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In hadronic heavy ion collisions…
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Glauber Modeling in Nuclear Collisions 14

3 Relating the Glauber Model to Experimental Data

Unfortunately, neither Npart nor Ncoll can be directly measured in a RHIC exper-
iment. Mean values of such quantities can be extracted for classes of (Nevt) mea-
sured events via a mapping procedure. Typically a measured distribution (e.g.,
dNevt/dNch) is mapped to the corresponding distribution obtained from phe-
nomenological Glauber calculations. This is done by defining “centrality classes”
in both the measured and calculated distributions and then connecting the mean
values from the same centrality class in the two distributions. The specifics of this
mapping procedure differ both between experiments as well as between collision
systems within a given experiment. Herein we briefly summarize the principles
and various implementations of centrality definition.

3.1 Methodology
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Figure 8: A cartoon example of the correlation of the final state observable
Nch with Glauber calculated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
communication).

The basic assumption underlying centrality classes is that the impact param-
eter b is monotonically related to particle multiplicity, both at mid and forward
rapidity. For large b events (“peripheral”) we expect low multiplicity at mid-
rapidity, and a large number of spectator nucleons at beam rapidity, whereas
for small b events (“central”) we expect large multiplicity at mid-rapidity and a
small number of spectator nucleons at beam rapidity (Figure 8). In the simplest

Our discoveries derive from expectations based on the geometry of nuclear overlap

Ann. Rev. Nucl. Part. Sci. 57 (2007) 205

(and nucleon!)



Roy Glauber (1925-2018)
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Figure 8: A cartoon example of the correlation of the final state observable
Nch with Glauber calculated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
communication).

The basic assumption underlying centrality classes is that the impact param-
eter b is monotonically related to particle multiplicity, both at mid and forward
rapidity. For large b events (“peripheral”) we expect low multiplicity at mid-
rapidity, and a large number of spectator nucleons at beam rapidity, whereas
for small b events (“central”) we expect large multiplicity at mid-rapidity and a
small number of spectator nucleons at beam rapidity (Figure 8). In the simplest

A good friend to our field, and our continued work is a testament to his insights

Roy Glauber at Quark Matter 2005, Budapest
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Ultra-peripheral collisions
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historically called
“ultra-peripheral 
collisions” (UPC)

When b>2R, no 
nuclear overlap

Ions can still 
interact via 

electromagnetic
processes
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Photon and Gluon Induced Processes 507 

Chapter 2 

Equivalent Photon Approximation 

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric 
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an 
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm 
of photons, see Fig-S.1 Equating the energy flux of the electromagnetic fields through a transverse plane 
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w), 
which tells how many photons with frequency w do occur. This derivation is presented in the first 
Subsection. 

v=o 

Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap 
proaches the speed of light, its electromagnetic field becomes Lore&-contracted (b) and similar 
to a parallel-moving photon-cloud (c). 

This is already the idea of the Equivalent Photon Approximation. It has been first developed by 
E. Fermi [57]. Often this method is also called Weizsiicker-Williams-Method as E. J. Williams [I351 
and C. F. v. Weizsicker [134] independently extended Fermis idea. A good review of results and various 

In high energy beans,  E field lines compressed 
along beam direction (& )⃗B ⊥ ⃗E

Weissacker-Williams approach 
“equivalent photon approximation” (EPA)

maximum energy  
Eγ,max~γ(ℏc/R) 

80 GeV in Pb+Pb@LHC
3 GeV in Au+Au@RHIC

maximum pT & virtuality 
pTmax ~ ℏc/R O(30) MeV @ RHIC & LHC

Field intensities (rates) 
scale as Z2: nuclei >> protons

Flux of photons on other nucleus ~ Z2, 
flux of photons on photons ~ Z4 (45M!)

Eγ = hωenergy of photons →  energy of Fourier modes  
of spatial distribution

←

Distributions determined by: charge (Z), size (R) and Lorentz boost ( ) γ



Nuclear photon flux
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For a point charge:

Harder photons emitted from EM fields closer to b=0 
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For a point charge:

E↑

B↓
↑

Compression of the  
E field lines leads to the 
linear polarization 

of the EPA photons
(Brandenburg, Tues 9am)

Transverse momentum  
not provided by EPA formalism: 

usually put in by hand with  
nuclear form factors

Need full QED calculations 
to address this…Implications on how two 

photons scatter off of each other…
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For a point charge:

E↑

B↓
↑

Compression of the  
E field lines leads to the 
linear polarization 

of the EPA photons
(Brandenburg, Tues 9am)

Transverse momentum  
not provided by EPA formalism: 

usually put in by hand with  
nuclear form factors

Need full QED calculations 
to address this…Implications on how two 

photons scatter off of each other…

we will get back to these issues later…
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For a point charge:

d2N
dk1dk2

= ∫b1>R1

d2b1 ∫b2>R2

d2b2 n(k1, b1)n(k2, b2) Pfn(b) (1 − PH(b))
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For a point charge:

forward neutron  
topology 

(from photonuclear 
processes)

(no) hadronic  
interaction: 

Glauber calculation

d2N
dk1dk2

= ∫b1>R1

d2b1 ∫b2>R2

d2b2 n(k1, b1)n(k2, b2) Pfn(b) (1 − PH(b))

Radial cutoff to nuclear distributions 
(or use measured form factors)

nuclear geometry shows up everywhere!
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324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.

p
   

T

A

A

x

x1

2

p
   
T

−

FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.

one photon (photonuclear)

Coherent production  
of vector mesons

Direct photonuclear 
production of diets
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The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Coherent production  
of vector mesons

In some ways…another form of “pileup” 😞
In other ways…prospects to probe the QGP 😃
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Forward neutrons do show up in processes where they should not be there
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For the detection o f  structure in the low-energy part of  the giant resonance o f  
2°sPb, the F W H M  of  the incident "quasi-monochromatic photon beam" was de- 
termined to be AE = 140 keV around E = l0 MeV; in this particular case, covering 
the energy region 7 MeV < E < 11 MeV, energy intervals of  135 keV were used. 
For E > 11 MeV the experimental photon resolution decreased regularly as E 
increased and attained approximately AE = 400 keV for E = 25 MeV. 
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Fig. 1. Partial photoneutron cross sections ~7, "' cry, =o, ey, a., and (~y. 4° o f  = °Spb. We also show the 
descending part o f  the unique Lorentz l ine giving the best fit to the experimental (~y.T(E) curve. 
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Fig. 2. Partial  photoneut ron  cross sections (~:,,., cry, =. and ~7, 3° o f  19~Au. We also show the descend- 

ing part o f  the unique Lorentz line corresponding to  parameters tpven in table 3. 
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Photoneutron cross sections  
exist spanning decades 

(e.g. Veysierre et al)

Huge contribution from giant dipole resonance @ 13 MeV

(from e+ annihilation in Li)
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PHOTONEUTRON CROSS SECTIONS OF 2°gPb AND l~Au 

A. VEYSSIERE, H. BELL, R. BERGERE, P. CARLOS and A. LEPRETRE 
Centre d'Etudes Nucl~aires de Saclay, France 

Received 8 July 1970 

Abstract: Partial photoneutron cross sections a.r. °, try. 2., try.3, and try,.4, of 2°SPb and t97Au were 
measured using a monochromatic photon beam and a neutron detecting system capable of 
analysing directly and simultaneously interactions of the type (3', xn)  in the photon energy range 
6 MeV _~ E ~ 35 MeV. Nuclear information extracted from these data includes threshold 
values, integrated cross sections and giant dipole resonance parameters obtained by means of 
Lorentz line fitting. A tentative analysis of the structure observed on the rising shoulder of the 
giant resonance of 2°spb is presented. The level density parameters a as well as the non-statis- 
tical neutron contributions obtained from a study of the competition between the (3', n) and 
0' ,  2n) decay modes, are also given. 

E I NUCLEAR REACTIONS t97Au, z°SPb(3', n), (3', 2n), (3', 3n), (y, 4n), E = 6--35 MeV; 
measured o(E); deduced integrated a. 19~Au, 2°SPb deduced giant resonance parameters. I 

1. Apparatus and experimental procedure 

Results presented in this paper have been obtained from experiments performed 
with the photon-monochromator developed by Tzara and his collaborators at the 45 
MeV linear accelerator at Saclay 1). 

A detailed description of the measurements of the photon energy resolution AE/E 
and of the number of "quasi-monochromatic" photons traversing the photonuclear 
target has been given elsewhere 2,3). A summary of the general technique is given 
here. Positons are created in a gold target then deflected and energy analyzed by 
means of a set of three magnets and a slit of variable width. On passing through an 
annihilation target of lithium metal of variable thickness some of the positons are 
annihilated-in-flight thus creating a"quasi-monochromatic" photon beam of energyE. 
The remainder are swept out of the photon beam and captured in a Faraday cup 2-4). 
As demonstrated by a series of recent experiments using the 2SSi(v, po)27Al in- 
teraction 2), this apparatus can produce a photon beam having FWHM values AE 
within the following limits: 

[(0005E)2+( r)2]½ =< AE =< [(O 02E)2 r)2]~', 
where (0.02E) 2 and (0.005E) 2 are terms given by the particular energy resolution 
of the electromagnetic deflection system for a given slit value and AEr is the energy 
loss of positons in the chosen Li target. 
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absorption, is described by the exciton model [64, 65].
Following the quasi!deuteron model, a photon is
absorbed by a pair of correlated constituent nucleons;
therefore, the initial particle–hole configuration is
chosen to be 2p1h [65] rather than 2p2h, which would
correspond to the absence of correlations between
absorbing nucleons. Finally, once equilibrium of a
nuclear system is reached, successive particle evapora!
tion is simulated along the lines of the Hauser–Feish!
bach approach [65].

The results obtained in the framework of the
GNASH model for the (γ, n), (γ, 2n), and (γ, 3n) cross
sections are also displayed in Figs. 7 and 8 for 197Au
and 208Pb nuclei, respectively. The experimental data
on (γ, n) and (γ, 3n) reactions are described by the the!
ory reasonably well. Taking into account the discrep!
ancies in the results of different experiments on the

(γ, 2n) cross!section measurements, one can note that
the GNASH results fall in between the experimental
data obtained in Saclay [43] and Livermore [55] for
208Pb. The GNASH results for the (γ, 2n) reaction on
197Au turn out to be rather close to the Livermore data
[55]. In general, there is good agreement between the
GNASH results and photonuclear experiments
[43, 55].

The total cross section σA(E
γ
) and branching

ratios of the photoabsorption channels fA(E
γ
, i) cal!

culated by using the GNASH model can be used to
compute the cross sections of electromagnetic disso!
ciation. The restriction E

γ
 < Emax = 140 MeV inherent

to the model for photonuclear reactions in question
has an impact on the result that will be scrutinized in
Subsections 5.1 and 5.2.
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Fig. 8. Photoneutron cross sections for lead nuclei [32]. The light and dark dots denote Saclay [43] and Livermore [55] data,
respectively, corrected according to [56]. The crosses represent the data from [62], while the squares show the estimated data from
[63]. Remaining notation is identical to that in Fig. 7.

Full dataset, including extrapolations 
used to predict breakup vs. b

P1
Xn(b) = ∫

Emax

Emin

n(b, k)σγA→A⋆(k)

b

(from oncoming A)

→ PXn(b) = 1 − exp(−P1
Xn(b))

Xn0n or XnXn select smaller impact parameters than 0n0n!
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Fig. 4. The differential cross sections for the exclusive ρ photoproduction as a function of |t| considering different center-of-mass energies of the γ p system. Preliminary data 
from the CMS Collaboration [14 ].

Fig. 5. The differential cross sections for the exclusive ρ (left panel) and J/# (right panel) photoproduction as a function of |t| assuming p Pb collisions at √sN N = 8 .16 TeV. 
Predictions calculated considering different models for N p(x, r, b) and for the vector meson function.

will only be possible if a global analysis is performed considering 
the data for other vector mesons (as e.g. J/#). A similar conclu-
sion has been reached in Ref. [9 ]. In contrast, if the first dip occurs 
at smaller (larger) values of |t|, we will have an indication that 
the adequate representation of the process is given by the bCGC 
(IP-Sat) model to describe the non-linear effects and by Boosted 
Gaussian (Gauss - LC) model for the vector meson wave function. 
Such results indicate that a future experimental analysis of the |t|
- distributions in exclusive processes can be useful to discriminate 
between these different approaches.

As a summary, in this letter we have investigated the exclusive 
ρ and J/# photoproduction in p A collisions at the LHC, motivated 

by the expectation that this process may allow us to constrain the 
description of the QCD dynamics at high energies. Differently from 
pp and A A collisions, in p A collisions the rapidity of the vector 
meson allows to unambiguously determine the γ p center-of-mass 
energy and, consequently, to probe the QCD dynamics at the given 
value of the Bjorken –  x variable. We have considered the exclu-
sive ρ and J/# production, which mainly probes the non-linear 
and linear QCD regimes, respectively, and presented the bCGC and 
IP-Sat predictions for the rapidity and transverse momentum dis-
tributions. These two models, even though describing the available 
HERA data, are based on different assumptions for the gluon sat-
uration effects. We demonstrated that their predictions for the 

V.P. Gonçalves et al. / Physics Letters B 791 (2019) 299–304 301

Fig. 2. Rapidity distribution for the exclusive ρ (upper panels) and J/" (lower panels) photoproduction in pCa and p Pb collisions at
√

sN N = 8 .16 TeV.

with the same parameters used before in Eq. (5).
Let’s consider the exclusive ρ and J/" photoproduction in pCa

and p Pb collisions at the LHC energies. Our main focus will be 
on the transverse momentum distributions, which are expected to 
be studied considering the higher statistics of Run 2 and 3 [1]. 
However, firstly let us analyse the impact of the gluon satura-
tion effects on the rapidity distributions at a fixed value of the 
momentum transfer t . We will estimate Eq. (1) for t = tmin , with 
tmin = −m2

N M4
V /W 4. In Fig. 2 we present our predictions for the 

rapidity distributions considering the exclusive ρ (upper panels) 
and J/" (lower panels) photoproduction in pCa and p Pb colli-
sions. The rapidity Y is calculated in the center-of-mass of the p A
system. We observe that the difference between the bCGC and IP-
Sat is larger for ρ production, with the IP-Sat predictions being 
smaller than the bCGC ones. On the other hand, the IP-Sat model 
predicts larger values of the rapidity distribution when the J/"
production is considered. Finally, the bCGC linear model predicts 
larger (similar) values of the rapidity distributions for the ρ ( J/") 
production. These results are expected, since the bCGC and IP-Sat 
models assume different behavior for the linear and non-linear 
regimes. In the ρ case, the process is dominated by the contri-
bution of large dipole sizes, which are expected to be strongly 
suppressed by the gluon saturation effects. On the other hand, J/"
production is dominated by small dipoles, i.e. the cross section 
is expected to be mainly determined by the linear regime of the 
QCD dynamics. The main difference between the predictions for 
pCa and p Pb collisions is the normalization of the distributions. 
This result is also expected, since the distribution is calculated by 
the product of the photon flux and the photon - proton cross sec-
tion [See Eq. (1)], with nA being proportional to Z 2. The rapidity 
and transverse momentum dependencies are determined by the 

γ p → V p cross section, which is the same for pCa and p Pb col-
lisions. Consequently, in what follows, we will only present our 
predictions for the t-distributions in p Pb collisions.

Let us now analyze the predictions of the different gluon sat-
uration models for the distributions on the squared transverse 
momentum of the vector mesons considering p Pb collisions at √

sN N = 8 .16 TeV and assuming three different fixed values for the 
vector meson rapidity (Y = 0, 2 and 4). Our results for the exclu-
sive ρ and J/" photoproduction are presented in the upper and 
lower panels of Fig. 3, respectively. We observe that the bCGC and 
IP-Sat predictions are similar at small – |t|, but differ at larger val-
ues. The position of the dip is dependent on the description of the 
gluon saturation effects, with the bCGC model predicting the dip 
at smaller values of |t|, independently of the produced vector me-
son. Moreover, we see that the position of the dip is displaced at 
smaller |t| with the growth of the rapidity and the number of dips 
predicted for the ρ production in the range |t| ≤ 4 GeV2 is larger 
than for the J/" case. On the other hand, if the non-linear effects 
are disregarded in the bCGC model, the normalization is increased, 
with the increasing being larger for the ρ production. Such result 
is expected from the analysis of the Fig. 2. The bCGC linear model 
also predicts the presence of a dip, in a position that is almost in-
dependent of the rapidity, and that occurs at larger values of |t| in 
comparison to the predictions that include the non-linear effects. 
These results indicate that the study of the t-distribution in the 
range 0.75 ≤ |t| ≤ 1.5 GeV2 (2.0 ≤ |t| ≤ 3.0 GeV2) for the case of ρ
( J/") production can be useful to constrain the description of the 
gluon saturation effects.

The exclusive ρ photoproduction in ultraperipheral p Pb colli-
sions at √sN N = 5.02 TeV has been studied by the CMS Collabo-
ration. In particular, they released, very recently, the first (prelim-

d2σ
dYdt

∝ (xG(x))2

access to saturation and  
shadowing physics
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-Slope and dips in  sensitive to spatial  

distribution of scattering centers
(  is conjugate to b)

dσ/dt

−t ∼ pT
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Fig. 1 Diffractive J/ψ meson production in electron proton colli-
sions: (a) elastic J/ψ production in which the proton stays intact and
(b) proton-dissociative J/ψ production in which the proton dissociates
to a low mass excited state with mass MY > mp

theory predicts [1, 2] an approximate cross section depen-
dence σ ∝ W δ

γp as a function of the photon-proton centre-
of-mass energy Wγp . For elastic production of light vec-
tor mesons (ρ, ω, φ) exponents δ ≈ 0.22 [3] are observed.
In contrast, the cross section for elastic J/ψ production,
γp → J/ψp, rises more steeply with Wγp , δ ≈ 0.7 [4, 5],
and is thus incompatible with a universal Pomeron hypoth-
esis [2]. The Wγp dependence of proton-dissociative J/ψ

production [6– 8] is expected to be similar to the elastic case.
Due to the presence of a hard scale, the mass of the

J/ψ meson, calculations in perturbative Quantum-Chromo-
Dynamics (QCD) are possible. The diffractive production
of vector mesons can then be described in the proton rest
frame by a process in which the photon fluctuates into a qq̄

pair (or colour-dipole) at a long distance from the proton
target. The qq̄ pair interacts with the proton via a colour-
singlet exchange, which in lowest order QCD is realised as
a colourless gluon pair [9– 12]. The steep rise of the cross
section with Wγp is then related to the rise of the square of
the gluon density towards low values of Bjorken x [13– 17].

The elastic and proton-dissociative J/ψ cross sections
as functions of the squared four-momentum transfer t

at the proton vertex show a fast fall with increasing |t |
[4, 5, 18– 25]. For the elastic J/ψ cross section the
t-dependence can be parametrised by an exponential func-
tion dσ/dt ∝ e−bel|t | as expected from diffractive scattering.
In an optical model the t-dependence of the elastic cross
section carries information on the transverse size of the in-
teraction region. The proton-dissociative cross section falls
less steeply than the elastic one and becomes dominant at
|t | ! 1 GeV2. The differential proton-dissociative cross sec-
tion as a function of t is parametrised with a power-law
function dσ/dt ∝ (1 + (bpd/n)|t |)−n, which for low |t | has
an approximate exponential behaviour, ∝ e−bpd|t |.

Diffractive J/ψ production has been studied previously
at HERA at low values of |t | [4, 5, 18– 23], and also at very
large values of |t | [24, 25], where proton-dissociative J/ψ

production dominates.
In this analysis cross sections are determined simultane-

ously for the elastic and proton-dissociative regimes. In ad-
dition to a measurement at the nominal ep centre-of-mass

energy of
√

s ≈ 318 GeV, data recorded at a lower centre-
of-mass energy of

√
s ≈ 225 GeV are analysed. This low-

energy data set extends the kinematic region in Wγp into the
transition region between previous diffractive J/ψ measure-
ments at HERA and fixed target experiments [26, 27]. The
elastic and proton-dissociative cross sections as functions of
t and Wγp are subjected to phenomenological fits, together
with previous H1 data [4, 24], and are compared with QCD
based dipole models [14].

