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Two-photon production of dilepton pairs in peripheral heavy ion collisions
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The STAR collaboration has observed an excess production of e™e™ pairs in relativistic heavy ion collisions, over
the expectations from hadronic production models. The excess pairs have transverse momenta py < 150 MeV/c
and are most prominent in peripheral gold-gold and uranium-uranium collisions. The pairs exhibit a peak at the
J /¥ mass, but include a wide continuum, with pair invariant masses from 400 MeV/c? up to 2.6 GeV/c?. The
ALICE Collaboration observes a similar excess in peripheral lead-lead collisions, but only at the J/iy mass,
without a corresponding continuum. This paper presents a calculation of the cross section and kinematic for
two-photon production of e*e™ pairs, and find general agreement with the STAR data. The calculation is based
on the STARlight simulation code, which is based on the Weizséicker-Williams virtual photon approach. The STAR
continuum observations are compatible with two-photon production of e*e™ pairs. The ALICE analysis required
individual muon pr be greater than 1 GeV /c; this eliminated almost all of the pairs from two-photon interactions,

while leaving most of the J /v decays.
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I. INTRODUCTION

Two-photon collisions were extensively studied at ete™
colliders, where each lepton emitted a photon. These reactions
were used to study a variety of hadronic final states and
also four-lepton final states [1,2]. More recently, they have
been studied in ultraperipheral collisions (UPCs) of relativistic
heavy ions. UPCs are collisions where the nuclei physically
miss each other (impact parameter b greater than twice the
nuclear radius R, ), but interact electromagnetically. The very
strong electromagnetic fields, which emanate from highly
charged heavy ions lead to large cross sections for photonuclear
and two-photon interactions [3—5]. Two-photon interactions of
interest include e*e™ production in strong fields and light-by-
light scattering [6]. The reaction yy — [*]~ has been studied
in UPCs by the STAR [7], ATLAS [8], ALICE [9], and CMS
[10] collaborations, and good agreement with lowest-order
quantum electrodynamics predictions was seen.

Recently, the STAR experiment observed an excess of
ete™ pairs, produced at small transverse momentum (pr <
150 MeV/c) in peripheral gold-gold and uranium-uranium
collisions at a center of mass energies of 200 GeV/nucleon
pair and 193 GeV/nucleon pair, respectively [11,12]. The
ete™ invariant mass spectrum of the low pr excess shows
a significant peak at the J/v, but also includes a continuum
component in the mass range from 400 MeV-2.6 GeV. The
signal is most prominent in more peripheral collisions (60% to
80% centrality) than in those with smaller impact parameters.
Here, 0% centrality is a head-on collision with impact param-
eter b = 0, while 100% centrality is a grazing collision with
b =2Rj4.

ALICE has also reported on an excess of utu~ pairs at
low pr [13] in very peripheral (70-90% centrality) lead-lead
collisions at a center-of-mass energy of 2.76 TeV /nucleon
pair. The peak data are consistent with J /vy photoproduction
[14-16], but they do not see significant continuum production.
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The STAR and ALICE J/v rates and pry spectra are in
agreement with expectations from photoproduction, including
the cutoff at very low pr due to interference between photo-
production for photons coming from the opposite directions
[17,18]. However, the broad STAR mass continuum does not
seem compatible with vector meson photoproduction. The
featureless mass distribution and limitation to low pr are both
very suggestive of two-photon production of e*e™ pairs.

In this paper, I calculate the rates and kinematic distributions
for two-photon production of et e™ pairs in peripheral hadronic
collisions, and show that it is generally compatible with the
STAR observation and ALICE nonobservation of continuum
production at low pr. The results provide a basis for a more
detailed comparison between the data and two-photon theory.

II. METHODS

The cross sections and kinematic distributions for yy —
e*e™ in peripheral collisions are calculated using the photon
flux predicted by the Weizsicker-Williams method, and the
lowest-order Breit-Wheeler cross section for yy — ete™. For
ultrarelativistic particles, the photon flux at a perpendicular
distance b from an emitting nucleus with nuclear charge Z is
[4,5,19]

Z%a  k

?WKI(X)Z, ey

N(k,b) =
where k is the photon energy, x = kb/yfic, y is the ion
Lorentz boost, o ~ 1/137 is the electromagnetic fine structure
constant, and K (x) is a modified Bessel function.

