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Outline

 The physics of Ultra Peripheral Collisions.
 STAR UPC triggers.
 The ρ meson reconstruction.
 Generation of the d2σ/dydt distribution. 
 Comparison to calculations.
 Summary and Future plans.
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The physics of UPC events
At impact parameter b>2RA

 Δt is the effective duration of the equivalent pulse 
of photons, with maximum energy hωmax=h/Δt=γhc/b
At high γ impulse has no transverse component.
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For a grazing collision, where the two nuclei barely touch, we can take bmin =
2RA, and the maximum photon energy is γ h̄v/2RA (RA = nuclear radius). The
maximum photon energy is about h̄/(2RAAmpc) of the ion energy. Here, Amp is
the ion mass. For heavy ions, RA≈ 7 fm so ωmax is about 0.03/A of the ion energy.
For protons, RA is not well defined, but taking ωmax to be 10% of the proton energy
is a reasonable rule of thumb. RHIC (see Table 1) can reach photon-gold center of
mass energies up to about 30 GeV per nucleon, and photon-proton center of mass
energies up to 300 GeV. These energies are slightly higher than are available at
fixed target accelerators and at HERA respectively. At the LHC, the corresponding
energies are 1 TeV and 10 TeV respectively, more than an order of magnitude
higher than is available elsewhere.

The equivalent (or virtual) photon flux per unit area (the relation between n(ω)
and N(ω, b)) is n(ω) =

∫
N(ω, b) d2b) is (1, 3, 17)

N (ω, b) = Z2αω2

π2γ 2h̄2β2c2

(
K 2

1 (x) + 1
γ 2

K 2
0 (x)

)
. 4.

where x = ωb/γβ h̄c, Z is the ion charge, α = 1/137, βc is the particle velocity,
and K0 and K1 are modified Bessel functions. The first term (K1(x)2) gives the flux
of photons transversely polarized to the ion direction and the second is the flux
for longitudinally polarized photons. The transverse polarization dominates for
ultra-relativistic particles (γ " 1). The photon flux is exponentially suppressed
when ω > γ βh̄c/b, justifying the estimates in the beginning of this section.

These photons are almost real, with virtuality −q2 < (h̄/RA)2. Except for the
production of e+e− pairs, the photons can usually be treated as real photons.

The usable photon flux depends on the geometry. Most UPC reactions lead to fi-
nal states with a handful of particles. These final states will be overwhelmed by any

TABLE 1 Some ion species, maximum energy and luminosity for several accelerators (170).
Also shown are the maximum effective γ p and γ γ energies. For photon beams, the maximum
effective photon energy here is 10% of the proton energy; there is some flux at higher energies.
The CERN SPS is a fixed target accelerator; the effective luminosity depends on the target
thickness. Not mentioned here are lower-energy accelerators, where photon exchange processes
have also been studied.

Accelerator Ions

Max. Energy
per nucleon
pair (CM) Luminosity Max. γ p

Max. γ γ
energy

CERN SPS Pb+Pb 17 GeV — 3.1 GeV 0.8 GeV

RHIC Au+Au 200 GeV 4 × 1026 cm−2 s−1 24 GeV 6.0 GeV

RHIC p+p 500 GeV 6 × 1030 cm−2 s−1 79 GeV 50 GeV

LHC Pb+Pb 5.6 TeV 1027 cm−2 s−1 705 GeV 178 GeV

LHC p+p 14 TeV 1034 cm−2 s−1 3130 GeV 1400 GeV

Tevatron p+p̄ 20 TeV 5 × 1031 cm−2 s−1 320 GeV 200 GeV
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The STAR collaboration reports the first observation of exclusive ρ0 photo-production, AuAu→
AuAuρ0, and ρ0 production accompanied by mutual nuclear Coulomb excitation, AuAu →
Au!Au!ρ0, in ultra-peripheral heavy-ion collisions. The ρ0 have low transverse momenta, con-
sistent with coherent coupling to both nuclei. The cross sections at

√
sNN = 130 GeV agree with

theoretical predictions treating ρ0 production and Coulomb excitation as independent processes.

