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A bird’s eye view of the CERN HI program (at large impact parameter)
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p+p p+Pb Pb+Pb
Standard Model  

Higgs physics  
Searches for new  

physics (750 GeV?)  
Collective behavior?

Particle production  
Nuclear PDFs  
Jet production  

Collective behavior!  
Heavy ion ref.

High T matter  
Particle production  

Nuclear PDFs  
Jet quenching  

Collective behavior
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p+p p+Pb Pb+Pb

What about when the protons and/or nuclei “miss” each other? 
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p+p p+Pb Pb+Pb

Ultra-peripheral collisions via strong EM fields. 
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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. 

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 

ar
X

iv
:h

ep
-p

h/
05

08
29

6v
1 

 2
9 

A
ug

 2
00

5

Probing small x parton densities in ultraperipheral AA and
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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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-

➤ Boosted nuclei are intense source of quasi-real photons 
➤ Typically treated using EPA (Weiszacker-Williams) 
➤ Quantize classical field  

➤ Photons with E≾(ℏc/R)γ are produced coherently (Z2) 
➤ Up to ~80 GeV for Pb+Pb @ 5.02 TeV, 1.4 TeV for p+p!

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF, geometry)

Photo-nuclear:  
dijet production  
(probe nPDF directly)

Photon-photon:  
dilepton production  
(& other exclusive states)

Experiments at RHIC & LHC have begun a systematic investigation of UPC, including:
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EM processes, such as dimuon production, produce essentially nothing but two muons
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Central Pb+Pb event  
in 5.02 TeV data
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Highest-mass UPC dimuon event  
in 5.02 TeV data: 

Mµµ = 173 GeV
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Fig.1.LowestorderFeynmandiagramsforexclusivephotoproductionof(a)J/ψand(b)dielectrons,inultra-peripheralAu+Aucollisions.Thephotonstotherightofthe
dashedlinearesoftphotonsthatmayexcitethenucleibutdonotleadtoparticleproductioninthecentralrapidityregion.Bothdiagramscontainatleastonephotonand
occurwhenthenucleiareseparatedbyimpactparameterslargerthanthesumofthenuclearradii.

18X0)andtwosectorsoflead-glassČerenkovcalorimeter(PbGl,
9216moduleswith4cm×4cm×40cm,14.4X0),ataradialdis-
tanceof∼5mfromthebeamline.

Theultra-peripheralAu+Aueventsweretaggedbyneutron
detectionatsmallforwardanglesintheZDC.TheZDCs[31,32]are
hadroniccalorimetersplaced18mup-anddown-streamofthe
interactionpointthatmeasuretheenergyoftheneutronscoming
fromtheAu⋆Coulombdissociationwith∼20%energyresolution
andcover|θ|<2mrad,whichisaveryforwardregion.3

TheeventsusedinthisanalysiswerecollectedwiththeUPC
triggersetupforthefirsttimeinPHENIXduringthe2004run
withthefollowingcharacteristics:

(1)AvetooncoincidentsignalsinbothBeam–BeamCoun-
ters(BBC,covering3.0<|η|<3.9andfullazimuth)selects
exclusive-typeeventscharacterisedbyalargerapiditygapon
eithersideofthecentralarm.

(2)TheEMCal-Trigger(ERT)witha2×2tilethresholdat0.8GeV.
Thetriggerissetiftheanalogsumoftheenergydepositina
2×2tileofcalorimetertowersisabovethreshold(0.8GeV).

(3)Atleast30GeVenergydepositedinoneorbothoftheZDCsis
requiredtoselectAu+Aueventswithforwardneutronemis-
sion(Xn)fromthe(singleordouble)Au⋆decay.

TheBBCtriggerefficiencyforhadronicAu+Aucollisionsis
92±3%[33].AvetoontheBBCtriggerhasaninefficiencyof8%,
whichimpliesthatthemostperipheralnuclearreactionscouldbe
apotentialbackgroundforourUPCmeasurementiftheyhappen
tohaveanelectronpairinthefinalstate.Anextrapolationofthe
measuredp–pdielectronrate[34]atminv>2GeV/c2tothe8%
mostperipheralinteractions–scaledbythecorrespondingnumber
ofnucleon–nucleoncollisions(1.6)–resultsinanegligiblecontri-
bution(only0.4e+e−pairs).Ontheotherhand,theERTtrigger
requirement(2)hasanefficiencyof90±10%,andtherequire-
ment(3)ofminimumZDCenergydeposit(s)leavesabout55%of
thecoherentandabout100%oftheincoherentJ/psievents,asdis-
cussedabove.Allthesetriggerefficienciesandtheiruncertainties
areusedinthefinaldeterminationoftheproductioncrosssections
below.

ThetotalnumberofeventscollectedbytheUPCtriggerwas
8.5M,ofwhich6.7Msatisfiedstandarddataqualityassurance
criteria.Theuseableeventsamplecorrespondstoanintegratedlu-
minosityLint=141±12µb−1computedfromtheminimumbias
triggeredevents.

3MuchlargerthanthecrossingangleofAubeamsatthePHENIXinteraction
point(0.2mrad).

3.Dataanalysis

ChargedparticletrackinginthePHENIXcentralarmsisbased
onacombinatorialHoughtransforminthetrackbendplane(per-
pendiculartothebeamdirection).Thepolarangleisdetermined
fromthepositionofthetrackinthePCoutsidetheDCandthe
reconstructedpositionofthecollisionvertex[35].Forcentralcolli-
sions,thecollisionvertexisreconstructedfromtiminginformation
fromtheBBCand/orZDC.ThisdoesnotworkforUPCevents,
which,bydefinition,donothaveBBCcoincidencesandoftendo
nothaveZDCcoincidences.Theeventvertexwasinsteadrecon-
structedfromthepositionofthePChitsandEMCalclustersas-
sociatedwiththetracksintheevent.Thisgaveaneventvertex
resolutioninthelongitudinaldirectionof1cm.Trackmomenta
aremeasuredwitharesolutionδp/p≈0.7%⊕1.0%p[GeV/c]in
minimumbiasAu+Aunuclearcollisions[36].Onlyanegligible
reductionintheresolutionisexpectedinthisanalysisbecauseof
thedifferentvertexresolution.

Thefollowingglobalcutswereappliedtoenhancethesample
ofgenuineγ-inducedevents:

(1)Astandardofflinevertexcut|vtxz|<30cmwasrequiredto
selectcollisionswellcenteredinthefiducialareaofthecentral
detectorsandtoavoidtracksclosetothemagnetpoles.

(2)Onlyeventswithtwochargedparticleswereanalyzed.Thisis
arestrictivecriterionimposedtocleanlyselect“exclusive”pro-
cessescharacterisedbyonlytwoisolatedparticles(electrons)
inthefinalstate.Itallowstosuppressthecontaminationof
non-UPC(mainlybeam–gasandperipheralnuclear)reactions
thatfiredtheUPCtrigger,whereasthesignallossissmall(less
than5%).

UnliketheJ/ψ→e+e−analysesinnuclearAu+Aureactions
[36,37]whichhavetodealwithlargeparticlemultiplicities,we
didnotneedtoapplyverystrictelectronidentificationcutsinthe
cleanUPCenvironment.Instead,thefollowingRICH-andEMCal-
basedofflinecutswereused:

(1)RICHmultiplicityn0!2selectse±whichfire2ormoretubes
aroundthetrackwithinthenominalringradius.

(2)CandidatetrackswithanassociatedEMCalclusterwithdead
ornoisytowerswithina2×2tileareexcluded.

(3)Atleastoneofthetracksinthepairisrequiredtopassan
EMCalclusterenergycut(E1>1GeV∥E2>1GeV)toselect
candidatee±intheplateauregionabovetheturn-oncurveof
theERTtrigger(whichhasa0.8GeVthreshold).

Beyondthoseglobalorsingle-trackcuts,anadditional“coherent”
identificationcutwasappliedbyselectingonlythosee+e−candi-

Additional soft photon exchange can excite one or both nuclei:  
additional particle production — primarily forward neutrons —  

which can be measured in the ZDC: common trigger technique
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Calculations can systematically include neutron production through P(b),  
probability of nuclear breakup vs. impact parameter
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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. 

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 
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FIG. 1. The dominant Feynman diagrams for two photon reac-
tions (a) without and (b) with nuclear excitation. Cross diagrams and,
for (b), time-reversed diagrams are omitted; due to factorization, they
simply add.

Lγ γ [13,14]. The cross section to produce a final state with
mass W is

σ (A + A → A +A + X)

=
!

dk1dk2
n(k1)
k1

n(k2)
k2

σ [γ γ → X(W )], (1)

where k1 and k2 are the two photon energies and n(k) is the
photon flux at energy k.

The γ γ luminosity is given by convolution of the equivalent
photon spectra from the two nuclei. In impact parameter space,
the total number of photons from one nucleus is obtained
by integrating over all impact parameters larger than some
minimum, typically given by the nuclear radius. This is
similar to integrating over all possible momentum transfers,
Q, from some minimum determined by the kinematics up
to a maximum given by the nuclear form factor. In hadronic
collisions, the impact parameter representation provides the
best way to incorporate effects of strong absorption. Hadronic
interactions will dominate in collisions where both hadronic
and electromagnetic interactions are possible. The hadronic
interaction must therefore be excluded to obtain the effective
or usable cross section for two-photon interactions. In impact
parameter space, this can be accomplished by requiring that
the impact parameter be larger than the sum of the nuclear
radii. The equivalent two-photon luminosity is thus [15,16]:

dLγ γ

dWdy
= LAA

W

2

!

b1>RA

d2b1

!

b2>RA

d2b2 n(k1,b1)n(k2,b2)

×# (|b⃗1 − b⃗2| − 2RA), (2)

where LAA is the ion-ion luminosity, n(k,b) is the flux of
photons with energy k at impact parameter b, and RA is the
Woods-Saxon nuclear radius.

The requirements b1 > RA and b2 > RA ensure that the
final state is produced outside the nuclei. Otherwise, the final
state will usually interact with the nucleus, destroying itself
and breaking up the nucleus. This requirement may not be
strictly necessary for some final states, such as lepton pairs.
Alternately, a smaller radius might be appropriate. However,
because the electric fields drop rapidly for b < RA, this
is a relatively small correction. The # function imposes a
requirement that the nuclei not physically collide; we discuss
more detailed hadronic interaction models below.