2 Experimental method

2.1 Kinematics

The kinematics of the processes ep → eJ/ψX, where
X = p or Y (depicted in Fig. 1), are described by the fol-
lowing variables: the square of the ep centre-of-mass energy
s = (P + k)2, the square of the γp centre-of-mass energy
W 2

γp = (q + P)2, the absolute value of the four-momentum
transfer squared at the lepton vertex Q2 = −q2 = −(k−k′)2

and of the four-momentum transfer squared at the proton
vertex t = (P − P ′)2. The four-momenta k, k′,P ,P ′ and q

refer to the incident and scattered beam positron, the incom-
ing and outgoing proton (or dissociated system Y ) and the
exchanged photon, respectively.

In the limit of photoproduction, i.e Q2 → 0, the beam
positron is scattered at small angles and escapes detection.
In this regime the square of the γp centre-of-mass energy
can be reconstructed via the variable W 2

γp,rec = syrec, where
yrec is the reconstructed inelasticity, measured as yrec =
(EJ/ψ − pz,J/ψ )/(2Ee). Here, EJ/ψ and pz,J/ψ denote the
reconstructed energy and the momentum along the proton
beam direction (z-axis) of the J/ψ meson and Ee is the
positron beam energy. Furthermore, the variable t can be es-
timated from the transverse momentum of the J/ψ in the
laboratory frame via the observable trec = −p2

T ,J/ψ . The
reconstructed variables Wγp,rec and trec are only approxi-
mately equal to the variables Wγp and t , due to their defini-
tion and due to the smearing effects of the detector. In partic-
ular, −p2

T ,J/ψ is systematically larger than t for events with

a value of Q2 close to the upper boundary of 2.5 GeV2 used
in the analysis. In such events the J/ψ recoils against the
scattered beam positron in addition to the proton. The mea-
surement presented here corrects for this recoil effect by the
unfolding procedure described below.

2.2 Monte Carlo models

Monte Carlo (MC) simulations are used to calculate ac-
ceptances and efficiencies for triggering, track reconstruc-
tion, event selection, lepton identification and background
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 1 Diffractive J/ψ meson production in electron proton colli-
sions: (a) elastic J/ψ production in which the proton stays intact and
(b) proton-dissociative J/ψ production in which the proton dissociates
to a low mass excited state with mass MY > mp

theory predicts [1, 2] an approximate cross section depen-
dence σ ∝ W δ

γp as a function of the photon-proton centre-
of-mass energy Wγp . For elastic production of light vec-
tor mesons (ρ, ω, φ) exponents δ ≈ 0.22 [3] are observed.
In contrast, the cross section for elastic J/ψ production,
γp → J/ψp, rises more steeply with Wγp , δ ≈ 0.7 [4, 5],
and is thus incompatible with a universal Pomeron hypoth-
esis [2]. The Wγp dependence of proton-dissociative J/ψ

production [6– 8] is expected to be similar to the elastic case.
Due to the presence of a hard scale, the mass of the

J/ψ meson, calculations in perturbative Quantum-Chromo-
Dynamics (QCD) are possible. The diffractive production
of vector mesons can then be described in the proton rest
frame by a process in which the photon fluctuates into a qq̄

pair (or colour-dipole) at a long distance from the proton
target. The qq̄ pair interacts with the proton via a colour-
singlet exchange, which in lowest order QCD is realised as
a colourless gluon pair [9– 12]. The steep rise of the cross
section with Wγp is then related to the rise of the square of
the gluon density towards low values of Bjorken x [13– 17].

The elastic and proton-dissociative J/ψ cross sections
as functions of the squared four-momentum transfer t

at the proton vertex show a fast fall with increasing |t |
[4, 5, 18– 25]. For the elastic J/ψ cross section the
t-dependence can be parametrised by an exponential func-
tion dσ/dt ∝ e−bel|t | as expected from diffractive scattering.
In an optical model the t-dependence of the elastic cross
section carries information on the transverse size of the in-
teraction region. The proton-dissociative cross section falls
less steeply than the elastic one and becomes dominant at
|t | ! 1 GeV2. The differential proton-dissociative cross sec-
tion as a function of t is parametrised with a power-law
function dσ/dt ∝ (1 + (bpd/n)|t |)−n, which for low |t | has
an approximate exponential behaviour, ∝ e−bpd|t |.

Diffractive J/ψ production has been studied previously
at HERA at low values of |t | [4, 5, 18– 23], and also at very
large values of |t | [24, 25], where proton-dissociative J/ψ

production dominates.
In this analysis cross sections are determined simultane-

ously for the elastic and proton-dissociative regimes. In ad-
dition to a measurement at the nominal ep centre-of-mass

energy of
√

s ≈ 318 GeV, data recorded at a lower centre-
of-mass energy of

√
s ≈ 225 GeV are analysed. This low-

energy data set extends the kinematic region in Wγp into the
transition region between previous diffractive J/ψ measure-
ments at HERA and fixed target experiments [26, 27]. The
elastic and proton-dissociative cross sections as functions of
t and Wγp are subjected to phenomenological fits, together
with previous H1 data [4, 24], and are compared with QCD
based dipole models [14].

2 Experimental method

2.1 Kinematics

The kinematics of the processes ep → eJ/ψX, where
X = p or Y (depicted in Fig. 1), are described by the fol-
lowing variables: the square of the ep centre-of-mass energy
s = (P + k)2, the square of the γp centre-of-mass energy
W 2

γp = (q + P)2, the absolute value of the four-momentum
transfer squared at the lepton vertex Q2 = −q2 = −(k−k′)2

and of the four-momentum transfer squared at the proton
vertex t = (P − P ′)2. The four-momenta k, k′,P ,P ′ and q

refer to the incident and scattered beam positron, the incom-
ing and outgoing proton (or dissociated system Y ) and the
exchanged photon, respectively.

In the limit of photoproduction, i.e Q2 → 0, the beam
positron is scattered at small angles and escapes detection.
In this regime the square of the γp centre-of-mass energy
can be reconstructed via the variable W 2

γp,rec = syrec, where
yrec is the reconstructed inelasticity, measured as yrec =
(EJ/ψ − pz,J/ψ )/(2Ee). Here, EJ/ψ and pz,J/ψ denote the
reconstructed energy and the momentum along the proton
beam direction (z-axis) of the J/ψ meson and Ee is the
positron beam energy. Furthermore, the variable t can be es-
timated from the transverse momentum of the J/ψ in the
laboratory frame via the observable trec = −p2

T ,J/ψ . The
reconstructed variables Wγp,rec and trec are only approxi-
mately equal to the variables Wγp and t , due to their defini-
tion and due to the smearing effects of the detector. In partic-
ular, −p2

T ,J/ψ is systematically larger than t for events with

a value of Q2 close to the upper boundary of 2.5 GeV2 used
in the analysis. In such events the J/ψ recoils against the
scattered beam positron in addition to the proton. The mea-
surement presented here corrects for this recoil effect by the
unfolding procedure described below.

2.2 Monte Carlo models

Monte Carlo (MC) simulations are used to calculate ac-
ceptances and efficiencies for triggering, track reconstruc-
tion, event selection, lepton identification and background
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Fig. 1 Diffractive J/ψ meson production in electron proton colli-
sions: (a) elastic J/ψ production in which the proton stays intact and
(b) proton-dissociative J/ψ production in which the proton dissociates
to a low mass excited state with mass MY > mp

theory predicts [1, 2] an approximate cross section depen-
dence σ ∝ W δ

γp as a function of the photon-proton centre-
of-mass energy Wγp . For elastic production of light vec-
tor mesons (ρ, ω, φ) exponents δ ≈ 0.22 [3] are observed.
In contrast, the cross section for elastic J/ψ production,
γp → J/ψp, rises more steeply with Wγp , δ ≈ 0.7 [4, 5],
and is thus incompatible with a universal Pomeron hypoth-
esis [2]. The Wγp dependence of proton-dissociative J/ψ

production [6– 8] is expected to be similar to the elastic case.
Due to the presence of a hard scale, the mass of the

J/ψ meson, calculations in perturbative Quantum-Chromo-
Dynamics (QCD) are possible. The diffractive production
of vector mesons can then be described in the proton rest
frame by a process in which the photon fluctuates into a qq̄

pair (or colour-dipole) at a long distance from the proton
target. The qq̄ pair interacts with the proton via a colour-
singlet exchange, which in lowest order QCD is realised as
a colourless gluon pair [9– 12]. The steep rise of the cross
section with Wγp is then related to the rise of the square of
the gluon density towards low values of Bjorken x [13– 17].

The elastic and proton-dissociative J/ψ cross sections
as functions of the squared four-momentum transfer t

at the proton vertex show a fast fall with increasing |t |
[4, 5, 18– 25]. For the elastic J/ψ cross section the
t-dependence can be parametrised by an exponential func-
tion dσ/dt ∝ e−bel|t | as expected from diffractive scattering.
In an optical model the t-dependence of the elastic cross
section carries information on the transverse size of the in-
teraction region. The proton-dissociative cross section falls
less steeply than the elastic one and becomes dominant at
|t | ! 1 GeV2. The differential proton-dissociative cross sec-
tion as a function of t is parametrised with a power-law
function dσ/dt ∝ (1 + (bpd/n)|t |)−n, which for low |t | has
an approximate exponential behaviour, ∝ e−bpd|t |.

Diffractive J/ψ production has been studied previously
at HERA at low values of |t | [4, 5, 18– 23], and also at very
large values of |t | [24, 25], where proton-dissociative J/ψ

production dominates.
In this analysis cross sections are determined simultane-

ously for the elastic and proton-dissociative regimes. In ad-
dition to a measurement at the nominal ep centre-of-mass

energy of
√

s ≈ 318 GeV, data recorded at a lower centre-
of-mass energy of

√
s ≈ 225 GeV are analysed. This low-

energy data set extends the kinematic region in Wγp into the
transition region between previous diffractive J/ψ measure-
ments at HERA and fixed target experiments [26, 27]. The
elastic and proton-dissociative cross sections as functions of
t and Wγp are subjected to phenomenological fits, together
with previous H1 data [4, 24], and are compared with QCD
based dipole models [14].

2 Experimental method

2.1 Kinematics

The kinematics of the processes ep → eJ/ψX, where
X = p or Y (depicted in Fig. 1), are described by the fol-
lowing variables: the square of the ep centre-of-mass energy
s = (P + k)2, the square of the γp centre-of-mass energy
W 2

γp = (q + P)2, the absolute value of the four-momentum
transfer squared at the lepton vertex Q2 = −q2 = −(k−k′)2

and of the four-momentum transfer squared at the proton
vertex t = (P − P ′)2. The four-momenta k, k′,P ,P ′ and q

refer to the incident and scattered beam positron, the incom-
ing and outgoing proton (or dissociated system Y ) and the
exchanged photon, respectively.

In the limit of photoproduction, i.e Q2 → 0, the beam
positron is scattered at small angles and escapes detection.
In this regime the square of the γp centre-of-mass energy
can be reconstructed via the variable W 2

γp,rec = syrec, where
yrec is the reconstructed inelasticity, measured as yrec =
(EJ/ψ − pz,J/ψ )/(2Ee). Here, EJ/ψ and pz,J/ψ denote the
reconstructed energy and the momentum along the proton
beam direction (z-axis) of the J/ψ meson and Ee is the
positron beam energy. Furthermore, the variable t can be es-
timated from the transverse momentum of the J/ψ in the
laboratory frame via the observable trec = −p2

T ,J/ψ . The
reconstructed variables Wγp,rec and trec are only approxi-
mately equal to the variables Wγp and t , due to their defini-
tion and due to the smearing effects of the detector. In partic-
ular, −p2

T ,J/ψ is systematically larger than t for events with

a value of Q2 close to the upper boundary of 2.5 GeV2 used
in the analysis. In such events the J/ψ recoils against the
scattered beam positron in addition to the proton. The mea-
surement presented here corrects for this recoil effect by the
unfolding procedure described below.

2.2 Monte Carlo models

Monte Carlo (MC) simulations are used to calculate ac-
ceptances and efficiencies for triggering, track reconstruc-
tion, event selection, lepton identification and background
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 8 Exclusive ρ (770)0 photoproduction cross section as a func-
tion of Wγ p . The inner bars show the statistical uncertainty, while the
outer bars represent the statistical and systematic uncertainties added
in quadrature. Fixed-target [45–48] and HERA [17,18] data are also
shown. The dashed lines indicate the results of the fits described in the
text

The starlight prediction is systematically higher than the
data in the high-|t | region. This trend becomes more signifi-
cant as Wγ p increases.
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FIG. 4: Transverse momentum distributions for the exclusive ρ photoproduction at different center - of - mass energies of the
γp system. Preliminary data from the CMS Collaboration [14].

models describe quite well the distributions for |t| ≤ 0.4 GeV2. On the other hand, at larger values of |t|, where the
number of experimenal points is smaller and the uncertainty is larger, the predictions of the gluon saturation models
underestimate the data, with the IP-Sat predictions being closer to the data. It is important to emphasize that the
discrepancy starts to occur exactly in the region where the presence of dips becomes important and the t - distribution
can no longer be described by an exponential with a fixed slope. If confirmed, these data can be a first indication
that the model of the spatial distribution of gluons in the proton (present in the bCGC and IP-Sat models) should be
improved in the study of gluon saturation effects. Certainly, more data on exclusive vector meson photoproduction
will be very useful to improve our understanding of the QCD dynamics at high energies.
Finally, let’s summarize our main results and conclusions. In this letter we have investigated the exclusive ρ and J/Ψ

photoproduction in pA collisions at the LHC motivated by the expectation that this process may allow us to constrain
the description of the QCD dynamics at high energies. Differently from pp and AA collisions, in pA collisions the
rapidity of the vector meson allows to unambiguously determine the γp center - of - mass energy and, consequently, to
probe the QCD dynamics at the given value of the Bjorken – x variable. We have considered ρ and J/Ψ production,
which mainly probes the non - linear and linear QCD regimes, respectively, and presented the bCGC and IP-Sat
predictions for the rapidity and transverse momentum distributions. These two models, even though describing the
available HERA data, are based on different assumptions for the gluon saturation effects. We demonstrated that
their predictions for the t – spectra are similar at small values of |t| but differ at large - |t|, with the position of the
dip being model dependent. A comparison of our predictions with the very recent (preliminary) CMS data has been
presented for the first time, with the data at small - |t| being quite well described by both gluon saturation models.
However, the large - |t| data are underestimated by the models. This can be a first indication that the description of
the spatial distribution of the gluons in the proton should be improved. These results indicate that the experimental
analysis of the transverse momentum distribution is useful to discriminate between different approaches for the QCD
dynamics as well to improve our description of the gluon saturation effects.
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In this letter we complement previous studies on exclusive vector meson photoproduction in hadronic 
collisions presenting a comprehensive analysis of the t-spectrum measured in exclusive ρ and J/"
photoproduction in p A collisions at the LHC. We compute the differential cross sections considering 
two phenomenological models for the gluon saturation effects and present predictions for p Pb and pCa
collisions. Moreover, we compare our predictions with the recent preliminary CMS data for the exclusive 
ρ photoproduction. We demonstrate that the gluon saturation models are able to describe the CMS data 
at small – t. On the other hand, the models underestimate the few data point at large – t. Our results 
indicate that future measurements of the large – t region can be useful to probe the presence or absence 
of a dip in the t-spectrum and discriminate between the different approaches to the gluon saturation 
effects.
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During the last years the study of photon – induced interactions 
at hadronic colliders has been strongly motivated by the possibil-
ity of constraining the dynamics of the strong interactions at large 
energies (for a recent review see Ref. [1]). One of most promising 
observables is the exclusive vector meson photoproduction cross 
section [2,3], which is driven by the gluon content of the target 
(proton or nucleus) and is strongly sensitive to non-linear effects 
(parton saturation). Such expectation has motivated the analysis of 
exclusive ρ , φ, J/", "(2S) and ϒ photoproduction in pp, p A and 
A A collisions at RHIC and LHC energies considering different theo-
retical approaches for the treatment of the QCD dynamics and for 
the vector meson wave function (see, e.g., Refs. [4–11]). In partic-
ular, the recent study performed in Ref. [9] indicated that a global 
analysis of the experimental data for the rapidity distributions of 
all these different final states will be necessary to discriminate 
between the distinct theoretical approaches. On the other hand, 
the results presented in Refs. [10,12] indicate that the study of 
the squared momentum transfer (t) distributions is an important 
alternative to probe the QCD dynamics at high energies. These dis-
tributions are expected to provide information about the spatial 
distribution of the gluons in the hadron and about fluctuations 
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E-mail address: barros@ufpel.edu.br (V.P. Gonçalves).

of the color fields (see e.g. Ref. [13]). In Ref. [12] we have pre-
sented predictions for the t-spectrum measured in the exclusive 
vector meson photoproduction considering pp and PbPb collisions 
at the LHC. Our goal is this letter is twofold. First, to complement 
that study and present, for the first time, predictions for the mo-
mentum transfer distributions measured in exclusive ρ and J/"
photoproduction in p Pb collisions considering two phenomeno-
logical models for the treatment of the gluon saturation effects. 
Second, to present a comparison of gluon saturation predictions 
with the recent (preliminary) CMS data on exclusive ρ photopro-
duction in ultraperipheral p Pb collisions at √sN N = 5 .02 TeV [14]. 
Such comparison is also performed here for the first time. As we 
will demonstrate in what follows, our results indicate that the 
analysis of the t-spectrum can be useful to discriminate between 
the different approaches to gluon saturation effects. Moreover, we 
will show that these models are able to describe the CMS data at 
small – t but underestimate the few data points at large – t .

Initially, let’s present a brief review of the formalism used in 
our calculations. The exclusive vector meson photoproduction in 
p A collisions is dominated by photon - proton interactions, since 
the nuclear photon flux is enhanced by the square of the nuclear 
charge (Z ) [15 ]. The process is represented in Fig. 1. The final state 
will be characterized by two intact hadrons (A and p) and two ra-
pidity gaps, i.e. the outgoing particles (A, V = ρ, J/" and p) are 

https://doi.org/10.1016/j.physletb.2019.03.007
0370-2693/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
SCOAP3.
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Abstract Exclusive ρ(770)0 photoproduction is measured
for the first time in ultraperipheral pPb collisions at

√
s

NN
=

5.02 TeV with the CMS detector. The cross section σ (γp →
ρ(770)0p) is 11.0 ± 1.4 (stat) ± 1.0 (syst) µb at ⟨Wγ p⟩ =
92.6 GeV for photon–proton centre-of-mass energies Wγ p
between 29 and 213 GeV. The differential cross section
dσ/d|t | is measured in the interval 0.025 < |t | < 1 GeV2

as a function of Wγ p , where t is the squared four-momentum
transfer at the proton vertex. The results are compared with
previous measurements and theoretical predictions. The mea-
sured cross section σ (γp → ρ(770)0p) has a power-law
dependence on the photon–proton centre-of-mass, consistent
with electron–proton collision measurements performed at
HERA. The Wγ p dependence of the exponential slope of the
differential cross section dσ/d|t | is also measured.

