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•  Impact parameter (b) is larger than the sum of radii of 
     participating nuclei

•  The strong electromagnetic field of relativistic particles 
     can be represented by a spectrum of equivalent photons  
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High Energy Photonuclear Reactions 

A cartoon of a typical 
UPC event
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Nucleus Form factor dependence is included in modified Bessel functions K1 and K0  


Weizsäcker-Williams (EPA) formula


•  High energy photons can have a point-like interaction like (e.g.: Compton scattering) or 
quantum fluctuate into vector meson (Jpc = 1--) or fermion-antifermion pair

•  The validity of EPA for heavy ions requires coherent emission of photons
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where K0,1 are the modified Bessel functions of the 2nd kind and x = zmA bmin. The validity of
the application of the EPA formula for heavy-ions is limited to the case where all the protons of
the nucleus interact electromagnetically in a coherent way. In that case, the wavelength of the
resulting photon is larger than the size of the nucleus, given by its radius RA. This “coherence”
condition limits the maximum virtuality of the produced photon to very low values [17]:

Q2 =
(

ω2/γ2+q2⊥
)

! 1/R2A (where γ is the beam Lorentz factor), (5)

and thus for most purposes (but for lepton pair production) those photons can be considered as
(quasi) real with maximum energy and perpendicular momentum:

ω< ωmax ≈
γ
R

, and q⊥ !
1
R
≈ 30 MeV. (6)

At RHIC (LHC) energies with γ = 100 (γ ≈ 2800 for Pb), the maximum photon energy in the
lab system is ωmax ≈ 3 GeV (80 GeV). Thus, the corresponding maximum energies in the c.m.
system for γγ and γA processes areWmax

γγ ≈ 6 (160) GeV andWmax
γA ≈ 34 (940) GeV respectively.

1.3 Production cross-sections in UPC collisions

The production cross-section of a system X in UPC A+A collisions is computed as the convo-
lution of the corresponding equivalent photon spectrum (4) with the elementary photonuclear or
two-photon cross-sections:

σ(A+A→ γ+A+A→ A+A+X) =
∫ 1

0
fγ/A(z)σγA→X (WγA)dz (7)

σ(A+A→ γγ+A+A→ A+A+X) =
∫ 1

0

∫ 1

0
fγ/A(z1) fγ/A(z2)σγγ→X (Wγγ)dz1dz2 ,(8)

where, as aforementioned, the elementary σγA→X and σγγ→X are theoretically computed using
different methods depending on the c.m. energyW and the particle X . The two cases of interest
in this paper, shown in Figure 3, are the coherent photoproduction of:

I. J/ψ, the heaviest vector meson effectively accessible in γA collisions at RHIC, via:
A+A (→ γ+A)→ A⋆ +A(⋆) + J/ψ.

II. High mass di-electron continuum in γγ collisions: A+A (→ γ+ γ)→ A⋆ +A(⋆) + e+ + e−.

For the first process (I), σγA→J/ψA has been determined using perturbative QCD for the γ p→
J/ψ p process [21] plus initial-state shadowing and final-state J/ψ-nucleus interaction [22], or
within the color-dipole formalism [13]. The cross-section for heavy vector meson (J/ψ,ϒ) pho-
toproduction is found to depend (i) quadratically on the gluon density GA(x,Q2) [23]:

dσ(γA→V A)

dt
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t=0
=
α2sΓee
3αM5

V
16π3

[

xGA(x,Q2)
]2 , with Q2 =M2

V /4 , and x=M2
V/W 2

γA, (9)

as well as on (ii) the probability of rescattering or absorption of the QQ pair as it traverses the
nucleus. The study of quarkonia production in γA collisions at RHIC or LHC energies is, thus,
considered an excellent probe of (i) the gluon distribution function GA(x,Q2) in nuclei, and (ii)
vector-meson dynamics in nuclear matter.

