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The first measurement of the dependence of γγ → µ
+
µ
−

production on the multiplicity of neu-
trons emitted very close to the beam direction in ultraperipheral heavy ion collisions is reported.
Data for lead-lead interactions at

√
s
NN

= 5.02 TeV, with an integrated luminosity of approximately

1.5 nb
−1

, were collected using the CMS detector at the LHC. The azimuthal correlations between the
two muons in the invariant mass region 8 < Mµµ < 60 GeV are extracted for events including zero,
one, or at least two neutrons detected in the forward pseudorapidity range |η| > 8.3. The back-to-
back correlation structure from leading-order photon-photon scattering is found to be significantly
broader for events with a larger number of emitted neutrons from each nucleus, corresponding to
interactions with a smaller impact parameter. This observation provides a data-driven demonstra-
tion that the average transverse momentum of photons emitted from relativistic heavy ions has an
impact parameter dependence. These results provide new constraints on models of photon-induced
interactions in ultraperipheral collisions. They also provide a baseline to search for possible final-
state effects on lepton pairs caused by traversing a quark-gluon plasma produced in hadronic heavy
ion collisions.

The Lorentz-boosted electromagnetic (EM) fields sur-
rounding relativistic heavy ions with large charges can
be treated as a flux of quasireal photons [1, 2] with
the flux intensity proportional to the square of the ion
charge. Therefore, ions accelerated at colliders can in-
teract when their impact parameter (b) is greater than
twice the nuclear radius (RA), via photon-photon and
photon-nucleus processes, the so-called ultraperipheral
collisions (UPCs) [3–8]. Photon-photon interactions are
fundamental processes that can be used to test quantum
electrodynamics (QED) and to search for physics beyond
the standard model [9–16]. Photon-nucleus interactions
probe the gluon distribution at small Bjorken x in the
nucleon or nucleus [11, 12, 17–24].

The momentum of emitted quasireal photons is pre-
dominantly along the beam direction and the transverse
momentum (pT) is small, on the scale of ω/γL, where ω is
the photon energy and γL is the Lorentz factor of the pro-
jectile and target nuclei in the lab frame. Therefore, the
lepton pairs produced from leading-order photon-photon
scattering (γγ → `+`−) possess small pair pT and are
nearly back-to-back in the azimuthal angle (φ). Recently,
photon-photon [25, 26] and photon-nucleus [27, 28] pro-
cesses have been observed at very low pT in hadronic
(b < 2RA) heavy ion collisions. Interestingly, a broaden-
ing of lepton pair azimuthal angle correlations (or equiv-
alently an increase of lepton pair pT) is observed in
hadronic collisions compared to that from UPCs [25, 26].
In hadronic events, a deconfined state of partonic matter,
known as the quark-gluon plasma (QGP), can be formed.
Therefore, final-state EM modifications of lepton pairs
inside a QGP medium (e.g., Coulomb rescattering or de-
flection by magnetic fields trapped in the QGP) have
been proposed as possible interpretations of the broad-
ening effect [25, 26, 29]. The initial pT of the lepton pairs

depends on the overlap integral of the photon fluxes pro-
duced by the two nuclei, and as a result the average pair
pT (〈pT〉) could depend on the b between the two colliding
ions. Although models of the flux of photons integrated
over a given b range have large uncertainties [8, 30, 31],
a QED calculation [31] predicts larger 〈pT〉 for smaller
b values. Such a larger 〈pT〉 in the initial state would
broaden the pair angular correlation, which could explain
the effects observed in more central hadronic collisions.

To disentangle possible contributions from initial-
and final-state effects to the modifications observed in
hadronic heavy ion collisions, an experimental handle on
the b dependence of lepton pair production in UPCs is
essential. The photon-photon interactions can occur in
conjunction with the excitation of one or both of the
ions via photon absorption into giant dipole resonances
or higher excited states [6–8, 32, 33]. The giant dipole
resonances typically decay by emitting a single neutron,
while higher excited states may emit two or more neu-
trons. These forward neutrons have very low relative
momentum with respect to their parent ions, and there-
fore approximately retain the beam rapidity. The con-
tribution of higher excitations becomes larger as b gets
smaller [6–8]. Therefore, the number of emitted neutrons
detected in the forward region can be used to classify
UPC events into different b ranges.