1 Introduction

Exclusive vector meson (VM) photoproduction, γp →
VMp, has received renewed interest following recent stud-
ies of ultraperipheral collisions involving ions and protons
at the CERN LHC [1,2]. In such collisions, photon-induced
interactions predominantly occur when the colliding hadrons
are separated by a distance larger than the sum of their radii.
In this case, one of the hadrons may emit a quasi-real pho-
ton that fluctuates into a quark-antiquark pair with the quan-
tum numbers of the photon, which can then turn into a VM
upon interacting with the other hadron. The interaction of
the VM with the hadron proceeds via the exchange of the
vacuum quantum numbers, the so-called pomeron exchange.
Proton–lead (pPb) collisions are particularly interesting for
studying photon–proton interactions [3,4] because the large
electric charge of the Pb nucleus strongly enhances photon
emission. Also, in these events, one can determine the pho-
ton direction and hence the photon–proton centre-of-mass
energy Wγ p unambiguously. This advantage is not present in

⋆ e-mail: cms-publication-committee-chair@cern.ch

symmetric colliding systems such as pp interactions. Exclu-
sive VM photoproduction is interesting because the Fourier
transform of the t distribution, with t being the squared
four-momentum transfer at the proton vertex, is related to
the two-dimensional spatial distribution of the struck par-
tons in the plane transverse to the beam direction. Further-
more, some models suggest that the energy dependence of
the integrated cross section and that of the t distribution may
provide evidence of gluon saturation, as discussed in Refs.
[5–10].

By using ultraperipheral pPb collisions at
√
s

NN
=

5.02 TeV at the LHC, the ALICE Collaboration has mea-
sured the exclusive photoproduction of J/ψ(1S) mesons in
the centre-of-mass energy interval 20 < Wγ p < 700 GeV
[11,12]. The LHCb Collaboration has studied exclusive
J/ψ(1S), ψ(2S), and Υ (nS) photoproduction in pp collisions
at

√
s = 7 and 8 TeV [13,14]. Exclusive photoproduction

of ρ(770)0 mesons was first studied in fixed-target exper-
iments at Wγ p values up to 20 GeV [15,16]. Experiments
at the HERA electron–proton collider at DESY have stud-
ied this process at Wγ p values ranging from 50 to 187 GeV,
both with quasi-real photons and for photons with larger
virtualities [17,18]. The HERA data have provided clear
experimental evidence for the transition from the soft to
the hard diffractive regime [19,20]. More recently, exclu-
sive photoproduction of ρ(770)0 mesons has been stud-
ied by the STAR Collaboration in ultraperipheral AuAu
collisions at the BNL RHIC collider [21–23], and by the
ALICE Collaboration in PbPb collisions [24]. The cross sec-
tions measured by the ALICE and STAR Collaborations in
photon-nucleus interactions are 40% lower than both the
prediction from the Glauber approach and the correspond-
ing measurements in photon–proton interactions [24,25].
However, the Glauber approach reproduces the measured
cross sections well at lower energies. This is an indica-
tion that nuclei do not behave as a collection of inde-
pendent nucleons at high energies. In the present analy-
sis, exclusive photoproduction of ρ(770)0 mesons in the
π+ π− decay channel in ultraperipheral pPb collisions at
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Figure 2: Transverse momentum distributions of dileptons around the J/y mass for the dielectron (upper left)
and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward (lower left)
and semi-backward (lower right) analyses. In all cases the data are represented by points with error bars. The
blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo templates for J/y coming from
exclusive photoproduction off protons or off lead and continuous dilepton production respectively. The red (dash-
dot) line is a template for dissociative and hadronic background obtained from data. The solid black line is the sum
of all contributions.

The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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Figure 2: Transverse momentum distributions of dileptons around the J/y mass for the dielectron (upper left)
and dimuon (upper right) samples for the central analysis and dimuon samples for the semi-forward (lower left)
and semi-backward (lower right) analyses. In all cases the data are represented by points with error bars. The
blue, magenta (dash) and green (dash-dot-dot) lines correspond to Monte Carlo templates for J/y coming from
exclusive photoproduction off protons or off lead and continuous dilepton production respectively. The red (dash-
dot) line is a template for dissociative and hadronic background obtained from data. The solid black line is the sum
of all contributions.

The systematic uncertainty on the yield was obtained by varying the range of fit to the transverse momen-
tum template, the width of the binning and the selections and smoothing algorithms used to determine
the non-exclusive template. (See section 3.3.) Furthermore, the value of the b parameter used in the
production of the exclusive J/y template was varied, taking into account the uncertainties reported by
H1 [10]. The uncertainty varies from 1.9% to 3.6%. (See “signal extraction” in Table 2.)

The polarization of the J/y coming from y(2S) feed-down is not known. The uncertainty on the amount
of feed-down has been estimated by assuming that the J/y was either not polarised or that it was fully
transversely or fully longitudinally polarised. This uncertainty is asymmetric and varies from +1.0% to
�1.4%. (See “feed-down” in Table 2.)
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1 Introduction

One of the most interesting aspects of perturbative Quantum Chromodynamics (pQCD) is the evolution
of the structure of hadrons in terms of quarks and gluons towards the high-energy limit [1]. Very precise
measurements at HERA [2, 3] have shown that the gluon structure function in protons rises rapidly at
small values of the Bjorken x variable, which corresponds to the high-energy limit of QCD. This rise,
interpreted as the growth of the probability density function for gluons, has to be damped at some high
energy to satisfy unitarity constraints [4]. Although gluon saturation [5] is the most straightforward
mechanism to slow down the growth of the cross section, no compelling evidence for this effect has been
found so far. Gluon saturation would have important implications in small-x physics and in the early
stages of ultra-relativistic heavy-ion collisions at RHIC and LHC; consequently, finding evidence for
gluon saturation has become a central task for present experiments and for future projects [6, 7].

The exclusive photoproduction of charmonium off protons (gp ! J/y p) is a very clean probe with
which to search for saturation effects, because the cross section for this process depends, at leading order
in pQCD, on the square of the gluon density in the target [8]. The mass of the charm quark provides a
scale large enough to allow calculations within pQCD. A reduction in the growth rate of the cross section
for this process as the centre-of-mass energy of the photon-target system increases would signal the onset
of gluon saturation effects.

This process has been extensively studied in ep interactions at the HERA collider. Both ZEUS and H1
measured the energy dependence of exclusive J/y photoproduction off protons at gp centre-of-mass
energies, Wgp, from 20 to 305 GeV [9–11]. H1 has also measured exclusive y(2S) photoproduction off
protons with Wgp between 40 and 150 GeV [12].

The exclusive photoproduction of charmonium can also be studied at hadron colliders, where one of the
incoming hadrons is the source of the photons and the other the target. CDF measured exclusive J/y
production at mid-rapidities in pp̄ collisions at the Tevatron [13], while LHCb reported measurements of
exclusive J/y and y(2S) production at forward rapidities in pp collisions at the LHC [14]. In addition,
° production has been studied, both at HERA [15–17] and in pp collisions at the LHC [18]. In all cases,
the experimental signature is the production of a vector meson in a collision in which there is no other
hadronic activity, apart from the possible emission of a few very forward neutrons.

In hadron colliders, as the incoming particles can each be both source or target, there are two possible
centre-of-mass energies for the photon-target system. This ambiguity can be resolved if the contribution
of one beam acting as the source is much stronger than the other. This is the case for p–Pb collisions,
because photon emission grows with the square of the electric charge and thus emission by the Pb ion is
strongly enhanced with respect to that from the proton. ALICE published the first measurement of ex-
clusive photoproduction of J/y , at forward and backward rapidities, in p–Pb collisions at the LHC [19].

In this Letter we present the measurements of exclusive J/y photoproduction in collisions of protons
with Pb nuclei at a centre-of-mass energy per nucleon pair

p
sNN = 5.02 TeV. The measurements are

performed in the semi-backward (�2.5 < y < �1.2), mid (|y| < 0.8) and semi-forward (1.2 < y < 2.7)
rapidity intervals, where the rapidity y of the J/y is measured in the laboratory frame with respect to
the direction of the proton beam. The value of Wgp is determined by the rapidity of the J/y according
to W

2
gp = 2EpMJ/y exp(�y), where MJ/y is the J/y mass and Ep = 4 TeV is the energy of the proton

beam. Thus, the measurements presented here span the Wgp range from 40 to 550 GeV. Together with
the measurements presented in [19] (for the rapidity ranges �3.6 < y <�2.6 and 2.5 < y < 4), ALICE
data map the Wgp dependence of the cross section for this process from about 20 to 700 GeV, which,
using the standard definition x = M

2
J/y/W

2
gp, corresponds to three orders of magnitude, from ⇠2⇥10�2

to ⇠2⇥10�5.

2

Clear relative decrease in incoherent contributions

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Fig. 3. Comparison of the model (solid lines) to data on the Wγ p dependence of the cross section for exclusive (left) and dissociative (right) photoproduction of J/ψ as 
measured by H1 [11] and ALICE [6] (open and solid bullets, respectively).

on the t dependence of J/ψ photoproduction is shown in the right 
panel of the same figure for the data at ⟨Wγ p⟩ = 78 GeV. Both the 
exclusive and the dissociative processes are reasonably well de-
scribed. The left panel of Fig. 3 shows the energy dependence of 
the model and compares it to data from H1 [11] and from ALICE 
p–Pb collisions at a 5.02 TeV centre-of-mass energy [6]. Again, the 
model describes quite well the data.

Our main result is shown in the right panel of Fig. 3. We show 
that the model describes correctly the energy evolution of the dis-
sociative cross section for the available data. We also show that 
the model predicts that the cross section will reach a maximum 
at Wγ p ≈ 500 GeV and it will then turn around and decrease for 
higher energies. This decrease of the dissociative J/ψ photoproduc-
tion cross section is significantly large and can be observed in the 
Wγ p energy range accessible at the LHC.

4. Discussion

Several comments are in order. The chosen numerical values of 
the parameters are quite reasonable: B p is similar to that mea-
sured at HERA [11] and λ is similar to the value found at HERA 
for a scale Q 2 ≈ 2–3 GeV2 [28]. Regarding the value of Bhs , it cor-
responds to a hot spot radius of 0.35 fm, quite close to the values 
around 0.3 fm discussed in [29–31].

In our model the energy dependence shown in the right panel 
of Fig. 3 has a geometrical origin reminiscent of percolation. At 
some point the number of hot spots is so large that they overlap. 
When the overlap is large enough, different configurations look the 
same and the variance (see Eq. (14)) decreases. A percolation ap-
proach has been explored for the fusion of strings yielding a quark 
gluon plasma [32], where interestingly the radius of the strings 
is also found to be around 0.3 fm. For the parameters that we 
have employed in this study, the maximum at Wγ p ≈ 500 GeV is 
reached when some 10 hot spots are present, indicating a sizeable 
overlap of hot spots.

In conclusion, the main result is that our model predicts that 
the dissociative photoproduction cross section decreases at high 
energies, which are reachable at the LHC. Furthermore, experimen-
tal data from (i) ALICE [6] and (ii) H1[11] suggests that this is 
indeed so, which we take as a further support of the chosen pa-
rameters of our model:

(i) ALICE has measured the cross section for exclusive J/ψ pho-
toproduction in p–Pb collisions [6]. The main background to this 
process is dissociative J/ψ photoproduction. For the conditions ex-
isting in ALICE, |t| is related to the square of the transverse mo-
mentum of the J/ψ (pT ). The dissociative contribution populates 
the large |t| region (see right panel of Fig. 2) so in ALICE it pop-

ulates the large pT region. This contribution is clearly present in 
the upper panel of Fig. 2 in Ref. [6] which correspond to Wγ p
ranging from 20 to 40 GeV, but it is almost absent in the lower 
panel of Fig. 2 in Ref. [6] depicting the high energy data sample 
at ⟨Wγ p⟩ = 700 GeV. Qualitatively, the behaviour of these ALICE 
data is similar to that of our predictions shown in the left panel 
of Fig. 3. We take this observation as an indication that the pre-
diction of our model is qualitatively correct. Indeed, the behaviour 
of the background from dissociative J/ψ photoproduction observed 
by ALICE seems to indicate that the turn around may be even at 
smaller energies.

(ii) Inspecting H1 data, specifically Table 2 of [11], one can ob-
serve that the reported cross sections at the highest values of Wγ p
are the same for the last three measurements, albeit with some-
what large errors. This seems to suggest that the growth of the 
dissociative cross section with decreasing x may already be slow-
ing down at HERA energies.

In our model the shape of the t dependence of the cross sec-
tions for the dissociative and exclusive processes does not vary 
with x. However, if the dissociative J/ψ cross section disappears at 
relatively high energies as predicted in our model, it will simplify 
subtracting the dissociative background in the measurement of the 
t distribution of exclusive vector meson photoproduction, particu-
larly at large t values. This is important since the appearance of 
diffractive dips in the t-distribution at large t has been proposed 
as a good observable for gluon saturation effects [33,7].

In addition, it will be interesting to study, experimentally and 
phenomenologically, the corresponding process with nuclear tar-
gets at the LHC. Both the t and the Wγ Pb dependence may offer 
interesting insights since nuclear effects are expected to be sig-
nificantly stronger than in γ -proton interactions [34]: At a given 
rapidity, coherent J/ψ photoproduction in Pb–Pb reaches values of 
x almost a factor three larger than in p–Pb, because the energy of 
the incoming proton beam is larger than that of the incoming Pb 
beam. This implies, see Eq. (19), that Nhs(x) is smaller for the nu-
cleons in Pb targets, but as there are so many nucleons, the total
number of hot-spots is greatly increased. Existing results from AL-
ICE [35,36] and CMS [37] on coherent J/ψ photonuclear production 
are very promising.

In principle, such a process can also be studied in proton–
proton collisions at the LHC. The advantages would be a higher 
centre-of-mass energy and a larger available luminosity. The dis-
advantages would be a much smaller photon flux from a proton 
with respect to that from a lead ion and the fact that it is not 
known which proton act as a source. It could be argued that the 
dissociative system can be used to tag the target proton, but in 
proton–proton collisions the probability of extra exchange of soft 
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Fig. 3. Comparison of the model (solid lines) to data on the Wγ p dependence of the cross section for exclusive (left) and dissociative (right) photoproduction of J/ψ as 
measured by H1 [11] and ALICE [6] (open and solid bullets, respectively).

on the t dependence of J/ψ photoproduction is shown in the right 
panel of the same figure for the data at ⟨Wγ p⟩ = 78 GeV. Both the 
exclusive and the dissociative processes are reasonably well de-
scribed. The left panel of Fig. 3 shows the energy dependence of 
the model and compares it to data from H1 [11] and from ALICE 
p–Pb collisions at a 5.02 TeV centre-of-mass energy [6]. Again, the 
model describes quite well the data.

Our main result is shown in the right panel of Fig. 3. We show 
that the model describes correctly the energy evolution of the dis-
sociative cross section for the available data. We also show that 
the model predicts that the cross section will reach a maximum 
at Wγ p ≈ 500 GeV and it will then turn around and decrease for 
higher energies. This decrease of the dissociative J/ψ photoproduc-
tion cross section is significantly large and can be observed in the 
Wγ p energy range accessible at the LHC.

4. Discussion

Several comments are in order. The chosen numerical values of 
the parameters are quite reasonable: B p is similar to that mea-
sured at HERA [11] and λ is similar to the value found at HERA 
for a scale Q 2 ≈ 2–3 GeV2 [28]. Regarding the value of Bhs , it cor-
responds to a hot spot radius of 0.35 fm, quite close to the values 
around 0.3 fm discussed in [29–31].

In our model the energy dependence shown in the right panel 
of Fig. 3 has a geometrical origin reminiscent of percolation. At 
some point the number of hot spots is so large that they overlap. 
When the overlap is large enough, different configurations look the 
same and the variance (see Eq. (14)) decreases. A percolation ap-
proach has been explored for the fusion of strings yielding a quark 
gluon plasma [32], where interestingly the radius of the strings 
is also found to be around 0.3 fm. For the parameters that we 
have employed in this study, the maximum at Wγ p ≈ 500 GeV is 
reached when some 10 hot spots are present, indicating a sizeable 
overlap of hot spots.

In conclusion, the main result is that our model predicts that 
the dissociative photoproduction cross section decreases at high 
energies, which are reachable at the LHC. Furthermore, experimen-
tal data from (i) ALICE [6] and (ii) H1[11] suggests that this is 
indeed so, which we take as a further support of the chosen pa-
rameters of our model:

(i) ALICE has measured the cross section for exclusive J/ψ pho-
toproduction in p–Pb collisions [6]. The main background to this 
process is dissociative J/ψ photoproduction. For the conditions ex-
isting in ALICE, |t| is related to the square of the transverse mo-
mentum of the J/ψ (pT ). The dissociative contribution populates 
the large |t| region (see right panel of Fig. 2) so in ALICE it pop-

ulates the large pT region. This contribution is clearly present in 
the upper panel of Fig. 2 in Ref. [6] which correspond to Wγ p
ranging from 20 to 40 GeV, but it is almost absent in the lower 
panel of Fig. 2 in Ref. [6] depicting the high energy data sample 
at ⟨Wγ p⟩ = 700 GeV. Qualitatively, the behaviour of these ALICE 
data is similar to that of our predictions shown in the left panel 
of Fig. 3. We take this observation as an indication that the pre-
diction of our model is qualitatively correct. Indeed, the behaviour 
of the background from dissociative J/ψ photoproduction observed 
by ALICE seems to indicate that the turn around may be even at 
smaller energies.

(ii) Inspecting H1 data, specifically Table 2 of [11], one can ob-
serve that the reported cross sections at the highest values of Wγ p
are the same for the last three measurements, albeit with some-
what large errors. This seems to suggest that the growth of the 
dissociative cross section with decreasing x may already be slow-
ing down at HERA energies.

In our model the shape of the t dependence of the cross sec-
tions for the dissociative and exclusive processes does not vary 
with x. However, if the dissociative J/ψ cross section disappears at 
relatively high energies as predicted in our model, it will simplify 
subtracting the dissociative background in the measurement of the 
t distribution of exclusive vector meson photoproduction, particu-
larly at large t values. This is important since the appearance of 
diffractive dips in the t-distribution at large t has been proposed 
as a good observable for gluon saturation effects [33,7].

In addition, it will be interesting to study, experimentally and 
phenomenologically, the corresponding process with nuclear tar-
gets at the LHC. Both the t and the Wγ Pb dependence may offer 
interesting insights since nuclear effects are expected to be sig-
nificantly stronger than in γ -proton interactions [34]: At a given 
rapidity, coherent J/ψ photoproduction in Pb–Pb reaches values of 
x almost a factor three larger than in p–Pb, because the energy of 
the incoming proton beam is larger than that of the incoming Pb 
beam. This implies, see Eq. (19), that Nhs(x) is smaller for the nu-
cleons in Pb targets, but as there are so many nucleons, the total
number of hot-spots is greatly increased. Existing results from AL-
ICE [35,36] and CMS [37] on coherent J/ψ photonuclear production 
are very promising.

In principle, such a process can also be studied in proton–
proton collisions at the LHC. The advantages would be a higher 
centre-of-mass energy and a larger available luminosity. The dis-
advantages would be a much smaller photon flux from a proton 
with respect to that from a lead ion and the fact that it is not 
known which proton act as a source. It could be argued that the 
dissociative system can be used to tag the target proton, but in 
proton–proton collisions the probability of extra exchange of soft 
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Smoother proton, less fluctuations
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Are we in the “saturated” regime?
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“little EIC”

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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decays, feed-down J/y from incoherent y 0 decays and continuum dimuons from the gg ! µ+µ� pro-
cess. In order to describe the high-pT tail, the incoherent J/y photoproduction accompanied by nucleon
dissociation was also taken into account in the fits with the template based on the H1 parametrization of
the dissociative J/y photoproduction [27] (denoted as dissociative J/y in the following):

dN

dpT
⇠ pT

✓
1+

bpd

npd
p

2
T

◆�npd

. (1)

The H1 Collaboration provided two sets of measurements corresponding to different photon–proton
center-of-mass energy ranges: 25 GeV < Wgp < 80 GeV (low-energy data set) and 40 GeV < Wgp <
110 GeV (high-energy data set). The fit parameters bpd = 1.79±0.12 (GeV/c)�2 and npd = 3.58±0.15
from the high-energy data set were used by default, while the corresponding uncertainties and the low-
energy values bpd = 1.6±0.2 (GeV/c)�2 and npd = 3.58(fixed) were used for systematic checks.

