured at 45 points
at radii between 60 and 189 cm from the collision point.
Many of the tracks used in this analysis had low transverse
momenta pT and curved strongly in the magnetic field, and
therefore had less than 45 reconstructable points. This analy-
sis used data taken in a 0.25 T magnetic field (half the usual
value).
This analysis used about 800 000 events selected by a

minimum bias trigger [25]. This trigger selected events
where both gold nuclei broke up, by detecting events with
one or more neutrons in zero degree calorimeters (ZDCs)
[26] upstream and downstream of the collision point. The
two ZDC hits were required to be within 1 nsec of each
other. With the beam conditions and ZDC resolution, this
selected events along the beam line within #30 cm of the
detector center.
The signature for e+e− production is two reconstructed

tracks which formed a primary vertex along the beamline
and which had specific energy losses consistent with those of
electrons. Event vertices were found by an iterative proce-
dure [12]. The analysis accepted events with a vertex con-
taining exactly two tracks. Up to two additional nonvertex
tracks were allowed in the event, to account for random
backgrounds.
Tracks were required to have pT"65 MeV/c and pseudo-

rapidity $#$$1.15. In this region, the tracking efficiency was
above 80%. Tracks were also required to have momenta
p$130 MeV/c, where dE /dx allowed good electron/hadron
separation. In this region, the identification efficiency was
almost 100%, with minimal contamination. Pairs were re-
quired to have masses 140 MeV$Mee$265 MeV. The pair-
mass spectrum falls steeply with increasing Mee, so few lep-
tons from pairs were expected with higher momenta. Pairs
were required to have pT$100 MeV/c and rapidity
$Y$$1.15. The pair cuts remove a very few background
events, but leave the signal intact. These cuts selected a
sample of 52 events.
The data were corrected for efficiency using simulated

events based on the equivalent photon calculation and the
standard STAR detector simulation and reconstruction pro-
grams. The distributions of the number of hits and track fit
quality, the vertex radial positions, and the track distance of
closest approach matched in the data and simulations [12].
The resolutions were found to be 0.017 for pair rapidity,

0.01 for track rapidity, and 6 MeV for pair-mass. The pair pT
resolution varied slightly with pT, but averaged about
4 MeV/c. After accounting for this pT smearing, the effi-
ciency was found to be independent of pT.
There are two backgrounds in this analysis. Incoherent

(mostly hadronic) backgrounds produce both like-sign and

FIG. 2. (Color online) (a) The pair-mass distribution, (b) pair pT,
(c) pair rapidity, and (d) pair cos!!!" distributions. The data (points)
are compared with predictions from the EPA (solid histogram) and
lowest-order QED (dashed histogram) calculations. The error bars
include both statistical and systematic errors.

J. ADAMS et al. PHYSICAL REVIEW C 70, 031902(R) (2004)

RAPID COMMUNICATIONS

031902-4

STAR Collaboration, et al. Physical Review C, vol. 70, no. 3, 
Sept. 2004, p. 031902. APS, doi:10.1103/PhysRevC.70.031902.

Annu. Rev. Nucl. Part. Sci. 2005.55:271-310

By 2005, review paper (with nearly 500 citations) states:

https://doi.org/10.1103/PhysRevC.70.031902


A Novel Approach for the Breit-Wheeler Process

1. Photon Energy Spectrum

• Transverse Momentum 

distribution

• Invariant mass distribution

• Impact parameter dependence

2. Angular Distribution

• Distinctive polar angle 

distribution

• Azimuthal modulations predicted 

for real photon (transversely 

polarized)
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→ Perform a precision measurement of the differential cross sections

General density matrix for the two-

photon system:

Spin 1 Photon helicity - = (−, 0, +)
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0
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→ Perform a precision measurement of the differential cross sections

General density matrix for the two-

photon system:

Spin 1 Photon helicity - = (−, 0, +)
Helicity 0 : Forbidden for real photon

Real photon: Allowed ;H states: <±, 6±
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A Novel Approach for the Breit-Wheeler Process

Angular distribution allows 
identification of quantum 
numbers - e.g. Higgs Boson
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→ Perform a precision measurement of the differential cross sections

General density matrix for the two-

photon system:

Spin 1 Photon helicity - = (−, 0, +)
Helicity 0 : Forbidden for real photon

Real photon: Allowed ;H states: <±, 6±
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Pietro Faccioli,
https://indico.cern.ch/event/246009/attachments/422282/586290/CERN_23_4_2013_no_animations.pdf

https://indico.cern.ch/event/246009/attachments/422282/586290/CERN_23_4_2013_no_animations.pdf


Signatures of the Breit-Wheeler Process

1. Exclusive ,(,$ pair production

2. Photon helicity +/-1 only

• Smooth invariant mass spectra                               
(No vector mesons)

• Individual *!*" preferentially aligned along 
beam direction

3. Energy Spectrum:

• Production peaked at very low +#
(pair transverse momentum)

• Impact parameter dependence on +#

4. Photon transverse polarization & 

spatial distribution

July 12, 2021 Daniel Brandenburg | BNL (CFNS) 17



!! → ###$ Process in UPCs
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Breit-Wheeler 22 → 3(3$
pair production process

Mutual Coulomb excitation and 
nuclear dissociation
• Provides efficient trigger condition
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→Provides high statistics sample (>6,000 #!#" pairs) for multi-differential analysis



High Purity electron(positron) Identification
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Combination of two STAR 

detectors allows ,(,$ pairs to be 

identified with > 99% purity

Crucial, since photo-nuclear 

production of 7(7$ pairs are 

dominate contribution to UPC 

events
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Pure QED 2 → 2 scattering : 

⁄?@ ?A ∝ ."J ≈ A"J

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

0.220mb 0.260mb 0.260mb

Measurement of total cross 
section agrees with theory 
calculations at ±"- level

D EE → F!F" in STAR Acceptance: 

arXiv : 1910.12400

Daniel Brandenburg | BNL (CFNS)

GH + GH at JMM = 200GeV

Scale uncertainty: 13%



⁄&' (( → *!*" &+#
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oFirst high precision measurement of 

differential cross section – stringent 

test of theory predictions 

oSTARLight predicts significantly 

lower ⟨8G⟩ than seen in data

o Is the increased 8G observed due to 

significant photon virtuality?

oLet’s look at how the calculation is 

done in the lowest order QED case
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STARLight: S. R. Klein,  et. al. Comput. Phys. Commun. 212 (2017)  258
STARLight is scaled to match measured !(## → %!%")

arXiv : 1910.12400
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Photon virtuality and differential cross section
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o Still only models, can we experimentally investigate impact parameter dependence :

→Compare UPC vs. same process at a different ⟨M⟩ (mean impact parameter)
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Note: gEPA1 vs. gEPA2 : gEPA2 includes 
phase term to approximate full QED result

o QED (and gEPA parameterization) describe data 
o Larger ⟨+#⟩ from impact parameter dependence 
o No evidence for significant photon virtuality

Zha, W., Brandenburg, J. D., Tang, Z. & 
Xu, Z. Phys. Lett. B 800, 135089 (2020).
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UPC vs. Peripheral
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In UPC we can measure the 

quasi-exclusive "" → #!#"

process.

In peripheral collisions we 

can statistically isolate the 

spectra from the "" →
#!#" process.

STAR Collaboration, J. Adam, et al., 
Phys. Rev. Lett. 121, 132301 (2018).

Spectrum from peripheral collisions is significantly broader than 

spectrum from UPC, possible medium effect?