This letter reports the first measurement of the forward
neutron multiplicity dependence of γγ → µ+µ− produc-
tion in the muon pair invariant mass region 8 < Mµµ <
60 GeV in lead-lead (PbPb) UPCs at a nucleon-nucleon
center-of-mass energy

√
s
NN

= 5.02 TeV, using data col-
lected with the CMS detector during the 2018 LHC run.
The PbPb sample that includes information about for-
ward neutrons corresponds to an integrated luminosity of
approximately 1.5 nb−1. Azimuthal correlations of muon



2

pairs, quantified by the acoplanarity, α = 1−|φ+−φ−|/π,
are presented for several different classes of neutron mul-
tiplicity detected in the forward pseudorapidity range
|η| > 8.3. Here, φ± represent the azimuthal angle of
each muon in the lab frame. A larger average α for lep-
ton pairs from leading-order γγ scatterings corresponds
to fewer back-to-back azimuthal correlations, and thus
larger initial pT of the interacting photons. The muon
azimuthal angle is used instead of pT because of its supe-
rior experimental resolution. The average invariant mass
of muon pairs in various neutron multiplicity classes is
also presented as a probe of the initial photon energy
and its b dependence.

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing
a magnetic field of 3.8 T. Within the solenoid volume,
there are four sub detectors, including a silicon pixel and
strip tracker detector, a lead tungstate crystal electro-
magnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap
sections. Muons are detected in the range |η| < 2.4 in
gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid, with detection planes made us-
ing three technologies: drift tubes, cathode strip cham-
bers, and resistive-plate chambers. Matching muons to
tracks measured in the silicon tracker leads to a rela-
tive pT resolution around 1% [34] and an azimuthal an-
gle resolution better than 7 × 10−4 radians for a typ-
ical muon in this analysis. The CMS experiment has
extensive forward calorimetry, including two steel and
quartz-fiber Cherenkov hadron forward (HF) calorime-
ters that cover the range of 2.9 < |η| < 5.2, which
are used to reject hadronic PbPb collision events. Two
zero degree calorimeters (ZDC), made of quartz fibers
and plates embedded in tungsten absorbers, are used to
detect neutrons from nuclear dissociation events in the
range |η| > 8.3. A detailed description of the CMS de-
tector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found
in Ref. [35].

Events used in this study were selected online using
a hardware-based trigger system that requires at least
one muon candidate coincident with a PbPb bunch cross-
ing [36]. On the trigger level, there is no explicit selec-
tion on the minimum muon pT and events with an energy
deposit above the noise threshold in both HF calorime-
ters are vetoed. For the offline analysis, events have to
pass a set of selection criteria designed to reject beam-
related background processes (beam-gas collisions and
beam scraping events) and hadronic collisions. Events
are required to have a primary interaction vertex, formed
by two or more tracks, within 20 cm from the CMS de-
tector center along the beam axis. The cluster shapes
in the pixel detector must be compatible with those ex-
pected from particles produced by a PbPb collision [37].
To suppress hadronic PbPb collisions, the largest energy

deposits in the HF calorimeters are required to be be-
low 7.3 and 7.6 GeV in the positive and negative rapidity
sides, respectively, where these noise thresholds are de-
termined from empty bunch crossing events. In addition,
events must contain exactly two muon candidates and no
additional tracks in the range |η| < 2.4. Selected events
are then classified by neutron multiplicity, which is deter-
mined by the energies deposited in the ZDCs. Based on
neutron peaks observed in the total ZDC energy distribu-
tion (see the supplemental material [URL will be inserted
by publisher]), events are divided into three neutron mul-
tiplicity classes (0n, 1n, and Xn with X ≥ 2) on each
side. The corresponding purities of selected neutron mul-
tiplicity classes are estimated by a multi-Gaussian func-
tion fit to the energy distribution. The purities are nearly
100% for the 0n and Xn classes and ∼93–95% for the 1n
class. From the combinations of the number of neutrons
in each ZDC separately, a total of six neutron multiplic-
ity classes, labeled as 0n0n, 0n1n, 0nXn, 1n1n, 1nXn,
and XnXn, are used in this study. The 0n0n class cor-
responds to no Coulomb break-up of either nucleus and
the 1nXn class corresponds to one neutron emitted from
one nucleus and at least two neutrons emitted from the
other nucleus.