The cross section depends on the overlap of the photon
fluxes, integrated over all possible transverse positions for the
two ions and the location of the photon-photon interaction.
This can be simplified to a three-dimensional integral over the
distance from the first ion to the interaction site, by, the distance
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from the second ion site, b,, and the angle ¢ between the two
ion-interaction site vectors [20]. For peripheral collisions, the
ion-ion impact parameter range is restricted to match a desired
centrality bin: by, < |b| < bmax. The cross section to produce
a final state W from photons with energy k| and k; is

00 0 2w
g = / ﬂb1d2b1 / ﬂbzdbz/ d(bN(k],b])N(kz,bz)
R R 0

A A

o(kiky — W)O(bmin < |b1 — ba| < bax), ()

where the 6 function is 1 when the inequality is satisfied, and
0 otherwise.

This approach assumes that the photons come from the
electromagnetic fields of the entire nucleus, moving at the full
beam velocity. Since the fields at time ¢ are evaluated based on
the nucleus configuration at a retarded time T =t — |b;|/yc
[21], this assumption should be satisfied. This approach also
assumes that the photon flux is zero within the emitting nucleus
(i.e., for |b| < R4). The inclusion of interactions occurring
within one of the nuclei would slightly increase the calculated
cross section, with the size of the increase rising with increasing
pair mass.

The final-state pair mass Mj; is given by the two-photon
center of mass energy W. The photon energies map into W and
rapidity y via W = Mj; = 2/kiky and y = 1/21n (k1 / k).

The cross section to produce pairs of leptons with lepton
mass m is the Breit-Wheeler cross section [22]:

olyy = I*17)
472 5 8m?  16m* i W 4+ /W2 —4m?
= — = n
w2 w2 w4 2m
4m? 4m?
- FW(”W”' 3)

The angular distribution of the decay electrons also follows
Breit-Wheeler, with the leptons preferentially emitted in the
forward and backward directions:

4m2> (1- %) sin(0) cos2(0) + Zlv'vizz
w2 [1-(1—%2)cos20)]’

G@O) = 2+4<1 —

“

where 6 is the angle between the beam direction and one of
the leptons, in the lepton-lepton center of mass frame.

The pair pr is the vector sum of the photon k7 ; the photon
kr comes from the Weizsicker-Williams approach [17,23]:

dN  2F*(k*/y* + k3 )k}
dir — @r((kfy)? +k3)

where F is the nucleon form factor, per Ref. [24]. The
individual lepton p7 includes contributions from this initial
Yy pr, plus the transverse kick acquired from the nonzero 6
in Eq. (4).

The calculations are done in the framework of the STARlight
Monte Carlo [19,24]. I modified STARIight to limit the range
of integration in impact parameter to a user-selectable range,
regardless of whether the two nuclei overlap or not, as shown
in Eq. (2); this code is publicly available in the trunk of

®

STARlight [25]. STARIight has been extensively compared with
UPC data, with good agreement found for yy — [T]~, with
data from STAR [7], ATLAS [8], ALICE [9], and CMS [10]
collaborations. There is a discrepancy at small pair pr where
the equivalent photon approximation predicts an overabun-
dance of pairs, compared to both a lowest-order quantum
electrodynamics (QED) calculation and data [7]. ATLAS also
sees a small tail of events with larger pair pr; the collaboration
notes that this might be background, or it might be from the
two-photon signal. Also, STARlight assumes that nuclei are
spherical. Uranium is aspherical; this introduces an additional
uncertainty in the uranium-uranium calculations.