The templates were fitted to the data leaving the normalization free for coherent J/y , incoherent J/y
and dissociative J/y production. The normalization of the gg ! µ+µ� spectrum was fixed to the one
obtained from the invariant mass fits. The normalization of the coherent and incoherent feed-down
J/y templates was constrained to the normalization of primary coherent and incoherent J/y templates,
according to the feed-down fractions extracted from the measurement of raw inclusive J/y and y 0 yields,
as described below. The extracted incoherent J/y fraction fI =

N(incoh J/y)
N(coh J/y) for pT < 0.25 GeV/c ranges

from 3.2% to 6.1% depending on the rapidity interval. The contribution of incoherent J/y with nucleon
dissociation was also taken into account in this fraction.

4 Results and discussion

The fits to the invariant mass spectra for dimuons with pair pT < 0.25 GeV/c in the full rapidity range
�4.0 < y <�2.5 were used to extract the ratio of raw inclusive y 0 and J/y yields:

RN =
N(y 0)

N(J/y)
= 0.0250±0.0030(stat.)±0.0035(syst.), (2)
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Figure 4: Measured coherent differential cross section of J/y photoproduction in ultra-peripheral Pb–Pb colli-
sions at

p
sNN = 5.02 TeV. The error bars represent the statistical uncertainties, the boxes around the points the

systematic uncertainties. The theoretical calculations [10, 16, 22, 31, 34–39] described in the text are also shown.
The green band represents the uncertainties of the EPS09 LO calculation.

5 Conclusions

The first rapidity-differential measurement on the coherent photoproduction of J/y in ultra-peripheral
Pb–Pb collisions at

p
sNN = 5.02 TeV has been presented and compared with model calculations. The

Impulse Approximation and STARlight models overpredict the data, indicating the importance of gluon
shadowing effects. The model based on the central set of the EPS09 gluon shadowing parametrization,
the leading twist approximation, and the hot-spot model coupled to the Glauber-Gribov formalism un-
derpredict the data but remain compatible with it at most forward rapidities. The majority of color dipole
models underpredict the data. The ratio of the y 0 and J/y cross sections is in reasonable agreement both
with the ratio of photoproduction cross sections off protons measured by the H1 and LHCb collaborations
and with LTA predictions for Pb–Pb UPC.

The nuclear gluon shadowing factor of about 0.8 at Bjorken-x values around 10�2 and a hard scale
around c-quark mass was estimated from the comparison of the measured coherent J/y cross section
with the Impulse Approximation under the assumption that the contribution from low Bjorken x ⇠ 10�5

can be neglected. Future studies on coherent heavy vector meson photoproduction accompanied by
neutron emission may help to decouple low-x and high-x contributions and provide valuable constraints
on poorly known gluon shadowing effects at Bjorken x ⇠ 10�5 [43].

Acknowledgements

The ALICE Collaboration would like to thank all its engineers and technicians for their invaluable con-
tributions to the construction of the experiment and the CERN accelerator teams for the outstanding
performance of the LHC complex. The ALICE Collaboration gratefully acknowledges the resources and

11

x =
MJ/Ψe±y

s

ALICE LHCbx ∼ (1 − 5) × 10−5

x ∼ (1 − 3) × 10−2

depends on emitter

Increasing precision of data 
needs comparable theoretical precision  

(e.g. GKZ w/ EPS09 has large uncertainties)

Phys.Lett. B798 (2019) 134926T. Herman 
ALICE poster

LHCb  
analyzing 
x20 larger  
sample!,  

Li, Tues 9:40am

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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TABLE VII. The coherent and incoherent cross sections for ρ0 photoproduction within |y | < 1 with XnXn

and 1n1n mutual excitation, and their ratios.

Parameter XnXn 1n1n

σcoh. 6.49 ± 0.01 (stat.) ± 1.18 (syst.) mb 0.770 ± 0.004 (stat.) ± 0.140 (syst.) mb
σincoh. 2.89 ± 0.02 (stat.) ± 0.54 (syst.) mb 0.162 ± 0.010 (stat.) ± 0.029 (syst.) mb
σincoh./σcoh. 0.445 ± 0.015 (stat.) ± 0.005 (syst.) 0.233 ± 0.007 (stat.) ± 0.007 (syst.)

If the nuclear excitation was completely independent of ρ
photoproduction, then the cross-section ratio for incoherent
to coherent production should not depend on the type of
nuclear excitation studied. It is not; the difference could
signal the breakdown of factorization, for a couple of reasons.
One possibility is that unitarity corrections play a role by
changing the impact parameter distributions for 1n1n and
XnXn interactions. When b ! 2RA, the cost of introducing
another low-energy photon into the reaction is small. So one
photon can excite a nucleus to a GDR, while a second photon
can further excite the nucleus, leading to Xn emission rather
than 1n [18]. The additional photon alters the impact parameter
distributions for the 1n1n and XnXn channels. The XnXn
channel will experience a slightly larger reduction at small |t |
due to interference from the two production sites. This may
slightly alter the measured slopes and coherent-to-incoherent
ratios. Alternately, at large |t |, a single photon can both produce
a ρ0 and leave the target nucleus excited, breaking the assumed
factorization paradigm. The rate has not been calculated for ρ0,
but the cross section for J/ψ photoproduction accompanied by
neutron emission is significant [39]. This calculated J/ψ cross
section is noticeably less for single neutron emission than for
multineutron emission, so ρ0 photoproduction accompanied
by neutron emission might alter the XnXn incoherent-to-
coherent cross-section ratio more than that of 1n1n. The differ-
ence between the ratios for 1n1n and XnXn collisions is some-
what larger than was found in a previous STAR analysis [7].

The dσ/dt for coherent ρ0 photoproduction accompanied
with mutual dissociation of the nuclei into any number of
neutrons (XnXn) and only one neutron (1n1n) is shown
in Fig. 8 with red and blue markers, respectively. In both
1n1n and XnXn events, two well-defined minima can
clearly be seen. In both spectra, the first minima are at
−t = 0.018 ± 0.005 (GeV/c)2. Second minima are visible at
0.043 ± 0.01 (GeV/c)2. To first order, the gold nuclei appear
to be acting like black disks, with similar behavior for 1n1n
and XnXn interactions.

A similar first minimum may be visible in ALICE data for
lead-lead collisions. Figure 3 of Ref. [8] shows an apparent dip
in dN/dpT for ρ0 photoproduction, around pT = 0.12 GeV/c
[−t = 0.014 (GeV/c)2]. Lead nuclei are slightly larger than
gold nuclei, so the dip should be at smaller |t |.

These minima are shallower than would be expected for
γ -A scattering, because the photon pT partly fills in the dips in
the γ -A pT spectrum. There are several theoretical predictions
for the locations and depths of these dips. A classical Glauber
calculation found the correct depths, but slightly different
locations [40]. A quantum Glauber calculation did a better
job of predicting the locations of the first minimum [10],
although that calculation did not include the photon pT , so

missed the depth of the minimum. However, quantum Glauber
calculations which included nuclear shadowing predict that,
because of the emphasis on peripheral interactions, the nuclei
should be larger, so the diffractive minima are shifted to lower
|t | [41]. For ρ photoproduction with lead at LHC energies,
this calculation predicted that the first minima should be at
about 0.0165 (GeV/c)2 without the shadowing correction,
and 0.012 (GeV/c)2 with the correction. These values are
almost independent of collision energy but depend on the
nuclear radii. Scaling by the ratio of the squares of the
nuclear radii, 1.078, the predictions are about 0.0177 (GeV/c)2

without the shadowing correction, and 0.0130 (GeV/c)2 with
the shadowing. The data are in better agreement with the
prediction that does not include the shadowing correction.

The Sartre event generator run in UPC mode at RHIC
energies [42] produces a Au nucleus recoil after ρ0 elastic
scattering with a very good agreement with the ρ0 t distribution
presented here. That is not surprising, since it includes
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FIG. 8. dσ/dt for coherent ρ0 photoproduction in XnXn events
(filled red circles) and 1n1n events (open blue circles). The filled
bands show the sum in quadrature of all systematic uncertainties listed
in Table V and the statistical errors, which are shown as vertical lines.
The red and blue lines show an exponential fit at low t , as discussed in
the text. The inset shows, with finer binning at low pT , the effects of
the destructive interference between photoproduction with the photon
emitted by any of the two ions.
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a physics model that is similar to the quantum Glauber
calculation that does not include nuclear shadowing.

An exponential function is used to characterize the spec-
trum below the first peak [0.0024 < |t | < 0.0098 (GeV/c)2].
The measured slope is 426.4 ± 1.8 (GeV/c)−2 for the XnXn
events and 407.8 ± 3.2 (GeV/c)−2 for the 1n1n events. The
XnXn slope is very similar to the ALICE measurement of
426 ± 6 ± 15 (GeV/c)−2 [8]; there is no evidence for an in-
crease in effective nuclear size with increasing photon energy.

At very small −t, |t | < 10−3 (GeV/c)2, both cross sections
flatten out and turn downward, as can be seen in the insert in
Fig. 8. This is expected due to destructive interference between
ρ0 production on the two nuclear targets [40,43].

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

The shape of dσ/dt for coherent photoproduction is
determined by the position of the interaction sites within the
target. One can, in principle, determine the density distribution
of the gold nucleus via a two-dimensional Fourier transform of
dσ/dt . RHIC beam energies are high enough that, for ρ0 pho-
toproduction at midrapidity, the longitudinal density distribu-
tion may be neglected and the ions may be treated as discs. Nu-
clei are azimuthally symmetric, so the radial distribution can
be determined with a Fourier–Bessel (Hankel) transformation:

F (b) ∝ 1
2π

! ∞

0
dpT pT J0(bpT )

"
dσ

dt
. (8)

Figure 9 shows the result of this transform in the region
|t | < 0.06 (GeV/c)2. Several features are visible. The tails of
F (b) are negative around |b| = 10 fm. This may be due to in-
terference between the two nuclei, since the drop in dσ/dt for
|t | < 0.0002 (GeV/c)2 is due to what is effectively a negative
amplitude for photoproduction on the “other” nucleus [43].

We varied the maximum |t | used for the transform over the
range 0.05 to 0.09 (GeV/c)2. This led to substantial variation
at small b, shown by the cyan region in Fig. 9. The origin
of this variation is not completely clear, but it may be related
to aliasing due to the lack of a windowing function [44], or
because of the limited statistics at large |t |. There is much
less variation at the edges of the distribution, showing that the
transform is stable in the region 4 < b < 7 fm. The full-width
half-maximum (FWHM) of the distribution is 2(6.17 ± 0.12)
fm. This FWHM is a measure of the hadronic size of the gold
nucleus. With theoretical input, it could be compared with
the electromagnetic (proton) radius of gold, as determined by
electromagnetic scattering. The difference would be a measure
of the neutron skin thickness of gold, something that is the
subject of considerable experimental interest [45,46].

There are a few effects that need to be considered in
comparing the distribution in Fig. 9 with nuclear data.
Because of the significant qq dipole size, ρ0 production
occurs preferentially on the front side of the nucleus, and the
contribution of the central region is reduced. Since the photons
come from the fields of the other nucleus, the photon field is
not uniform across the target; it is stronger on the “near” side.
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FIG. 9. The target distribution in the transverse plane, the result
of a two-dimensional Fourier transform (Hankel transform) of the
XnXn and 1n1n diffraction patterns shown in Fig. 8. The integration
is limited to the region |t | < 0.06 (GeV/c)2. The uncertainty is
estimated by changing the maximum −t to 0.05, 0.07, and 0.09
(GeV/c)2. The cyan band shows the region encompassed by these −t

values. To highlight the similarity of both results at their falling edges,
the resulting histograms are scaled by their integrals from −12 to
12 fm. The FWHM of both transforms is 2(6.17 ± 0.12) fm,
consistent with the coherent diffraction of ρ0 mesons off an object as
big as the Au nuclei.

Finally, the interference between production on the two targets
alters the distributions at large |b|.

V. SUMMARY AND CONCLUSIONS

STAR has made a high-statistics study of ρ0, ω, and direct
π+π− photoproduction in 200 GeV/nucleon-pair gold-on-
gold ultraperipheral collisions, using 384 000 π+π− pairs.

We fit the invariant-mass spectrum to a mixture of ρ0,
ω, direct π+π−, and interference terms. The ratio of direct
π+π− to ρ0 is similar to that in previous measurements,
while the newly measured ω contribution is comparable with
predictions based on the previously measured γp → ωp
cross section and the ω → π+π− branching ratio. The
relative fractions of ρ0, ω, and direct π+π− do not vary
significantly with rapidity, indicating that they all have a
similar dependence on photon energy.

We also measure the cross section dσ/dt over a wide range
and separate out coherent and incoherent components. The
coherent contribution exhibits multiple diffractive minima,
indicating that the nucleus is beginning to act like a black disk.

This measurement provides a nice lead-in to future studies
of photo- and electroproduction at an electron-ion collider
(EIC) [47], where nuclei may be probed with photons at a
wide range of Q2 [48].
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(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Diffractive dips observed by STAR:  
nucleus appears like a black disk. Similar to a trivial Woods-Saxon for Au
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Probing small x parton densities in ultraperipheral AA and
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.Brian Cole, Weds
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

photon pair production  
(via quark, lepton, W, BSM? loops)
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µ
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Figure 1: (A) A Feynman diagram for the exclusive Breit-Wheeler process and mutual Coulomb
excitation followed by dissociation. (B) The sum ADC distribution of the west ZDC. (C) An
exclusive e+e� event in the STAR detector. (D) The strength of the magnetic field generated by
an ultra-relativistic gold ion traveling in the z direction with � = 107 (47).
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an ultra-relativistic gold ion traveling in the z direction with � = 107 (47).
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back-to-back e & µ  
from tau decay

γ + γ → τ+ + τ−

New physics and tau g � 2 using LHC heavy ion collisions

Lydia Beresford1, ⇤ and Jesse Liu1, 2, †

1Department of Physics, University of Oxford, Oxford OX1 3RH, UK
2Department of Physics, University of Chicago, Chicago IL 60637, USA

The anomalous magnetic moment of the tau lepton a⌧ = (g⌧ �2)/2 strikingly evades measurement,
but is highly sensitive to new physics such as compositeness or supersymmetry. We propose using
ultraperipheral heavy ion collisions at the LHC to probe modified magnetic �a⌧ and electric dipole
moments �d⌧ . We introduce a suite of one electron/muon plus track(s) analyses, leveraging the
exceptionally clean photon fusion �� ! ⌧⌧ events to reconstruct both leptonic and hadronic tau
decays sensitive to �a⌧ , �d⌧ . Assuming 10% systematic uncertainties, the current 2 nb�1 lead–lead
dataset could already provide constraints of �0.0080 < a⌧ < 0.0046 at 68% CL. This surpasses 15
year old lepton collider precision by a factor of three while opening novel avenues to new physics.

I. INTRODUCTION

Precision measurements of electromagnetic couplings
are foundational tests of quantum electrodynamics
(QED) and powerful probes of beyond the Standard
Model (BSM) physics. The electron anomalous mag-
netic moment ae = 1

2 (ge �2) is among the most precisely
known quantities in nature [1–5]. The muon counterpart
aµ is measured to 10�7 precision [6] and reports a 3� 4�

tension from SM predictions [7, 8]. This may indicate
new physics [9–12], to be clarified at Fermilab [13] and
J–PARC [14]. Measuring a` generically tests lepton com-
positeness [15], while supersymmetry at energy scales MS

induces radiative corrections �a` ⇠ m
2
`/M

2
S for leptons

with mass m` [9]. Thus the tau ⌧ can be m
2
⌧/m

2
µ ⇠ 280

times more sensitive to BSM physics than aµ.
However, a⌧ continues to evade measurement because

the short tau proper lifetime ⇠ 10�13 s precludes use
of spin precession methods [6]. The most precise single-
experiment measurement a

exp
⌧ is from DELPHI [16, 17]

at the Large Electron Positron Collider (LEP), but is re-
markably an order of magnitude away from the theoret-
ical central value a

pred
⌧, SM predicted to 10�5 precision [18]

a
exp
⌧ = �0.018 (17), a

pred
⌧, SM = 0.001 177 21 (5). (1)

The poor constraints on a⌧ present striking room for
BSM physics, especially given other lepton sector ten-
sions [19–26], and motivate new experimental strategies.

This Letter proposes a suite of analyses to probe a⌧

using heavy ion beams at the LHC. We leverage ultrape-
ripheral collisions (UPC) where only the electromagnetic
fields surrounding lead (Pb) ions interact. Tau pairs are
produced from photon fusion PbPb ! Pb(�� ! ⌧⌧)Pb,
illustrated in Fig. 1, whose sensitivity to a⌧ was sug-
gested in 1991 [27]. We introduce the strategy crucial
for experimental realization and importantly show that
the currently recorded dataset could already surpass LEP
precision. The LHC cross-section enjoys a Z

4 enhance-
ment (Z = 82 for Pb), with over one million �� ! ⌧⌧

events produced to date. Existing proposals using lep-
ton beams require future datasets (Belle-II) or proposed
facilities (CLIC, LHeC) [28–34], while LHC studies fo-
cus on high luminosity proton beams [35–40]. No LHC
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FIG. 1. Pair production of tau leptons ⌧ from ultraperipheral
lead ion (Pb) collisions in two of the most common decay
modes: ⇡

±
⇡

0
⌫⌧ and `⌫`⌫⌧ . New physics can modify tau–

photon couplings a↵ecting the magnetic moment by �a⌧ .

analysis of �� ! ⌧⌧ exists as the taus have insu�cient
momentum for ATLAS/CMS to record or reconstruct.

Our proposal overcomes these obstructions in the clean
UPC events [41], enabling selection of individual tracks
from tau decays with no other detector activity akin to
LEP [16]. We exploit recent advances in low momentum
electron/muon identification [42–44] to suppress hadronic
backgrounds. We then present a shape analysis sensitive
to interfering SM and BSM amplitudes to enhance a⌧

constraints. Our strategy also probes tau electric dipole
moments d⌧ induced by charge–parity (CP) violating new
physics. This opens key new directions in the heavy ion
program amid reviving interest in photon collisions [45–
47] for light-by-light scattering [48–51], standard candle
processes [52–56], and BSM dynamics [57–67].

II. EFFECTIVE THEORY & PHOTON FLUX

The anomalous ⌧ magnetic moment a⌧ = (g⌧ � 2)/2 is
defined by the spin–magnetic Hamiltonian �µ⌧ · B =
�(g⌧e/2m⌧ )S · B. In the Lagrangian formulation of
QED, electromagnetic moments arise from the spinor
tensor �

µ⌫ = i[�µ
, �

⌫ ]/2 structure of the fermion current
interacting with the photon field strength Fµ⌫

L = 1
2 ⌧̄L�

µ⌫
⇣
a⌧

e
2m⌧

� id⌧�5

⌘
⌧RFµ⌫ . (2)
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by modeling of the photon flux, nuclear form factors and
nucleon dissociation. Fortunately, these initial state ef-
fects are independent of QED process and final state. So,
experimentalists could use a control sample of �� ! ``

events to constrain these universal nuclear systemat-
ics or eliminate them in a ratio analysis with dileptons

�
(PbPb)
��!⌧⌧/�

(PbPb)
��!`` . Hadronic backgrounds are susceptible

to uncertainties from modeling the parton shower, but
are subdominant given S/B � 1 in our analyses.