The photon flux may be modelled using the Weizsäcker-
Williams method. For γ ≫ 1

n(k,b) = d3N

dkd2b
= Z2α

π2kb2
x2K2

1 (x) (3)

where x = bk/γ . Here, K1 is a modified Bessel function. The
two photon energies k1 and k2 determine the center-of-mass
energy W and rapidity y:

k1,2 = W

2
e±y (4)

and

y = 1/2 ln(k1/k2). (5)

The maximum effective two-photon energy, Wmax occurs at
y = 0, when k1 = k2 = γ /RA. Wmax is about 6 GeV for gold
at RHIC and 150 GeV for lead at the LHC. Wmax is higher for
lighter nuclei and protons, but the γ γ luminosity per collision
is lower, and multiphoton interactions are very rare.

Equation (2) treats the nuclei as hard spheres with radius
RA. Because there is a finite probability to have hadronic inter-
actions at impact parameters b > 2RA, more accurate hadronic
interaction probabilities can be included by modifying Eq. (2),
to

Lγ γ

dWdy
= LAA

W

2

!

b1>RA

d2b1

!

b2>RA

d2b2n(k1,b1)n(k2,b2)

× [1 − PH (|b⃗1 − b⃗2|)] (6)

with the hadronic interaction probability

PH (b⃗) = 1 − exp
"
−σnn

!
d2r⃗ TA(r⃗) TA(r⃗ − b⃗)

#
. (7)

σnn is the total hadronic interaction cross section, 52 mb at
RHIC and 88 mb at the LHC [12]. We use the total cross
sections, because even an elastic nucleon-nucleon interaction
will break up the nucleus. The nuclear thickness function is
the integral of the nuclear density, ρ(r)

TA(b⃗) =
!

dzρ(b⃗,z)dz, (8)

where b⃗ is the impact parameter from the center of the nucleus.
The nuclear density profile ρ(r =

$
|b⃗|2 + z2) of heavy nuclei

is well described with a Woods-Saxon distribution. We use
parameters determined from electron scattering data (R =
6.38 fm for Au and R = 6.62 fm for Pb) [12].

As Fig. 2 shows, Eq. (6) gives γ γ luminosities about 5%
lower than the hard sphere model for W = 0.1Wmax, falling
to 15% lower for W = Wmax [15]. These differences are
comparable to those found elsewhere [17].

Baur and Ferrara-Filho derived Eq. (2), and then used a
change of variables and the # function to reduce the dimen-
sions of the integral [16]. Although this approach speeds the
calculation, it works poorly for the realistic models of nuclear
density or when additional photon exchange is included.
Cahn and Jackson used a related approach, calculating the
luminosity analytically without the requirement b > 2RA and
then numerically calculating a correction for the overlap [18].
This approach also cannot accomodate nuclear breakup.

044902-2

Lumi.

Can treat photon-photon and photonuclear cross sections in a factorized form, e.g. 
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and breaking up the nucleus. This requirement may not be
strictly necessary for some final states, such as lepton pairs.
Alternately, a smaller radius might be appropriate. However,
because the electric fields drop rapidly for b < RA, this
is a relatively small correction. The # function imposes a
requirement that the nuclei not physically collide; we discuss
more detailed hadronic interaction models below.

The photon flux may be modelled using the Weizsäcker-
Williams method. For γ ≫ 1

n(k,b) = d3N

dkd2b
= Z2α

π2kb2
x2K2

1 (x) (3)

where x = bk/γ . Here, K1 is a modified Bessel function. The
two photon energies k1 and k2 determine the center-of-mass
energy W and rapidity y:

k1,2 = W

2
e±y (4)

and

y = 1/2 ln(k1/k2). (5)

The maximum effective two-photon energy, Wmax occurs at
y = 0, when k1 = k2 = γ /RA. Wmax is about 6 GeV for gold
at RHIC and 150 GeV for lead at the LHC. Wmax is higher for
lighter nuclei and protons, but the γ γ luminosity per collision
is lower, and multiphoton interactions are very rare.

Equation (2) treats the nuclei as hard spheres with radius
RA. Because there is a finite probability to have hadronic inter-
actions at impact parameters b > 2RA, more accurate hadronic
interaction probabilities can be included by modifying Eq. (2),
to

Lγ γ

dWdy
= LAA

W

2

!

b1>RA

d2b1

!

b2>RA

d2b2n(k1,b1)n(k2,b2)

× [1 − PH (|b⃗1 − b⃗2|)] (6)

with the hadronic interaction probability

PH (b⃗) = 1 − exp
"
−σnn

!
d2r⃗ TA(r⃗) TA(r⃗ − b⃗)

#
. (7)

σnn is the total hadronic interaction cross section, 52 mb at
RHIC and 88 mb at the LHC [12]. We use the total cross
sections, because even an elastic nucleon-nucleon interaction
will break up the nucleus. The nuclear thickness function is
the integral of the nuclear density, ρ(r)

TA(b⃗) =
!

dzρ(b⃗,z)dz, (8)

where b⃗ is the impact parameter from the center of the nucleus.
The nuclear density profile ρ(r =

$
|b⃗|2 + z2) of heavy nuclei

is well described with a Woods-Saxon distribution. We use
parameters determined from electron scattering data (R =
6.38 fm for Au and R = 6.62 fm for Pb) [12].

As Fig. 2 shows, Eq. (6) gives γ γ luminosities about 5%
lower than the hard sphere model for W = 0.1Wmax, falling
to 15% lower for W = Wmax [15]. These differences are
comparable to those found elsewhere [17].

Baur and Ferrara-Filho derived Eq. (2), and then used a
change of variables and the # function to reduce the dimen-
sions of the integral [16]. Although this approach speeds the
calculation, it works poorly for the realistic models of nuclear
density or when additional photon exchange is included.
Cahn and Jackson used a related approach, calculating the
luminosity analytically without the requirement b > 2RA and
then numerically calculating a correction for the overlap [18].
This approach also cannot accomodate nuclear breakup.
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PHOTONUCLEAR & PHOTON-PHOTON LUMINOSITIES

➤ Luminosity is EPA photon flux × LAA 
➤ p+p collisions have larger Lpp and Emax so highest Lγγ, but w/ pileup 
➤ Pb+Pb has large Lγγ to Mγγ~100 GeV w/ low pileup  
➤ Pb+Pb has large LγA (a high energy, low luminosity EIC?) 
➤ p+Pb has quite large Lγp (PDFs) 14

6. OTHER OPPORTUNITIES
6.1 Ultra-peripheral Collisions
Charged hadrons accelerated at very high energies generate strong electromagnetic fields, equiv-
alent to a flux of quasi-real photons, which can be used to study high-energy γ + γ, γ+p and
γ+A processes in ultraperipheral collisions (UPCs) where the colliding systems pass close to
each other without interacting hadronically. The effective photon flux, which can be translated
into an effective luminosity, is proportional to the square of the charge, Z2, and thus signifi-
cantly enhanced for heavy ions. The figure of merit for photoproduction is the effective γ+A
luminosity, LAB n(ω), where LAB is the accelerator luminosity and n(ω) is the photon flux per
nucleus. Figure 8(a) compares LABn(ω) for γ+p and γ+Pb collisions in p+Pb interactions to
the case where the photon is emitted from an ion in a Pb+Pb collision. Figure 8(b) compares
the same quantity for γ + γ collisions.
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Fig. 8: Left: Effective γ+A luminosity LAB n(ω) for three cases at the LHC: the photon is emitted from the
proton (labeled γPb), from the ion (γp), and from the ion in a Pb+Pb collision (γPb@Pb+Pb). Right: Effective
two-photon luminosities LAB(dLγγ/dWγγ) for p+p , p+Pb and Pb+Pb collisions at the LHC.

UPCs in p+A collisions present advantages with respect to both ultraperipheral A+A and
p+p collisions. First, relative to A+A collisions, the p+A luminosities are three orders of mag-
nitude larger, and the hadronic center-of-mass energies are also larger. Moreover, the γ + γ
centre-of-mass energies are also higher, resulting from a harder proton photon spectrum and a
smaller distance between the centers of the radiating charges. In addition, it is easier to remove
other photoproduction backgrounds than in A+A collisions characterized by additional photon
exchanges which lead to forward neutron emission. It is also possible to tag the scattered pro-
ton using Roman Pot detectors (CMS/TOTEM [74], ATLAS/ALFA [75], FP420 [76]), allowing
full kinematic reconstruction by separating the momentum transfers from the proton and the
ion. The advantage of p+A with respect to p+p UPCs is threefold. First, the photon flux of
one beam increases by Z2. It is also possibile to trigger on and carry out measurements with
almost no event pileup and also removemost of the exclusive diffractive backgrounds. Since the
nucleus is a fragile object, Pomeron-mediated interactions in p+A collisions will, at variance
with p+p, almost always lead to the emission of a few nucleons detectable in the zero degree
calorimeters.

The interest in UPCs at the LHC includes QCD studies such as probing the low-x gluon
distributions in protons and nuclei, beyond the reach of HERA and RHIC respectively, via
inclusive and exclusive dijet, heavy-flavour and vector meson measurements; as well as elec-
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ion. The advantage of p+A with respect to p+p UPCs is threefold. First, the photon flux of
one beam increases by Z2. It is also possibile to trigger on and carry out measurements with
almost no event pileup and also removemost of the exclusive diffractive backgrounds. Since the
nucleus is a fragile object, Pomeron-mediated interactions in p+A collisions will, at variance
with p+p, almost always lead to the emission of a few nucleons detectable in the zero degree
calorimeters.

The interest in UPCs at the LHC includes QCD studies such as probing the low-x gluon
distributions in protons and nuclei, beyond the reach of HERA and RHIC respectively, via
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dates detected in opposite arms. Such a cut aims at reducing the
high-pT pairs while improving the detection of the low-pT pairs
expected for γ γ , γ A production. Nevertheless, after all the previ-
ous cuts were applied the influence of this selection is found to be
small; there is only one event in which the e+ and e− are in the
same arm and have me+e− > 2 GeV/c2.