!! → ###$ : UPC vs. Peripheral 
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[1] STAR, Phys. Rev. Lett. 121 (2018) 132301

[2] S. R.  Klein, et. al, Phys. Rev. Lett. 122, (2019), 132301 

[3] ATLAS Phys. Rev. Lett. 121 (2018) , 212301

arXiv : 1910.12400 '#$ (MeV/c) UPC Au+Au 60-80% Au+Au

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

Daniel Brandenburg | BNL (CFNS)

Characterize difference in spectra via ⟨+#
$⟩

o Leading order QED calculation of                              
00 → *!*" describes both spectra (±12)

o Best fit for spectrum in 60 − 80% collisions found 
for QED shape plus                                                               
14 ± 4 (stat.)±4 (syst.) MeV/c broadening

oAdditional broadening has been proposed as a precision probe of medium 

interactions:  due to trapped magnetic field or Coulomb scattering in QGP [1-3]

oFuture measurements may provide needed precision

oImpact parameter dependence recently confirmed by CMS arxiv:2011.05239

https://arxiv.org/abs/2011.05239


Unique signature of the Breit-Wheeler process
What has been shown so far → already enough to 

demonstrate that colliding photons are real with 

respect to ,(,$ pair production for the first time

• Both Breit + Wheeler and Landau + Lifshitz studied the 

theory of photon + photon collisions in the early 30s

• Both BW and LL predicted (their) process in high-energy 

heavy-ion collisions 

Real photons are transversely polarized

Breit & Wheeler predict photon polarization 

dependence : 8!9 ≠ 8!∥

July 12, 2021 Daniel Brandenburg | BNL (CFNS) 25

Gregory Breit

John Wheeler

Lev Landau

Evgenni Lifshitz
However, Experimentally accessing polarization 

information is extremely challenging



Breit-Wheeler Process

Optical Theorem

Light-by-Light Scattering

Experimental Anisotropic Polarization Effect
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Recently realized, photon polarization leads to a ;<=(?@A)modulation in polarized 00 → *!*" [1]
The corresponding vacuum LbyL scattering[2] displays a ;<=(!@A)modulation

ΔX = ΔX %& + %" , %& − %"
≈ ΔX %& + %" , %&

[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
[2] Harland-Lang, L. A., Khoze, V. A. & Ryskin, M. G. Eur. Phys. J. C 79, 39 (2019).



First !! polarization sensitive measurement 
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• Polarization vector : 

aligned radially with the 

“emitting” source

• Well defined in the 

photon position 

eigenstates 

• Well defined in terms of 

electric and magnetic 

field directions 



Anisotropic Polarization Effect
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Probe photon with polarization vector C% takes two 
different transverse paths depending on ΔE – the 

angle between C% and C$ (/Z)
Two photon system: 0±, 2±

Upon decay into spin "/! fermions, spin is encoded 
into orbital angular momentum

1. Q[ ⊥ /Z Q[ ∥ QZ → −⟨cos 4ΔX⟩

2. Q[ ∥ /Z Q[ ⊥ QZ → +⟨cos 4ΔX⟩

Feynman Diagram

" from /

Probe 0

\%]^(@) = transmission process aa → aa
cd]e(@) = absorption process aa → %&%" (diagram cut)

Observed 0

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 | BNL (CFNS)

Recently realized that measurement of %&%" angular 
distributions are sensitive to polarization through 

quantum space-momentum correlations



Linearly polarized photon collisions 
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Recently realized, Δ2 = 2∥ − 2# ≠ 0

leads to ;<=(K@A)modulations in 
polarized 00 → *!*" [1]

ΔE = ΔE *! + *" , *! − *"
≈ ΔE *! + *" , *!

−"!"#(%)

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
+
e
� +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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−"!"#(%)

Quantity

Quantity
arXiv : 1910.12400

Daniel Brandenburg | BNL (CFNS)

Peripheral (60−80%)

(%% = 200 GeV

[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
QED calculation: Li, C., Zhou, J. & Zhou, Y. Phys. Rev. D 101, 
034015 (2020).