IV. RESULTS & DISCUSSION

We now estimate the sensitivity of our analyses to
modified tau moments �a⌧ , �d⌧ . Assuming the observed
data correspond to the SM expectation, we calculate

�
2 =

(SSM+BSM � SSM)2

B + SSM+BSM + (⇣sSSM+BSM)2 + (⇣bB)2
. (10)

Here, B is the background rate, and SSM (SSM+BSM)
is the signal yield assuming SM couplings (nonzero
�a⌧ , �d⌧ ). At L = 2 nb�1, we find SSM = 1280, B = 7.6
for SR1`1T before binning in p

`
T; SSM = 520, B = 15 for

SR1`2T; SSM = 370, B = 4 for SR1`3T. We denote the
relative signal (background) systematic uncertainties by
⇣s (⇣b) and study ⇣s = ⇣b 2 [5%, 10%] as benchmarks.
For simplicity, we assume identical ⇣s for all couplings,
and combine the four SRs (SR1`1T has two p

`
T bins) us-

ing �
2 =

P
�

2
SR assuming uncorrelated systematics. We

define the 68% CL (95% CL) regions as couplings satis-
fying �

2
< 1 (�2

< 3.84). Appendix B details cutflows
for signals and backgrounds, and �

2 distributions.
Figure 3 summarizes our projected a⌧ = a

pred
⌧, SM + �a⌧

constraints (green) compared with existing measure-
ments and predictions. Assuming the current dataset
L = 2 nb�1 with 10% systematics, we find �0.0080 <

a⌧ < 0.0046 at 68% CL, surpassing DELPHI preci-
sion [16] (blue) by a factor of three. Negative values of
�a⌧ are more di�cult to constrain given destructive in-
terference. We estimate prospects assuming halved sys-
tematics giving �0.0022 < a⌧ < 0.0037 (68% CL). A
tenfold dataset increase for the High Luminosity LHC
(HL-LHC) reduces this to �0.00044 < a⌧ < 0.0032 (68%
CL), an order of magnitude improvement beyond DEL-
PHI. Importantly, these advances start constraining the
sign of a⌧ and becomes comparable to the predicted SM
central value for the first time.

Such precision indirectly probes BSM physics. In na-
ture, compositeness can induce large and negative mag-
netic moments e.g. the neutron [17]. As a benchmark, we
fix C⌧B = �1, C⌧W = 0, �d⌧ = 0 in Eq. 3 to recast the
DELPHI limit into a 95% CL exclusion of ⇤ < 140 GeV.
The orange line in Fig. 3 shows 140 < ⇤ < 250 GeV,
where our 2 nb�1, 10% systematics proposal has 95% CL
sensitivity, surpassing DELPHI by 110 GeV. In suitable
ultraviolet completions of SMEFT with composite lep-
tons, one can interpret ⇤ as the confinement scale of tau

�0.06 �0.05 �0.04 �0.03 �0.02 �0.01 0.00 0.01 0.02

a� = (g� � 2)/2

SMEFT apred
� , C�B = �1

SM apred
� (error bar ⇥ 104)

a� 20 nb�1, 5% syst

a� 2 nb�1, 5% syst

a� 2 nb�1, 10% syst

a� DELPHI04

aµ BNL06 (error bar ⇥ 106)

ae Harvard06 (error bar ⇥ 109)

� = 140 GeV � = 250 GeV

1� 2�
Beresford & Liu

Existing measurement

Theoretical prediction

PbPb ! Pb(�� ! �� )Pb (this work)
LHC

p
sNN = 5.02 TeV

FIG. 3. Summary of lepton anomalous magnetic moments
a` = (g` � 2)/2. Existing single-experiment measurements
of ae [1], aµ [6], and a⌧ [16] are in blue. Our benchmark
projections (green) assume 2 nb�1 and 20 nb�1 for 5% and
10% systematic uncertainties. For visual clarity, we inflate
1� error bars on ae (aµ) measurements by 109 (106), and 104

for the SM prediction a
pred
⌧ (orange) [18]. Collider constraints

have thick (thin) lines denoting 68% CL, 1� (95% CL, ⇠ 2�).
The SMEFT predictions [68, 69] from Eq. (4) with C⌧B = �1
displays BSM scales 140 < ⇤ < 250 GeV (thick orange).

substructure [15]. Nonetheless, our analyses are highly
model-independent and we defer sensitivity to other BSM
scenarios for future work. It would be interesting to cor-
relate a⌧ with models that simultaneously explain ten-
sions in ae and aµ [19–21] or B-physics lepton universal-
ity tests [22–26].

Lepton electric dipole moments are highly sup-
pressed in the SM, arising only at four-loop |dpred

⌧ | ⇠
(m⌧/me)|dpred

e | ⇠ 10�33
e cm [90]. Additional CP viola-

tion in the lepton sector can enhance this, such as neu-
trino mixing [91], or other BSM physics parameterized
by ' in Eq. 4. Our projected 95% CL sensitivity on d⌧ =
(e/m⌧ )�d⌧ is |d⌧ | < 3.4 ⇥ 10�17

e cm, assuming �a⌧ = 0
with 2 nb�1, 10% systematics. This is an order of mag-
nitude better than DELPHI |d⌧ | < 3.7 ⇥ 10�16

e cm [16]
and competitive with Belle [92].

Our proposal opens numerous avenues for extension.
Lowering lepton/track thresholds to increase statistics
would enable more optimized di↵erential or multivariate
analyses. Recently, ATLAS considered tracks matched
to lepton candidates failing quality requirements, allow-
ing p

track
T (e/µ) > 1/2 GeV [44]. Moreover the 500 MeV

track threshold is conservative given p
track
T > 100 MeV

is successfully used in ATLAS [51]. Reconstructing soft
calorimeter clusters could enable hadron/electron identi-
fication, or using neutral pions to improve tau momen-
tum resolution. Proposed timing detectors may o↵er
more robust particle identification in ATLAS/CMS [93]
while ALICE already has such capabilities [94]. Ultimate
a⌧ precision requires a coordinated worldwide program
led by LHC e↵orts combined with proton–lead collisions
at

p
sNN = 8.76 TeV, Relativistic Heavy Ion Collider
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FIG. 2. Distributions of lepton pT in SR1`1T (left) and the 3-track system pT in SR1`3T (center) for benchmark signals
with various �a⌧ , �d⌧ couplings. These are normalized to unit integral to illustrate shape changes with varying �a⌧ , �d⌧ . The
lepton–track azimuthal angle |��(`, trk)| in SR1`1T (right) is shown for backgrounds (filled) and signal �a⌧ = �d⌧ = 0 (line),
illustrating powerful discrimination against dilepton processes.

Dilepton analysis. Requiring two leptons is expected
to give the highest signal-to-background S/B, with half
being di↵erent flavor eµ free of ee/µµ backgrounds. But

even using low p
e/µ
T thresholds, we find insu�cient signal

yields at 2 nb�1 to pursue this further.
1 lepton + 1 track analysis (SR1`1T). This requires

exactly 1 lepton and 1 other track that is not ‘matched’
to the lepton (the matched track is the highest pT track
with �R(`, track) < 0.02). Tracks must satisfy the stan-
dard requirements p

track
T > 500 MeV and |⌘track| < 2.5.

This topology targets the high branching ratio of the sin-
gle charged pion decay mode and background suppres-
sion from lepton identification. The track also recovers
events failing the dilepton analysis, in which a lepton is
too soft to be reconstructed. We divide this SR into two
bins p

e/µ
T 2 [ 6], [> 6] GeV to exploit shape di↵erences

shown in Fig. 2 (left). We require nonplanar lepton–track
system |��(`, trk)| < 3 to suppress back-to-back ee/µµ

processes, as demonstrated in Fig. 2 (right). We veto
invariant masses m`,trk 62 [3, 3.2], [9, 11] GeV to reject
dilepton decays of J/ and ⌥ resonances.

1 lepton + multitrack analysis (SR1`2/3T). We aug-
ment the previous analysis with 3 non-lepton-matched
tracks. This targets the distinctive 3 charged pion de-
cay. We also construct an orthogonal 2 tracks SR to
recover misreconstructed 3-pion decays. The non-lepton-
matched tracks are used to define the tau candidate as
the vectorial sum of the tracks p

tracks
⌧ =

P
i p

track
i , whose

pT distribution is shown in Fig. 2 (center) for SR1`3T.
We find removing lepton identification significantly in-
creases hadronic backgrounds.

Leptonic backgrounds are dominated by dielec-
tron/dimuon production �� ! ``, ` 2 [e, µ]. The single

flavor cross-section is sizable �
(PbPb)
��!`` = 4.2 ⇥ 105 nb,

which includes a generator level |⌘`| < 2.5 require-
ment. The back-to-back leptons are suppressed by the
|��``| < 3 requirement, which we verify by generating 1
million events per flavor. Photon radiation from leptons
` ! `� is only expected to modify the tails marginally.
Track impact parameters exploiting displaced tau decays

could further suppress this background.
Hadronic backgrounds arise from diquark production

�� ! qq̄ and we generate 1 million events for each of the
5 flavors. For q 2 [u, d, s] assuming massless quarks gives

a cross-section �(PbPb)
��!uū (dd̄,ss̄)

= 3.0 ⇥ 105 (1.9 ⇥ 104) nb.

Parton showering produces more tracks than tau decays,
which we suppress using lepton isolation and requiring
no more than 4 tracks at most. For q 2 [c, b], heavy
flavor B and D mesons undergo semileptonic decays e.g.
D ! ⇡

0
`⌫. The default MadGraph parameters assume

massless charm quarks (which is conservative as a finite

mass decreases cross-sections), yielding �(PbPb)
��!cc̄ = 3.0 ⇥

105 nb. Bottom quarks assume finite mass resulting in a

smaller cross-section �(PbPb)
��!bb̄

= 1.5⇥103 nb. The leptonic

branching fraction D ! ⇡
0
`⌫ is of order a few percent so

is under control, and is further suppressed by isolation.
Smaller potential backgrounds include �� ! WW but

the cross-section �
(PbPb)
��!WW = 14 pb implies this is safely

neglected. Exchange of digluon color singlets (Pomerons)
also contributes to diquark backgrounds. These involve
strong interactions and as the binding energy per nucleon
is very small ⇠ 8 MeV [77], the Pb ions emit more neu-
trons than QED processes, which can be vetoed by the
Zero Degree Calorimeter [87]. Soft survival for Pomeron
exchange is also lower [77], which gives greater activity
in the calorimeter and tracker, and are suppressed by our
stringent exclusivity requirements.

Systematic uncertainties require LHC collaborations
to reliably quantify, but we discuss expected sources
and suggest control strategies. Experimental systemat-
ics from current UPC PbPb dimuon measurements have
systematics of around 10%, dominated by luminosity and
trigger [56]. Systematics from lepton reconstruction are
p

`
T-dependent and thus sensitive to �a⌧ . These are most

significant at low pT, but are currently determined in
high luminosity proton collisions with challenging back-
grounds from fakes [88, 89], and could be better con-
trolled using clean �� ! `` events.

Theoretical uncertainties are expected to be dominated
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The anomalous magnetic moment of the tau lepton a⌧ = (g⌧ �2)/2 strikingly evades measurement,
but is highly sensitive to new physics such as compositeness or supersymmetry. We propose using
ultraperipheral heavy ion collisions at the LHC to probe modified magnetic �a⌧ and electric dipole
moments �d⌧ . We introduce a suite of one electron/muon plus track(s) analyses, leveraging the
exceptionally clean photon fusion �� ! ⌧⌧ events to reconstruct both leptonic and hadronic tau
decays sensitive to �a⌧ , �d⌧ . Assuming 10% systematic uncertainties, the current 2 nb�1 lead–lead
dataset could already provide constraints of �0.0080 < a⌧ < 0.0046 at 68% CL. This surpasses 15
year old lepton collider precision by a factor of three while opening novel avenues to new physics.

I. INTRODUCTION

Precision measurements of electromagnetic couplings
are foundational tests of quantum electrodynamics
(QED) and powerful probes of beyond the Standard
Model (BSM) physics. The electron anomalous mag-
netic moment ae = 1

2 (ge �2) is among the most precisely
known quantities in nature [1–5]. The muon counterpart
aµ is measured to 10�7 precision [6] and reports a 3� 4�

tension from SM predictions [7, 8]. This may indicate
new physics [9–12], to be clarified at Fermilab [13] and
J–PARC [14]. Measuring a` generically tests lepton com-
positeness [15], while supersymmetry at energy scales MS

induces radiative corrections �a` ⇠ m
2
`/M

2
S for leptons

with mass m` [9]. Thus the tau ⌧ can be m
2
⌧/m

2
µ ⇠ 280

times more sensitive to BSM physics than aµ.
However, a⌧ continues to evade measurement because

the short tau proper lifetime ⇠ 10�13 s precludes use
of spin precession methods [6]. The most precise single-
experiment measurement a

exp
⌧ is from DELPHI [16, 17]

at the Large Electron Positron Collider (LEP), but is re-
markably an order of magnitude away from the theoret-
ical central value a

pred
⌧, SM predicted to 10�5 precision [18]

a
exp
⌧ = �0.018 (17), a

pred
⌧, SM = 0.001 177 21 (5). (1)

The poor constraints on a⌧ present striking room for
BSM physics, especially given other lepton sector ten-
sions [19–26], and motivate new experimental strategies.

This Letter proposes a suite of analyses to probe a⌧

using heavy ion beams at the LHC. We leverage ultrape-
ripheral collisions (UPC) where only the electromagnetic
fields surrounding lead (Pb) ions interact. Tau pairs are
produced from photon fusion PbPb ! Pb(�� ! ⌧⌧)Pb,
illustrated in Fig. 1, whose sensitivity to a⌧ was sug-
gested in 1991 [27]. We introduce the strategy crucial
for experimental realization and importantly show that
the currently recorded dataset could already surpass LEP
precision. The LHC cross-section enjoys a Z

4 enhance-
ment (Z = 82 for Pb), with over one million �� ! ⌧⌧

events produced to date. Existing proposals using lep-
ton beams require future datasets (Belle-II) or proposed
facilities (CLIC, LHeC) [28–34], while LHC studies fo-
cus on high luminosity proton beams [35–40]. No LHC
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FIG. 1. Pair production of tau leptons ⌧ from ultraperipheral
lead ion (Pb) collisions in two of the most common decay
modes: ⇡

±
⇡

0
⌫⌧ and `⌫`⌫⌧ . New physics can modify tau–

photon couplings a↵ecting the magnetic moment by �a⌧ .

analysis of �� ! ⌧⌧ exists as the taus have insu�cient
momentum for ATLAS/CMS to record or reconstruct.

Our proposal overcomes these obstructions in the clean
UPC events [41], enabling selection of individual tracks
from tau decays with no other detector activity akin to
LEP [16]. We exploit recent advances in low momentum
electron/muon identification [42–44] to suppress hadronic
backgrounds. We then present a shape analysis sensitive
to interfering SM and BSM amplitudes to enhance a⌧

constraints. Our strategy also probes tau electric dipole
moments d⌧ induced by charge–parity (CP) violating new
physics. This opens key new directions in the heavy ion
program amid reviving interest in photon collisions [45–
47] for light-by-light scattering [48–51], standard candle
processes [52–56], and BSM dynamics [57–67].

II. EFFECTIVE THEORY & PHOTON FLUX

The anomalous ⌧ magnetic moment a⌧ = (g⌧ � 2)/2 is
defined by the spin–magnetic Hamiltonian �µ⌧ · B =
�(g⌧e/2m⌧ )S · B. In the Lagrangian formulation of
QED, electromagnetic moments arise from the spinor
tensor �

µ⌫ = i[�µ
, �

⌫ ]/2 structure of the fermion current
interacting with the photon field strength Fµ⌫

L = 1
2 ⌧̄L�

µ⌫
⇣
a⌧

e
2m⌧

� id⌧�5

⌘
⌧RFµ⌫ . (2)
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:
(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is
possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent
the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)
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STARLIGHT has only implemented  
pure back-to-back dileptons: 

comparison to ATLAS data (0.5 nb-1)  
shows a “missing” tail
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FIG. 2. Acoplanarity distribution for lepton pair production
at mid-rapidity in UPC events at the LHC with a typical kine-
matics: lepton transverse momentum P⊥ > 4 GeV and pair
invariant mass from 10 to 100 GeV. The detailed explanation
of different curves is provided in the main text. The total
contribution with resummation (solid curve) agrees well with
the ATLAS measurement [26].

and their contributions may not strongly depend on the
centrality of the collisions. Therefore, in the following
calculations, we assume that the total PT distribution
from the incoming photons is the same for the peripheral
and central collisions as in UPC events.

In non-UPC heavy ion collisions, the ATLAS and
STAR data show that the lepton pair have accumulated
additional PT -broadening. This could be from the inter-
actions between the lepton pair and the medium. Be-
cause the leptons only carry electric charges, these inter-
actions depend solely on the electromagnetic properties
of the quark-gluon plasma (QGP) created in these colli-
sions.

The medium interactions are very much similar to the
jet quenching and PT -broadening mentioned in the In-
troduction. Like the QCD case, the leptons will suffer
multiple scattering with the medium. To evaluate this
contribution, we can follow the PT -broadening calcula-
tions in QCD [7, 38]. The multiple photon exchanges
between the lepton and the medium can be formulated
in a QED type time-ordered Wilson line

UQED(x⊥) = T exp

!

−ie

"

dz−
"

d2z⊥G(x⊥ − z⊥)

× ρe(z
−, z⊥)

#

, (5)

where ρe(z−, z⊥) is the electric charge source of the
medium. The photon propagator G(x⊥) is defined as

G(x⊥) =
1

(2π)2

"

d2q⊥
1

q2⊥ + λ2
eiq⊥·x⊥ =

1

2π
K0(λx⊥) ,

(6)
where λ acts as an IR regulator similar to the Debye mass
in QED. Analogous to the QCD qq̄ dipole calculation,
the QEDmultiple scattering amplitude between the ℓ+ℓ−

FIG. 3. Medium modifications to the acoplanarity distribu-
tion, with different values of the effective q̂L.

dipole with size r⊥ and target medium can be written as

⟨UQED(b⊥ +
1

2
r⊥)U†

QED(b⊥ − 1

2
r⊥)⟩ = exp

!

−Q2
ser

2
⊥

4

$

,

(7)
where the analog of saturation momentum in QEDQ2

se ≡
e4

4π ln 1
λ2r2⊥

%

dz−µ2
e(z

−). Here, µ2
e is related to the lo-

cal charge density fluctuations. The dipole size r⊥ is
large in the soft momentum transfer region, which makes
Q2

ser
2
⊥ ∼ 1. Therefore, we need to take into account the

multiple scattering effects.
If we compare the above to the QCD dipole [39, 40], we

will find the following differences. First, because the cou-
plings in QED and QCD are dramatically different, this
introduces a major difference for the PT -broadening ef-
fects. Second, the saturation scales depend on the charge
density. Since only quarks carry electric charge, the
QED saturation scale will depend on the quark density,
whereas the QCD saturation scale depends on both quark
and gluon density. Their densities are proportional to the
respective degree of freedoms if we assume the thermal
distributions of the quarks and gluons: 21

2 Nf : 16 [41].
Here Nf is the number of active flavors. After accounting
for the color factor differences in the multiple scattering,
we estimate the ratio between the QED and QCD satu-
ration scales as

⟨q̂QEDL⟩
⟨q̂QCDL⟩ =

α2
e

α2
s

21
2 Nf

2
9

21
2 Nf

2
9 + 16 1

2

=
α2
e

α2
s

× 7

15
, (8)

for Nf = 3 and for quark jet, where ⟨q̂L⟩ represents the
saturation scale in the dipole formalism. For gluon jet,
there is a factor of CA/CF . A few comments are in order.
First, we assume that quark and gluons are thermalized
at the same time, which may not be true [41]. Second,
we did not take into account the detailed effects from the
medium property, such as the associated Debye masses
for QED and QCD. In addition, for the QCD case, there
is length dependent double logarithms [42]. If this is
to be taken into account, the above simple formula will
not apply. Nevertheless, the above can serve as a simple
formula for a rough estimate.
If we assume the multiple scattering limit, we can mod-

Radiative processes via 
Sudakhov formalism provide 

long tails seen in data 
(1811.05519, Klein et al)
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Fig. 5 γ γ → e+e− cross
section (blue circles) for
ultra-peripheral Pb–Pb
collisions at

√
sNN = 2.76 TeV

at −0.9 < η < 0.9 for events in
the invariant mass interval
2.2 < Minv < 2.6 GeV/c2 (top)
and 3.7 < Minv < 10 GeV/c2

interval (bottom) compared to
STARLIGHT simulation (black
line). The blue (green) bars
show the statistical (systematic)
errors, respectively

6 Discussion

The cross section of coherent J/ψ photoproduction is com-
pared with calculations from six different models [8–13] in
Fig. 6(a). The incoherent production cross section is com-
pared with calculations by three different models [8, 9, 13].
These models calculate the photon spectrum in impact pa-
rameter space in order to exclude interactions where the nu-
clei interact hadronically. The differences between the mod-
els come mainly from the way the photonuclear interaction
is treated. The predictions can be divided into three cate-
gories:

(i) those that include no nuclear effects (AB-MSTW08,
see below for definition). In this approach, all nucle-
ons contribute to the scattering, and the forward scat-
tering differential cross section, dσ/dt at t = 0 (t is the
momentum transfer from the target nucleus squared),
scales with the number of nucleons squared, A2;

(ii) models that use a Glauber approach to calculate the
number of nucleons contributing to the scattering

(STARLIGHT, GM, CSS and LM). The calculated
cross section depends on the total J/ψ -nucleon cross
section and on the nuclear geometry;

(iii) partonic models, where the cross section is propor-
tional to the nuclear gluon distribution squared (AB-
EPS08, AB-EPS09, AB-HKN07, and RSZ-LTA).