Finally, J/ψ were reconstructed by invariant mass analysis of
the measured e+e− pairs. There was no remaining like-sign back-
ground after the aforementioned analysis cuts.

The cross sections were obtained after correcting the raw num-
ber of signal counts for the geometrical acceptance of our detector
system, and the efficiency losses introduced by the previously de-
scribed analysis cuts. Acceptance and efficiency corrections were
obtained using the PHENIX geant3 [38] simulation package with
input distributions from the starlight Monte Carlo (MC), based on
the models presented in [12,25,39]. The measured γ + p → V + p
cross sections from HERA and fixed target experiments with lep-
ton beams are used as input to the models. starlight well re-
produces the existing d3N/dy dφ dpT distribution of coherent ρ
production in UPC Au + Au events measured at RHIC by STAR
[19,20]. Helicity conservation is assumed in the model, and the an-
gular distribution of the decay products ( J/ψ → e+e−) is given by
dN/d cos(θ) ∝ 1 + cos2(θ) in the J/ψ center-of-mass. The angular
distribution is different from that for ρ production followed by the
decay ρ → π+π− , because of the different spin of the daughters,
as well as from the angular distribution in two-photon interactions
γ + γ → e+e− . We generated 5 × 104 coherent J/ψ and 8 × 106

coherent high-mass e+e− pairs (me+e− > 1 GeV/c2) in Au+Au col-
lisions accompanied by forward neutron emission. The simulated
events were passed through the same reconstruction programme
as the real data.

Table 1
Coherent J/ψ and e+e− (continuum) acceptance and efficiency for |ypair| < 0.35 as
a function of invariant mass range. The last line shows the trigger efficiency.

me+e− [GeV/c2] Acc × ε

J/ψ (2.49 ± 0.25) × 10−2

e+e− [2.0,2.8] (2.24 ± 0.22) × 10−3

e+e− [2.0,2.3] (2.16 ± 0.22) × 10−3

e+e− [2.3,2.8] (2.33 ± 0.23) × 10−3

ϵtrigg 0.9 ± 0.1

Table 1 summarises the J/ψ and dielectron acceptance and ef-
ficiency correction factors obtained from our simulation studies.
For instance, for J/ψ photoproduction the correction is 1/(2.49 ±
0.25)%, of which the experimental acceptance to detect the decay
electron pair is about 5% (for J/ψ produced at |y| < 0.35). In the
γ γ → e+e− sample, most of the electrons/positrons are emitted at
very forward angles. The fraction of events with |ypair| < 0.35 and
2.0 < me+e− < 2.8 GeV/c2, where both the electron and positron
are within |η| < 0.35 is 1.10%. The corresponding numbers for
2.0 < me+e− < 2.3 GeV/c2 and 2.3 < me+e− < 2.8 GeV/c2 are 1.11%
and 1.08%, respectively. The acceptance and efficiency corrections
have a systematic uncertainty of 10% resulting from the accuracy
of the simulation to describe the detector, the electron identifica-
tion parameters, and the event vertex position resolution.

4. Results and discussion

The measured e+e− invariant mass distribution for the sam-
ple is shown in Fig. 2(a). The amount of background can be es-
timated from the number of like-sign events (i.e. events where
two electrons or two positrons are reconstructed). We find no
like-sign pairs for me±e± > 2 GeV/c2, compared with 28 events
with an e+e− pair with me+e− > 2 GeV/c2. The shape is consis-
tent with the expected contribution from the two processes in
Fig. 1: a continuum distribution corresponding to two-photon pro-
duction of e+e− pairs and a contribution from J/ψ → e+e− . Since
the offline cuts (E1 > 1 GeV ∥ E2 > 1 GeV) cause a sharp drop in
the efficiency for me+e− < 2 GeV/c2, we include only pairs with
me+e− ! 2 GeV/c2 in the analysis.

The invariant mass distribution is fitted with a continuum (ex-
ponential) curve combined with a Gaussian function at the J/ψ
peak, as shown by the solid curve in Fig. 2(a). Simulations based
on events generated by the starlight MC (see last paragraphs of
Section 3) processed through geant have shown that the shape
of the measured continuum contribution is well described by an
exponential function dN/dme+e− = A · ecme+e− . Those simulations
allow us to fix the exponential slope parameter to c = −1.9 ±
0.1 GeV−1 c2. The combined data fit is done with three free param-
eters: the exponential normalisation (A), the J/ψ yield and the
J/ψ peak width (the Gaussian peak position has been fixed at the
known J/ψ mass of m J/ψ = 3.097 GeV/c2 [40]). Fig. 2(b) shows
the resulting invariant mass distribution obtained by subtracting
the fitted exponential curve of the dielectron continuum from the

(a) (b)

Fig. 2. Left: (a) Invariant mass distribution of e+e− pairs fitted to the combination of (shaded) a dielectron continuum [exponential distribution] and (hatched) a J/ψ
[Gaussian] signal. The two additional dashed curves indicate the maximum and minimum continuum contributions considered in this analysis (see text). (b) J/ψ invariant
mass distribution after subtracting the fitted dielectron continuum signal in (a).STAR (2004) and PHENIX (2009) have both 
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PHENIX

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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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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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-

As part of the quarkonia measurements,  
ALICE has also measured e+e- continuum  

at higher masses (out to 10 GeV) and  
found reasonable comparisons with  

STARLIGHT event generator 
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EXCLUSIVE MEASUREMENTS IN PP COLLISIONS

➤ CDF and D0 have observed exclusive dilepton production at the Tevatron 
➤ ATLAS & CMS have measured cross section of exclusive dileptons in pp, while CMS has 

released evidence for exclusive W+W- production, to study anomalous quartic couplings 
➤ LHCb has measured exclusive upsilon production, compared w/ HERA data
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Figure 3: Dilepton invariant mass for the µ+µ� (left) and e+e� (right) final states with an
acoplanarity requirement, |1 � Df(`+`�)/p| < 0.01, and zero additional tracks associated to
the dilepton vertex. The data (points with error bars) are compared to the simulated sam-
ples (histograms) in the top panels, and the data/MC ratios are shown in the bottom panels.
The exclusive-production simulated samples are scaled to the number of events in data for
m(`+`�) < 70 GeV or m(`+`�) > 106 GeV. The Drell–Yan simulation is scaled to the number
of events in data for 70 < m(`+`�) < 106 GeV. The last bin in both plots is an overflow bin and
includes all events with invariant mass greater than 200 GeV.

from proton dissociation is therefore estimated directly from the data, rather than relying on
simulation.

To estimate the contribution due to proton dissociation in a kinematic region similar to the
W+W� signal, we select a sample of dilepton events with invariant mass greater than 160 GeV,
corresponding to the threshold for the production of two on-shell W bosons, with no additional
tracks associated with the dilepton vertex. We then compute the ratio of the number of events
measured in this region to the predicted number of elastic pp ! p`+`�p events, with the
additional track veto efficiency correction applied and the Drell–Yan contribution subtracted
from the data. This results in a scale factor F = 4.10 ± 0.43, with the uncertainty determined
from the statistical uncertainty of the data control sample, that is used to correct the elastic
pp ! pW+W�p prediction to the total pp ! p(⇤)W+W�p(⇤) prediction, including proton
dissociation.

Figure 4 shows the dilepton invariant mass distribution for events with no additional tracks at
the dilepton vertex. The theoretical double-dissociation contribution (blue dotted line on top of
the sum of all other simulated data samples in Fig. 4) is much larger than the data, because the
value of the gap survival probability factor is too high in the calculations, whereas at high dilep-
ton mass the data are consistent with a very low survival probability for this contribution. For
a 100% gap survival probability in double-dissociation processes, the scale factor to correct the
elastic prediction would be F = 7.71 ± 0.57, by applying the same procedure described above
but using the single- and double-dissociation simulated samples. If the double-dissociation
contribution is assumed to be negligible (i.e. if we take its associated gap survival factor to

ATLAS Collaboration / Physics Letters B 749 (2015) 242–261 245

Fig. 1. Illustration of exclusive event selection in the muon channel (see text). (a) Longitudinal distance between the di-muon vertex and any other tracks or vertices, 
(b) di-muon invariant mass, and (c) transverse momentum of the di-muon system, after application of subsequent selection criteria (indicated by the dashed lines). Data are 
shown as points with statistical error bars, while the histograms represent the expected signal and background levels, corrected using the scale factors described in the text.

Table 1
Effect of sequential selection requirements on the number of events selected in data, compared to the number of predicted signal and background events for electron and 
muon channels. Predictions for exclusive and single-dissociative event yields do not take into account proton absorptive corrections.

Selection γ γ → ℓ+ℓ− Z/γ ∗ → ℓ+ℓ− Multi-jet Z/γ ∗ → τ+τ− tt̄ Di-boson Total 
predicted

Data

Signal S-diss. D-diss.

Electron channel (ℓ = e)

Preselection 898 2096 2070 1 460 000 83 000 3760 4610 1950 1 560 000 1 572 271
Exclusivity veto 661 1480 470 3140 0 9 0 5 5780 5410
Z region removed 569 1276 380 600 0 8 0 3 2840 2586
pℓ+ℓ−

T < 1.5 GeV 438 414 80 100 0 2 0 0 1030 869

Muon channel (ℓ = µ)

Preselection 1774 3964 4390 2 300 000 98 000 7610 6710 2870 2 420 000 2 422 745
Exclusivity veto 1313 2892 860 3960 3 8 0 6 9040 7940
Z region removed 1215 2618 760 1160 3 8 0 3 5760 4729
pℓ+ℓ−

T < 1.5 GeV 1174 1085 160 210 0 3 0 0 2630 2124

scaling factor. Similarly, for the muon channel the results are: 
Rexcl.

γ γ →µ+µ− = 0.791 ± 0.041 (stat.) and Rs-diss.
γ γ →µ+µ− = 0.762 ±

0.049 (stat.). The central values and statistical uncertainties on 
Rexcl. are strongly correlated with the central values and uncer-
tainties on Rs-diss. , respectively.