Muons are selected in the kinematic range of pµT >
3.5 GeV and |ηµ| < 2.4. They are reconstructed using
the combined information of the tracker and muon de-
tectors (so-called ”soft muons” defined in Ref. [34]). The
opposite-sign distribution (signal and background) is re-
constructed by combining µ+ and µ− candidates, while
the combinatorial background is estimated using events
containing same-sign muons. One of the muon candi-
dates in the opposite- or same-sign pair is required to
match a trigger muon. The studied dimuon kinematic
range is 8 < Mµµ < 60 GeV and |yµµ| < 2.4 to ensure
high efficiency and also to suppress the contribution from
photoproduced resonances (charmonia and Z bosons).

The detector reconstruction efficiency is estimated us-
ing a dedicated γγ → µ+µ− Monte Carlo simulation
sample produced by the STARlight (v3.0) event gener-
ator [38] without restriction on the Coulomb break-up
of either nucleus. Only `+`− pairs from the leading-
order γγ scattering are generated, and the calculation
is performed by integrating over the entire b space for
UPC events. No differential b dependence of the initial
photon pT is considered in STARlight. The CMS de-
tector response is simulated further using Geant4 with
these STARlight generated events [39]. The muon trig-
ger (εµtrig) and reconstruction (εµreco) efficiencies are esti-

mated as functions of pµT, ηµ, and φµ. To correct for
detector inefficiencies, each muon pair event is scaled by

(εtrigεreco)−1, where εtrig = 1 − (1 − εµ
+

trig)(1 − εµ
−

trig) and

εreco = εµ
+

recoε
µ
−

reco. The reconstruction and trigger effi-
ciencies rapidly reach a plateau as functions of pT with
values of ∼95–99% above pµT ≈ 6 GeV for |ηµ| < 1.2 and
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above pµT ≈ 4 GeV for 1.2 < |ηµ| < 2.4. Systematic un-
certainties associated with the efficiency corrections are
negligible since they largely cancel out in the final ob-
servables, which are normalized by the total yield.

The cross section of single electromagnetic dissocia-
tion (EMD) [40, 41] of Pb nuclei in PbPb collisions

was measured to be 187.4 ± 0.2 (stat)
+13.2
−11.2 (syst) b at√

s
NN

= 2.76 TeV [42]. It is expected to be even larger
at
√
s
NN

= 5.02 TeV given the stronger EM fields. Be-
cause of the large single-EMD cross section, a single mea-
sured γγ → µ+µ− event may contain concurrent EMD
PbPb events in the same bunch crossing. These concur-
rent events can emit neutrons and migrate the neutron
multiplicity of a single γγ → µ+µ− interaction to higher
values. This EMD pileup effect is quantified by mea-
suring the ZDC energy distributions from ”zero bias”
triggered events that require only the presence of both
beams in the same bunch crossing. No valid collision
vertex or track is allowed to be present in the event.
The same HF veto thresholds as for the γγ → µ+µ−

events are applied. The neutron multiplicity classes in
these selected zero-bias events are used to estimate the
probability of a γγ → µ+µ− event being assigned an
incorrect neutron multiplicity because of pileup effects.
By inverting a matrix of these migration probabilities,
the true observable distributions are extracted from the
measured data. In this study, about 11% of measured
γγ → µ+µ− events have neutron multiplicity migration
caused by EMD pileup.

Figure 1 shows the corrected α distributions of µ+µ−

pairs in PbPb collisions within the kinematic range
(pµT > 3.5 GeV, |ηµ| < 2.4, and |yµµ| < 2.4) for differ-
ent neutron multiplicity classes. The α distributions are
normalized to unit integral over their measured range
((1/Ns)dNs/dα, where Ns represents the signal yield).
Each α spectrum is characterized by a narrow core close
to zero and a long tail. The core component mostly
originates from the leading-order γγ scattering, while in
the tail component, higher-order γγ processes dominate.
These higher-order processes include, e.g., extra photon
radiation from the produced lepton(s), multiple-photon
interactions, or scattering of (one or both) photons emit-
ted from one of the protons inside the nucleus [5, 29]. The
tail contribution in the XnXn class is larger than that in
the 0n0n class. This is consistent with the expectation of
larger contributions of higher-order γγ processes in UPC
events that have smaller b and produce more neutrons in
the forward region.