The rapidity region −0.9 < y < 0.9 considered here cor-
responds to photon–proton centre-of-mass energies, Wγ p,
between 59 GeV and 145 GeV. The corresponding range
in Bjorken-x is between x = 5 × 10−4 and x = 3 × 10−3.
In this region, a rather strong shadowing is expected, and
models based on perturbative QCD predict a lower value for
the cross section than models using a Glauber approach to
account for the nuclear effect.

The measured cross section, dσ coh
J/ψ/dy = 2.38+0.34

−0.24(sta +
sys) mb is in very good agreement with the calculation
by Adeluyi and Bertulani using the EPS09 nuclear gluon
prediction. The GM model, and the other models using a
Glauber approach, predict a cross section a factor 1.5–2
larger than the data, overestimating the measured cross sec-
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STAR has also performed first measurement sensitive to the  
linear polarization of the photons, calculated by Li et al (2019):

interpreted by STAR as analogous to vacuum birefringence, 
only seen until now in astrophysical measurements
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Chapter 2 

Equivalent Photon Approximation 

A nucleus moving at nearly the speed of light has almost transverse electromagnetic fields; the electric 
and magnetic fields have the same absolute value and are perpendicular to each other. Therefore an 
observer can not distinguish between these transverse electromagnetic fields and an equivalent swarm 
of photons, see Fig-S.1 Equating the energy flux of the electromagnetic fields through a transverse plane 
with the energy content of the equivalent photon swarm yields the equivalent photon distribution n(w), 
which tells how many photons with frequency w do occur. This derivation is presented in the first 
Subsection. 
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Figure 2.1: Fermis idea leading to the Equivalent Photon Approximation: As the velocity of the charge ap 
proaches the speed of light, its electromagnetic field becomes Lore&-contracted (b) and similar 
to a parallel-moving photon-cloud (c). 

This is already the idea of the Equivalent Photon Approximation. It has been first developed by 
E. Fermi [57]. Often this method is also called Weizsiicker-Williams-Method as E. J. Williams [I351 
and C. F. v. Weizsicker [134] independently extended Fermis idea. A good review of results and various 
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Similar polarization-drive effects are seen in coherent  production: 
possibly sensitive to generalized TMD distribution

ρ

Photoproduction of the ÑÇ Meson
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[1] J. Zhou Phys. Rev. D 94 (2016), 114017

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

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

“…offers direct access to the second 
derivative of the saturation scale with 
respect to &9P” [1]

Tensor Pomeron model may also lead 
to cos 4Δv modulations

Daniel Brandenburg

o Theory input needed for quantitative description of data

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

Pb+Pb 5.02 TeV
(2015)

γ + γ → γ + γ
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1 Introduction
Elastic light-by-light (LbL) scattering, gg ! gg, is a pure quantum mechanical process that
proceeds, at leading order in the quantum electrodynamics (QED) coupling a, via virtual box
diagrams containing charged particles (Fig. 1, left). In the standard model (SM), the box di-
agram involves contributions from charged fermions (leptons and quarks) and the W± bo-
son. Although LbL scattering via an electron loop has been indirectly tested through the high-
precision measurements of the anomalous magnetic moment of the electron [1] and muon [2],
its direct observation in the laboratory remains elusive because of a very suppressed produc-
tion cross section proportional to a4 ⇡ 3 ⇥ 10�9. Out of the two closely-related processes—
photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon split-
ting in a strong magnetic field (“vacuum birefringence”) [4, 5]—only the former has been
clearly observed [6]. However, as demonstrated in Ref. [7], the LbL process can be experi-
mentally observed in ultraperipheral interactions of ions, with impact parameters larger than
twice the radius of the nuclei, exploiting the very large fluxes of quasireal photons emitted by
the nuclei accelerated at TeV energies [8]. Ions accelerated at high energies generate strong elec-
tromagnetic fields, which, in the equivalent photon approximation [9–11], can be considered
as g beams of virtuality Q

2 < 1/R
2, where R is the effective radius of the charge distribu-

tion. For lead (Pb) nuclei with radius R ⇡ 7 fm, the quasireal photon beams have virtuali-
ties Q

2 < 10�3 GeV2, but very large longitudinal energy (up to Eg = g/R ⇡ 80 GeV, where
g is the Lorentz relativistic factor), enabling the production of massive central systems with
very soft transverse momenta (pT . 0.1 GeV). Since each photon flux scales as the square of
the ion charge Z

2, gg scattering cross sections in PbPb collisions are enhanced by a factor of
Z

4 ' 5 ⇥ 107 compared to similar proton-proton or electron-positron interactions.

γ

γ

PbPb

Pb Pb Pb

Pb

Pb(*)

Pb(*)
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Pb(*) Pb(*)

Pb(*)

g

g

g
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e−

γ

γ

γ

γ

γ

γ

Figure 1: Schematic diagrams of light-by-light scattering (gg ! gg, left), QED dielectron
(gg ! e+e�, centre), and central exclusive diphoton (gg ! gg, right) production in ultra-
peripheral PbPb collisions. The (⇤) superscript indicates a potential electromagnetic excitation
of the outgoing ions.

Many final states have been measured in photon-photon interactions in ultraperipheral colli-
sions of proton and/or lead beams at the CERN LHC, including gg ! e+e� [12–21], gg !
W+W� [22–24], and first evidence of gg ! gg reported by the ATLAS experiment [25] with a
signal significance of 4.4 standard deviations (3.8 standard deviations expected). The final-state
signature of interest in this analysis is the exclusive production of two photons, PbPb ! gg !
Pb(⇤)ggPb(⇤), where the diphoton final state is measured in the otherwise empty central part
of the detector, and the outgoing Pb ions (with a potential electromagnetic excitation denoted
by the (⇤) superscript) survive the interaction and escape undetected at very low q angles with
respect to the beam direction (Fig. 1, left). The dominant backgrounds are the QED production
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies
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TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Figure 4: Diphoton acoplanarity distribution for exclusive events measured in the data after
selection criteria (squares), compared to the expected LbL scattering signal (orange histogram),
QED e+e� (yellow histogram), and the CEP+other (light blue histogram, scaled to match the
data in the Af > 0.02 region as described in the text) backgrounds. Signal and QED e+e� MC
samples are scaled according to their theoretical cross sections and integrated luminosity. The
error bars around the data points indicate statistical uncertainties. The horizontal bars around
the data symbols indicate the bin size.

the number of events remaining after each selection criterion. The main selection requirement
corresponds to two photons each with ET > 2 GeV, |h| < 2.4 (excluding photons falling in
the Dh ⇡ 0.1 gap region between the EB and EE, 1.444 < |h| < 1.566), and diphoton invari-
ant mass greater than 5 GeV. The number of events measured in data and expected from the
sum of all MC contributions in the first two rows do not match because these selection require-
ments accept a fraction of nonexclusive backgrounds that are not included in the simulation.
Once the full exclusivity selection criteria are applied, the data-to-simulation agreement is very
good. We observe 14 LbL scattering candidates, to be compared with 11.1± 1.1 (theo) expected
from the LbL scattering signal, 3.0± 1.1 (stat) from central exclusive plus any residual diphoton
backgrounds, and 1.0 ± 0.3 (stat) from misidentified QED e+e� events.

An extra selection criterion has been also studied by further requiring that the candidate LbL
scattering events have no signal above the noise threshold in the pixel tracker layers. This more
stringent selection is sensitive to charged particles down to ⇠40 MeV, and results in a number of
reconstructed LbL scattering signal counts (and even more reduced QED backgrounds) consis-
tent with the MC predictions. However, since the efficiency of such a tight selection is difficult
to assess from a control region in data, the default analysis is kept with the charged-particle
track pT > 0.1 GeV exclusivity requirement.

Figure 5 shows the comparison of the measured and simulated photon transverse momentum,
photon pseudorapidity, photon azimuthal angle, diphoton invariant mass, diphoton rapidity,
and diphoton transverse momentum distributions. Both the measured yields and kinematic
distributions are in accord with the combination of the LbL scattering signal plus QED e+e�
and CEP+other background expectations.

5 Cross section extraction
Given the low signal yield available for an extraction of differential cross section distributions,
an integrated fiducial cross section for LbL scattering above a diphoton mass m

gg = 5 GeV is
calculated instead. The ratio R of cross sections of the light-by-light scattering over the QED
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the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
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Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Figure 5: Distributions of the single photon ET, h, and f, as well as diphoton pT, rapidity,
and invariant mass measured for the fourteen exclusive events passing all selection criteria
(squares), compared to the expectations of LbL scattering signal (orange histogram), QED e+e�
MC predictions (yellow histogram), and the CEP plus other backgrounds (light blue histogram,
scaled to match the data in the Af > 0.02 region). Signal and QED e+e� MC samples are scaled
according to their theoretical cross sections and integrated luminosity. The error bars around
the data points indicate statistical uncertainties. The horizontal bars around the data symbols
indicate the bin size.

acoplanarity. It is found to be #gg = (20.7 ± 0.4)%, mostly driven by the inefficiencies of the
single photon reconstruction and identification, and of the trigger (#g,reco+ID, #gg,trig. ⇡ 70%).
The quoted uncertainty here is statistical only, reflecting the finite size of the LbL scattering

15

Figure 6: Observed (full line) and expected (dotted line) 95% CL limits on the production cross
section s(gg ! a ! gg) as a function of the ALP mass ma in ultraperipheral PbPb collisions
at

p
sNN = 5.02 TeV. The inner (green )and outer (yellow) bands indicate the regions containing

68 and 95%, respectively, of the distribution of limits expected under the background-only
hypothesis.

2�10 1�10 1

4�10

3�10

F~
,a

F
⇥ag

⇤) -1
(G

eV
⌅

1/

log |⇧

(OPAL)⇥2⌃-e+e

dumps
Beam

CMS

10 20 30 40 50 60 70 80 90 100
(GeV)am

, observed⇥⇥⌃PbPb (5.02 TeV) 
, expected⇥⇥⌃PbPb (5.02 TeV) 

(CMS)⇥2⌃pp

(ATLAS)⇥3⌃pp

(ATLAS)⇥2⌃pp(OPAL)⇥3⌃-e+e

⌃| linear scale 

Figure 7: Exclusion limits at 95% CL in the ALP-photon coupling gag versus ALP mass
ma plane, for the operators aFeF/4L (left, assuming ALP coupling to photons only) and
aBeB/4L cos2 qW (right, including also the hypercharge coupling, thus processes involving the
Z boson) derived in Refs. [30, 55] from measurements at beam dumps [59], in e+e� collisions
at LEP-I [55] and LEP-II [56], and in ppcollisions at the LHC [13, 57, 58], and compared to the
present PbPb limits.

15

(GeV)am
5 6 7 8 10 20 30 40 50 60

) (
nb

)
��

⇥
a 

⇥
��(⇤

95
%

 C
L 

up
p.

 lim
. o

n 210

310 Observed
Expected
68% expected
95% expected

(5.02 TeV)-1bµPbPb 390 

CMS

Figure 6: Observed (full line) and expected (dotted line) 95% CL limits on the production cross
section s(gg ! a ! gg) as a function of the ALP mass ma in ultraperipheral PbPb collisions
at

p
sNN = 5.02 TeV. The inner (green )and outer (yellow) bands indicate the regions containing

68 and 95%, respectively, of the distribution of limits expected under the background-only
hypothesis.

Figure 7: Exclusion limits at 95% CL in the ALP-photon coupling gag versus ALP mass
ma plane, for the operators aFeF/4L (left, assuming ALP coupling to photons only) and
aBeB/4L cos2 qW (right, including also the hypercharge coupling, thus processes involving the
Z boson) derived in Refs. [30, 55] from measurements at beam dumps [59], in e+e� collisions
at LEP-I [55] and LEP-II [56], and in ppcollisions at the LHC [13, 57, 58], and compared to the
present PbPb limits.

Limits on coupling of ALPs to photons: 
using LbyL in future searches is an active  

goal for LHC Runs 3 & 4  
(10x luminosity over Run 2)

arXiv: 1810.04602

γ + γ → a → γ + γ

ar
X

iv
:1

30
5.

71
42

v3
  [

he
p-

ph
]  

25
 F

eb
 2

01
6

Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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p,Pb
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p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies
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Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.
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Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Figure 3: Kinematic distributions for �� ! �� event candidates: (a)
diphoton invariant mass, (b) diphoton transverse momentum. Data
(points) are compared with the sum of signal and background expectations
(histograms). Systematic uncertainties of the signal and background
processes, excluding that of the luminosity, are shown as shaded bands.

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

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

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

7

ATLAS 2015 ATLAS 2018
Luminosity 0.48 nb-1 1.7 nb-1

Fiducial acceptance
ETγ > 3 GeV, |η|<2.37  

Mγγ > 6 GeV, pTγγ < 2 GeV, 
Aco < 0.01

ETγ > 3 GeV, |η|<2.37  
Mγγ > 6 GeV, pTγγ < 1-2 GeV, 

Aco < 0.01
Candidates /  

expected 
background

13 / 2.6±0.7 59 / 12±3
Signficance 4.4σ evidence 8.2σ observation!

Nature Physics 13 (2017) 852
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].
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FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Measurements from both RHIC & LHC have found  
UPC processes occurring simultaneously with hadronic heavy ion collisions
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measurement precision, the observed difference (2.0σ) is
not significant. The model calculations for Auþ Au
collisions with the coherent photoproduction assumption
[47] are also plotted for comparison. In the model calcu-
lations, the authors consider either the whole nucleus or
only the spectator nucleons as photon and Pomeron
emitters, resulting in four configurations for photon
emitter þ Pomeron emitter: (1) nucleusþ nucleus,
(2) nucleusþ spectator, (3) spectator þ nucleus, and
(4) spectator þ spectator. All four scenarios can describe
the data points in the most peripheral centrality bins (60%–
80%). However, in more central collisions, the nucleusþ
nucleus scenario significantly overestimates the data,
which suggests that there may exist a partial disruption
of the coherent production by the violent hadronic inter-
actions in the overlapping region. The measurements in
semicentral collisions seem to favor the nucleusþ
spectator or spectator þ nucleus scenarios. The approach
used in the model effectively incorporates the shadowing
effect, which can describe the UPC results in the x range
probed by the RHIC measurement. However, the coher-
ently produced J=ψ could be modified by hot medium
effects, e.g., color screening, which is not included in the
model. More precise measurements toward central colli-
sions and advanced modeling with hot medium effects
included are essential to distinguish the different scenarios.
In summary, we report on the recent STAR measure-

ments of J=ψ production at very low pT in hadronic Auþ
Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Uþ U collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 193 GeV at midrapidity. Dramatic enhancements
of yields are observed for pT < 0.2 GeV=c in peripheral
collisions (40%–80%) beyond the conventional hadronic
production modified by cold and hot medium effects. The
observed excess shows no centrality dependence within
uncertainties. In particular, the dN=dt distribution in the
very low pT range is presented for the first time, and shows
apparent similarity to that of coherently produced vector
mesons in ultraperipheral collisions. The slope parameter
extracted from the distribution is consistent with that
expected for a Au nucleus, and a hint of interference is
seen at the lowest t values. Furthermore, theoretical
calculations of coherent photoproduction can describe
the excess yield in the most peripheral centrality class
(60%–80%) reasonably well. On the other hand, the
comparison between data and model calculations in semi-
central collisions reveals that the coherent production may
be partially disrupted by the concurrent hadronic inter-
actions in the overlapping region. Based on the aforemen-
tioned observations, this strongly suggests that the
significant excess observed at extremely low pT is likely
to originate from coherent photoproduction in hadronic
collisions. The coherently produced J=ψ’s in hadronic
collisions may serve as an additional probe of QGP, and
provide an opportunity to explore the gluon distribution in a
nucleus. More differential measurements with better pre-
cision toward central collisions are called for in the future to
better understand the origin of the low pT J=ψ excess as
well as to quantify its properties.
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In this analysis, the systematic uncertainties on the
efficiency correction from the GEANT3 simulation are
estimated by comparing the related cut variable distribu-
tions between simulation and data, while the systematic
uncertainties on data driven efficiencies are extracted by
varying electron samples with different purities. The
systematic uncertainties from yield extraction are evalu-
ated by taking the residual background contribution under
the mass-counting region and changing the normalization
range for mixed events. The associated uncertainties
include uncertainties from the TPC tracking (Auþ Au,
∼4%; Uþ U, ∼4%), the electron identification in the TPC
(Auþ Au, ∼1%; Uþ U, ∼1%), TOF (Auþ Au, ∼1%;
Uþ U, ∼3%), and BEMC (Auþ Au, ∼3%), internal
radiation (Auþ Au, ∼4%; Uþ U, ∼4%), and the yield
extraction procedure (Auþ Au, ∼6%; Uþ U, ∼13%).
The total systematic uncertainties are the quadratic
sums of the individual sources (Auþ Au, ∼9%;
Uþ U, ∼14%).
Figure 2 shows the J=ψ invariant yields for Auþ Au

collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Uþ U collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 193 GeV as a function of pT for different central-
ities at midrapdity (jyj < 1). It should be pointed out that
the data points used in this Letter with pT > 1 GeV=c for
collision centralities 20%–40% and 40%–60% are from
previous STAR measurements [6] using the same datasets.
Compared with the data points at pT > 0.2 GeV=c, the
results in the region of pT < 0.2 GeV=c seem to follow a
different trend, especially in 40%–80% peripheral colli-
sions. The solid lines in the figure are the fits to data points
in the range of pT > 0.2 GeV=c using Eq. (2):

d2N
2πpTdpTdy

¼ a
ð1þ b2p2

TÞn
; ð2Þ

where a, b, and n are free parameters. This empirical
functional form can well describe the worldwide pT spectra
of J=ψ in pþ p collisions [38]. The extrapolations of the
fits to the range of pT < 0.2 GeV=c, shown as dashed
lines, have been made to illustrate the expected contribution
of J=ψ production in this pT range. As shown in the figure,
the fits describe the data points above 0.2 GeV=cvery well,
but significantly underestimate the yields below 0.2 GeV=c
for noncentral collisions (20%–80%).
To quantify the J=ψ production modification in hadronic

Aþ A collisions with respect to that in pþ p collisions,
the nuclear modification factor (RAA) is used, which is
defined as follows:

RAA ¼ 1

hTAAi
d2NAA=dpTdy
d2σpp=dpTdy

; ð3Þ

where d2NAA=dpTdy is the J=ψ yield in Aþ A collisions
while d2σpp=dpTdy is the J=ψ cross section in pþ p
collisions. Figure 3 represents the J=ψ nuclear modification
factor as a function of pT in Auþ Au collisions and Uþ U
collisions for different centrality classes. The pþ p base-
line of RAA estimation for 0 < pT < 0.2 GeV=c is derived
by the approach described in Ref. [38] using the worldwide
experimental data, since there is no measurement atffiffiffi
s

p
¼ 200 GeV. Suppression of J=ψ production is

observed for pT > 0.2 GeV=c in all collision centrality
classes, which is consistent with the previous measure-
ments [6,13,34,39] and can be well described by the
transport models [40,41] incorporating cold and hot
medium effects. However, in the extremely low pT range,
i.e., pT < 0.2 GeV=c, a large enhancement of RAA above

 (GeV/c)
T

p

2−10 1−10 1 10

]
-2

dy
) [

(G
eV

/c
)

T
dp Tpπ

N
/(2

2 d- e+ e
B

8−10

7−10

6−10

5−10

4−10 STAR U+U 40-60%
U+U 60-80%

Au+Au 20-40%
Au+Au 40-60%
Au+Au 60-80%

FIG. 2. The J=ψ invariant yields for Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Uþ U collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 193 GeV as
a function of pT for different centralities at midrapidity (jyj < 1).
The error bars depict the statistical errors while the boxes
represent the systematic uncertainties. The data points with pT <
0.2 GeV=c have been slightly shifted along the horizontal axis to
facilitate viewing of the data. The solid lines are the fits to data
points in the range of pT > 0.2 GeV=c, while the dashed lines
are the extrapolations of the fits.