6. Systematic uncertainties and cross-checks

The different contributions to the systematic uncertainties are 
described below. The dominant sources of systematic uncertainty 
for both the electron and muon channels are related to background 
modelling.
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Figure 4: Measurements of exclusive ⌥(1S) photoproduction compared to theoretical predictions.
In (a), the ⌥(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors,
and solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections
extracted from the LHCb results are indicated by black points, where the statistical and
systematic uncertainties are combined in quadrature. The entire W -region in which these LHCb
measurements are sensitive is indicated. Measurements made by H1 and ZEUS in the low-W
region are indicated by red and blue markers, respectively [4, 5, 7]. Predictions from Ref. [1] are
included, resulting from LO and NLO fits to exclusive J/ production data. The filled bands
indicate the theoretical uncertainties on the 7 TeV prediction and the solid lines indicate the
central values of the predictions for 8 TeV. In (b) predictions from Ref. [2] using di↵erent models
for the ⌥(1S) wave function are included, indicated by ‘bCGC’.

The absorptive corrections and photon fluxes are computed following Ref. [1].
The three bins of ⌥(1S) rapidity chosen in this analysis correspond to ranges of W

for the W

+

and W� solutions. The contribution to the total cross-section from the W�
solutions is expected to be small and is therefore neglected. The dominant W

+

solutions
are therefore estimated assuming that they dominate the cross-section, and are shown in
Fig. 4b. The magnitude of the theoretical prediction for the W� solutions is added as
a systematic uncertainty. The good agreement with the NLO prediction seen in Fig. 4a
is reproduced. The LHCb measurements probe a new kinematic region complementary
to that studied at HERA [4,5, 7], as seen in Fig. 4b, and discriminate between LO and
NLO predictions. In Fig. 4b, the LHCb data are also compared to the predictions given in
Ref. [2] using models conforming to the colour glass condensate (CGC) formalism [28] that
take into account the t-dependence of the di↵erential cross-section. All agree well with the
data. The solid (black) and dotted (blue) lines correspond to two di↵erent models for the
scalar part of the vector-meson wave function.
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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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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-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
dijet production  
(probe nPDF directly)

Photon-photon:  
dilepton production  
(& other exclusive states)

UPC IN ATLAS
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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.

k1

k2

Pb

Pb

Pb

µ+

µ−

Pb

1

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-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
dijet production  
(probe nPDF directly)

Photon-photon:  
dilepton production  
(& other exclusive states)

ATLAS has first results on this one ☟
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Measurement performed  
primarily with ATLAS  
muon spectrometer (|η|<2.7,  
L1 triggering in |η|<2.4)  
and inner detector (|η|<2.5)

Calorimeter system (|η|<4.9)  
used to select events with low 
transverse energy

MBTS scintillators cover 
forward region  
(2.07<|η|<3.86),  
with inner ring  
covering 2.76<|η|<3.86

ZDCs working well in 2015 but not  
used in this iteration of the analysis



DATA & MONTE CARLO SAMPLES

➤ Uses Lint = 515 µb-1 of data with a special UPC muon trigger 
➤ Loose muon L1 trigger 
➤ Limit of total ET < 50 GeV at L1 
➤ Maximum of 1 hit in both MBTS inner rings 
➤ At least one track with 400 MeV measured by high-level trigger tracking 

algorithm 
➤ Efficiency of MBTS part measured in data to be 98+1-2% 

➤ Two different simulated samples used 
➤ 1.5M Single muons (2-10 GeV, |η| < 3, realistic vz) 

➤ used to determine reconstruction efficiency 
➤ 1.5M STARLIGHT 1.1 events simulating  

Pb+Pb → Pb(*)+Pb(*)+µ++µ- 
➤ Integrated over nuclear excitation states, since no ZDC requirements made 
➤ Used for studying vertex efficiency, effect of µ resolution/smearing 
➤ Truth level used for comparison cross sections
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DILEPTONS FROM STARLIGHT
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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 
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FIG. 1. The dominant Feynman diagrams for two photon reac-
tions (a) without and (b) with nuclear excitation. Cross diagrams and,
for (b), time-reversed diagrams are omitted; due to factorization, they
simply add.

Lγ γ [13,14]. The cross section to produce a final state with
mass W is

σ (A + A → A +A + X)

=
!

dk1dk2
n(k1)
k1

n(k2)
k2

σ [γ γ → X(W )], (1)

where k1 and k2 are the two photon energies and n(k) is the
photon flux at energy k.

The γ γ luminosity is given by convolution of the equivalent
photon spectra from the two nuclei. In impact parameter space,
the total number of photons from one nucleus is obtained
by integrating over all impact parameters larger than some
minimum, typically given by the nuclear radius. This is
similar to integrating over all possible momentum transfers,
Q, from some minimum determined by the kinematics up
to a maximum given by the nuclear form factor. In hadronic
collisions, the impact parameter representation provides the
best way to incorporate effects of strong absorption. Hadronic
interactions will dominate in collisions where both hadronic
and electromagnetic interactions are possible. The hadronic
interaction must therefore be excluded to obtain the effective
or usable cross section for two-photon interactions. In impact
parameter space, this can be accomplished by requiring that
the impact parameter be larger than the sum of the nuclear
radii. The equivalent two-photon luminosity is thus [15,16]:

dLγ γ

dWdy
= LAA

W

2

!

b1>RA

d2b1

!

b2>RA

d2b2 n(k1,b1)n(k2,b2)

×# (|b⃗1 − b⃗2| − 2RA), (2)

where LAA is the ion-ion luminosity, n(k,b) is the flux of
photons with energy k at impact parameter b, and RA is the
Woods-Saxon nuclear radius.

The requirements b1 > RA and b2 > RA ensure that the
final state is produced outside the nuclei. Otherwise, the final
state will usually interact with the nucleus, destroying itself
and breaking up the nucleus. This requirement may not be
strictly necessary for some final states, such as lepton pairs.
Alternately, a smaller radius might be appropriate. However,
because the electric fields drop rapidly for b < RA, this
is a relatively small correction. The # function imposes a
requirement that the nuclei not physically collide; we discuss
more detailed hadronic interaction models below.

The photon flux may be modelled using the Weizsäcker-
Williams method. For γ ≫ 1

n(k,b) = d3N

dkd2b
= Z2α

π2kb2
x2K2

1 (x) (3)

where x = bk/γ . Here, K1 is a modified Bessel function. The
two photon energies k1 and k2 determine the center-of-mass
energy W and rapidity y:

k1,2 = W

2
e±y (4)

and

y = 1/2 ln(k1/k2). (5)

The maximum effective two-photon energy, Wmax occurs at
y = 0, when k1 = k2 = γ /RA. Wmax is about 6 GeV for gold
at RHIC and 150 GeV for lead at the LHC. Wmax is higher for
lighter nuclei and protons, but the γ γ luminosity per collision
is lower, and multiphoton interactions are very rare.

Equation (2) treats the nuclei as hard spheres with radius
RA. Because there is a finite probability to have hadronic inter-
actions at impact parameters b > 2RA, more accurate hadronic
interaction probabilities can be included by modifying Eq. (2),
to

Lγ γ

dWdy
= LAA

W

2

!

b1>RA

d2b1

!

b2>RA

d2b2n(k1,b1)n(k2,b2)

× [1 − PH (|b⃗1 − b⃗2|)] (6)

with the hadronic interaction probability

PH (b⃗) = 1 − exp
"
−σnn

!
d2r⃗ TA(r⃗) TA(r⃗ − b⃗)

#
. (7)

σnn is the total hadronic interaction cross section, 52 mb at
RHIC and 88 mb at the LHC [12]. We use the total cross
sections, because even an elastic nucleon-nucleon interaction
will break up the nucleus. The nuclear thickness function is
the integral of the nuclear density, ρ(r)

TA(b⃗) =
!

dzρ(b⃗,z)dz, (8)

where b⃗ is the impact parameter from the center of the nucleus.
The nuclear density profile ρ(r =

$
|b⃗|2 + z2) of heavy nuclei

is well described with a Woods-Saxon distribution. We use
parameters determined from electron scattering data (R =
6.38 fm for Au and R = 6.62 fm for Pb) [12].

As Fig. 2 shows, Eq. (6) gives γ γ luminosities about 5%
lower than the hard sphere model for W = 0.1Wmax, falling
to 15% lower for W = Wmax [15]. These differences are
comparable to those found elsewhere [17].

Baur and Ferrara-Filho derived Eq. (2), and then used a
change of variables and the # function to reduce the dimen-
sions of the integral [16]. Although this approach speeds the
calculation, it works poorly for the realistic models of nuclear
density or when additional photon exchange is included.
Cahn and Jackson used a related approach, calculating the
luminosity analytically without the requirement b > 2RA and
then numerically calculating a correction for the overlap [18].
This approach also cannot accomodate nuclear breakup.
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FIG. 2: Reduction in two–photon luminosity when the nucleon density is approximated with a

Woods–Saxon distribution (dotted line) as compared with a flat distribution for hard sphere nuclei,

requiring |b⃗1 − b⃗2| > 2RA (solid line). The calculation is for gold–gold interactions at RHIC.

larizations [19]. However, after integration over b⃗1 and b⃗2, the differences are small, and we

neglect them.

The cross section to produce a narrow resonance with spin J and mass m is

σγγ = 8π2(2J + 1)
Γγγ

2W 2
δ(W − m), (9)

where we neglect the width of the hadronic resonances. The magnitude of the error due

to this narrow-resonance approximation scales linearly with the width. For coherent pho-

tonuclear ρ0 production, including the width reduces the cross section by about 5% [12]. A

similar correction is expected for two-photon production; these adjustments should should

scale linearly with the relative width (Γ/M) of the resonance.

We also consider the production of continuum lepton pairs. For leptons with mass M ,

the cross section is given by the Breit-Wheeler formula

σγγ =
4πα2

W 2

!"

2 +
8M2

W 2
−

16M4

W 4

#

ln
W +

√
W 2 − 4M2

2M
−

$

1 −
4M2

W 2

"

1 +
4M2

W 2

#%

. (10)

This equivalent-photon approach is simpler than a full QED calculation in that it neglects

the virtuality of the intermediate photon lines in Fig. 1. For this reason, we do not consider

e+e− pairs, where this intermediate state affects the pair pT distribution [5, 10].