PACS numbers: 25.20.-x, 25.75.DW, 13.60.-r

In ultra-peripheral heavy-ion collisions the two nuclei
geometrically ‘miss’ each other and no hadronic nucleon-
nucleon collisions occur. At impact parameters b sig-
nificantly larger than twice the nuclear radius RA, the
nuclei interact by photon exchange and photon-photon
or photon-Pomeron collisions [1]. Examples are nuclear
Coulomb excitation, electron-positron pair and meson
production, and vector meson production. The exchange
bosons can couple coherently to the nuclei, yielding large
cross sections. Coherence restricts the final states to low
transverse momenta, a distinctive experimental signa-
ture. The STAR collaboration reports the first observa-
tion of coherent exclusive ρ0 photo-production, AuAu→
AuAuρ0, and coherent ρ0 production accompanied by
mutual nuclear excitation, AuAu → Au!Au!ρ0. Ultra-
peripheral heavy-ion collisions are a new laboratory for
diffractive interactions, complementary to fixed-target ρ0

photo-production on complex nuclei [2].

Exclusive ρ0 meson production, AuAu→AuAuρ0 (c.f.
Fig. 1a), can be described by the Weizsäcker-Williams
approach [3] to the photon flux and the vector meson
dominance model [4]. A photon emitted by one nucleus
fluctuates to a virtual ρ0 meson, which scatters elasti-
cally from the other nucleus. The gold nuclei are not
disrupted, and the final state consists solely of the two
nuclei and the vector meson decay products [5]. In the

rest frame of the target nucleus, mid-rapidity ρ0 produc-
tion at RHIC corresponds to a photon energy of 50 GeV
and a photon-nucleon center-of-mass energy of 10 GeV.
At this energy, Pomeron (P) exchange dominates over
meson exchange, as indicated by the rise of the ρ0 pro-
duction cross section with increasing energy in lepton-
nucleon scattering [6]. In addition to coherent ρ0 produc-
tion, the exchange of virtual photons may excite the nu-
clei. These processes are assumed to factorize for heavy-
ion collisions, which is justified by the similar case of
two-photon interactions in relativistic ion collisions ac-
companied by nuclear breakup, where it was shown that
the non-factorisable diagrams are small [7]. The process
AuAu→Au!Au!ρ0 is shown in Fig. 1b. In lowest order,
mutual nuclear excitation of heavy ions occurs by the ex-
change of two photons [8, 9]. Because of the Coulomb

Au
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FIG. 1: Diagram for (a) exclusive ρ0 production in ultra-
peripheral heavy ion collisions, and (b) ρ0 production with
nuclear excitation. The dashed lines indicate factorization.

The interaction between ions is described as: 
a) W-W photon, emitted by one ion, fluctuates into
a qq dipole (mostly vector meson) which then interacts elastically 
with the other ion through Pomeron exchange.
(At lower energies the exchanged entity is a system of pions. )

b) The flux of W-W photons is so high that one can also find events 
where the ions exchange more photons and emit neutrons from 
decay of Giant Dipole Resonances. 

The a type events are collected 
with the  UPC_Topo trigger: 
Back to back tracks in TPC + 
veto for Up-Down tracks 
(cosmic rays) found by TOF. Low 
multiplicity in TOF, veto BBC

Type b events collected with UPC_Main trigger: 
1≤#neutrons in ZDCs ≤6, Low multiplicity TOF, 
veto BBC

Winter Workshop Nuclear Dynamics 7-14 April 2012
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Springer Tracts in Modern Physics Volume 140 (Springer, Berlin, Heidelberg, 1997)J.A. Crittenden

We  argue that at RHIC 
energies we are well 
into a Pomeron 
dominated region. Even 
though they may be 
“soft Pomerons”.

shows a distinctly stronger energy dependence, motivating a modified description of the under-
lying physical process. Modifications to the Pomeron–exchange process have been suggested to
account for the stronger energy dependence [79, 80, 81]. Perturbative QCD calculations have
also been proposed to describe these measurements [87]. They are of particular interest because
they entail a strong sensitivity to the gluon density in the proton (see section 2).