III. RESULTS

Most of the yy — ee cross section is for near-threshold
pairs, which are not visible in existing detectors. These cal-
culations focus on experimentally accessible interactions, so
consider only pairs with invariant masses above 400 MeV /c2.
Results are presented for five different experimental condi-
tions: 60-80% centrality, 40-60% centrality, and 10-40%
centrality Au-Au collisions at a center-of-mass (CM) energy of
200 GeV /nucleon, 60-80% U-U collisions at a slightly lower
CM energy, 193 GeV /nucleon (all at RHIC), and 60—-80% Pb-
Pb collisions at a center of mass energy of 2.76 TeV /nucleon
at the LHC. These calculations are for a central detector,
following the STAR acceptance [11]. As noted below, the
ALICE forward muon spectrometer has little acceptance for
two-photon production of dimuons, and an ALICE study in
the central region would likely have a similar acceptance to
STAR.

The collaborations report impact parameter range in terms
of collision centrality. A Monte Carlo Glauber calculation [26]
is used to convert from the reported centralities into impact
parameters. The calculation finds cross sections of 6.8 barns
for Au-Au collisions at RHIC, 7.8 barns for U-U collisions
at RHIC [27], and 7.6 barns for Pb-Pb collisions at the LHC
at a center-of-mass energy of 2.76 TeV /nucleon pair, all with
errors that are negligible compared to other uncertainties in
the overall calculation. These cross sections are 4-8% lower
than some other results [28], likely because the calculation
uses slightly lower inelastic proton-proton cross sections than
other works. I then use a simple black-disk model to convert
from centrality to impact parameter range, so 100% centrality
corresponds t0 byax = 1/Onad/7. Table I shows the centrality
regions and hadronic cross sections for those centralities.

Figure 1 shows the rapidity distribution do /dy for 60-80%
centrality collisions of gold and uranium at RHIC and lead
at the LHC for M,, > 0.4 GeV/ ¢?. Because the distribution
is almost independent of centrality, only one RHIC curve is
shown. The integrated cross sections are 6.7 mb, 8.7 mb,
and 24.2 mb for gold, uranium, and lead, respectively. The
LHC cross section is much larger and covers a much wider
rapidity range than the RHIC curves, because of the higher
beam energy. The uranium cross section is about 36% larger
than that for gold, less than the 54% increase expected from the
naive Z* scaling. Uranium nuclei are larger than gold nuclei,
and the per-nucleon collision energy was a bit lower, so the
photon flux, Eq. (1) is cut off at about 10% lower energy than
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TABLE 1. Ions and centralities, impact parameters, and cross sections for two-photon production of lepton pairs. The centralities were
chosen to match the STAR analysis. The table also gives the calculated photoproduction cross section (within the given constraints on pair mass
and rapidity), the fraction of those events that pass the individual lepton kinematic cuts, and the fraction of the hadronic events in that centrality

that should contain a visible (satisfying the pair and individual lepton constraints) lepton pair.

Ton/Centrality b range Ohad oy (restr.) % satisfying #yisible 11
I* criteria hadronic event
60-80% RHIC Au-Au 11.4-13.2 fm 1.36 b 3.7 mb 3.3% 8.9 x 107?
40-60% RHIC Au-Au 9.4-11.6 fm 1.36 b 3.8 mb 3.3% 9.2 x 1073
10-40% RHIC Au-Au 4.8-9.4 fm 2.04b 6.4 mb 3.3% 1.03 x 1074
60-80% RHIC U-U 14.1-15.8 fm 1.56 b 5.2 mb 3.3% 1.01 x 1074
60-80% LHC Pb-Pb 13.0-14.7 fm 1.51b 6.4 mb 3.5% 1.4 x 107

for gold. The cutoff is also evident in the rapidity distribution,
which is slightly narrower than for gold-gold.

Figure 2 shows the pr spectra for the individual leptons
for the three systems, along with, for comparison, the lepton
pr from photoproduction of J /4 in gold-gold ultraperipheral
collisions at RHIC [17,24,29]. The leptons from yy — ete™
are peaked at very low pr, in sharp contrast to the leptons
from J /v decays. This difference immediately shows why the
ALICE forward muon spectrometer cut on muon pry > 1
GeV/c almost completely eliminates pairs from yy interac-
tions while retaining the pairs from coherent J/yr photopro-
duction, even though the two reactions have not dissimilar pair
pr spectra. The pr spectra from the three yy channels are
similar, with small changes due to the per-nucleon collision
energy and size of the nuclei.