6

QED

Lumi.

STARLIGHT cross sections implement formalism from Baltz, et al (PRC80 044902, 2009)
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where k1 and k2 are the two photon energies and n(k) is the
photon flux at energy k.

The γ γ luminosity is given by convolution of the equivalent
photon spectra from the two nuclei. In impact parameter space,
the total number of photons from one nucleus is obtained
by integrating over all impact parameters larger than some
minimum, typically given by the nuclear radius. This is
similar to integrating over all possible momentum transfers,
Q, from some minimum determined by the kinematics up
to a maximum given by the nuclear form factor. In hadronic
collisions, the impact parameter representation provides the
best way to incorporate effects of strong absorption. Hadronic
interactions will dominate in collisions where both hadronic
and electromagnetic interactions are possible. The hadronic
interaction must therefore be excluded to obtain the effective
or usable cross section for two-photon interactions. In impact
parameter space, this can be accomplished by requiring that
the impact parameter be larger than the sum of the nuclear
radii. The equivalent two-photon luminosity is thus [15,16]:
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where LAA is the ion-ion luminosity, n(k,b) is the flux of
photons with energy k at impact parameter b, and RA is the
Woods-Saxon nuclear radius.

The requirements b1 > RA and b2 > RA ensure that the
final state is produced outside the nuclei. Otherwise, the final
state will usually interact with the nucleus, destroying itself
and breaking up the nucleus. This requirement may not be
strictly necessary for some final states, such as lepton pairs.
Alternately, a smaller radius might be appropriate. However,
because the electric fields drop rapidly for b < RA, this
is a relatively small correction. The # function imposes a
requirement that the nuclei not physically collide; we discuss
more detailed hadronic interaction models below.

The photon flux may be modelled using the Weizsäcker-
Williams method. For γ ≫ 1
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where x = bk/γ . Here, K1 is a modified Bessel function. The
two photon energies k1 and k2 determine the center-of-mass
energy W and rapidity y:
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and

y = 1/2 ln(k1/k2). (5)

The maximum effective two-photon energy, Wmax occurs at
y = 0, when k1 = k2 = γ /RA. Wmax is about 6 GeV for gold
at RHIC and 150 GeV for lead at the LHC. Wmax is higher for
lighter nuclei and protons, but the γ γ luminosity per collision
is lower, and multiphoton interactions are very rare.

Equation (2) treats the nuclei as hard spheres with radius
RA. Because there is a finite probability to have hadronic inter-
actions at impact parameters b > 2RA, more accurate hadronic
interaction probabilities can be included by modifying Eq. (2),
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σnn is the total hadronic interaction cross section, 52 mb at
RHIC and 88 mb at the LHC [12]. We use the total cross
sections, because even an elastic nucleon-nucleon interaction
will break up the nucleus. The nuclear thickness function is
the integral of the nuclear density, ρ(r)

TA(b⃗) =
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dzρ(b⃗,z)dz, (8)

where b⃗ is the impact parameter from the center of the nucleus.
The nuclear density profile ρ(r =
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|b⃗|2 + z2) of heavy nuclei

is well described with a Woods-Saxon distribution. We use
parameters determined from electron scattering data (R =
6.38 fm for Au and R = 6.62 fm for Pb) [12].

As Fig. 2 shows, Eq. (6) gives γ γ luminosities about 5%
lower than the hard sphere model for W = 0.1Wmax, falling
to 15% lower for W = Wmax [15]. These differences are
comparable to those found elsewhere [17].

Baur and Ferrara-Filho derived Eq. (2), and then used a
change of variables and the # function to reduce the dimen-
sions of the integral [16]. Although this approach speeds the
calculation, it works poorly for the realistic models of nuclear
density or when additional photon exchange is included.
Cahn and Jackson used a related approach, calculating the
luminosity analytically without the requirement b > 2RA and
then numerically calculating a correction for the overlap [18].
This approach also cannot accomodate nuclear breakup.
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EVENT SELECTION

➤ For all triggered events (248k), a sequence of selections is applied 
➤ All events must come from runs for which detector was in good condition 
➤ Two good muons are required 

➤ both of which passing “tight” working point selections, requiring good compatibility 
between muon spectrometer and inner detector measurements 

➤ At least one of the muons must match a Level-1 muon (in cone with ∆R<0.5) 
➤ Muons pass fiducial kinematic acceptance, ensuring good performance of ATLAS 

muon spectrometer 

➤pT1, pT2 > 4 GeV, |η1|,|η2|<2.4, Mµµ>10 
➤ There exists a primary vertex in the event 
➤ Both muons match good inner detector tracks, which comprise the primary vertex 
➤ The muons have unlike signs 
➤ No other good tracks in the vertex than the muons 
➤ No other good tracks in the event 

➤ After selections, 12069 events remain

24



➤ To compare cross sections with theory calculations, must correct for detector 
effects in the yields 
➤ Muon Trigger efficiency (>80%)   
➤ Muon reconstruction and identification  

efficiency (>90%) 
➤ Vertex reconstruction efficiency (~97% in MC) 
➤ Contributions from possible backgrounds 
➤ Effects from momentum resolution found  

to be negligible (within ~1%) 

➤ Event weight formed from factorized trigger (T) & reconstruction (R) 
efficiencies (each separately as function of pT and q×η) 
 
 
 

CORRECTIONS
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Figure 3: Run dependence with the online luminosity.

9 Corrections243

This section documents the various corrections applied to the dimuon events. The main correction com-244

bines the single muon reconstruction and trigger e�ciencies as a per event weight w(µ1, µ2).245

1
w
= ✏R (µ1)✏R (µ2)(1 � (1 � ✏T (µ1))(1 � ✏T (µ2))) (1)

This formula is based on two assumptions: 1) the reconstruction and trigger e�ciencies are completely246

uncorrelated, which is a reasonable assumption for the reconstruction e�ciency (and is tested by the MC247

closure study). 2) only one of the muons is needed to trigger the event (the joint trigger e�ciency is one248

minus the probabilty that both muons go undetected).249

9.1 Muon trigger e�ciency250

The MU0 trigger e�ciency has been derived using two methods: using the MinBias stream from the251

lead-lead data, and using the UPC stream with tag and probe.252

For the minbias data, the events are required to pass the two primary minbias triggers (one based on253

TE50, and the other based on the ZDC and a HLT track), and have a reconstructed primary vertex. Each254

muon is expected to pass the tight cut level, and pass the modified ID cuts (excluding the TRT outlier255

selection). Furthermore, each event is required to have a total FCal transverse energy from 100 to 1000256

GeV, to select moderately peripheral events. Tight muons that are within �R < 0.5 of a L1 muon ROI,257

with no threshold requirement, are considered “matched”.258

For tag and probe, the analysis is performed with the dimuons selected in the physics analysis, so both259

muons are required to pass tight cuts (including the reduced ID cut). Then each muon is considered a tag260
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ACOPLANARITY DISTRIBUTIONS

➤ Due to nuclear form factor, UPC dimuon distributions should have pair pTµµ~0 
and thus small acoplanarity (Aco = 1 - |∆ɸ|/π) 

➤ Aco distributions shown here in 3 rapidity bins, 10 < Mµµ < 100 GeV 
➤ Good agreement with STARLIGHT in the bulk 

➤ Terrible agreement in tails! A background from processes with undetected particles? 
➤ N.B. STARLIGHT does not incorporate QED final-state radiation (FSR)
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382 F.A. Berends et  aL, Angular asymmetry  in e+e - --. u+/a- 

Fig. 1. Lowest order Feynman diagram for/a-pair production. 

(a) (b) 
Fig. 2. Feynman diagrams which interfere with the lowest order one to pr~duce an angular asym- 
merry. 

Fig. 3. Brcmsxtr,ddung di:lgralus producing muons in a C-odd state. 

Fig. 4. Bremsstrahlung diagranls producing nlu()ns in a C-even state. 

(fig. ! ) and tile two-photon graphs (fig. 2) cont r ibu te  to D to order or 3, as far as tile 
virtual radiative correct ions are concerned.  Similarly,  for tire bremsstrahlung contri- 
bu t ion ,  only the interference between tile C-odd n luon  graphs of  fig. 3 and the C- 
even muon  graphs of fig. 4 has to be computed ,  in sect. 2 we present the complete  
analytic calculation of  the interference of  the two box graphs with tire lowest order 
matrix element .  This evaluation is valid for all energies and scattering angles, in con- 
trast to some recent approxim:tte calculations [ 3 - 5 ] .  
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Fig.6. The normalized reciprocal momentum R=phe~m/p plotted 
for forward (Rv) and backward (RB) muons in the reaction 
e+e --+/~+#- at W-34.5GeV. The sign of R is the charge 
determined from the track curvature 
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t w o - p h o t o n  events e + e - - - * e  + e -  #+ # -  and  cosmic  
rays. Wi th in  our  stat ist ics no f o r w a r d - b a c k w a r d  
a s y m m e t r y  was observed  at  a level of  1 ~ .  

(2) Poo r  m o m e n t u m  measu remen t  or  a twist of 
the centra l  drift  chamb e r  could  lead to a wrong 
charge  ass ignment  for bo th  t racks  s imul taneously .  
To cont ro l  this effect we s tudied  the cor re la t ions  of 
the charge weighted rec iproca l  m o m e n t a  of  forward  
versus b a c k w a r d  going muons  [5]. The d i s t r ibu t ion  
of 2690# pairs  shown in Fig. 6 conta ins  7 # + #  + and 
10# # pairs.  This leads to a charge confusion 
p robab i l i t y  of  (0.3 _+ 0.1) ~ per  t rack.  F r o m  the den- 
sity a r o u n d  the or igin the cor re la ted  charge  flip 
p robab i l i t y  was es t imated  to be less than  10 -5  . This 
implies  that  the curva ture  measu remen t s  of the two 
t racks  are independen t  from each other. These num- 
bers  are  also consis tent  with those der ived f rom the 
m o m e n t u m  reso lu t ion  ap/p=O.O16.pt (p in GeV/c).  