Figure 21: The energy dependence of the ρ0, ω, φ and J/ψ exclusive photoproduction cross
sections measured at HERA, compared to measurements at lower energy and to the total pho-
toproduction cross section. The lines illustrate a comparison of various power–law energy de-
pendences at high energy.

Figure 22 compares the new J/ψ measurements to those at lower energy [65] and with the
results of pQCD calculations for three gluon density parametrizations, which exhibit signifi-
cantly different slopes in the HERA energy region and are only weakly constrained by other
measurements.

Figures 23 and 24 show the H1 and ZEUS results for the energy dependences of the ρ0

and φ production cross sections for Q2 values between 3.7 and 20 GeV2, compared to var-
ious power–law assumptions. The value of the power used to represent expectations based
on the phenomenological Pomeron exchange was obtained using the parameters in eqs. 2.10
and averaging over the t–distribution in the data. Measurements by the NMC collaboration

52

Pomeron exchange

RHIC AuAu 
200GeV

The average value of 
the Pomeron x is ~0.002
(according to event 
generator Sartre 
INT-PUB-11-034, arXiv:1108.1713 [nucl-th])
Minimum γ energy to 
produce a ρ at rest: 0.5GeV
Wmin~14GeV
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TPC
TOF BBC

ZDC 18m

TPC & TOF:  |η|<1.2
BBC:   2<|η|<5

VPD
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The majority of our ρ events were collected 
with the UPC_Main trigger. 

Data selection

a) Only one neutron in each ZDC:

b) Connect vertex to TOF
 trigger to eliminate pile-up 

events:

c) Select pions with TPC dE/dx:
z

y

For this analysis we demand: 
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d) Only two tracks out of selected 
vertex. Exclusive production.
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The ρ meson reconstruction
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Figure 8: The prediction of the dipole model for the t distribution of coherent J/ψ pho-
toproduction on nuclei assuming that the single nucleon distribution can be identified with
the Woods-Saxon distribution given in Appendix. The statistical errors of the simulated
measurements are based on the assumed collected sample of 106 events. The upper dashed
line shows the sum of the coherent and incoherent process in case of no correlations.

18

As preparations are made to  
design a physics program  for 
an EIC we place our result
in the context of future studies 
of nucleons and nuclei.
In particular,  GPDs with the 
addition of t (which is 
reciprocal to b) besides Q2, x. 

To first order, the photon has 
no transverse component and  
the ρ transverse momentum 
balances that of the recoiling Au 
nuclei. We are thus measuring 
the pT imparted to the Au 
nuclei.

Winter Workshop Nuclear Dynamics 7-14 April 2012
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The dN/dt (t=-pT2) 
is built with 
opposite sign pion 
pairs. Similar 
distribution is 
formed with equal 
sign pion pairs (++ 
--) and is taken as a 
good approximation 
of the shape and 
magnitude of the 
background. 

Background subtracted distribution

Above figure shows the result of the background subtraction 
dN+-/dt - dN++--/dt. The incoherent component is then fit to a 
power law function (black curve).

Winter Workshop Nuclear Dynamics 7-14 April 2012

Generation of the d2σ/dydt distribution 
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Pion pair interference

Small (~20%) constant in t correction applied to dN/dt to
remove the pion continuum entries from the invariant mass 
distributions.

7

The invariant mass distribution of the ρ0 candidates
was fit with a relativistic Breit-Wigner [26] function plus
a contribution for the direct π+π− production and an
interference (Söding) term [27, 28]. The background is
described by a 2nd order polynomial. An estimate of the
background from the like-sign pairs was used to obtain
the parameters for the polynomial function.