For the second purely electromagnetic process (II), the total σγγ→γγe+e− cross-section is huge
(about 30 kb for Au+Au at RHIC !) but strongly peaked at forward-backward rapidities and

Photon Kinematics
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At RHIC energies γ=108 In the CM system ωγN (max) ~ 34 GeVωmax ~  3 GeV 



•  To study nuclear ratio for the gluon density, RG, 
     (nuclear shadowing)

•  Measurements of differential cross section as a 
     function of rapidity(y) and momentum transfer(t) 
     enable us to test theory predictions
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Photoproduction of J/ψ  

•  Test perturbative Quantum Chromodynamics (pQCD)
!  The quarkonium mass, mv, gives a perturbative scale even in the photo-

production limit, allowing us to study low-x gluons in the nuclear target

!  At the RHIC energy regime we can study Pomeron exchange
(or two gluon exchange without color transfer)

L. Chanaka De Silva��� APS Prairie Section 2015, Indiana, USA���
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x =
MV

SNN
e±y ~ 10−3 −10−2and Q2 ~ M

V
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An example theory prediction


Paukkunen et al, talk at DIS 2009; JHEP 0904:065 (2009)


Study Gluon

distributions
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STAR - Solenoidal Tracker At RHIC

L. Chanaka De Silva��� APS Prairie Section 2015, Indiana, USA���

•  Large acceptance; TPC: -1 < η < 1 and –π < ϕ < π
•  Excellent PID; ToF and TPC dE/dx by Maria & Alex Schmah 

East ZDC 
18m  

BBC TOF TPC 
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•  2 ≤ TOF hits ≤ 6
•  Veto on small BBC tiles 2 < |η| < 5 
•  The strong fields associated with heavy ions at high energies lead to large 

probabilities for exchanging additional soft photons in the same event
•  The soft photons excite nuclei to a Giant Dipole Resonance (GDR), which 

then decay by emitting neutrons in the forward/backward directions
!  1≤ beam neutrons ≤ 5 in both ZDCs

L. Chanaka De Silva��� APS Prairie Section 2015, Indiana, USA���

Lowest order Feynman diagram for exclusive J/ψ production 
in UPCs. The photons to the right of  the dashed line are soft 
photons


PLB 679 (2009) 321-329


Forward/backward going neutrons as detected by 

STAR ZDC East and West


STAR UPC trigger  

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

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

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

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

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

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

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

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

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

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

3. Data analysis

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

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

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

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

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

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

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

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

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

* 
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Data and Analysis cuts for J/ψ  

•  38 Million Run10 200 GeV Au+Au UPC trigger events with         

•  [2-4] primary tracks in the TPC
•  Z-vertex position; [-50, 50]cm
•  An event vertex has two tracks associated to it (exclusive production)
•  Require both tracks to be matched to Time of Flight (trigger)
•  Background modeled with like-sign pairs
•  Mass cuts

-  J/ψ: 3.0<Minv<3.2 GeV/c2

•  J/ψ rapidity distribution
-  coherent cut; pT < 0.15 GeV/c

  

€ 

L= 1075 µb-1∫
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Select events: 
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Pair pT Distribution  

•  Blue: unlike-sign pairs 
•  Red: background estimated with like-sign pairs
•  The peak at low transverse momenta is consistent with coherent production
•  For J/ψ rapidity distribution analysis, only events with pT < 0.15 GeV/c 

are used (coherent momentum cut ~ ħ/RA)
•  Only statistical error bars are presented

2010 AuAu 200 GeV data 
Only acceptance corrected
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Daughter tracks are

not constrained to TOF


J/ψ is generated at rest, daughters

decay back to back


Statistical error only
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Inv. Mass Distribution  

•  J/ψ particles are identified using an invariant mass reconstruction 
•  After like sign background subtraction, we fit the data with an exponential 

for e+e- continuum, a Gaussian for J/ψ signal and a polynomial background
•  We reconstruct 78 J/ψ mesons after correcting for e+e- continuum 

background
•  Only statistical error bars are shown

2010 AuAu 200 GeV data 

L. Chanaka De Silva��� APS Prairie Section 2015, Indiana, USA���
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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.
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did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
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Lowest order Feynman diagram for exclusive photo 
production of  dielectrons in UPCs. This contribution needs 
to be subtracted from J/ψ candidates


J/ψ " e+e- / µ+µ+ 

Statistical error only




8.4 UPC Main definition and XnXn cross section

Here we estimate the fraction of the XnXn cross section that we do not “see” because of the ZDC ADC cuts 50,
1200 we use the “Mutual heavy ion dissociation in peripheral collisions at ultrarelativistic energies” [6]. We have
also received a copy of the authors event generator RELDIS that we compiled and run at CERN.
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Figure 35: The left panel shows the results of the Mutual electromagnetic dissociation calculation by Pshenichnov
et al. (RELDIS) as cross section values for all possible combinations of number of neutrons and other hadrons
emmitted towards the East and West ZDCs. The values of cross sections are displayed both with a color palette
and the actual value of the cross section displayed on each bin. The right panel shows the agreement between
the calculation and actual data from ZDC West collected during run 2010. The calculated cross section value
for the emission of a single neutron has been scaled to match the maximum of the one neutron peak. The cross
section values are displayed with a red filled histogram. Caveat: this is only a rough comparison, more detailed
comparisons follow at the end of this section.