Acceptance Calculations 

The accep tance  funct ions used to correct  the mea-  
sured angu la r  d i s t r ibu t ions  were ca lcu la ted  by M o n -  
te Car lo  using the event genera tors  of Berends et 
al. [16]. Elec t rons  were s imula ted  with the EGS 
code  [17] and  good  agreement  with the da t a  was 
obta ined.  We es t imate  the overal l  uncer ta in ty  due to 
shower  cor rec t ions  in the b in - to -b in  po la r  angle  ac- 
ceptance  to be less than  1~o. M u o n  t racks  were 
p ro jec ted  into the m u o n  chambers  and  l iquid a rgon  
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Fig.7. The observed acollinearity distribution for the reaction 
e + e---*#+ # . The histogram shows the QED prediction includ- 
ing radiative corrections up to order c~ 3 

ca lo r ime te r  t ak ing  all de tec to r  effects into account .  
The  accep tance  is a rap id ly  vary ing  funct ion in the 
po la r  angle  range 0 .5<1cos  01<0.8. Different  pro-  
cedures for ca lcula t ing the accep tance  were used;  
they p roduce  a m a x i m u m  change in the a s y m m e t r y  
of  + 0 . 4 ~ .  Higher  o rde r  Q E D  processes  induce 
angu la r  asymmet r ies  which are dependen t  on the 
exper imenta l  select ion criteria.  Rad ia t ive  cor rec t ions  
up to o rde r  ~3 were ca lcu la ted  as descr ibed  in the 
text  and  were found to agree well with the experi-  
menta l  data.  As an example  we show in Fig. 7 the # 
pa i r  aco l l inear i ty  d is t r ibut ion .  

Cross Section Formula 

The cross sect ions were eva lua ted  using the fo rmula  
of  [18] for the e lec t roweak  in te rac t ion  and  ex tended  
by the au thors  of [13] for compos i t e  models .  F o r  
Bhabha  scat ter ing with unpo la r i zed  beams  the cross 
sect ion can be wr i t ten  in the fol lowing form 

do- 0~ 2 
d f 2 - 8 s  {4BI+B2(1-c~176 (A1) 

with 
_~ ~RL" t 2 B l = \ t  ]{S~ 2 l + ( g ~ _ g 2 ) ~  ~ A  2 ' 

1 + "  2 2", _[_ qRL " SI 2 
B e =  [gv--gA) Z 

B 3 =  1 
+z)+VA  

+ ~ 2  , 

G v  9 M 2 s 
Z=21/2rco "s_  M2 + i M z  r ' 

= G r  9 M 2 t 
2 1 ~  t-m~z+iMz r 

ACOPLANARITY & HIGHER-ORDER QED

➤ Radiative corrections O(𝛼
3) involve an additional real photon in the final state 

➤ Expected to broaden µ+µ- acoplanarity distribution, similar to what is seen in e+e- 
(e.g. TASSO, shown here) 
➤ Dotted line positioned at Aco=0.008 (corresponding to 1.44 degrees) 27

20 M. Althoff et al.: Electroweak Couplings from e + e -~e + e and e + e --* #+ # 

' 2 0  . . . . . . . .  ' . . . .  'TXss0 'A 

o ,o . . . .  . . . .  

 9 :,~?!,~q...:'c)z~, . 

- 20 -I.0 0.0 1.0 2.0 
RF: / Pbearn / 

~, Pp. / fo,'ward 

Fig.6. The normalized reciprocal momentum R=phe~m/p plotted 
for forward (Rv) and backward (RB) muons in the reaction 
e+e --+/~+#- at W-34.5GeV. The sign of R is the charge 
determined from the track curvature 

1000 
500 

t w o - p h o t o n  events e + e - - - * e  + e -  #+ # -  and  cosmic  
rays. Wi th in  our  stat ist ics no f o r w a r d - b a c k w a r d  
a s y m m e t r y  was observed  at  a level of  1 ~ .  

(2) Poo r  m o m e n t u m  measu remen t  or  a twist of 
the centra l  drift  c hambe r  could  lead to a wrong 
charge  ass ignment  for bo th  t racks  s imul taneously .  
To cont ro l  this effect we s tudied  the cor re la t ions  of 
the charge weighted rec iproca l  m o m e n t a  of  forward  
versus b a c k w a r d  going muons  [5]. The d i s t r ibu t ion  
of 2690# pairs  shown in Fig. 6 conta ins  7 # + #  + and 
10# # pairs.  This leads to a charge confusion 
p robab i l i t y  of  (0.3 _+ 0.1) ~ per  t rack.  F r o m  the den- 
sity a r o u n d  the or igin the cor re la ted  charge  flip 
p robab i l i t y  was es t imated  to be less than  10 -5  . This 
implies  that  the curva ture  measu remen t s  of the two 
t racks  are independen t  from each other. These num- 
bers  are  also consis tent  with those der ived f rom the 
m o m e n t u m  reso lu t ion  ap/p=O.O16.pt (p in GeV/c).  

Acceptance Calculations 

The accep tance  funct ions used to correct  the mea-  
sured angu la r  d i s t r ibu t ions  were ca lcu la ted  by M o n -  
te Car lo  using the event genera tors  of Berends et 
al. [16]. Elec t rons  were s imula ted  with the EGS 
code  [17] and  good  agreement  with the da t a  was 
obta ined.  We es t imate  the overal l  uncer ta in ty  due to 
shower  cor rec t ions  in the b in - to -b in  po la r  angle  ac- 
ceptance  to be less than  1~o. M u o n  t racks  were 
p ro jec ted  into the m u o n  chambers  and  l iquid a rgon  

t / l  
._o I00  

'- 50 
2.0 " ~  

E I 0  ~ Z~ 

0.0 s 

, , , , I ' ' J f [ , , , , I , , , , 

e-l-e- - ,  [.L+~- TA S S 0 
34.5GeV 

I t I , I I I I I I , I I I I I I I I 

0 2.5 5.0 7.5 10 
(degrees) 

Fig.7. The observed acollinearity distribution for the reaction 
e + e---*#+ # . The histogram shows the QED prediction includ- 
ing radiative corrections up to order c~ 3 

ca lo r ime te r  t ak ing  all de tec to r  effects into account .  
The  accep tance  is a rap id ly  vary ing  funct ion in the 
po la r  angle  range 0 .5<1cos  01<0.8. Different  pro-  
cedures for ca lcula t ing the accep tance  were used;  
they p roduce  a m a x i m u m  change in the a s y m m e t r y  
of  + 0 . 4 ~ .  Higher  o rde r  Q E D  processes  induce 
angu la r  asymmet r ies  which are dependen t  on the 
exper imenta l  select ion criteria.  Rad ia t ive  cor rec t ions  
up to o rde r  ~3 were ca lcu la ted  as descr ibed  in the 
text  and  were found to agree well with the experi-  
menta l  data.  As an example  we show in Fig. 7 the # 
pa i r  aco l l inear i ty  d is t r ibut ion .  

Cross Section Formula 

The cross sect ions were eva lua ted  using the fo rmula  
of  [18] for the e lec t roweak  in te rac t ion  and  ex tended  
by the au thors  of [13] for compos i t e  models .  F o r  
Bhabha  scat ter ing with unpo la r i zed  beams  the cross 
sect ion can be wr i t ten  in the fol lowing form 

do- 0~ 2 
d f 2 - 8s  {4BI+B2(1-c~176 (A1) 

with 
_~ ~RL" t 2 B l = \ t  ]{S~ 2 l + ( g ~ _ g 2 ) ~  ~ A  2 ' 

1 + "  2 2", _[_ qRL " SI 2 
B e =  [gv--gA) Z 

B 3 =  1 
+z)+VA  

+ ~ 2  , 

G v  9 M 2 s 
Z=21/2rco "s_  M2 + i M z  r ' 

= G r  9 M 2 t 
2 1 ~  t-m~z+iMz r 

k1

k2

Pb

Pb

Pb

µ+

γ

µ−

Pb

1



π|/φ∆Aco = 1 - |
0 0.01 0.02 0.03 0.04 0.05 0.06

C
or

re
ct

ed
 c

ou
nt

s 
[/0

.0
02

]

1

10

210

310

410

2%

 PreliminaryATLAS
-µ++µ+(*)+Pb(*) Pb→Pb+Pb 

-1bµ = 515 intL
0.0 < |Y| < 0.8
 10 < M < 100 GeV
Data
STARLIGHT
Fit to STARLIGHT
Data fit
Background contribution

π|/φ∆Aco = 1 - |
0 0.01 0.02 0.03 0.04 0.05 0.06

C
or

re
ct

ed
 c

ou
nt

s 
[/0

.0
02

]

1

10

210

310

410

2%

 PreliminaryATLAS
-µ++µ+(*)+Pb(*) Pb→Pb+Pb 

-1bµ = 515 intL
0.8 < |Y| < 1.6
 10 < M < 100 GeV
Data
STARLIGHT
Fit to STARLIGHT
Data fit
Background contribution

π|/φ∆Aco = 1 - |
0 0.01 0.02 0.03 0.04 0.05 0.06

C
or

re
ct

ed
 c

ou
nt

s 
[/0

.0
02

]

1

10

210

310

410

4%

 PreliminaryATLAS
-µ++µ+(*)+Pb(*) Pb→Pb+Pb 

-1bµ = 515 intL
1.6 < |Y| < 2.4
 10 < M < 100 GeV
Data
STARLIGHT
Fit to STARLIGHT
Data fit
Background contribution

ACCOUNTING FOR ACOPLANARITY TAILS
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➤ Reported cross sections allow for both 
scenarios to be true 
➤ The tails are all backgrounds: thus we 

select Aco<0.008, and use the fits shown 
previously to extrapolate the tail into this 
region.   
➤ This is a 2-4% correction, depending on Yµµ 

➤ OR the tails are all signals: all events are 
used, regardless of Aco 

➤ The average of the results is presented as 
the central value 
➤ The systematic uncertainty is half the 

difference



SYSTEMATIC UNCERTAINTIES
➤ Muon trigger efficiencies 

➤ Agreement between minimum-bias and T&P methods good to 5% 
➤ Reconstruction efficiencies 

➤ Nominal muon uncertainties, based on systematic assessment of data/MC differences, are 2-4%  
➤ Using looser (“medium”) identification requirements gives good agreement for Mµµ<30 GeV, 

and 10% difference for Mµµ>30 GeV.   
➤ Unfolding uncertainties 

➤ 1% uncertainty assigned due to fluctuations in bin-by-bin factors 
➤ Vertex efficiency 

➤ Data vs. MC gives 2.2% difference.  3% uncertainty assigned 
➤ Background estimation 

➤ Uncertainty includes assumptions that Aco tails are all background, and all signal 
➤ Uncertainties from 3-10%: Urgent to handle this properly! 