The fit function is:

dN

dMπ+π−

=

∣

∣

∣

∣

∣

A

√

Mπ+π−Mρ0Γρ0

M2
π+π−

− M2
ρ0 + iMρ0Γρ0

+ B

∣

∣

∣

∣

∣

2

+ fp,

(3)
where

Γρ0 = Γ0 · (Mρ0/Mπ+π−)

×
[

(M2
π+π− − 4m2

π)/(M2
ρ0 − 4m2

π)
]3/2

(4)

is the momentum-dependent width of the ρ0 and Mρ0

is the mass of the ρ0, A is the amplitude for the Breit-
Wigner function, B is the amplitude for the direct π+π−

production and fp is the fixed second order polynomial
which is used to describe the background. For the mini-
mum bias data set, Γρ0 = 0.162 ± 0.007 GeV/c2 and Mρ0

= 0.775 ± 0.003 GeV/c2 from the fit. These values are in
good agreement with the PDG [23] values. The difference
between the yield obtained with fixed ρ0 width and mass
position from that obtained without fixing the width and
mass is about 2 %. Fixing the width leads to an increase
in the χ2/DOF of 5 %. Using the above mentioned fit
procedure, the minimum bias sample contains 3,075 ±
128 ρ0 candidates, while the topology sample contains
13,054 ± 124 ρ0 candidates.

For the minimum bias data, the measured value of
|B/A| is 0.89 ± 0.08 (stat.) ± 0.09 (syst.) (GeV/c)−1/2;
the systematic error due to the background description
is 3 %. Figure 4 shows that |B/A| does not vary signifi-
cantly as a function of rapidity. Since rapidity is related
to photon energy (Eq. 1) this also shows that there is
no significant variation with photon energy. The same
energy-independence was seen by the ZEUS experiment
at HERA [26], and is expected in Pomeron exchange. In
contrast, at lower energies [9], the direct π+π− compo-
nent decreased as W rose. The difference may be due
to ρ production by meson exchange; the meson exchange
component is expected to be negligible at RHIC energies.
The observed |B/A| ratio is independent of the polar and
azimuthal angle, as expected. The slight asymmetry in
the distribution is believed due to differences between the
two parts of the STAR TPC, and is included within the
systematic uncertainties.

Our measured value for |B/A| is in agreement with
the 130 GeV STAR result, |B/A| = 0.81 ± 0.08 (stat.)
± 0.20 (syst.) (GeV/c)−1/2 [11]. The ZEUS studies
of γp → ρ0p find |B/A| = 0.67 ± 0.03 (GeV/c)−1/2

[26], but for a slightly different kinematic interval. The
ZEUS results are for a momentum transfer squared of t <

0.5 (GeV/c)2. At mid-rapidity in a collider environment,
the longitudinal momentum transfer squared from the
target nucleus t|| = (m2

V /2Eγ)2 is small (≈ 2 (MeV/c)2).
Therefore t ≈ t⊥ ≈ p2

T and so we can extrapolate the
ZEUS measurement of the t dependence of |B/A| down
to our average value of t ≈ p2

T < 0.015 (GeV/c)2. Ex-
trapolating the ZEUS results, we find |B/A| ≈ 0.8, which
is consistent with our results. The decrease of |B/A| with
increasing |t| and the independence of the polar and az-
imuthal angles is expected assuming that the form factor
of the vector meson depends only on t and so no

√
sNN

dependence is expected [25].
In the rest of this paper, we will quote our results in

terms of momentum transfer squared t.

y
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FIG. 4: The ratio |B/A| as a function of yρ0 for the minimum
bias data, obtained by fitting Eq.3 to the invariant mass dis-
tributions in bins of yρ0 .

E. Cross-Sections dσ/dy and d2σ/dydt for Minimum
Bias events

The differential cross-section as a function of rapidity
for ρ0 photoproduction (dσ/dy) obtained with the min-
imum bias sample is shown in Fig 5. The distribution
for each rapidity bin was fit with Eq. 3 and the ρ0 yield
extracted. Also shown is a prediction of the KN model;
the other two models do not include nuclear excitation.

Fig. 6 shows the ρ0 spectrum as a function of t for min-
imum bias data. The efficiency correction and luminosity
normalization have been applied.

We do not observe the dip in the range 0.01 < t <
0.015 (GeV/c)2 predicted by FSZ [7]. The pT of the ρ0

meson is the vector sum of the photon pT and the pT

transferred by the target nucleus. Since the direction
of the photon and scattering pT are uncorrelated, this
addition smears out the diffractive dips [29].
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interference (Söding) term [27, 28]. The background is
described by a 2nd order polynomial. An estimate of the
background from the like-sign pairs was used to obtain
the parameters for the polynomial function.