To investigate a possible b dependence of the initial
photon pT, the core contribution to the α distribution
is decoupled from the tail contribution using a two-
component empirical fit function (where ci and ti are
the fit parameters), as shown in Fig. 1,

core : c1e
−α/c2+c3α

0.25

,

tail : t1(1 + (t2/t3)α)−t3 ,
(1)

except for the case of 1n1n, where a simple exponential
function is used for the tail component, given the lim-
ited number of events. The core component is largely
modeled by an exponential function with a correction
term (c3) to account for the small depletion in the very
small α (e.g., < 5 × 10−4) region, which tends to be-
come more evident as the neutron multiplicity increases.
This core functional form is validated by the STARlight
event generator and leading-order QED calculations. A
binned χ2 goodness-of-fit minimization is performed us-
ing the integral of the function across each bin to account
for the finite binning effect of the histogram. The aver-
age acoplanarity of µ+µ− pairs from the core component
(〈αcore〉) is then calculated using the fit function.

The measured α distribution and 〈αcore〉 of µ+µ− pairs
have several sources of systematic uncertainty arising
from the contamination of hadronic collisions, the EMD
pileup correction, the neutron multiplicity classification,
and the fit procedure. The uncertainty of the hadronic
contamination is estimated by removing the requirement
that selected events only contain two muons and is found
to be <1.1%. To estimate the systematic uncertainty as-
sociated with the HF noise threshold, the threshold to de-
fine the hadronic contamination is tightened to 5 GeV for
both UPCs and zero-bias triggered events. The difference
from the nominal result is quoted as the systematic un-
certainty and contributes <2.7%. The uncertainty aris-
ing from impure 1n class selection (<0.7%) is estimated
by subtracting the contributions of 2n events selected
with tight energy requirements, according to the 2n con-
tamination probability. The systematic uncertainty as-
sociated with contamination of photoproduced Υ mesons
(∼0.6%) is estimated by comparing α distributions from
STARlight between pure γγ → µ+µ− and γγ → µ+µ−

mixed with photoproduced coherent Υ (1S ), with the rel-
ative yield ratio of Υ (1S ) over γγ → µ+µ− estimated
by fitting the invariant mass distribution. The system-
atic uncertainty in 〈αcore〉 associated with the binned χ2

fit procedure is estimated by varying the bin width of α
distributions, and is found to be less than 4%. The to-
tal systematic uncertainties are derived from a quadratic
sum of all systematic sources and are found to be at most
5.1% in 〈αcore〉. To measure 〈Mµµ〉, a second order poly-
nomial function is fit to the mass spectrum, excluding the
mass region 9 < Mµµ < 11 GeV, to interpolate the con-
tribution of γγ scattering to dimuon pair production over
the Υ mass region. The systematic uncertainty related
to this procedure is estimated by comparing the nominal
result to the one obtained by a third-order polynomial
function fit. Together with the aforementioned system-
atic sources, the total systematic uncertainty in 〈Mµµ〉 is
below 1.8%, across all neutron multiplicity classes.

The neutron multiplicity dependence of 〈αcore〉 for
µ+µ− pairs in ultraperipheral PbPb collisions at

√
s
NN

=
5.02 TeV is shown in Fig. 2 (upper), in the mass region
8 < Mµµ < 60 GeV. A strong neutron multiplicity de-
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FIG. 1. Neutron multiplicity dependence of acoplanarity distributions from γγ → µ
+
µ
−

for p
µ
T > 3.5 GeV, |ηµ| < 2.4,

|yµµ| < 2.4, and 8 < Mµµ < 60 GeV in ultraperipheral PbPb collisions at
√
s
NN

= 5.02 TeV. The α distributions are normalized
to unit integral over their measured range. The dot-dot-dashed and dotted lines indicate the core and tail contributions,
respectively, found using a fit to Eq. (1). The vertical lines on data points depict the statistical uncertainties, while the
systematic uncertainties and horizontal bin widths are shown as gray boxes.

