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The Breit-Wheeler process which produces matter and anti-matter from photon collisions is in-
vestigated experimentally through the observation of 6085 exclusive electron-positron pairs in ultra-
peripheral Au+Au collisions at /s,y = 200 GeV. The measurements reveal a large fourth-order



angular modulation of cos4A¢ = (16.8 £ 2.5)% and smooth invariant mass distribution absent
of vector mesons (¢, w and p) at the experimental limit of < 0.2% of the observed yields. The
differential cross section as a function of ete™ pair transverse momentum P, peaks at low value
with y/(P?) = 38.1 £ 0.9 MeV and displays a significant centrality dependence. These features
are consistent with QED calculations for the collision of linearly polarized photons quantized from
the extremely strong electromagnetic fields generated by the highly charged Au nuclei at ultra-
relativistic speed. The experimental results have implications for vacuum birefringence and for
mapping the magnetic field which is important for emergent QCD phenomena.

When an electron at rest annihilates with its antimat-
ter counterpart, a positron [1}7 the process results in
the isotropic and monochromatic emission of two pho-
tons [2, 3]. In 1934, Breit and Wheeler studied the
theory of the reverse process of “collision of two light
quanta” [4] to create electron-positron pairs. The original
Breit-Wheeler study [4] realized the near impossibility of
achieving v-ray collisions in existing Earth-based experi-
ments and proposed an alternative approach with photon
collisions originating from highly charged nuclei passing
each other at ultra-relativistic speeds. Breit and Wheeler
derived the cross section for photon-photon fusion (o)
into ete™ pairs, and used the work from Williams and
Weizsécker [5, 6] demonstrating that a Lorentz-boosted
Coulomb field in a certain kinematic phase space, prop-
agated as a nearly transverse electromagnetic wave, can
be quantized into a flux of real photons in the so-called
equivalent photon approximation (EPA) to establish a
viable source of photons.

Since photons are spin 1 particles, in general their he-
licity (J.) may take values —1,0, or +1. While real pho-
tons are massless and do not allow the J, = 0 state,
short-lived virtual photons may carry a virtual mass (vir-
tuality) with a possible J, = 0 state in their role as an in-
termediate propagator of the electromagnetic force. The
consequences for the produced eTe™ in a collision of two
real photons are a dramatic suppression of the produc-
tion of vector mesons (spin 1 particles) and a preferential
alignment of the e* momentum along the photon propa-
gation axis (i. e., an anisotropic distribution in the polar
angle 6).

Another consequence of the quantum nature of the
real photon intrinsic spin and wave-function is that the
parallel and perpendicular relative polarization angles
in photon-photon collisions result in distinct differential
cross sections (Eq. 5.12 in Ref. [7] and Eq. 15 in Ref. [§]).
It was realized only recently that these effects could
be accessed experimentally in ultra-relativistic heavy-ion
collisions [9] since the transverse momentum of the pair is
correlated with the polarization of the photons. For lin-
early polarized photons, the distinct differential cross sec-
tions lead to a cos 4A¢ angular distribution (see Fig. 1),
where A¢ is the azimuthal angle in the laboratory frame
between the momentum of the eTe™ pair and one of the
daughters (e*) [9]. Fundamentally, the angular modula-
tions, both in 6 and ¢, come about because the total spin
of the J = 2 composite state must be encoded into the
orbital angular momentum of the daughter particles.

In Quantum Electrodynamics (QED), different pro-
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FIG. 1. A Feynman diagram for the exclusive Breit-Wheeler
process and the related Light-by-Light scattering process il-
lustrating the unique angular distribution predicted for each
process due to the initial photon polarization.

cesses of creating an eTe™ pair from the collision of two

photons are defined depending on the virtuality of the
photons and on whether the consideration of higher-order
processes is necessary. There are three possible interac-
tions: the collisions of two virtual photons (as calculated
by Landau and Lifshitz, giving the total cross section
for eTe™ production predominantly at the pair thresh-
old [10]), of one virtual and one real photon (Bethe-
Heitler process [11]), or of two real photons — the Breit-
Wheeler process [4]. It is important to note that all three
processes can be identified in particle colliders in specific
kinematics [12, 13]. The Breit-Wheeler process results in
a strong constraint on the allowed energy distribution,
and is only applicable for the production of ete™ pairs
at large angles (with respect to the beam axis) with large
invariant mass at very small pair transverse momentum.