16.8 ± 2.5 16.5

27 ± 6 34.5



Linearly polarized photon collisions
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→ First Earth-based observation (N. P- level) of anisotropic photon polarization effect

−"!"#(%)
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+
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
+
e
� +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.

24

−"!"#(%)

Quantity

Quantity
arXiv : 1910.12400

Daniel Brandenburg | BNL (CFNS)

(%% = 200 GeV

Peripheral (60−80%)

Recently realized, Δ2 = 2∥ − 2# ≠ 0

leads to ;<=(K@A)modulations in 
polarized 00 → *!*" [1]

ΔE = ΔE *! + *" , *! − *"
≈ ΔE *! + *" , *!

16.8 ± 2.5 16.5

27 ± 6 34.5

[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
QED calculation: Li, C., Zhou, J. & Zhou, Y. Phys. Rev. D 101, 
034015 (2020).



First Experimental Measurement of Magnetic Field in HICs
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Sensitive to magnetic field strength and spatial distribution:
• Impact parameter dependence of :9
• Amplitude of cos 4Δ@ modulation 

• (photon polarization provides connection to magnetic field)
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132.6 117.6 113.6 109.9 101.9 91.1 83.4 70.0 70.3 59.5 55.9 52.4 45.6 38.5 39.3 32.1 29.9 23.3 22.4 17.9 16.4 14.5 11.9 10.5 9.6 8.5 8.7 8.1 9.0 9.2 9.9 10.8 12.2 13.8 15.3 17.8

127.6 116.7 108.1 93.0 91.3 83.5 82.9 72.3 64.8 57.5 52.1 50.2 41.5 38.9 33.2 30.1 24.8 22.3 19.3 16.6 14.5 13.9 11.0 10.8 9.6 9.1 7.9 8.0 8.6 9.3 10.2 11.4 13.1 14.2 16.8 19.5
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82.5 79.3 75.1 66.6 60.9 57.2 51.2 47.7 41.2 37.3 34.3 29.9 26.5 24.4 20.8 19.4 16.0 14.6 12.7 11.2 9.5 9.4 8.9 9.0 8.6 8.7 9.0 10.1 10.8 11.9 13.8 15.1 17.2 19.4 21.6 25.8

70.5 59.9 58.2 54.9 51.4 44.9 38.2 36.7 33.3 30.4 26.0 22.5 21.0 20.3 16.3 13.9 12.9 10.8 11.5 9.9 9.5 8.8 8.5 8.6 9.2 9.8 11.3 11.9 12.9 14.5 16.3 17.7 20.4 22.6 24.8 28.4

56.7 49.6 46.7 39.6 38.1 34.6 29.7 29.7 24.9 21.2 17.4 17.4 16.5 13.9 12.6 11.6 10.8 9.1 9.0 8.6 8.2 8.8 9.6 10.0 10.4 11.7 13.1 14.4 15.7 18.2 19.1 21.5 23.3 25.8 29.2 32.1

37.9 36.2 34.3 31.2 28.1 25.6 21.9 18.6 18.6 17.1 15.2 13.2 11.7 11.3 9.6 8.5 8.6 8.9 9.1 9.1 9.2 9.9 10.8 11.4 12.9 14.8 16.1 17.3 19.8 21.1 23.1 25.6 28.3 30.4 34.7 38.9

27.7 25.4 22.7 22.0 17.5 19.0 15.9 14.1 12.7 11.3 11.4 10.2 9.6 8.7 8.7 8.9 9.0 9.8 10.2 10.6 11.3 12.7 14.3 14.4 16.5 18.3 19.5 21.7 23.6 25.4 28.8 31.7 33.6 37.3 40.3 43.2

19.3 16.9 16.0 16.4 12.8 12.7 11.0 11.1 9.4 9.5 9.1 9.2 8.7 9.0 10.3 9.7 11.0 11.8 12.4 13.9 14.8 15.9 17.0 18.6 21.0 23.3 25.0 27.0 29.6 31.6 34.3 36.8 40.4 43.5 45.9 50.0