We now turn to calculations of cross sections within the
STAR acceptance: pairs with pair mass M,, > 0.4 GeV /c? and
rapidity |y..| < 1. STAR also requires that the individual lep-
tons satisty pr, > 200 MeV/c and pseudorapidity |n.| < 1.
Table I shows the cross sections for five different beam species,
energy, and centrality conditions, for hadronic interactions, the
cross sections for yy — eTe™ within the pair rapidity and pair
mass range, the probability for those events to also satisfy the
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FIG. 1. do/dy for yy — ete™ with pair mass more than
400 MeV/c?, for 60-80% centrality gold-gold (solid black his-
togram) and uranium-uranium (dashed red histogram) at RHIC and
lead-lead collisions at the LHC (dot-dashed blue line).

individual lepton pseudorapidity and p cuts, and, finally, the
number of pairs within the full STAR acceptance per hadronic
collisions. The hadronic cross section is the total hadronic cross
section times the width of the centrality bin.

For a fixed condition and acceptance, the restricted two-
photon cross section depends mostly on the width of the
centrality bin. The cross section is higher for Pb-Pb collisions,
because of the higher LHC collision energy; the increase in
yy cross section with energy is much faster than the rise in
hadronic cross section. This increase is reflected in the higher
number of visible ee pairs for Pb-Pb collisions than for the
lower-energy RHIC systems.

The restricted cross section is 40% larger for U-U cross
sections than for Au-Au collisions. This is again less than the
54% increase expected from the Z* scaling, but larger than
the increase in the all-rapidity cross section, because, for the
heavier nucleus, production is more concentrated at small |y|.
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FIG. 2. Individual lepton p7 for Au-Au (solid black histogram)
and U-U (dashed green histogram) at RHIC and Pb-Pb collisions at
the LHC (dot-dashed red histogram), along with the lepton p7 from
photoproduction of J /¢ in Au-Au ultraperipheral collisions at RHIC
(dotted blue line). The histograms are each normalized to contain 10°
events total, so that the differences in spectral shape are visible. The
y axis gives the number of events in each 30 MeV /c wide bin.
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FIG. 3. Pair invariant mass spectra for (top) Au-Au (black solid
histogram), U-U (green dashed histogram), and Pb-Pb (red dot-dashed
histogram) and (bottom) 60—-80% centrality (black solid histogram),
40-60% centrality (red dashed histogram), and 10—-40% centrality
(blue dot-dashed histogram). The bottom three histograms are in-
distinguishable. The histograms are each normalized to contain 10°
events total, so that the differences in spectral shape are visible. The
y axis gives the number of events in each 80 MeV/c* wide bin.

The fraction of lepton pairs that pass the individual lep-
ton cuts is about 3.4%, almost independent of the collision
conditions, with only a small rise for the higher-energy Pb-Pb
collisions. This acceptance is so low because, per Eq. (4), the
pairs from two-photon interactions prefer a forward-backward
geometry, and so avoid the central region.

Figure 3 shows the pair invariant mass distributions for
events within the STAR acceptance. The Pb-Pb data spectrum
is harder than the Au-Au and U-U distributions, because of
the higher beam energy. The U-U spectrum is slightly softer
than the Au-Au distribution, because of the slightly larger
nuclear size and lower per-nucleon collision energy. The shape
of these distributions are similar to the STAR data presented
in Ref. [11]; The number of events drops by roughly a factor
of 10 as the pair mass doubles from 0.5-1.0 GeV, in at least
rough agreement with the STAR data.
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FIG. 4. Pair p% spectra for (top) Au-Au (black solid histogram),
U-U (green dashed histogram), and Pb-Pb (red dot-dashed histogram)
and (bottom) for three invariant mass ranges: 0.4 to 0.76 GeV/c?
(black solid histogram), 0.76-1.2 GeV/c2 (red dashed histogram),
and 1.2-2.6 GeV /c? (blue dot-dashed histogram). The histograms are
each normalized to contain 10° events total, so that the differences in
spectral shape are visible. The bottom three histograms show a clear
mass ordering. They are normalized based on the relative number of
events expected in each mass bin. The lines in the bottom plot are
fits to Eq. (6) in the displayed region, as discussed in the text. In both
panels, the y axis gives the number of events in each 0.0001 (GeV /c)?
wide bin.