The fit function is:

dN

dMπ+π−

=

∣

∣

∣

∣

∣

A

√

Mπ+π−Mρ0Γρ0

M2
π+π−

− M2
ρ0 + iMρ0Γρ0

+ B

∣

∣

∣

∣

∣

2

+ fp,

(3)
where

Γρ0 = Γ0 · (Mρ0/Mπ+π−)

×
[

(M2
π+π− − 4m2

π)/(M2
ρ0 − 4m2

π)
]3/2

(4)

is the momentum-dependent width of the ρ0 and Mρ0

is the mass of the ρ0, A is the amplitude for the Breit-
Wigner function, B is the amplitude for the direct π+π−

production and fp is the fixed second order polynomial
which is used to describe the background. For the mini-
mum bias data set, Γρ0 = 0.162 ± 0.007 GeV/c2 and Mρ0

= 0.775 ± 0.003 GeV/c2 from the fit. These values are in
good agreement with the PDG [23] values. The difference
between the yield obtained with fixed ρ0 width and mass
position from that obtained without fixing the width and
mass is about 2 %. Fixing the width leads to an increase
in the χ2/DOF of 5 %. Using the above mentioned fit
procedure, the minimum bias sample contains 3,075 ±
128 ρ0 candidates, while the topology sample contains
13,054 ± 124 ρ0 candidates.

For the minimum bias data, the measured value of
|B/A| is 0.89 ± 0.08 (stat.) ± 0.09 (syst.) (GeV/c)−1/2;
the systematic error due to the background description
is 3 %. Figure 4 shows that |B/A| does not vary signifi-
cantly as a function of rapidity. Since rapidity is related
to photon energy (Eq. 1) this also shows that there is
no significant variation with photon energy. The same
energy-independence was seen by the ZEUS experiment
at HERA [26], and is expected in Pomeron exchange. In
contrast, at lower energies [9], the direct π+π− compo-
nent decreased as W rose. The difference may be due
to ρ production by meson exchange; the meson exchange
component is expected to be negligible at RHIC energies.
The observed |B/A| ratio is independent of the polar and
azimuthal angle, as expected. The slight asymmetry in
the distribution is believed due to differences between the
two parts of the STAR TPC, and is included within the
systematic uncertainties.

Our measured value for |B/A| is in agreement with
the 130 GeV STAR result, |B/A| = 0.81 ± 0.08 (stat.)
± 0.20 (syst.) (GeV/c)−1/2 [11]. The ZEUS studies
of γp → ρ0p find |B/A| = 0.67 ± 0.03 (GeV/c)−1/2

[26], but for a slightly different kinematic interval. The
ZEUS results are for a momentum transfer squared of t <

0.5 (GeV/c)2. At mid-rapidity in a collider environment,
the longitudinal momentum transfer squared from the
target nucleus t|| = (m2

V /2Eγ)2 is small (≈ 2 (MeV/c)2).
Therefore t ≈ t⊥ ≈ p2

T and so we can extrapolate the
ZEUS measurement of the t dependence of |B/A| down
to our average value of t ≈ p2

T < 0.015 (GeV/c)2. Ex-
trapolating the ZEUS results, we find |B/A| ≈ 0.8, which
is consistent with our results. The decrease of |B/A| with
increasing |t| and the independence of the polar and az-
imuthal angles is expected assuming that the form factor
of the vector meson depends only on t and so no

√
sNN

dependence is expected [25].
In the rest of this paper, we will quote our results in

terms of momentum transfer squared t.

y
-0.8 -0.6 -0.4 -0.2 -0 0.2 0.4 0.6 0.8

-1
/2

|B
/A

|, 
(G

eV
/c

)

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

FIG. 4: The ratio |B/A| as a function of yρ0 for the minimum
bias data, obtained by fitting Eq.3 to the invariant mass dis-
tributions in bins of yρ0 .