13.8 13.0 11.2 11.1 11.0 9.1 9.9 8.9 9.1 9.4 10.1 9.9 10.5 11.0 12.2 12.9 13.8 15.2 15.7 17.7 19.0 19.8 22.4 24.5 26.5 28.6 31.2 33.3 35.6 39.1 40.7 44.8 47.7 51.0 53.7 57.7

9.9 10.0 9.8 9.5 10.3 10.0 9.6 10.3 10.1 11.4 12.1 12.6 14.0 14.5 16.2 17.0 18.1 19.8 21.8 23.3 25.8 27.1 29.2 30.6 33.2 35.8 39.3 40.6 43.3 46.9 48.7 52.7 55.5 58.0 63.3 66.1

10.2 10.4 10.4 11.0 10.9 11.6 12.8 12.9 13.7 14.6 16.6 17.7 18.7 19.9 21.6 23.0 24.9 26.0 28.1 30.0 32.4 34.4 36.2 38.8 42.0 43.7 46.9 49.0 52.6 55.2 58.1 60.4 65.2 67.3 70.8 75.2

(1n1n events)Fit to dσ/dP σ1± σ2±

Data & QED 
comparison

See: JDB, W. Zha, Z. 
Xu, arxiv:2103.16623
for details

Peak value for single ion: / ≈ 0.7 ×10[fTesla ≈ 10,000× stronger than Magnetars

Skokov, V., et. al. Int. J. Mod. Phys. A 24 (2009): 5925–32

D. E. Kharzeev, et. al., Nuclear Physics A 803, 227 (2008).

Confirmation of decade old predictions 
!

https://arxiv.org/abs/2103.16623


Fundamental Interactions : light & matter
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Compton Scattering 
1906 Thomson, Conduction of 

Electricity through Gases

Photo Electric Effect
1887 Hertz, Ann Phys 

(Leipzig) 31, 983

Bremsstrahlung
1895 Röntgen, Ann Phys 

(Leipzig) 300, 1

Based on slide by O. Pike

Bethe-Heitler Pair 
Production

1932, Anderson, 
Science 76,238

!!

" "⋆

Single Photon 
Annihilation

1933, Blackett & 
Occhialini, Proc R Soc 

Lond A 139, 699

Dirac Annihilation
1934, Klemperer, 

Proc Camb Phil Soc 
30, 347

Breit-Wheeler pair 
production

Predicted 1934

2021, STAR

https://agenda.infn.it/event/8532/contributions/74190/attachments/53971/63642/O_Pike_LNF_231014.pdf


Summary

1. Observation of the Breit-Wheeler process in HICs
2. First Earth-based observation of anisotropic photon 

polarization effect :
Observed (6.7@) via angular modulations in linear polarized "" → #!#" process

3. Novel experimental measurements sensitive to EM field 
strength and distribution in space.
➜ First experimental measurement that HIC produce the strongest 

magnetic fields in the Universe ≈ 10QR Tesla

More work needed to constrain magnetic field topology, to test 
for possible medium effects, explore QED in the strong field 
regime – Exciting opportunities lie ahead
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Thank You
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Quantum Electrodynamics 
Three important discoveries that alter the classical picture:

oEinstein’s energy-mass equivalence: . = '[Z

oUncertainty principle: Δ.Δ\ ≥ ℏ/2
oExistence of positron : Dirac predicts negative electron energy 

states (1928), Anderson discovered positron in 1932
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Einstein

Anderson



Quantum Electrodynamics 
Three important discoveries that alter the classical picture:

oEinstein’s energy-mass equivalence: . = '[Z

oUncertainty principle: Δ.Δ\ ≥ ℏ/2
oExistence of positron : Dirac predicts negative electron energy 

states (1928), Anderson discovered positron in 1932

→Vacuum fluctuations

o1936: Euler & Heisenberg present modified Lagrangian

oNon-linear → Super-position principle broken!