Creative experimental designs and increasing laser
power may render the exclusive Breit-Wheeler process
achievable at laser facilities [14-17] in the near future.
While the production of eTe™ pairs via virtual photons
is commonplace in high-energy collider experiments, it
has also become well established in past decades that
various processes involving real photons can be achieved
by harnessing the photons of a highly Lorentz-contracted
Coulomb field. As an example, we note the recent ob-
servations of Light-by-Light (LbyL) scattering achieved
by harnessing the same source of photons [18-20]. The
LbyL process is similar to the Breit-Wheeler process in
that it involves the collision of two real photons in the



_, STAR: AutAu at /Sy = 200 GeV
I- 'll

1 Black: All events
Colored: |AATOF| < 4 ns
Below red line: > 99% pure ete™

FIG. 2. The x2, vs. x2, distribution before (after) applying
the |AA TOF| < 0.4 ns criteria in black (color). The ete”
candidates are shown in color below the red lines.

initial state. According to the optical theorem, the Breit-
Wheeler process and the e™e™ channel of LbyL scattering
(see Fig 1) are two parts of the same process — the Breit-
Wheeler process is the vy absorption part and the LbyL
scattering is the transmission part.

Over the decades, the production of ete™ pairs has
been studied at a wide array of hadron and eTe™ collider
experiments [18, 20-33]. However, the existing experi-
mental searches for the Breit-Wheeler process have not
explored its unique features whereby the colliding pho-
tons have the energy spectrum and quantum spin states
of real photons, and whereby any approximations do not
alter the physics result of real photon collisions. Measure-
ment of exclusive photon-mediated processes in ultra-
relativistic nuclear collisions requires that the nuclei pass
one another with an impact parameter (b) larger than
the nuclear diameter, in so-called ultra-peripheral colli-
sions (UPCs), such that no strong interactions can take
place [34]. Measurement of the exclusive Breit-Wheeler
process further requires a technique for isolating the col-
lision of photons in UPCs.

In this Letter, a comprehensive analysis includes si-
multaneous measurement of (a) the total vy — ete~
production rate, (b) the photon energy spectrum with
sufficient precision to demonstrate the relationship with
the initial spatial distribution of the electromagnetic
field, and (c) the allowed helicity states for participat-
ing photons via measurement of the polar angle of the
produced positrons and via measurement of the invari-
ant mass spectra to demonstrate the absence of vec-
tor mesons. Furthermore, we present the first measure-
ment of the unique cos 4A¢ modulation predicted for the
Breit-Wheeler photon-photon fusion process to defini-
tively demonstrate that the interacting photons behave
as real photons with transverse linear polarization.

This measurement of exclusive ete™ pair production

was conducted at the Relativistic Heavy Ion Collider
(RHIC) by the Solenoidal Tracker at RHIC (STAR) Col-
laboration. The measurement uses gold-gold (Au+Au)
collisions at a center of mass energy per nucleon pair
(/Syx~) of 200 GeV. A triggering system based on sig-
nals from several STAR detectors is used to select UPC
events that may contain exclusive eTe™ pairs [36], in con-
junction with the excitation and dissociation of the pass-
ing gold nuclei. This tagging process of mutual Coulomb
dissociation [37, 38] at RHIC is well modeled [39] with
a cross section uncertainty of 5% [40, 41]. In total,
23x10° events were analyzed from the UPC triggered
data taken in the year 2010. The recorded dataset cor-
responds to an integrated luminosity of [ Ldt = 700 +
70 ub~ L.