E. Cross-Sections dσ/dy and d2σ/dydt for Minimum
Bias events

The differential cross-section as a function of rapidity
for ρ0 photoproduction (dσ/dy) obtained with the min-
imum bias sample is shown in Fig 5. The distribution
for each rapidity bin was fit with Eq. 3 and the ρ0 yield
extracted. Also shown is a prediction of the KN model;
the other two models do not include nuclear excitation.

Fig. 6 shows the ρ0 spectrum as a function of t for min-
imum bias data. The efficiency correction and luminosity
normalization have been applied.

We do not observe the dip in the range 0.01 < t <
0.015 (GeV/c)2 predicted by FSZ [7]. The pT of the ρ0

meson is the vector sum of the photon pT and the pT

transferred by the target nucleus. Since the direction
of the photon and scattering pT are uncorrelated, this
addition smears out the diffractive dips [29].

Fri Mar 30 21:24:15 2012 !!M
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1-2000

0

2000

4000

6000

8000

10000
The ρ meson production 
happens along with pion 
pair production; there is 
thus an interference 
term that has to be 
included in the final ρ 
detection:
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ρ Breit-Wigner

Interference
π+π- continuum
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Normalization

Luminosity from min_bias :

ρ meson detection 
efficiency obtained from 
embedding of Starlight 
pion pair from ρ into 
zero-bias events:
averaged over -1<η<1
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Δy and trigger scale down
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assumes 6 b cross section.
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Diffractive pattern produced by elastic ρ 
scattering off Au nuclei

Sartre is an event generator based on an impact 
parameter dependent dipole model T. Ulrich and T. Toll  
INT-PUB-11-034, arXiv:1108.1713 [nucl-th]
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The diffraction pattern 
is evident up to its 
third peak, the slope 
of the first peak as 
well as the location of 
the peaks is consistent 
with the coherent 
interaction with an 
object with 
dimensions 
comparable to the Au 
nuclei.
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Wood-Saxon R=6.38 fm 
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Blue smooth curve 
is Wood-Saxon with 
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H. DeVries, C.W. De Jager, C. DeVries, 1987
ATOMIC DATA AND NUCLEAR DATA TABLES 36,495536 (1987)

STAR Preliminary

STAR Preliminary

STAR Preliminary

Invert to find dips

Winter Workshop Nuclear Dynamics 7-14 April 2012

FWHM=12.4 fm

Wood-Saxon
STAR

14Friday, April 13, 2012



)]2-t [(GeV/c)
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

]2
/d

yd
t [

m
b/

G
eV

!2 d

-310

-210

-110

1

10

210

Data 
Sartre 100% coherent Feb29
Sartre 100% coherent Mar09 noSat

39

bNonSat
Linearize the dipole cross-section, use the first term in 

the expansion
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The details of this diffraction 
pattern will constrain the
models dipole cross section.Text
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Figure 5.87. (a) shows the dipole cross-section for various impact parameters as a function of
dipole size in the bSat model. (b) and (c) depict the wave overlap functions for J/Ψ and ρ mesons
respectively as a function of r for various Q2 for transversely polarized photons (from [823]).

(see Fig. 3.14). The amplitude for this process is

Aγ∗p→V p
T,L (x,Q,∆) = i

∫
d2r

∫
dz

4π

∫
d2b (Ψ∗

V Ψ) (r, z)e−ib·∆ dσ(p)
qq̄

d2b
(x, r,b) (5.177)

Here T and L represent the transverse and longitudinal polarizations of the virtual photon,
r is the size of the dipole, z the energy fraction of the photon taken by the quark, ∆ =

√
−t

is the transverse part of the four-momentum difference of the outgoing and incoming proton,
and b is the impact parameter of the dipole. The wave function of the produced vector
meson or real photon is ΨV while that of the incoming photon that splits into the dipole is
Ψ.