Figure 4 shows the distribution of lepton pair p% for the
three species (top), and the three Au-Au centralities (bottom).
A significant upturn is seen for p7 < 0.002 (GeV/c)?, while at
higher energies, the distribution looks quasiexponential. The
P> scale is lowest for Pb-Pb because, for a fixed photon energy
k, the photon k7 drops with increasing ion energy. The U-U
distribution is slightly softer than the Au-Au spectrum because
the larger nuclear size softens the energy distribution.

Atlow pr, the equivalent photon approach used here differs
from a lowest-order QED calculation, which predicts a drop
off atlow p7.Datafromyy — ee in ultraperipheral collisions
also does not show this increase [7]. The peak of the pair pr
distribution scales roughly as +/1.5M,./y [19]. In Ref. [7],
the data diverged from the equivalent photon calculation for
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pr < 20 MeV/c, for a sample with M,, > 140 MeV/c?. If
the /M,, scaling holds, the calculated p% spectrum should be
acceptable for pr > 35 MeV/c, or p% > 0.001 (GeV/c)>.

Following the STAR Collaboration [11], these curves are fit
to exponential distributions,

dN ( b 2) ©)

= = aexp DT
for events in three mass regions, 0.4-0.76 GeV/c?, 0.76—
1.2 GeV/c?, and 1.2-2.6 GeV/c?. The fit region was cho-
sen to avoid the upturn at low pr: 0.002(GeV/c)* < p? <
0.02 (GeV/ ¢)%. The fits are shown with the colored lines in the
bottom panel of Fig. 4. The slopes are 430 & 4 (GeV/c)~2,
402 £ 6(GeV/c)™2, and 367 +9(GeV/c)™? for the low,
medium, and high mass regions, respectively. These numbers
are near the upper end of the uncertainty ranges reported by
STAR [11], but the trend with increasing mass agrees well with
the data. It should be noted that STAR used a significantly dif-
ferent fit range, 0.0004 (GeV/c)?* < p2 < 0.0064(GeV/c)>.
That range overlaps with the low- pr upturn in Fig. 4 and would
have led to significantly larger fit slopes, in disagreement with
the STAR data. Even for the chosen range, the slope depends
slightly on the chosen fit range.

These slope differences are not surprising. For kr > k/y,
dN/dky from Eq. (5) scales as Fz(k%)/kT. This naively
implies similar slopes, but k scales linearly with pair mass (with
some rapidity dependence), so the location of the transition to
the k7 > k/y varies with pair mass. The contribution to pair
pr from 6, Eq. (3), should also scale with pair mass, with, for

the lepton pseudorapidity cut, a significant dependence on the
pair rapidity.

Similar fits were made to the Au-Au, U-U and Pb-Pb
distributions, over the range 400 MeV-4 GeV?. They yielded
slopes of 404 4+ 3 (GeV/c)72,502 £ 4(GeV/c)~2, and 483 +
5(GeV/c)~2, respectively. The Au-Au and U-U points have a
similar trend to the STAR fits, albeit with a larger separation
between the two slopes.

IV. CONCLUSIONS

Two-photon production of lepton pairs in ultrarelativistic
collisions is a well-understood process, studied in many ul-
traperipheral collision analyses. In this paper, I have studied
the two-photon production of lepton pairs in peripheral colli-
sions, and found that it describes the general characteristics
of the STAR observations of a continuum excess of ete™
pairs at low pr quite well. ALICE did not observe this
continuum; this is expected because of the required minimum
pr for muons to be observable in their forward muon spec-
trometer. However, it should be visible in a future ALICE
midrapidity study if a low enough lepton pr cut can be
applied.
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