→ light-by-light scattering possible
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Einstein

Anderson

ℒgh =
[
Zi,

g-

j- − /
Z + k.

i,
g-

j- − /
Z
Z
+ 7 g

j ⋅ / + ⋯

NB: in 1951 Shwinger derived the Lagrangian within QED



Measurements at the LHC
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The ALICE Collaboration., Abbas, E., Abelev, B. et al. Eur. Phys. J. C 73, 2617 (2013). 
https://doi.org/10.1140/epjc/s10052-013-2617-1

• Measurements of total production cross section at LHC

→Note: Must reject vector-meson ( ⁄C D)mass region  

Large experimental and theoretical uncertainty on total cross section

Cross section measurement alone cannot distinguish process



Some Jargon
Various models and theoretical predictions
• EPA = Equivalent photon approximation
• STARLight = Specific EPA implementation used for comparison to heavy-

ion experiment for ~20 years
• Includes some strong (but common) assumptions on photon wave function and 

kinematics – specifically on spatial dependencies 

• Specifically, integrate over all impact parameters

• Generalized EPA (gEPA) = EPA implementation with explicit spatial 
(impact parameter) dependence
• Equivalent to STARLight EPA when integrated over all space

• QED = lowest order calculation of Breit-Wheeler process

oAll predict approximately the same total cross section (few percent)
oDrastically different prediction for  pair !" and correlation between "#, e$
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"" → #!#" : Individual #!/#" preferentially 

aligned along beam axis [1]:

oHighly virtual photon interactions should 

have an isotropic distribution 

oMeasure bl, the angle between the #! and 

the beam axis in the pair rest frame.

[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

& ' = 2 + 4 1 −
4-$

.$
1 − 4-

$
.$ sin$ ' cos$ ' + 4-

$
.$

1 − 1 − 4-
$

.$ cos$ '
$

arXiv : 1910.12400
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0 0.5 1 1.5 2 2.5 3
 process-e+->egg for q

0

0.2

0.4

0.6

0.8

1

2 = 2 GeV/ceeM
2 = 1.2 GeV/ceeM
2 = 0.4 GeV/ceeM

2 = 0.01 GeV/ceeM

Toy	MC	setup
ØIn	e+e- pair	rest	frame,	the	. is	defined	as	the	angle	between	positron	
momentum	and	the	beam	line
• The	. distribution	for	the	--->e+e- has	e+e- pair	mass	dependence
• The	cos. distribution	for	the	hadronic	two-body	decay	is	flat	

312/6/17

NOTE: for virtual photons →
isotropic (flat) distribution
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"" → #!#" : Individual #!/#" preferentially 

aligned along beam axis [1]:

oHighly virtual photon interactions should 

have an isotropic distribution 

oMeasure bl, the angle between the #! and 

the beam axis in the pair rest frame.

⇒Data are fully consistent with d(e)
distribution expected for EE → F!F"

⇒Measurably distinct from isotropic 

distribution

[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
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arXiv : 1910.12400
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STARLight EPA calculation
Core assumptions in STARLight, SuperChic, 

and other similar EPA codes

• The impact parameter is conjugate to pair 

ES, uncertainty principle →must 

integrate over all F > 2H
• Use point charge source

• No production within nucleus

• STARLight manually applies polar angle 

correlations, no azimuthal correlations
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:

; ≈ =

; ≈ =

.

/



Calculating Cross Section for (( → *!*" Process
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Two-photon density 
(arb. norm.)