In the bSat model the dipole cross-section in terms of the dipole scattering amplitude
N (p)(x, r,b) is

dσ(p)
qq̄

d2b
≡ 2N (p)(x, r,b) = 2

[
1− exp

(
− π2

2NC
r2αS(µ

2)xg(x, µ2)T (b)

)]
, (5.178)

where µ2 = 4/r2 + µ2
0 and µ2

0 is a cut-off scale in the DGLAP evolution of the gluons
g(x, µ2). The nucleon shape function T (p)(b) = 1/(2πBG) exp(−b2/(2BG)). The parameter
BG is determined through fits to HERA data [823]. We use BG = 4 GeV−2. It should
be noted that bSat is a model of multiple two-gluon exchanges and does not contain any
gluon-gluon recombinations. It is however, by construction, a model that obeys unitarity,
so in this respect it is a saturation model.

Figure 5.87(a) shows the dipole cross-section as a function of r for different impact
parameters. Figure 5.87(b) and (c) depict the wave overlap, (Ψ∗

V Ψ)(r, z), for J/Ψ (b) and
ρ mesons (c) [823] used in Eq. 5.177. It should be noted that the J/ψ is not necessarily
the best suited vector meson for probing saturation effects. Studying saturation implies
probing large dipole radii r >∼ 2 GeV−1 (0.4 fm). However, the wave overlap with the J/Ψ
vanishes almost entirely for these dipole sizes. The lighter vector mesons ρ and φ certainly
appear more suited in this case. Unfortunately the wave functions of the lighter vector
mesons are less well known than that of the J/Ψ increasing the uncertainties in model-data
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Comparison to calculations.

where R0 denotes the saturation radius and !0 is a constant.
The saturation radius is x dependent,

R0
2!

1
GeV2

! xx0"
"GBW

. #24$

The parameters !0!23 mb, "GBW!0.29 and x0!3"10#4

were determined from a fit to the data. The saturation radius
R0 is analogous to the gluon distribution and determines the
growth of the total and diffractive cross sections with de-
creasing x. For large size dipoles !qq

GBW saturates by ap-
proaching a constant value !0 which is independent of the
exponent "GBW .
Once the impact parameter is included, saturation be-

comes b dependent. For small values of b, the cross section
grows rapidly with r until it reaches the saturation plateau
seen in Fig. 2, d!qq /d2b!2. The extension of the plateau
bS can be estimated from the condition
%2/2NCr2&s('2)xg(x ,'2)T(bS)!1. Using the Gaussian
form of T(b) and approximating xg(x ,'2)((x0 /x)"e f f we
obtain

bS
2!2BGlog! %

4 NCBG
r2&s#'2$#x0 /x $"e f f " . #25$

Thus, the integrated dipole cross section !qq increases loga-
rithmically for large r and small x due to the growth of the
plateau region. The logarithmic growth of the cross section at
small x is determined by "e f f and BG . This behavior should
be compared to the GBW cross section which becomes a
constant !0 that is independent of "GBW . The differences are
illustrated in Fig. 6.

E. Photon wave function

The longitudinal and transverse photon wave functions in
the conventions of Ref. )24* are given by

#+, , f $0
hh̄#r ,z $!e f- f f̄!Nc)#2z#1#z $

"Q#-h$ h̄#$-h# h̄$$*
K0#.r $
2%

#+, , f $$1
hh̄ #r ,z $!e f- f f̄!2Nc)#ie$i/r#z-h$ h̄#

##1#z $-h# h̄$$0r$mf-h$ h̄$*
K0#.r $
2%

#26$

#+, , f $#1
hh̄ #r ,z $!e f- f f̄!2Nc1$ie#i/r)#1#z $-h$ h̄#

#z-h# h̄$*0r$mf-h# h̄#2
K0#.r $
2%

where rei/r!rx$iry , .2!z(1#z)Q2$mf
2 , e f is the elec-

tromagnetic charge of quark flavor f, and 0rK0(.r)!
#.K1(.r).
For small dipoles (.r%1) the photon wave function

scales as K1(.r)(1/.r . For large dipoles (.r&1), the wave
function falls off exponentially with the quark mass,
K1(.r)(!%/2.rexp(#.r).

F. Vector meson wave function

To describe vector meson production, we developed sev-
eral models of the J/+ light cone wave function, (+V)"

hh̄ .
These phenomenological wave functions should satisfy sev-
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ff
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FIG. 5. The logarithmic rate of rise of the gluon structure func-
tion as a function of x, "e f f!d log)xg(x,'2)*/d log(1/x). "e f f is a
measure of the strength of the gluon emission process.