 (GeV/c)
T

p

2−10 1−10 1 10

A
A

R

1

10

210

STAR

Au+Au 60-80%
Au+Au 40-60%
Au+Au 20-40%
U+U 60-80%
U+U 40-60%
p+p baseline uncertainty

 uncertaintycoll60-80% N
 uncertaintycoll40-60% N
 uncertaintycoll20-40% N

FIG. 3. The J=ψRAA as a function pT in Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV and Uþ U collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 193 GeV.
The error bars represent the statistical uncertainties, while the
boxes represent the systematic uncertainties. The shaded bands
at unity indicate the uncertainties on the pþ p reference [38]
and hNcolli.

PHYSICAL REVIEW LETTERS 123, 132302 (2019)

132302-5

Observation of Excess J=ψ Yield at Very Low Transverse Momenta inAu+Au Collisions
at

ffiffiffiffiffiffiffiffi
sNN

p
= 200 GeV and U +U Collisions at

ffiffiffiffiffiffiffiffi
sNN

p
= 193 GeV

J. Adam,12 L. Adamczyk,2 J. R. Adams,35 J. K. Adkins,26 G. Agakishiev,24 M.M. Aggarwal,37 Z. Ahammed,57 I. Alekseev,3,31

D. M. Anderson,51 R. Aoyama,54 A. Aparin,24 D. Arkhipkin,5 E. C. Aschenauer,5 M. U. Ashraf,53 F. Atetalla,25 A. Attri,37

G. S. Averichev,24 V. Bairathi,32 K. Barish,9 A. J. Bassill,9 A. Behera,49 R. Bellwied,19 A. Bhasin,23 A. K. Bhati,37 J. Bielcik,13

J. Bielcikova,34 L. C. Bland,5 I. G. Bordyuzhin,3 J. D. Brandenburg,5 A. V. Brandin,31 J. Bryslawskyj,9 I. Bunzarov,24

J. Butterworth,42 H. Caines,60 M. Calderón de la Barca Sánchez,7 D. Cebra,7 I. Chakaberia,25,46 P. Chaloupka,13 B. K. Chan,8

F-H.Chang,33 Z.Chang,5N.Chankova-Bunzarova,24A.Chatterjee,57 S.Chattopadhyay,57 J. H.Chen,47X.Chen,45 J.Cheng,53

M. Cherney,12W. Christie,5 H. J. Crawford,6M. Csanad,15 S. Das,10 T. G. Dedovich,24 I. M. Deppner,18 A. A. Derevschikov,39

L. Didenko,5 C. Dilks,38 X. Dong,27 J. L. Drachenberg,1 J. C. Dunlop,5 T. Edmonds,40 N. Elsey,59 J. Engelage,6 G. Eppley,42

R. Esha,8 S. Esumi,54 O. Evdokimov,11 J. Ewigleben,28 O. Eyser,5 R. Fatemi,26 S. Fazio,5 P. Federic,34 J. Fedorisin,24 Y. Feng,40

P. Filip,24 E. Finch,48 Y. Fisyak,5 L. Fulek,2 C. A. Gagliardi,51 T. Galatyuk,14 F. Geurts,42 A. Gibson,56 D. Grosnick,56

A. Gupta,23 W. Guryn,5 A. I. Hamad,25 A. Hamed,51 J.W. Harris,60 L. He,40 S. Heppelmann,7 S. Heppelmann,38

N. Herrmann,18 L. Holub,13 Y. Hong,27 S. Horvat,60 B. Huang,11 H. Z. Huang,8 S. L. Huang,49 T. Huang,33 X. Huang,53

T. J. Humanic,35 P. Huo,49 G. Igo,8 W.W. Jacobs,21 A. Jentsch,52 J. Jia,5,49 K. Jiang,45 S. Jowzaee,59 X. Ju,45 E. G. Judd,6

S. Kabana,25 S. Kagamaster,28 D. Kalinkin,21 K. Kang,53 D. Kapukchyan,9 K. Kauder,5 H.W. Ke,5 D. Keane,25

A. Kechechyan,24 M. Kelsey,27 D. P. Kikoła,58 C. Kim,9 T. A. Kinghorn,7 I. Kisel,16 A. Kisiel,58 M. Kocan,13 L. Kochenda,31

L. K. Kosarzewski,13 L. Kramarik,13 P. Kravtsov,31 K. Krueger,4 N. Kulathunga Mudiyanselage,19 L. Kumar,37

R. Kunnawalkam Elayavalli,59 J. H. Kwasizur,21 R. Lacey,49 J. M. Landgraf,5 J. Lauret,5 A. Lebedev,5 R. Lednicky,24

J. H. Lee,5 C. Li,45 W. Li,42 W. Li,47 X. Li,45 Y. Li,53 Y. Liang,25 R. Licenik,13 T. Lin,51 A. Lipiec,58 M. A. Lisa,35 F. Liu,10

H. Liu,21 P. Liu,49 P. Liu,47 X. Liu,35 Y. Liu,51 Z. Liu,45 T. Ljubicic,5 W. J. Llope,59 M. Lomnitz,27 R. S. Longacre,5 S. Luo,11

X. Luo,10 G. L. Ma,47 L. Ma,17 R. Ma,5 Y. G. Ma,47 N. Magdy,11 R. Majka,60 D. Mallick,32 S. Margetis,25 C. Markert,52

H. S. Matis,27 O. Matonoha,13 J. A. Mazer,43 K. Meehan,7 J. C. Mei,46 N. G. Minaev,39 S. Mioduszewski,51 D. Mishra,32

B. Mohanty,32 M.M. Mondal,22 I. Mooney,59 Z. Moravcova,13 D. A. Morozov,39 Md. Nasim,8 K. Nayak,10 J. M. Nelson,6

D. B. Nemes,60 M. Nie,46 G. Nigmatkulov,31 T. Niida,59 L. V. Nogach,39 T. Nonaka,10 G. Odyniec,27 A. Ogawa,5 K. Oh,41

S. Oh,60 V. A. Okorokov,31 B. S. Page,5 R. Pak,5 Y. Panebratsev,24 B. Pawlik,36 H. Pei,10 C. Perkins,6 R. L. Pinter,15 J. Pluta,58

J. Porter,27 M. Posik,50 N. K. Pruthi,37 M. Przybycien,2 J. Putschke,59 A. Quintero,50 S. K. Radhakrishnan,27

S. Ramachandran,26 R. L. Ray,52 R. Reed,28 H. G. Ritter,27 J. B. Roberts,42 O. V. Rogachevskiy,24 J. L. Romero,7 L. Ruan,5

J. Rusnak,34 O. Rusnakova,13 N. R. Sahoo,51 P. K. Sahu,22 S. Salur,43 J. Sandweiss,60 J. Schambach,52 W. B. Schmidke,5

N. Schmitz,29 B. R. Schweid,49 F. Seck,14 J. Seger,12 M. Sergeeva,8 R. Seto,9 P. Seyboth,29 N. Shah,47 E. Shahaliev,24

P. V. Shanmuganathan,28 M. Shao,45 F. Shen,46 W. Q. Shen,47 S. S. Shi,10 Q. Y. Shou,47 E. P. Sichtermann,27 S. Siejka,58

R. Sikora,2 M. Simko,34 JSingh,37 S. Singha,25 D. Smirnov,5 N. Smirnov,60 W. Solyst,21 P. Sorensen,5 H.M. Spinka,4

B. Srivastava,40 T. D. S. Stanislaus,56 D. J. Stewart,60 M. Strikhanov,31 B. Stringfellow,40 A. A. P. Suaide,44 T. Sugiura,54

M. Sumbera,34 B. Summa,38 X.M. Sun,10 Y. Sun,45 Y. Sun,20 B. Surrow,50 D. N. Svirida,3 P. Szymanski,58 A. H. Tang,5

Z. Tang,45 A. Taranenko,31 T. Tarnowsky,30 J. H. Thomas,27 A. R. Timmins,19 T. Todoroki,5 M. Tokarev,24 C. A. Tomkiel,28

S. Trentalange,8 R. E. Tribble,51 P. Tribedy,5 S. K. Tripathy,22 O. D. Tsai,8 B. Tu,10 T. Ullrich,5 D. G. Underwood,4 I. Upsal,46,5

G. Van Buren,5 J. Vanek,34 A. N. Vasiliev,39 I. Vassiliev,16 F. Videbæk,5 S. Vokal,24 S. A. Voloshin,59 F. Wang,40 G. Wang,8

P. Wang,45 Y. Wang,10 Y. Wang,53 J. C. Webb,5 L. Wen,8 G. D. Westfall,30 H. Wieman,27 S.W. Wissink,21 R. Witt,55 Y. Wu,25

Z. G. Xiao,53 G. Xie,11 W. Xie,40 H. Xu,20 N. Xu,27 Q. H. Xu,46 Y. F. Xu,47 Z. Xu,5 C. Yang,46 Q. Yang,46 S. Yang,5 Y. Yang,33

Z. Ye,42 Z. Ye,11 L. Yi,46 K. Yip,5 I.-K. Yoo,41 H. Zbroszczyk,58 W. Zha ,45 D. Zhang,10 L. Zhang,10 S. Zhang,45 S. Zhang,47

X. P. Zhang,53 Y. Zhang,45 Z. Zhang,47 J. Zhao,40 C. Zhong,47 C. Zhou,47 X. Zhu,53 Z. Zhu,46 M. K. Zurek,27 and M. Zyzak16

(STAR Collaboration)

1Abilene Christian University, Abilene, Texas 79699
2AGH University of Science and Technology, FPACS, Cracow 30-059, Poland

3Alikhanov Institute for Theoretical and Experimental Physics, Moscow 117218, Russia
4Argonne National Laboratory, Argonne, Illinois 60439

5Brookhaven National Laboratory, Upton, New York 11973
6University of California, Berkeley, California 94720
7University of California, Davis, California 95616

PHYSICAL REVIEW LETTERS 123, 132302 (2019)

0031-9007=19=123(13)=132302(8) 132302-1 Published by the American Physical Society



ALICE nonUPC J/𝜓 & µµ in peripheral Pb+Pb

57

Huge enhancement of continuum pairs and J/𝜓 at low pT<100 MeV, in 70-90% central

k1

k2

Pb

Pb

Pb

µ+

µ−

Pb

1

Nearly perfect fluid $ Hydrodynamic evolution
The system evolves from the initial energy density distribution

according to energy and momentum conservation:

@µT
µ⌫ = 0

Tµ⌫ = (✏+ P )uµu⌫ � Pgµ⌫ + ⇡µ⌫

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal
shear viscosity
⌘/s = 0.16

evolve to

⌧ = 6 fm/c

Björn Schenke (BNL) TRW2012 BNL 4/26

ALI-PREL-326033

Rates of J/𝜓 consistent with expectations



ATLAS nonUPC µµ at QM18

58

negligible compared with the statistical uncertainties indi-
cated by the error bars, and they exhibit strong correlations
as a function of α and A. After background subtraction,
both data distributions are consistent with zero at the largest
values of α and A considered in the measurement. This
feature indicates that other sources of background, such as
Drell-Yan and ϒ production and dissociative processes,
which are essentially constant over the measurement range,
are not a significant contribution. A clear, centrality-
dependent broadening is seen in the acoplanarity distribu-
tions when compared to the > 80% interval. No such effect
is seen for the asymmetry distributions. The corresponding
distributions from the γγ → μþμ− MC samples are also
shown. The MC α distributions show almost no centrality

dependence, indicating that the broadening evident in the
data is notably larger than that expected from detector
effects. Although the A distributions from the MC sample
broaden slightly in more central collisions, they are intrinsi-
cally much broader than the corresponding α distributions.
In order to quantify the broadening observed in the α

distributions, the unsubtracted distributions are fit to a
Gaussian function plus the normalized background distri-
bution. The fit functions are shown with the solid curves in
Fig. 3 and the values of the width, σ, are listed in Table I.
The σ values increase by more than a factor of 2 between
the most peripheral interval and the most central interval.
Similar fits are performed for the A distributions and the
resulting σ values are listed in Table I. Unlike the α
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FIG. 2. The background-subtracted distributions are shown for α (upper row) and A (lower row). Each distribution is normalized to
unity over its measured range. Moving from left to right, the data (circles) are shown for increasingly peripheral collisions (lower degree
of overlap, higher percentile). The distributions obtained from the MC simulation (γγ → μþμ− generated by STARLIGHTand overlaid on
data) are shown for the corresponding centrality interval as a filled histogram. The distribution measured in the most peripheral
collisions, the> 80% interval (diamonds) is repeated in each panel to facilitate a direct comparison. The error bars include the statistical
and systematic uncertainties. Uncertainties related to the background normalization are not shown.
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FIG. 3. Results of fits to the muon pair α distributions using the sum of Gaussian and background functions. A standard Gaussian
function is shown as a solid curve while the dotted curve shows a Gaussian function in α convolved with the measured pT avg
distribution. The background distributions are indicated by the dashed lines.
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distributions, no significant broadening of the A distribu-
tions can be inferred.
Assuming that the broadening of the α distributions

results from a physical process that transfers a small
amount of transverse momentum, jk⃗Tj ≪ p!

T , to each muon
then the variance of the α distribution can be approxi-
mated as

hα2i ¼ hα2i0 þ
1

π2
hk⃗2Ti

hp2
T avgi

; ð1Þ

where pT avg is the average of pT
þ and pT

− and hα2i0 is the
intrinsic mean square acoplanarity resulting from both
the production process itself and the angular resolution
in the muon measurement.
Taking hα2i0 to be the σ2 of the Gaussian fit in the

> 80% interval, an estimate of the root mean square (rms)
of jk⃗Tj, krms

T , is evaluated in each centrality interval using
the measured value of the rms value of pT avg, and
substituting σ2 of the Gaussian fit in that centrality interval
for hα2i. For the 0–10% centrality interval this procedure
gives krms

T ¼ 66! 10 MeV.
The variance of the A distribution obeys a relation similar

to Eq. (1) but with 1=π2 substituted by 1=4. If the values
obtained above forkrms

T are used in that equation an increase
of only about 0.001 in the rms of A is expected between
> 80% and 0%–10% collisions. The insensitivity of the
asymmetry to the broadening observed in the acoplanarity
distributions can be understood as resulting from the
roughly 5 times larger intrinsic width of the A distribution.
This larger width is consistent with, and can be attributed
to, the momentum resolution of the ATLAS inner
detector [58].
This fitting procedure provides a direct relationship

between the widths of the α distributions and the krms
T

but does not fully account for the shape of the pT avg
distributions. This limitation is addressed by an alternative
procedure, in which the unsubtracted α distributions are fit
as above but replacing the Gaussian function with a
function produced by convolving the measured pT avg

distribution in each centrality interval with a Gaussian
function in α of width

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkrms

T Þ2 þ k2T0
p

=πpT avg. The
parameter kT0 is obtained from the fit to the data in the
> 80% centrality interval. The results of these fits are also
shown in Fig. 3, and the obtained krms

T values are shown in
Fig. 4 as a function of hNparti, the average number of
participant nucleons in each centrality interval obtained
from a Glauber model analysis [48]. Also shown in Fig. 4
are estimates for krms

T obtained by applying Eq. (1) to the
results of the Gaussian acoplanarity fits. The two methods
yield results that are consistent within their uncertainties.
With both methods, the extracted krms

T is observed to grow
from more peripheral to more central collisions, or equiv-
alently, from smaller to larger hNparti. In the 0%–10%
centrality interval krms

T ¼ 70! 10 MeV. Variations of the
pT avg-convolution fitting are also performed allowing an
additional background contribution consistent with Drell-
Yan and dissociative processes. The extracted krms

T agree
with those reported here well within the uncertainties

TABLE I. Values of the parameters obtained by applying the Gaussian and convolution fits to the α distributions shown in Fig. 3 for
different intervals of centrality. Also shown are the average number of participants, hNparti; the rms pT avg, prms

T avg, used to relate the σ
parameter to krms

T in the Gaussian fitting procedure; and the σ parameter obtained from applying the Gaussian fitting to the A
distributions.

Gaussian fit Convolution fit
Centrality hNparti prms

T avg [GeV] σAð×103Þ σαð×103Þ krms
T [MeV] krms

T [MeV]

0–10% 359! 2 7.0! 0.1 17.9þ1.0
−0.9 3.3! 0.4 66! 10 70! 10

10–20% 264! 3 7.7! 0.4 13.6þ1.2
−1.0 2.3! 0.3 40! 7 42! 7

20–40% 160! 3 7.4! 0.3 17.2þ0.4
−0.4 2.5! 0.2 48! 6 44! 5

40–80% 47! 2 6.8! 0.3 16.1þ0.1
−0.1 2.0! 0.1 35! 4 32! 2

> 80% 7.0! 0.3 15.5þ0.1
−0.1 1.40! 0.03
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FIG. 4. The krms
T values obtained from the fits shown in Fig. 3 as
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points have been horizontally offset for visualization purposes,
and the horizontal sizes of the error bands are arbitrary.
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FIG. 3. The distributions of the broadening variable, ↵, from the generalized EPA approach (gEPA2, dash blue lines) and
QED (solid red line) for muon pairs in Pb+Pb collisions at

p
sNN = 5.02 TeV for di↵erent centrality classes. The results are

filtered with the fiducial cuts described in the text and normalized to unity to facilitate a direct comparison with experimental
data. The measurements from ATLAS [25] are also plotted for comparison.

lution. It should be noted that ⇡↵ ' P?/Mll in a de-
tector setup where the sagitta of a particle trajectory is
much larger than the e↵ect of multiple scattering in the
detector material and from resolution of the experimen-
tal measurements, as is the case for the STAR Detector
within the measured kinematic range. The measured ↵
distributions show broadening in hadronic Pb+Pb colli-
sions with respect to UPCs. Figure 3 shows the ↵ dis-
tributions from our calculations in Pb+Pb collisions atp
sNN = 5.02 TeV for di↵erent centrality classes. The re-

sults are filtered with the fiducial cuts: pTµ > 4 GeV/c,
and |⌘µ| < 2.4, and normalized to facilitate a direct com-
parison with experimental data from ATLAS. The mea-
surements from ATLAS [25] can be well described by the
gEPA2 and QED calculations within uncertainties.