➤ MC closure is good to 2% level 
➤ Luminosity uncertainty assigned to be 7% (expected to decrease to 3-4%) 

➤ Preliminary luminosity — some indications it may decrease 
➤ Typically ~10-12% total uncertainty

29



RESULTS: SINGLE MUON DISTRIBUTIONS

➤ Self-normalized distributions 
of single muons, after full 
dimuon selections 

➤ Data only corrected for 
dimuon trigger efficiency
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PAIR CROSS SECTIONS VS. MASS AND RAPIDITY

31

➤ dσ/dMµµ shown for |Yµµ|<2.4 and |Yµµ|>1.6 
➤ dσ/dYµµ shown for 10<Mµµ<20, 20<Mµµ<40, 40<Mµµ<100 GeV 
➤ Truth STARLIGHT 1.1 (for γ=2705) shown in solid histograms
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RATIOS RELATIVE TO STARLIGHT

➤ Ratios relative to STARLIGHT 
➤ Surprisingly good agreement over full range in Mµµ and Yµµ  

➤ Verifies both overall Z4 scaling of γγ luminosity & γ spectrum
32

 [GeV]µµM
10 20 30 40 50 60 210

D
at

a/
M

C

0

1

2

3

4  PreliminaryATLAS
-µ++µ+

(*)
+Pb

(*)
 Pb→Pb+Pb

 = 5.02 TeVNNs
-1bµ = 515 intL

|<2.4
µ
η > 4 GeV, |

µT,
p

|<2.4
µµ

Data/MC |Y
|<2.4
µµ

Data/MC 1.6<|Y

µµY
2− 0 2

D
at

a/
M

C

0

1

2

3

4  PreliminaryATLAS
-µ++µ+

(*)
+Pb

(*)
 Pb→Pb+Pb

 = 5.02 TeVNNs
-1bµ = 515 intL

|<2.4
µ
η > 4 GeV, |

µT,
p
Data/MC 10<M<20 GeV
Data/MC 20<M<40 GeV
Data/MC 40<M<100 GeV



ALICE & ATLAS RESULTS
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Figure 3: Left: Transverse momentum distribution of exclusive e+e− pairs with 0.6 ≤ Mee ≤ 2.0 GeV/c2 compared with
STARLIGHT. Right: Differential cross section, dσ/dMee, for Pb+Pb → Pb+Pb+ e+e− compared with STARLIGHT.

the trigger, the results from 2011 were restricted to high invariant masses, Mee > 2.2 GeV/c2. The 2010 data allow to
go down to Mee = 0.6 GeV/c2.

The event selection was similar to that for coherent ρ0 production, with the selection on the TPC dE/dx modified
to accept electrons rather than pions. The raw data were corrected for acceptance and efficiency using events generated
by STARLIGHT. Figure 3 (left) shows the pT distribution of the selected e+e− pairs. The distribution is well described
by STARLIGHT, indicating that there is no background not accounted for in the sample. The measured cross section
for the selection 0.6 ≤ Mee ≤ 2.0 GeV/c2 and |η1,2| < 0.9 (η1,2 are the pseudorapidities of the two tracks) is 9.8 ±
0.6(stat.)+0.9

−1.2(sys.) mb. The STARLIGHT prediction for the same selection is σ = 9.7 mb. The differential cross section,
dσ/dMee, is shown in Fig. 3 (right) together with the previous ALICE measurement for Mee > 2.2 GeV/c2 and the cross
section from STARLIGHT. The variation of dσ/dMee with Mee is well described by STARLIGHT.

5 Conclusions

The ALICE Collaboration has made the first measurements of coherent ρ0 and ψ(2S) photoproduction in Pb-Pb collisions
at the LHC. The measured cross section for the ψ(2S) disfavors models with no nuclear effects and models with strong
gluon shadowing. This is thus consistent with the conclusions from the J/ψ measurements [1, 2] but less strong because
of the larger uncertainties for ψ(2S) discussed above. The results on ρ0 show that a straightforward scaling of the
γ-p cross section using the Glauber model [8] overpredicts the cross section. This confirms what was observed in Au-
Au collisions at RHIC energies. The cross section for two-photon production of e+e− pairs at midrapidity in Pb-Pb
collisions is in good agreement with leading order QED as implemented in STARLIGHT in the invariant mass range
0.6 ≤ Mee ≤ 10.0 GeV/c2.
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Different beam energies (2.76 vs. 5.02 TeV) 

Together, they confirm expectations over >2 orders of magnitude in Mll
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THEORY UNCERTAINTIES

➤ In STARLIGHT can vary the nuclear 
geometry to change the cutoffs 
➤ Joakim performed this for R = 6.624 

± 0.5, which is O(skin depth) 
➤ For Mµµ=10-15 GeV, ∆σ/σ = 

+9.6%, -8.5% 
➤ For Mµµ=95-100 GeV,  ∆σ/σ = 

+30.1%,  -22.8% 
➤ Should also address impact of 

factor, etc. (cf. M. Kłusek-Gawenda 
& A. Szczurek, PRC 2010) 

➤ With increased LHC luminosity, 
data may start to probe these details
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FIG. 22. Ratio of the cross sections dσ
dy3dp3t

for the ALICE
conditions: y3, y4 ∈ (3, 4), p3t , p4t ! 2 GeV, and WNN = 5.5 TeV.

In the above formula pit are transverse momenta of outgoing
nuclei and leptons, and φ1, φ2 are azimuthal angles of outgoing
nuclei. Additionally, we introduce a new auxiliary quantity

pm = p3t − p4t (2.26)

and benefitting from four-dimensional Dirac delta function
properties, Eq. (2.25) can be written as:

σ =
!

1
2s

|M|2δ (Ea + Eb − E1 − E2 − E3 − E4)

× δ3 (p1z + p2z + p3z + p4z)
1

(2π )8

1
24

(dy1p1t dp1t dφ1)

× (dy2p2t dp2t dφ2) dy3dy4d
2pm. (2.27)

The energy-momentum conservation gives the following
system of equations that has to be solved for discrete solutions

"√
s − E3 − E4 =

#
m2

1t + p2
1z +

#
m2

2t + p2
2z,

−p3z − p4z = p1z + p2z,
(2.28)

where m1t , m2t are the so-called transverse masses of outgoing
nuclei which are defined as

m2
it = p2

it + m2
i . (2.29)

We wish to make the transformation from (y1, y2)
to (p1z, p2z). The transformation Jacobian takes the
form:

Jk =

$$$$$$
p1z (k)

#
m2

1t + p2
1z (k)

− p2z (k)
#

m2
2t + p2

2z (k)

$$$$$$
, (2.30)

where k numerates discrete solutions of Eq. (2.28). Thus the
cross section for the 2 → 4 reaction reads:

σ =
! %

k

J −1
k (p1t ,φ1, p2t ,φ2, y3, y4, pm,φm)

× 1

2
&

s(s − 4m2)
|M|2 1

(2π )8

1
24

× (p1t dp1t dφ1)(p2t dp2t dφ2)
1
4
dy3dy4d

2pm. (2.31)

For photon exchanges, considered here, it is convenient
to change the variables p1t → ξ1 = log10(p1t ), p2t → ξ2 =
log10(p2t ). The lepton helicity-dependent amplitudes of the
process shown in Fig. 11 can be written as

Mλ3,λ4 (t-channel) = eFch(q1)(pa + p1)α
−igαµ

q2
1 + iε

ū(p3, λ3)

× iγ µ i[( ̸p3− ̸q1) + mµ]
(q1 − p3)2 − m2

µ

iγ νv(p4, λ4)

× −igνβ

q2
2 + iε

(pb + p2)β eFch(q2)

(2.32)

FIG. 23. (Color online) The muon transverse-momentum distribution dσ
dp3t

(left) and the ratio (right) for the CMS conditions: y3, y4 ∈
(−2.5, 2.5), p3t , p4t ! 4 GeV, and WNN = 5.5 TeV.
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➤ Impact parameter controls two 
important features 
➤ Probability of neutron emission 
➤ Hardness of EPA photon spectrum 

➤ ZDC-tagged events involve events 
with small impact parameters 
➤ Thus, expect ZDC-tagged events to 

have harder photon spectra than 
inclusive UPC events 

➤ STARLIGHT implements this already 
➤ In ATLAS we only triggered on the 

muons 
➤ ATLAS ZDC will be used to 

independently study this effect, via 
selections on 0n0n, Xn0n, XnXn

CONNECTION WITH FORWARD NEUTRONS
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Fig. 6. The photon-photon luminosity d3L/d2bdW is shown for different values of
W as a function of the impact parameter b. The results of a full calculation for lead
beams at the LHC are compared with the approximate result of Eq. (54).

the present considerations, the effect of tagging is more important for low W ,
see his plot as a function of the invariant mass of a produced muon pair Mµµ.
A comparison of the luminosity of Eq. (54) against a full calculation is shown
in Fig. 6 for different invariant masses W . In view of the crude approximations
made to obtain Eq. (54) the overall agreement is quite good for small invariant
masses, whereas for the highest invariant masses shown in the plot some part
of the cross section come from the areas beyond the range u < x2. This figure
also shows the change in the shape of the spectrum for low and high invariant
masses W .

3.2 Angular correlations

There can also be angular correlations since the photon polarization follows
the electric field vector of the nuclear fields which in turn follows b⃗ [50]. For
example, the decay ρ0 → π+π− is sensitive to the photon polarization, and
hence to the direction of b⃗. Mutual GDR excitation is another example; the
neutron transverse momentum tends to follow the electric field. The amplitude
a1,2(⃗b) for mutual excitation is

a1,2(⃗b) = a1(⃗b) a2(⃗b)

where the amplitude for single GDR excitation ai (i = 1, 2) is given, e.g., by
Eq. (3.1.22) of [1].