pendence of 〈αcore〉 is clearly observed, while the 〈αcore〉
predicted by STARlight is constant at a value of about
1.35 × 10−3, shown as dashed-dotted line in Fig. 2 (up-
per). The 〈αcore〉 for inclusive UPCs is measured to be
(1227± 7 (stat)± 8 (syst))× 10−6, about 10% lower than
the STARlight prediction. In general, the 〈αcore〉 in
data becomes larger as the emitted neutron multiplicity
increases. A fit to the dependence of 〈αcore〉 on the neu-
tron multiplicity with a constant value is rejected with a
p-value corresponding to 5.7 standard deviations. This
observation demonstrates that initial photons producing
µ+µ− pairs have a significant b dependence of their pT,
which impacts the pT and acoplanarity of muon pairs
in the final state. This initial-state contribution must
be properly taken into account when exploring possible
final-state EM effects arising from a hot QGP medium
formed in hadronic heavy ion collisions [25, 26]. A re-
cent leading-order QED calculation [43], incorporating
a b dependence of the initial photon pT [31], has pro-
vided results for all the reported neutron multiplicity
classes. The average b values estimated in Ref. [43] range
from about 112 to 22 fm for the 0n0n to XnXn neutron
multiplicity classes, respectively. The model calculation
can qualitatively describe the increasing trend of 〈αcore〉
data with the neutron multiplicity, shown as the dotted
line in Fig. 2 (upper). However, the data are systemat-
ically higher than the model calculation (plotted with-
out uncertainties) by about 5%, which may be related to

the presence in data of soft photon radiation from the
muons [29].

A rapidity dependence of the α distribution is also in-
vestigated for 0n1n, 0nXn and 1nXn classes (see the
supplemental material [URL will be inserted by pub-
lisher]) for dimuon rapidity in the same or opposite hemi-
sphere corresponding to higher neutron multiplicities. In
the 0nXn class, the tail contribution in the same rapid-
ity hemisphere with Xn is significantly larger than that
in the opposite rapidity hemisphere, suggesting contri-
butions from different higher-order processes that cor-
relate with the dimuon pair production. However, no
rapidity dependence is observed for the 〈αcore〉 values ex-
tracted from the fits using Eq. (1). This confirms the ex-
pectation that the 〈αcore〉 is dominated by leading-order
γγ → µ+µ− scatterings.

In Fig. 2 (lower), the average invariant mass 〈Mµµ〉
of all muon pairs passing the selection criteria, is shown
as a function of the neutron multiplicity. A clear neu-
tron multiplicity dependence of 〈Mµµ〉 is observed, with
the 〈Mµµ〉 value measured in XnXn events being larger
than that in 0n0n events with a significance exceeding
5 standard deviations. As the muon pair invariant mass
is largely determined by the initial photon energy, this
observation suggests that the energy of the photons in-
volved in UPCs is on average larger in collisions with
smaller b, a conclusion similar to that previously drawn
for the initial photon pT.



5

1.1

1.2

1.3

1.4

1.5

1.6
3−10×

〉
co

re
α〈

)-1PbPb 5.02 TeV (1.5 nb

CMS

STARlight

T
 pγb-dep. 

0n0n 0n1n 0nXn 1n1n 1nXn
XnXn

12

13

14

 (
G

eV
)

〉 µµ
M〈 | < 2.4µµ|y

| < 2.4µη > 3.5 GeV, |µ
T

p

 < 60 GeVµµ8 < M

FIG. 2. Neutron multiplicity dependence of 〈αcore〉 (upper)

and 〈Mµµ〉 (lower) of µ
+
µ
−

pairs in ultraperipheral PbPb col-
lisions at

√
s
NN

= 5.02 TeV. The vertical lines on data points
depict the statistical uncertainties, while the systematic un-
certainties of the data are shown as shaded areas. In the upper
plot, the dashed-dot (red) line shows the STARlight predic-
tion, and the dotted (black) line corresponds to the leading-
order QED calculation of Ref. [43].

In summary, the first measurements of γγ → µ+µ−

production as a function of forward neutron multiplic-
ity in ultraperipheral lead-lead collisions at a nucleon-
nucleon center-of-mass energy of 5.02 TeV are reported.
A significant broadening of back-to-back azimuthal cor-
relations is seen, with respect to the leading-order γγ →
µ+µ− process, for increasing multiplicities of emitted
forward neutrons. This observed trend is qualitatively
reproduced by a leading-order quantum electrodynam-
ics calculation, demonstrating the importance of an im-
pact parameter dependent photon pT. A similar trend
of increasing average invariant mass of muon pairs with
neutron multiplicity is also observed. These measure-
ments provide the first experimental demonstration that
the initial energy and transverse momentum of photons

exchanged in ultraperipheral heavy ion collisions depend
on the impact parameter of the interaction. These re-
sults call for theoretical efforts to improve the preci-
sion in modeling photon-induced interactions. Future
searches for electromagnetic interactions of leptons inside
the quark-gluon plasma created in heavy ion collisions
should incorporate a baseline where the initial broaden-
ing effects presented in this Letter are properly taken into
account.
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