The most common background process meeting our
trigger requirement is the photo-nuclear production of
a p® meson which decays to w77~ [42]. For this rea-
son, high purity identification of eTe™ pairs is a crucial
ingredient in this measurement. Clean eTe™ pairs are
identified using the measured ionization energy loss by
constructing a Xge(m) = nogl(ﬂ) +na§2(ﬂ2) value, where
noe(r) is the number of standard deviations from the ex-
pectation for an electron or pion mass hypothesis, re-
spectively. Contamination from hadron pairs is further
reduced using the double difference in the time-of-flight
(AATOF) between the two measured tracks and the ex-
pectation for an eTe™ pair calculated using the measured
track momentum and path length [41]. Figure 2 shows
the distribution of candidate pairs before (in black) and
after (in color) applying the AATOF requirement. To-
gether these selection criteria achieve better than 99%
pure ete™ selection.

In addition to the measurements in UPCs, we also
present measurements from collisions in 60 — 80% cen-
trality in which the nuclei interact via the strong force
with an impact parameter between approximately 11.5
and 13.5 fm [43]. For these events, the hadronic and
medium-induced background in the selected kinematic
range is at the level of a few percent and is subtracted
statistically. For more details on the selection and anal-
ysis of these events, see Ref. [43]. The cross section for
exclusively produced ete™ pairs was measured in a fidu-
cial phase space defined by the acceptance for daughter
particles, corresponding to pairs with an invariant mass
of 0.4 < M., < 2.6 GeV and with transverse momentum
of P, < 0.1 GeV. The measured fiducial cross section is
261 +4 (stat.) £13 (syst.) £34 (scale uncertainty [41])
ub for events with one or more neutrons emitted in each
beam direction. Measurements of the production rate
for exclusive ete™ pairs, fully corrected for event selec-
tion and detector effects, are shown in the three panels of
Fig. 3. All observables are reported for kinematic accep-
tance within P, < 0.1 GeV with the M,. limits noted in
each panel.

Figure 3(a) shows the invariant mass of exclusive ete™
pairs. The invariant mass spectrum is smooth and fea-
tureless even in the range of known vector mesons [46].
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FIG. 3. The fully corrected differential cross sections for exclusively produced e™e™ pairs with respect to (a) the invariant mass
M. (and predicted vector-meson background from photoproduction [35]), (b) the polar angle distribution | cos¢’|, and (c) the

pair transverse momentum P, .

Quantity Measured SL gEPA QED
o (ub) 2614+4+13+34 220 260 260
Ultra-Peripheral Peripheral
Measured QED SC SL Measured QED
|Asng| (%) 16.8+2516.5 19 0 2746 34.5
|A2as] (%) 20+24 0 5 5 6%6 0

(P?%) (MeV) 38.1£0.9 37.6 35.4 35.9 50.9 £2.5 48.5

TABLE I. Top row: cross section within the fiducial STAR
acceptance [41] for vy — ete™ compared with theory cal-
culations [35, 44, 45] (SL stands for STARLight, SC for Su-
perChic). The quoted uncertainties on the measured cross
section are for statistical, systematic and the overall scale un-
certainty, respectively. Lower rows: A¢ and /(P%) from
UPCs and 60 — 80% central collisions (peripheral) with the
corresponding theory calculations [8, 35, 44, 45] where ap-
plicable. The fits to the data with Eq. (1) result in x?/ndf
of 19/16 and 10/17 for UPC and 60 — 80% centrality, respec-
tively. The quoted uncertainties are statistical and systematic
uncertainties added in quadrature.

This is a consequence of the quantum numbers of the
two photons involved in the Breit-Wheeler process [47]
where helicity state J, = 0 is absent for real photons but
necessary for exclusive single vector-meson production.
Fits to the Breit-Wheeler shape plus the vector meson’s
mass spectral line shape show the absence of all light
vector mesons and result in the following limits to the
measured ete™ cross section: p at (—0.4 + 1.2)%, w at
(—=0.54+0.3)% and ¢ at (0.24:0.2)%. Potential background
contribution from exclusive photo-nuclear production of
vector mesons [48] with the decay branch p°(¢) — ete™
is simulated in STARLight and shown as purple lines in
Fig. 3(a). The STARLight model is also used to pre-
dict the background from double vector meson produc-
tion (e.g. vy — p°p°) where one vector meson decays
to an eTe™ pair. The cross section for such a process
is several orders of magnitude lower than the exclusive
photoproduction of a single p° [48]. In addition, such a
process of semi-inclusive p® production results in a broad

p° transverse momentum distribution and is estimated to
be less than 10~° times the already negligible background
contribution from photo-nuclear production of p°.