In intermediate energy heavy ion scattering (in contrast to the ultrarelativistic
case) it is experimentally possible to measure directly the momentum trans-
ferred to the projectile. This determines the impact parameter vector b⃗. The
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Figure 6: Correlation of energies in the two ZDC arms, each normalized to the most probably energy of
the single neutron peak. The plot on the left shows nearly the full range of measured energies, with the
events with larger energies indicative of pileup. The plot on the right is the same data zoomed in to the
lower left corner, to emphasize the ZDC’s ability to observe up to 4 individual neutrons on each side in
individual events. Events are triggered on a combination of triggers, one based on a ZDC coincidence,
confirmed by a track measured by the high level trigger, and the other based on measuring greater than
50 GeV in the full ATLAS calorimeter system. A reconstructed vertex is also required to be present in
each event.
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CONCLUSIONS & OUTLOOK

➤ First ATLAS measurement of high-mass muon pairs from ultra-peripheral 
collisions in lead-lead collisions at 5.02 TeV 

➤ Reasonable agreement with STARLIGHT 1.1 calculations 
➤ Verification of expected photon flux (with photons out to ~50 GeV) 
➤ Precision now limited by lack of higher-order QED calculations 
➤ Needed to clarify importance of higher-order QED effects & importance of nuclear 

form factors 
➤ Adding ZDC selections will probe  impact parameter dependence in more  

detail 
➤ These measurements are only the first step in the ATLAS UPC program! 
➤ Next steps will be to probe nuclear wave  

function, including 
➤ Vector mesons (ρ and J/Ψ) 
➤ Jet production in photonuclear processes 
➤ Other interesting processes
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JETS IN UPC
➤ A compelling measurement that uses the strengths of the collider detectors and capitalizes on the high 

energies and increasing luminosity 
➤ Cross sections calculable in principle for direct and resolved processes, whose contributions vary with 

jet pT and y (and for diffractive, e.g. Klasen, Kotko) 
➤ More work needed to determine how well nPDFs can be constrained using UPC@LHC 
➤ Clear need for generators to design measurements (e.g. need further work on STARLIGHT+DPMJET3)
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of the photon open up more channels for jet photoproduction and could, in principle, lead
to larger rates for resolved production in certain regions of phase space.

In central collisions at RHIC, leading particles in jets are easier to detect above the high
charged particle multiplicity background than the jets themselves since these high transverse
momentum, pT , particles can be tracked through the detector [3,4]. In peripheral collisions,
especially at LHC energies, jets should be easier to isolate and may be observed directly
using standard high energy jet detection techniques. We thus discuss the pT distributions of
both jets and leading particles. We work at leading order, LO, to avoid any ambiguities such
as jet reconstruction and cone size. The ratio of the next-to-leading order, NLO, to LO jet
cross sections appears to be relatively constant at high pT [5]. We discuss the fragmentation
of jets and present the transverse momentum distributions of charged pions, charged kaons
and protons/antiprotons.

II. DIJET PRODUCTION

A. Direct dijet production

The first hadronic reaction we study is γ(k)+N(P2) → jet(p1) + jet(p2) + X where k and
P2 are the photon and nucleon four-momenta. The diagrams for direct and resolved dijet
hadroproduction are given in Fig. 1. The two parton-level contributions to the jet yield in
direct photoproduction are γ(k)+g(x2P2) → q(p1)+q(p2) and γ(k)+q(x2P2) → g(p1)+q(p2)
where also q → q. The produced partons are massless, requiring a minimum pT to keep the
cross section finite. At LO, the jet yield is equivalent to the high pT parton yield. The jet
pT distribution is modified for photoproduction from e.g. Refs. [6–8],

S2
NN

d2σdir
γA→jet + jet+X

dTdUd2b
= 2

!

dz
!

∞

kmin

dk
d3Nγ

dkd2b

! 1

x2min

dx2

x2

"

#

i,j,l=q,q,g

F A
i (x2, µ

2, b⃗, z)s2 d2σγi→jl

dtdu

$

, (1)

where x2 is the fraction of the initial hadron momentum carried by the interacting parton
and µ is the momentum scale of the interaction. Recall that the extra factor of two on
the right-hand side of Eq. (1) arises because both nuclei can serve as photon sources in AA
collisions. The partonic cross sections are

s2 d2σγg→qq

dtdu
= παs(µ

2)αe2
Q

"

t2 + u2

tu

$

δ(s + t + u) , (2)

s2 d2σγq→gq

dtdu
= −

8

3
παs(µ

2)αe2
Q

"

s2 + t2

st

$

δ(s + t + u) . (3)

The first is the photon-gluon fusion cross section, the only contribution to massive QQ
photoproduction [9], while the second is the QCD Compton process. At LO, the partonic
cross section is proportional to ααs(µ2)e2

Q, where αs(µ2) is the strong coupling constant to
one loop, α = e2/h̄c is the electromagnetic coupling constant, and eQ is the light quark
charge, eu = ec = 2/3 and ed = es = −1/3. The partonic invariants, s, t, and u, are defined
as s = (k + x2P2)2, t = (k − p1)2 = (x2P2 − p2)2, and u = (x2P2 − p1)2 = (k − p2)2. In this
case, s = 4kγLx2mp where γL is the Lorentz boost of a single beam and mp is the proton
mass. Since k can be a continuum of energies up to Ebeam = γLmp, we define x1 = k/P1,

2

FIGURES

(a) (b) (c)

(d) (e) (f)

(g) (h)

FIG. 1. Feynman diagrams for dijet photoproduction from direct, (a) and (b), and resolved
photons, (c)-(h). Only a sample of the resolved diagrams are shown. Crossed diagrams are not
shown.
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2

Though we can only study reactions initiated by a
quasi-real photon, this is not a disadvantage in the
study of new phenomena relative to HERA. Indeed,
nonlinear effects should set in earlier in the gluon sec-
tor, more easily accessed through photon-gluon inter-
actions than inclusive electron-hadron scattering. In
the following discussion, we assume that DGLAP evo-
lution of the parton densities holds in the region we
explore. For definiteness, we discuss measurements of
the nucleus (proton) inclusive parton distribution func-
tions (PDFs) and diffractive PDFs, even though it ap-
pears that part of the accessible kinematics is within
the domain where the DGLAP approximation is likely
to break down. In principle, the nuclear (proton) PDFs
(though not the diffractive PDFs) could be studied in
pp and pA collisions. However, PDF studies in the pT

range we explore are impossible in hadronic interac-
tions due to the large background from e.g.multiple jet
production. Photon-nucleus interactions are thus much
cleaner than proton-nucleus interactions. In addition,
the LHC pA program is likely to begin several years
after the start of the heavy ion program.

In our study, we calculate dijet production to leading
order (LO) in nucleus-nucleus collisions, as in Ref. [7].
Based on HERA studies, we use a 5 GeV pT cutoff for
the applicability of perturbative QCD to jet production.
We also assume the ATLAS detector coverage and per-
formance as discussed below. We use the MRST LO
nucleon PDFs [8] to estimate the counting rates since,
while nuclear shadowing is theoretically important, it
is expected to be less than factor of two for gluons in
the pT range we discuss. We calculate inclusive rates
as a function of gluon x and jet pT to compare with
HERA.

The coherent diffractive processes we study are char-
acterized by gaps in the directions of both nuclei and
two jet production near the edge of the rapidity interval
where hadrons are produced, as is the case for direct
photon-nucleus/nucleon interactions. The diffractive
rate is intimately related to the phenomenon of nuclear
shadowing and the onset of the black disk limit where
coherent diffraction would be 50% of the total cross
section. In our numerical studies, we used the only nu-
clear diffractive PDFs currently available [9], based on
the leading twist description of hard diffraction in ep
scattering and using a quasi-eikonal approximation to
model diffraction off more than 3 nucleons.

In our calculations, we focus on small x kinematics
where a photon interacts predominantly with a gluon
via photon-gluon fusion. Since the direct mechanism
dominates in this kinematics, we ignore the partonic
constituents of the photon. We define x1 as the mo-
mentum fraction carried by the photon while x2 is the

momentum fraction carried by the gluon from the nu-
cleus (both per nucleon) or proton (see Fig. 1). The
average jet rapidity is y ∼ −0.5 ln(x1/x2). The pho-
ton x1 is related to the jet pT by x1x2 ∼ 4p2

T /sNN .
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FIG. 2: The expected dijet photoproduction rate for a one
month LHC Pb+Pb run at 0.42×10

27cm−2s−1. Rates are in
counts per bin of ±0.25x2 and ±1 GeV in pT .

Event rates were calculated for bins of ±1 GeV in
pT and ±0.25x2 in x2 for a nominal one month run
of 106 seconds. The average luminosity is taken to
be 0.42 × 1027cm−2s−1 for Pb+Pb collisions [10] and
7.4 × 1029cm−2s−1 for pPb collisions [11].
Ultraperipheral collision data can be recorded ex-

ploiting the full live time available as long as an accept-
able trigger can be found. The PHENIX collaboration
at RHIC found that a loose UPC trigger in Au+Au runs
yielded a trigger rate of< 0.5%σinel (10−20Hz at the
LHC) [12]. The PHENIX UPC J/ψ trigger required a
single high pT electron, a rapidity gap and a leading
neutron tag.
In our case, there is always a high pT jet as well

as the potential for a heavy flavor tag using soft lep-
tons or a secondary vertex, well within the calorimeter
and tracking acceptance of ATLAS, for example. Be-
cause the ATLAS calorimeter extends ±4.9 units in η,
it should be possible to veto on activity with ET ≥ 2
GeV within 2.9 < |η| < 4.9 along the direction of
the ion emitting the exchanged photon. The target lead
ion will always emit an evaporation neutron which can
be tagged with the ATLAS Zero Degree Calorimeters
except in the case of coherent diffractive photoproduc-
tion. Furthermore, the neutron multiplicity is corre-
lated with centrality in photon-nucleus collisions and

Strikman, et al (2005)

Vogt 
(2004)
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