There have been proposals in the literature regarding
possible final-state e↵ects to explain the P? broadening.
Two such proposals are that the broadening is due to
deflection by the residual magnetic field trapped in an
electrically conducting QGP [24, 37] or due to multiple
Coulomb scattering in the hot and dense medium [25,
33]. All the proposed mechanisms including this study
require extraordinarily strong electromagnetic fields, an
interdisciplinary subject of intense interest across many
scientific communities. There are a few assumptions and
caveats in our calculation which deserve further studies:

• continuous charge distribution without point-like
structure:
It has been shown [38, 39] that the substructures of
protons and quarks in nuclei and their fluctuations
can significantly alter the electromagnetic field in-
side the nucleus at any given instant. This should
result in an observable e↵ect deserving further the-
oretical and experimental investigation. The e↵ect
is most prominent in central collisions where the
ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a
measurement.

• projectile and target nuclei maintain the same ve-
locity vector before and after collision:
The very first assumption in Eq. 1 is that both col-

liding nuclei maintain their velocities (a �(k⌫i ui⌫)
function) to simplify the calculation. In central
collisions, where the photon flux are generated
predominantly by the participant nucleons, charge
stopping may be an important correction to the
initial electromagnetic fields.

• omission of higher order contribution and multiple
pair production:
We have ignored higher-order corrections in both
the initial electromagnetic field [10] and Sudakov
e↵ect [33], which should be quite small in the low
P? and small ↵ range. It has been pointed out that
there may be significant multiple pair production
in the same event [36], which may complicate the
calculation and measurement.

• final-state e↵ects of magnetic field deflection and
multiple Coulomb scattering:
The STAR and ATLAS collaborations have demon-
strated that it is possible to identify and measure
the Breit-Wheeler process accompanying the cre-
ation of QGP. This opens new opportunity using
this process as a probe of emerging QCD phenom-
ena [8].

In summary, we study the impact-parameter depen-
dence of the Breit-Wheeler process in heavy-ion collisions
within the framework of the external QED field and the
approximations used to arrive at the Equivalent Photon
Approximation, and with a full QED calculation based on
two lowest-order Feynman diagrams. We further demon-
strate that the P? spectrum from the STARLight model
calculation used by the recent comparisons as a baseline
results from averaging over the whole impact parameter
space and is therefore by definition independent of impact
parameter. Our model results can qualitatively describe
both the P? broadening observed at RHIC as well as the
acoplanarity broadening observed at the LHC. It provides
a practical procedure for studying the Breit-Wheeler pro-
cess with ultra-strong electromagnetic fields in a control-
lable fashion. This outcome indicates that the broaden-
ing originates predominantly from the initial electromag-
netic field strength that varies significantly with impact

ATLAS has repeated this measurement with 4x the 2015 luminosity: 
significant observation of a dip structure near α=0…
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FIG. 3. The distributions of the broadening variable, ↵, from the generalized EPA approach (gEPA2, dash blue lines) and
QED (solid red line) for muon pairs in Pb+Pb collisions at

p
sNN = 5.02 TeV for di↵erent centrality classes. The results are

filtered with the fiducial cuts described in the text and normalized to unity to facilitate a direct comparison with experimental
data. The measurements from ATLAS [25] are also plotted for comparison.

lution. It should be noted that ⇡↵ ' P?/Mll in a de-
tector setup where the sagitta of a particle trajectory is
much larger than the e↵ect of multiple scattering in the
detector material and from resolution of the experimen-
tal measurements, as is the case for the STAR Detector
within the measured kinematic range. The measured ↵
distributions show broadening in hadronic Pb+Pb colli-
sions with respect to UPCs. Figure 3 shows the ↵ dis-
tributions from our calculations in Pb+Pb collisions atp
sNN = 5.02 TeV for di↵erent centrality classes. The re-

sults are filtered with the fiducial cuts: pTµ > 4 GeV/c,
and |⌘µ| < 2.4, and normalized to facilitate a direct com-
parison with experimental data from ATLAS. The mea-
surements from ATLAS [25] can be well described by the
gEPA2 and QED calculations within uncertainties.

There have been proposals in the literature regarding
possible final-state e↵ects to explain the P? broadening.
Two such proposals are that the broadening is due to
deflection by the residual magnetic field trapped in an
electrically conducting QGP [24, 37] or due to multiple
Coulomb scattering in the hot and dense medium [25,
33]. All the proposed mechanisms including this study
require extraordinarily strong electromagnetic fields, an
interdisciplinary subject of intense interest across many
scientific communities. There are a few assumptions and
caveats in our calculation which deserve further studies:

• continuous charge distribution without point-like
structure:
It has been shown [38, 39] that the substructures of
protons and quarks in nuclei and their fluctuations
can significantly alter the electromagnetic field in-
side the nucleus at any given instant. This should
result in an observable e↵ect deserving further the-
oretical and experimental investigation. The e↵ect
is most prominent in central collisions where the
ATLAS results have large uncertainties and where
STAR currently lacks the necessary statistics for a
measurement.

• projectile and target nuclei maintain the same ve-
locity vector before and after collision:
The very first assumption in Eq. 1 is that both col-

liding nuclei maintain their velocities (a �(k⌫i ui⌫)
function) to simplify the calculation. In central
collisions, where the photon flux are generated
predominantly by the participant nucleons, charge
stopping may be an important correction to the
initial electromagnetic fields.

• omission of higher order contribution and multiple
pair production:
We have ignored higher-order corrections in both
the initial electromagnetic field [10] and Sudakov
e↵ect [33], which should be quite small in the low
P? and small ↵ range. It has been pointed out that
there may be significant multiple pair production
in the same event [36], which may complicate the
calculation and measurement.

• final-state e↵ects of magnetic field deflection and
multiple Coulomb scattering:
The STAR and ATLAS collaborations have demon-
strated that it is possible to identify and measure
the Breit-Wheeler process accompanying the cre-
ation of QGP. This opens new opportunity using
this process as a probe of emerging QCD phenom-
ena [8].

In summary, we study the impact-parameter depen-
dence of the Breit-Wheeler process in heavy-ion collisions
within the framework of the external QED field and the
approximations used to arrive at the Equivalent Photon
Approximation, and with a full QED calculation based on
two lowest-order Feynman diagrams. We further demon-
strate that the P? spectrum from the STARLight model
calculation used by the recent comparisons as a baseline
results from averaging over the whole impact parameter
space and is therefore by definition independent of impact
parameter. Our model results can qualitatively describe
both the P? broadening observed at RHIC as well as the
acoplanarity broadening observed at the LHC. It provides
a practical procedure for studying the Breit-Wheeler pro-
cess with ultra-strong electromagnetic fields in a control-
lable fashion. This outcome indicates that the broaden-
ing originates predominantly from the initial electromag-
netic field strength that varies significantly with impact

NEW FOR 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ATLAS has repeated this measurement with 4x the 2015 luminosity: 
significant observation of a dip structure near α=0…
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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.
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An effect partly foreshadowed by similar QED calculations compared to  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aforementioned mass regions, and the integrated excess
yields are shown in Fig. 3(c) as a function of centrality.
Compared to the hadronic cocktail shown as the dashed line
in the figure, the excess yields exhibit a much weaker
dependence on collision centrality, suggesting that had-
ronic interactions alone are unlikely to be the source of the
excess eþe− pairs.
In order to investigate the origin of the low-pT eþe−

enhancement, we compared our results to different models
[20,33,34] with the photonuclear and photon-photon con-
tributions employing the equivalent photon approximation
(EPA) method [35] in Auþ Au collisions. The model by
Zha et al. [33] takes into account the charge distribution in
the nucleus for estimating the photon flux. Conversely, the
model implemented in the STARlight MC generator
[10,34] treats the nucleus as a pointlike charge for evalu-
ating the photon flux and ignores eþe− production within
the geometrical radius of the nucleus. Both models assume
no effect of hadronic interaction on virtual photon
production and do not have uncertainty estimates. The
excess based on the model calculations is dominated by
photon-photon interactions, in which contributions from
Ref. [33] describe the 60%–80% centrality data fairly well
(χ2=NDF ¼ 19=15, where NDF is the number of degrees
of freedom, in 0.4–2.6GeV=c2), while the results from
STARlight underestimate the data (χ2=NDF ¼ 32=15). In
40%–60% centrality, both models can describe the data
within the large statistical uncertainties. The contributions
from photonuclear-produced ρ and ϕ vector mesons, shown
as the dashed lines in Figs. 3(a) and 3(b), are found to be
negligible. STARlight predicts that the excess yields from
photon-photon interactions in Uþ U collisions are ∼40%
larger than those in Auþ Au collisions [34]. The observed
difference between Uþ U and Auþ Au collisions is
consistent with the theoretical prediction within large
uncertainties, as shown in Fig. 3(c).
To further explore the low-pT excess, the p2

T (≈ − t,
the squared four-momentum transfer) distributions of the
excess yields within the STAR acceptance for 60%–80%
centrality are shown in Figs. 4(a)–4(c) for three different
mass regions. The aforementioned photon-photon model
calculations for Auþ Au collisions are also shown in the
figures as dot-dashed and dot-dot-dashed lines. The
calculations from Ref. [33] fall below data points at
large p2

T values but overshoot data at low p2
T, especially

in the extremely low-p2
T region. The calculation from

STARlight is lower than that from Ref. [33] but has a
similar pT shape. The spectra dip in the data at extremely
low pT [p2

T < 0.0004 ðGeV=cÞ2] and the discrepancy
in that pT region with models could be partially
attributed to the EPA method [35] without incorporating
nonzero photon virtuality [13,36]. Such a discrepancy
has been previously observed in the measured low-
mass eþe− cross section of photon-photon interactions
for p2

T < 0.000225ðGeV=cÞ2 in UPCs at RHIC [13].

The
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mass regions, respectively. The general agreements
between the data and model calculations for pT and
invariant mass distributions of lþl− pairs produced by
photon-photon interactions in UPCs [13,15,17] are sug-
gestive of possible other origins of the pT broadening in
peripheral collisions as shown in Fig. 4(d). For example,
to illustrate the sensitivity the
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FIG. 4. The p2
T distributions of excess yields within the STAR

acceptance in the mass regions of (a) 0.4–0.76, (b) 0.76–1.2, and
(c) 1.2–2.6GeV=c2 in 60%–80% Auþ Au and Uþ U colli-
sions. The systematic uncertainties are shown as gray boxes. The
solid and dotted lines are exponential fits to the data in Auþ Au
and Uþ U collisions, respectively. The dot-dashed and dot-dot-
dashed lines represent the p2

T distributions for the photon-photon
process from two models [33,34] within the STAR acceptance in
60%–80% Auþ Au collisions. The dashed lines illustrate the
corresponding p2

T distributions for eþe− pairs from the model
[33] traversing 1 fm in a constant magnetic field of 1014 T
perpendicular to the beam line. (d) The corresponding
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hp2

Ti
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of
excess yields. The vertical bars on data points are the combined
statistical and systematic uncertainties.
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dependence on collision centrality, suggesting that had-
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excess eþe− pairs.
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[20,33,34] with the photonuclear and photon-photon con-
tributions employing the equivalent photon approximation
(EPA) method [35] in Auþ Au collisions. The model by
Zha et al. [33] takes into account the charge distribution in
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Also observed broadening, and provided 
a tentative explanation in terms of a 

strong trapped B field in a QGP
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RMS(pT) changes from  
38.1 MeV in UPC 

to 50.9 MeV in 60-80%  
→ ~34 MeV broadening 

(cf. ATLAS estimate 
of ~35 MeV in 40-80%)

Curves from Zha et al can describe  
both selections with same QED formalism

QGP
⃗B

STAR, arXiv:1910.12400
NEW FOR 
QM2019

→ At this point, the success of the QED calculations give 
ATLAS & STAR results less room for exotic interpretations 



Summary
• photonuclear (one photon) processes

• Probing spatial and momentum scales with vector mesons 
• Flow observed in inelastic photoproduction

• photon-photon (two photon) processes
• Variety of QED processes: dileptons, diphotons: possible access to BSM
• Full QED needed to understand what non-UPC measurements are seeing

• Precise data requires precise theory
• In particular, new data require more sophisticated QED integrated into event generators
• Relevant to both initial state photons, and final state effects

• Clear synergies between UPC, HI, and EIC physics
• Existing and upcoming LHC & RHIC data, should provide opportunities  

to refine our understanding of nucleon & nuclear space & momentum structure!  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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC

Mark Strikman∗

Pennsylvania State University, University Park, PA 16802, USA
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and Nuclear Science Division LBNL, Berkeley, CA 94720, USA

Sebastian White‡
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

(Dated: January 6, 2014)

We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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Nearly perfect fluid $ Hydrodynamic evolution
The system evolves from the initial energy density distribution

according to energy and momentum conservation:

@µT
µ⌫ = 0

Tµ⌫ = (✏+ P )uµu⌫ � Pgµ⌫ + ⇡µ⌫

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal
shear viscosity
⌘/s = 0.16

evolve to

⌧ = 6 fm/c

Björn Schenke (BNL) TRW2012 BNL 4/26

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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One photon,
two photons,

mostly alone, 

sometimes at home!

(with apologies to Dr. Seuss, 
and to the audience members 

who haven’t heard of him!)



Summary
• photonuclear (one photon) processes

• Probing spatial and momentum scales with vector mesons 
• Flow observed in inelastic photoproduction

• photon-photon (two photon) processes
• Variety of QED processes: dileptons, diphotons: possible access to BSM
• Full QED needed to understand what non-UPC measurements are seeing

• Precise data requires precise theory
• In particular, new data require more sophisticated QED integrated into event generators
• Relevant to both initial state photons, and final state effects

• Clear synergies between UPC, HI, and EIC physics
• Existing and upcoming LHC & RHIC data, should provide opportunities  

to refine our understanding of nucleon & nuclear space & momentum structure!  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pA collisions at the LHC

Mark Strikman∗

Pennsylvania State University, University Park, PA 16802, USA

Ramona Vogt†
Department of Physics, University of California, Davis, CA 95616, USA

and Nuclear Science Division LBNL, Berkeley, CA 94720, USA

Sebastian White‡
Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA

(Dated: January 6, 2014)

We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Observing light-by-light scattering at the Large Hadron Collider

David d’Enterria1 and Gustavo G. Silveira2

1CERN, PH Department, 1211 Geneva, Switzerland
2UC Louvain, Center for Particle Physics and Phenomenology (CP3), Louvain-la-Neuve, Belgium

Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and

k1

k2

Pb

Pb

Pb

µ+

µ−

Pb

1

Nearly perfect fluid $ Hydrodynamic evolution
The system evolves from the initial energy density distribution

according to energy and momentum conservation:

@µT
µ⌫ = 0

Tµ⌫ = (✏+ P )uµu⌫ � Pgµ⌫ + ⇡µ⌫

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal
shear viscosity
⌘/s = 0.16

evolve to

⌧ = 6 fm/c

Björn Schenke (BNL) TRW2012 BNL 4/26

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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synergies are when two worlds “collide”  
and something new is created in the process
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.

Inelastic photonuclear processes: γ + A → hadrons or jets & rapidity gap
Primary event topology: jets, energy in one ZDC & rapidity gap in calorimeter
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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have zero neutrons in one direction and one or more neutrons in the opposite direction, referred to as the
“0nXn” event topology. The photon-going direction is defined to be the direction in which zero neutrons
are observed. Background events are removed by requiring a minimum rapidity gap in this direction
and requiring that there is no large gap in the opposite direction. Corrections are applied to account
for signal events removed by these requirements, and thus they are not part of the fiducial definition
of the measurement. Event-level observables are constructed from all jets having transverse momenta
pT > 15 GeV and pseudo-rapidities |⌘ | < 4.4. Events are required to have two or more such jets and at
least one jet with pT > 20 GeV. The jets are used to define the event-level variables:
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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Figure S2: Schematic diagram for the CEP gg→ γγ process production mechanism.
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Figure S3: Diphoton acoplanarity distribution observed in data (points) for events in CEP-enhanced region (Aco >
0.01) with energy deposit in ZDC corresponding to multiple forward neutron emission. For comparison, CEP
gg→ γγMC predictions are also shown. The statistical uncertainties on the data are presented as vertical bars.

exactly one neutron emission (13 events in total) are observed in data. The expected event yield from
CEP gg → γγ MC is 0.9 events, however, events with one or more emitted neutrons are expected from
the signal process, due to an excitation of the nuclear giant dipole resonance [2].
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Light-by-light is pure γγ → no neutron production (modulo soft exchange)  
background processes involving gluon exchange → neutrons in ZDC

Events with ZDC activity show broad acoplanarity distribution 
validates use of expectations from CEP MC (e.g. SuperChic) 
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Observing light-by-light scattering at the Large Hadron Collider
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Elastic light-by-light scattering (γ γ → γ γ) is open to study at the Large Hadron Collider thanks to
the large quasi-real photon fluxes available in electromagnetic interactions of protons (p) and lead
(Pb) ions. The γ γ → γ γ cross sections for diphoton masses mγγ > 5 GeV amount to 105 fb, 260 pb,
and 370 nb in p-p, p-Pb, and Pb-Pb collisions at nucleon-nucleon center-of-mass energies

√
s
NN

= 14
TeV, 8.8 TeV, and 5.5 TeV respectively. Such a measurement has no substantial backgrounds in
Pb-Pb collisions where one expects about 70 signal events per run, after typical detector acceptance
and reconstruction efficiency selections.

PACS numbers: 12.20.-m, 13.40.-f, 14.70.-e, 25.20.Lj

Introduction. – The elastic scattering of two photons in vacuum (γ γ → γ γ) is a pure quantum-mechanical
process that proceeds at leading order in the fine structure constant, O(α4), via virtual one-loop box diagrams
containing charged particles (Fig. 1). Although light-by-light (LbyL) scattering via an electron loop has been
precisely, albeit indirectly, tested in the measurements of the anomalous magnetic moment of the electron [1]
and muon [2], its direct observation in the laboratory remains elusive still today. Out of the two closely-related
processes –photon scattering in the Coulomb field of a nucleus (Delbrück scattering) [3] and photon-splitting in
a strong magnetic field (“vacuum” birefringence) [4, 5]– only the former has been clearly observed [6]. Several
experimental approaches have been proposed to directly detect γ γ → γ γ in the laboratory using e.g. Compton-
backscattered photons against laser photons [7], collisions of photons from microwave waveguides or cavities [8] or
high-power lasers [9, 10], as well as at photon colliders [11, 12] where energetic photon beams can be obtained by
Compton-backscattering laser-light off electron-positron (e+e−) beams [13]. Despite its fundamental simplicity, no
observation of the process exists so far.

In the present letter we investigate the novel possibility to detect elastic photon-photon scattering using the
large (quasi-real) photon fluxes of the protons and ions accelerated at TeV energies at the CERN Large Hadron
Collider (LHC). In the standard model (SM), the box diagram depicted in Fig. 1 involves charged fermions (leptons
and quarks) and boson (W±) loops. In extensions of the SM, extra virtual contributions from new heavy charged
particles are also possible. The study of the γ γ → γ γ process –in particular at the high invariant masses reachable
at photon colliders– has thus been proposed as a particularly neat channel to study anomalous gauge-couplings [11,
12], new possible contributions from charged supersymmetric partners of SM particles [14], monopoles [15], and
unparticles [16], as well as low-scale gravity effects [17, 18] and non-commutative interactions [19].

γ

γ

γ

γ

p,Pb

p,Pb

p,Pb

p,Pb

FIG. 1: Schematic diagram of elastic γ γ → γ γ collisions in electromagnetic proton and/or ion interactions at the LHC. The
initial-state photons are emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction.

Photon-photon collisions in “ultraperipheral” collisions of proton [20, 21] and lead (Pb) beams [22] have been
experimentally observed at the LHC [23–27]. All charges accelerated at high energies generate electromagnetic
fields which, in the equivalent photon approximation (EPA) [28], can be considered as γ beams [29]. The
emitted photons are almost on mass shell, with virtuality −Q2 < 1/R2, where R is the radius of the charge,
i.e. Q2 ≈ 0.08 GeV2 for protons with R ≈ 0.7 fm, and Q2 < 4·10−3 GeV2 for nuclei with RA ≈ 1.2A1/3 fm,
for mass number A > 16. Naively, the photon-photon luminosities are suppressed by a factor α2 ≈ 5·10−5 and
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