Generalized EPA & QED Calculations:

• Use Woods-Saxson Form Factor for nuclear charge distribution

• Include production inside nucleus – absorption effects found to be negligible 

• Predict impact parameter dependent fG distribution

EPA Two Photon Distribution gEPA / QED Equivalent Photon Approximation, 
photon density (single ion): 

4 5; 7 =
1
85 9%(7, 5) ≈

1
85 <% 7,5 $ ≈

1
85 =% 7,5 $

=
4>$?
5 @

A$B%
28 $ B%

C B%$ + ⁄5$ E$

B%$ + ⁄5$ E$
F&' (⋅*&

$

Woods-Saxson
"G ion, H = 6.38 fm
7 = 19 fm



Breit-Wheeler Process

Optical Theorem

Light-by-Light Scattering

Breit-Wheeler Process and Light-by-Light Scattering
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The Breit-Wheeler process and 
Light-by-Light scattering are 
intimately connected

According to the optical theorem[1]  
the Breit-Wheeler process is the 
imaginary part of the forward 
scattering amplitude

In QED formalism, the Breit-
Wheeler process is the imaginary 
part of the propagator – i.e. when 
the %&%" masses are real.

Light-by-Light recently observed by 
ATLAS [2] and CMS collaborations

[1] Budnev, V. M., Ginzburg, I. F., Meledin, G. V. & Serbo, V. G. Physics Reports 15, 181–282 (1975).

[2] ATLAS Collaboration et al. Phys. Rev. Lett. 123, 052001 (2019).



Looking to the Future

• Implications for non-perturbative QED?

1. Implications for vacuum birefringence?

2. Schwinger pair production in heavy ion collisions?
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Optical Birefringence
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Birefringent material:  Different index of 
refraction for light polarized parallel (T∥) vs. 
perpendicular (T#) to material’s ordinary axis

Birefringent Material
Linearly polarized 
(vertical) 

Linearly polarized 
(horizontal) 

→ splitting of wave function when  @K = K∥ − K# ≠ U

Ordinary ray

Extra-ordinary ray

Daniel Brandenburg | BNL (CFNS)

wikipedia



Classical Electromagnetism
• Maxwell’s equations are linear

ØSuperposition principle holds
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ℒVWXYYZVXW =
1
2J'

$%

'% − K
% L = M'$

N =
1
J'
K

L =
OℒVWXYYZVXW

O$

N = −
OℒVWXYYZVXW

OK

→Unique speed of light in vacuum:

& = %
&%'%

= 299792458m/s



Vacuum Magnetic Birefringence
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Guido Zavattini ICNFP2019

& = %
&' BUT  .∥ ≠ .) and 0∥ ≠ 0)

Light behaves as if it is traveling through a medium with an 
index of refraction 1*+, ≠ 1

BUT F ≈ 10#,T …



Vacuum Birefringence
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Empty space +
Ultra-strong Magnetic Field

Vacuum birefringence : Predicted in 1936  by 
Heisenberg & Euler. Index of refraction for 0
interaction with [ field depends on relative 
polarization angle wrt B-field direction

Linearly polarized 
(vertical) 

Linearly polarized 
(horizontal) 

R. P. Mignani, et al., Mon. Not. Roy. Astron. Soc. 465 (2017), 492

[1]
K. Hattori and K. Itakura,, Annals of 
Physics 330, 23 (2013).
[1]
K. Hattori and K. Itakura, Annals of 
Physics 334, 58 (2013).



Implications for vacuum birefringence
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F. D. Valle, A. Ejlli, et al., Eur. Phys. J. C 76, 24 (2016). https://doi.org/10.1140/epjc/s10052-015-3869-8

First observation of light experiencing 
transverse anisotropy wrt. B-field.

In HICs, EM-field strength:

F-./ ≈ 10#0 T ≫ F1 ≈ 102 T

Fields are well above critical field 
strengths, but act over very short time:

Δ\ ≈
(
)* ≈ 10"$+ s

Cannot be considered a static classical field

Unlike the normal theoretical picture, in this case:
both photons are real and soft  (N% ≈ OPMeV/c )
and all photons are manifestations of strong EM fields

However, currently there are no evidence of higher-order 
effects – looking forward to input from more theoretical 
investigations.