Electromagnetic Mutual Dissociation
Selection East Ratio West Data(%) RELDIS(%)
1n 2n/1n 28.9 29.7
1n 3n/1n 15.3 18.2
2n 2n/1n 28. 30.9
2n 3n/1n 5.7 18.2
3n 2n/1n 29. 30.2
3n 3n/1n 6.9 19.
4n 2n/1n 29.8 29.5
4n 3n/1n 7.4 19.

2n2n/1n1n 5.4 9.2
3n3n/1n1n 0.8 3.5

Table 2: Comparison between ZDC data collected with the UPC Main trigger and the RELDIS calculation.
Histograms are filled with selections on the number of neutrons detectors in the East ZDC and fitted with 5
gaussian shapes as shown in Fig. 36. For each selection on the ZDC East, two ratios are presented both for
data and the RELDIS calculation. The ratio 2n/1n is in remarkable agreement with the measured ratio. Such
agreement is not present any more for the 3n/1n ratio in events with more than one neutron detected on the East
ZDC. The last two rows are an attempt to compare the calculation to ratios extracted from data with one, two,
and three events in both ZDCs. It should be noted that the third nd further neutron peaks are weakly defined
and a big systematic error should be asigned to any quantity extracted from them

The main result obtained from the use of the RELDIS event generator is a more accurate estimate of the
fraction of the XnXn cross-section accessible with the UPC Main trigger ( 1 and up to 5 neutrons on each ZDC
within the 13.6 X 10 mm front face of each ZDC (see top right panel of Fig. 37); A fraction of 51.4% events
satisfy the UPC Main conditions. The correction to extract the full XnXn cross-section is then 1/(1.-0.486) =
1.945.
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Vector Meson Rapidity Distribution 
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Normalization: 

Model cross section values for all possible combinations 
of  number of  neutrons and other hadrons emitted 
towards East and West ZDCs 


Background subtraction is carried out
using like-sign pairs

Cross section normalization uses the
following formula 

  

€ 

dσ
dy

=
NJ /ψ

ε trigg ⋅ Acc ⋅ε
⋅
1
Δy

⋅
1
BR

⋅
1

Lint
⋅Trigger correction

Statistical error only 

NJ/ψ = Background corrected Vector meson count

BR = Branching ratio

Lint = Integrated luminosity     Δy  = Histogram bin width     

Εtrigg = Trigger efficiency     Acc = Acceptance     ε =Tracking efficiency


Trigger correction : Correct cross section for detecting 

up to X {1,2,3, …} neutrons in both ZDCs

  - STAR 2010 UPC_Main trigger detected up to 5 neutrons in

  both ZDCs

  - The cross section was corrected for losing events which emitted 

  more than 5 neutrons

  - The correction was done using a mutual heavy ion dissociation 

  model    A. Pshenichnov et al., Physical Review C, 64, 024903    
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Comparisons 
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Xn : X [1,2,3, … number of neutrons on either ZDC] 

Statistical error only


-  Using Starlight we scale STAR XnXn cross section    
to Xn (a 3.64 factor)


-  Scaled STAR Xn cross section has been compared 
with PHENIX data with statistical errors only


-  STAR & PHENIX data have been compared with 
Starlight predictions


-  Systematic error is not included


PLB 679 (2009) 321–329


-  J/ψ differential cross section 
measurements for ALICE and 
CMS at 2.76 TeV 

-  LHC data are compared to 
Starlight and other theory 
predictions


-  Both LHC and RHIC data are 
approximately a factor of  2 below 
the Starlight prediction


Eur. Phys. J. C (2013)  73:2617
CMS PAS HIN-12-009 (2014)
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Summary and outlook  

•  We have analyzed 38 million UPC trigger events from 2010 Au+Au 
200 GeV data set (             )

•  After applying offline analysis cuts, and subtracting e+e- continuum, 
STAR measures a <XnXn> cross section of ~12 μb-1 (78 coherently 
produced J/ψ particles)

•  We report the efficiency corrected differential cross section for UPC 
J/ψ production

•  STAR data were compared with theory prediction and other 
experimental measurements for J/ψ photo-production

•  Both RHIC and LHC measurements are approximately a factor of two 
below Starlight predictions

•  Systematic uncertainties need to be estmated 
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