Figure 3(b) shows the | cos #’| distribution, in which ¢’
is the polar angle of the et momentum vector with re-
spect to the beam, measured in the ete™ center-of-mass
frame. The main structure, the fall-off of | cos€’|, is the
result of the gross detector acceptance that limits detec-
tion of particles to 45° < 0 < 135°. However, the Breit-
Wheeler process exhibits an enhancement toward small
polar angle, measurably different from that of isotropic
ete™ emission. The contribution from isotropic ete™
emission is determined via a template fit and found to
be consistent with zero [(1 & 2)% of the measured cross
section].

In Fig. 3(c), we show the differential cross section as a
function of the pair transverse momentum (P, ) in UPCs
compared with the same distribution in 60 — 80% central
collisions to demonstrate the sensitivity of the process
to the initial geometry of the colliding electromagnetic
fields. The data show a clear peak in the production rate
at very low P, . The shapes of the spectra are quantified
by the spread in the transverse momentum plane (via

(P?)) calculated from the data where available plus
an exponential fit to estimate the additional contribution
above the measured range [43] (see Table I).

Finally, Fig. 4 shows the first measurement of the angu-
lar distribution A¢ for eTe™ pairs produced in photon-
photon collisions. Distributions from both UPCs and
60 — 80% central collisions are shown with fits to a func-
tion of the form:

f(A@) = C(1+ Aang cos2A¢ + Asng cos4Ag), (1)

where C is a constant and Aaag (Asag) is the magni-
tude of a cos2A¢ (cos4A¢) modulation. The observed
magnitude of the cos2A¢ and cos4A¢ modulations are
reported in Table I. These data were not unfolded to
remove momentum resolution effects, which contribute
a +1.5% and 43.5% correction for UPCs and 60 — 80%
central collisions, respectively [41]. The data presented
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FIG. 4. The A¢ = ¢pee — ¢, distribution from UPCs and
60 — 80% central collisions for M. > 0.45 GeV with calcula-
tions from QED [44], STARLight [35] and from the publicly
available SuperChie3 code [8].

in Figs. 3 and 4 are plotted with statistical (vertical bars)
and systematic (boxes) uncertainties [41].

The measured fiducial cross section is compared with
two calculations that incorporate mutual Coulomb exci-
tation, nuclear dissociation, and the production of ete~
pairs according to the Breit-Wheeler photon-photon fu-
sion cross section. The QED theory is a numerical calcu-
lation of the differential cross sections at the lowest-order
QED as illustrated in Fig. 1. The prescription in Ref. [13]
was followed in a new implementation in Ref. [45]. The
STARLight model [35] implements a conventional EPA,
factorizes photon flux into energy and transverse mo-
mentum spectra independently and excludes the pho-
ton flux inside nuclei. The consequential features are
a lower cross section due to the exclusion as shown in
Fig. 3(a), a softer P, distribution independent of im-
pact parameter as shown in Fig. 3(c) and the absence
of any azimuthal anisotropy. We list the predicted to-
tal cross section within the STAR acceptance from these
calculations (Table I). A third model calculation using
generalized EPA (gEPA) is also presented. It performs
a multi-dimensional integration of the form factors and
the Breit-Wheeler cross section over the specific impact
parameter [45]. The total measured cross section agrees
with all three calculations at the +1o level. The dis-
tributions presented in Figs. 3 and 4 are all, within
uncertainties, consistent with the expectation from the
Breit-Wheeler process alone. We observe a significant
(4.80) increase in the \/{P?) in 60 — 80% central colli-
sions compared to the same quantity in UPCs. For the
60— 80% central data, the large uncertainties allow room
for some additional broadening of the P, distribution.
A best fit value is found using the Breit-Wheeler dis-
tribution convoluted with a Gaussian having a width of
o = 14+4(stat.) +4(syst.) MeV (x?/ndf = 3.4/6). These
data demonstrate that the energy spectrum of the collid-
ing photons depends on the nucleus-nucleus impact pa-
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rameter, and therefore, on the spatial distribution of the
electromagnetic fields. Both spectra are well described
(total production rate and differential shape) by the QED
calculations which include this dependence [44, 45] and
invalidate several existing models [8, 9, 35, 45] that ne-
glect it. These observed features of the Breit-Wheeler
process provide experimental confirmation of fundamen-
tal QED predictions.