" from /

Probe 0 Observed 0

Hattori, K., Taya, H. & Yoshida, S . J. High Energ. Phys. 2021, 93 (2021). 
https://doi.org/10.1007/JHEP01(2021)093

https://doi.org/10.1140/epjc/s10052-015-3869-8
https://doi.org/10.1007/JHEP01(2021)093


The Schwinger Production Mechanism
• Schwinger mechanism is a non-perturbative QED effect

• In HICs the $]X^ ≈ 5×10Q_ V/cm ≫ $V ≈ 10Q_V/cm

• Observation of Breit-Wheeler process → lowest order process, currently no 

evidence of higher-order effects 
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Some authors have predicted that higher order 
processes should be present due to no ≈ 1

Possible to investigate Schwinger mechanism 
experimentally in HICs?
• Precise measurements at lower beam energy –

where the fields vary more slowly →more closely 
resemble a classical field

• Effect of long-lived EM-fields due to (conductive) 
QGP is formation 

• Need additional theory input for expectation from 
higher order effects – with specific attention to our 
experimental conditions



The Schwinger Production Mechanism
• Schwinger mechanism is a non-perturbative QED effect

• In HICs the $]X^ ≈ 5×10Q_ V/cm ≫ $V ≈ 10Q_V/cm

• Observation of Breit-Wheeler process → lowest order process, currently no 

evidence of higher-order effects 
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Possible to investigate Schwinger mechanism 
experimentally in HICs?
• Precise measurements at lower beam energy –

where the fields vary more slowly →more closely 
resemble a classical field

• Effect of long-lived EM-fields due to (conductive) 
QGP is formation 

• Need additional theory input for expectation from 
higher order effects – with specific attention to our 
experimental conditions

188 L. McLerran, V. Skokov / Nuclear Physics A 929 (2014) 184–190

Fig. 1. Magnetic field for static medium with Ohmic conductivity, σOhm.

The decay of the conductivity owing to expansion of the medium can only decrease the life-
time of the magnetic field and thus will not be considered here. Our simulations are done for
Au–Au collisions at energy

√
s = 200 GeV and fixed impact parameter b = 6 fm. In Fig. 1 we

show time evolution of the magnetic field in the origin "x = 0 as a function of the electric con-
ductivity σOhm. The results show that the lifetime of the strong magnetic field (eB > m2

π ) is not
affected by the conductivity, if one uses realistic values obtained in Ref. [5].

4. Energy dependence

In the previous section, we established that for realistic values of the conductivities the elec-
tromagnetic fields in heavy-ion collisions are almost unmodified by the presence of the medium.
Thus one can safely use the magnetic field generated by the original protons only. This magnetic
field can be approximated as follows

eB(t, "x = 0) = 1
γ

cZ

t2 + (2R/γ )2 , (18)

where Z is the number of protons, R is the radius of the nuclei, γ is the Lorentz factor and, finally,
c is some non-important numerical coefficient. We are interested on the effect of the magnetic
field on the matter, otherwise the magnetic field does not contribute to photon production. Thus
we need to compute the magnetic field at the time tm, characterizing matter formation time.
On the basis of a very general argument, one would expect that tm = aQ−1

s . Here we assumed
that the Color Glass Condensate (CGC) provides an appropriate description of the early stage
of heavy ion collisions, namely Qs $ ΛQCD; in the CGC framework, owing to the presence of
only one dimensional scale, the matter formation time is inversely proportional to the saturation
scale. We also note that if the formation time for a particle is much less than this, the magnetic
field has a correspondingly larger effect, as the magnetic field is biggest at early times. The
phenomenological constraints from photon azimuthal anisotropy at the top RHIC energy demand
tm ≈ 2R/γRHIC, i.e. a = 2RQRHIC

s /γRHIC. Using this relation, we can estimate the magnitude of

L. McLerran, V. Skokov, Nuclear 
Physics A 929 (2014) 184–190 