In UPCs, the cos4A¢ modulation is observed with
an amplitude of (16.8 £+ 2.5)%. The data are in good
agreement with numerical lowest-order QED calculations
which predict an amplitude of 16.5%. The data are also
compared to predictions from the STARLight [35] and
SuperChic [8] models. STARLight, which includes the
single-photon kinematics for the process but does not
employ any polarization-dependent effects, predicts an
isotropic distribution. SuperChic is a model similar to
STARLight, but with the photon helicity dependence de-
termined by the orientation of the electromagnetic fields
in the transverse plane.

When the collisions are defined as a flux of photons
from the projectile nucleus traversing a circular magnetic
field generated by the target nucleus [49-52], the obser-
vation of a separation in the differential angular distri-
bution of the produced particles relative to the initial
photon polarization and magnetic field angle is closely
related to the phenomenon of birefringence. The striking
thing about this observation is that it occurs through the
electromagnetic field which polarizes the vacuum in the
absence of a medium [53].

Vacuum birefringence [53] is a phenomenon in which
the refractive index of empty space depends on the rela-
tive angle between the photon polarization and the mag-
netic field direction. The only other evidence associated
with vacuum birefringence since its prediction has been
the observation of an enhanced linear polarization of light
reaching Earth after traversing strong magnetic fields
generated by pulsars [54]. Since photons, and more gen-
erally electromagnetic fields, cannot interact with each
other directly, the Feymann diagram shown in Fig. 1
represents the simplest process by which such an interac-
tion can occur, and relates to the imaginary part of the
refractive index [49, 50]. Some authors suggested that
such a phenomenon is more closely related to the vacuum
dichroism [55]. However, direct measurement of the real
part of the refractive index of the vacuum birefringence
effect through a similar azimuthal angular distribution
of outgoing photons in UPCs, as proposed in Ref. [50],
may be quite challenging. Similar proposed experiments
that make use of ultra-strong lasers and their generated
standing electromagnetic fields are likely possible in the
not-so-distant future [56].

Since the photons are linearly polarized along the ra-
dial direction around the nuclei, only a probe that is
sensitive to the spatial and momentum distribution of
the field (commonly known as the Wigner function) can
utilize the polarization information. Therefore, our mea-
surements of the energy spectrum and angular distribu-



tion provide the information needed to map the spatial
extent of the intense electromagnetic fields produced by
ultra-relativistic heavy nuclei for the first time and can
be compared to different models which incorporate the
charge distribution [57] with a Lorentz boost. It has been
proposed that fluctuations in the nucleon distribution in-
side a large nucleus can generate a much larger magnetic
field strength with random orientation near the center
of the nucleus [58]. Such a field configuration would re-
sult in a larger Breit-Wheeler cross section in the high
P, tail and a reduced cos 4A¢ toward central collisions.
The assumptions in such models are different from the
QED calculations and models in comparison here that
employ a uniform and continuous charge distribution in-
side the nucleus. As an example of this constraining
power, we performed a fit of the QED calculations to
our measured do/dP, distribution, assuming a continu-
ous Woods-Saxon charge distribution. We observe a best
fit (x?/dof = 8.0/9) for R = 6.740.2 fm and a = 0.24-0.2
fm (though we note that these parameters are highly anti-
correlated [41]). These observations and future work sup-
ply novel input about the electromagnetic fields that may
drive yet undiscovered magnetohydrodynamical phenom-
ena of QCD.
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