FIG. 6. The integrated dipole cross section as a function of the
dipole size. The solid and dashed curves trace the dipole cross sec-
tion in the IP saturation model and the saturation model of Ref. )2*,
respectively.

IMPACT PARAMETER DIPOLE SATURATION MODEL PHYSICAL REVIEW D 68, 114005 #2003$

114005-5

Going from ep to eA
ep:

eA:

Assume the Woods-Saxon distribution
bSat:

31

Independent scattering approximation
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Comparison to StarLight

From our presentation at the 
last DNP:
StarLight required RAu=7.5 fm 
to match the data. The 
authors are working on an 
improved version to bring the 
radius back to ~6 fm

VOLUME 84, NUMBER 11 P HY S I CA L R EV I EW LE T T ER S 13 MARCH 2000

The vector meson p! is the sum of the photon and
Pomeron perpendicular momentum; these are the perpen-
dicular momentum transfer from the photon emitter and
target nuclei, respectively. The spectrum is a convolution
of the two sources. The photon perpendicular momentum
spectrum can be found with the equivalent photon approxi-
mation [4]

d3Ng!k, k!"
d2k!dk

!
a2Z2F2!k2

! 1 k2#g2"k2
!

p2!k2
! 1 k2#g2"2

. (1)

The nuclear form factor

F!q" !
4pr0

Aq3 $sin!qRA" 2 qRA cos!qRA"%
∑

1
1 1 a2q2

∏

,

(2)

is the convolution of a hard sphere and a Yukawa potential
with range a ! 0.7 fm. This is an excellent fit to a Woods-
Saxon density distribution [1]. Here, r0 is the nuclear
density and A the atomic number. For a given k, k! is
independent of b, with d3Ng!k, k!"#d2k!dk rising from 0
at k! ! 0 to a maximum at k! ! k#g and then dropping
as k! rises further.
Since the Pomeron range,,1 fm [5], is short, compared

to the size of a nucleus, its perpendicular momentum spec-
trum is determined by Eq. (2). Figure 1 shows the photon
and Pomeron perpendicular momentum spectra, along with
their convolution, for y ! 0 and y ! 22. Diffractive dips

FIG. 1. Perpendicular momentum spectra for photons (dotted
curves), Pomerons (dashed curves), and the final state vector
mesons (solid curves) at (a) y ! 0 and (b) y ! 22 (corre-
sponding to k ! 69 MeV in the lab frame) for f production
in gold collisions at RHIC. The curves are each normalized to
a maximum dN#dp2

! ! 1. Clear diffraction minima appear in
the Pomeron spectra. Since k! is small compared to p!, the
minima remain visible in the f p! spectrum.

are visible in the Pomeron spectrum; since the photon con-
tribution to p! is usually small, these fringes also appear
in the final p! spectrum. If the Pomeron had a longer
range, the effect would be similar to increasing RA; the p!

spectrum would be shifted to lower values.
The impact parameter dependent photon energy spec-

trum was given in Ref. [1]. It was convoluted with
s!gA ! VA" to give sA1A!A1A1V !y, b". The nuclear
photoproduction cross section was found with a Glauber
calculation using s!gp ! Vp" data as input. This cal-
culation accounts for the effects of multiple interactions
in the nucleus. The data are fit to s!gp ! gp" &
XWe 1 YW2h , where W is the g-nucleon center of mass
energy and e, h, X, and Y are fit results [2]. The X, e
term represents Pomeron exchange, while Y , h is for
photon-meson (primarily the f0 [6]) fusion, present for
the r and v.
Since p! and b are conjugate variables, one cannot

find a b-dependent photon k! spectrum; instead, we
use the b-integrated k! spectrum, properly normalized,
to find sA1A!A1A1V !y, p!, b". Then, A!y, p!, b" !
p

sA1A!A1A1V !y, p!, b" where here both s and A are
for the photon coming from a known direction. So, this
s is half the total rate.
The production phase depends on the process. The soft

Pomeron represents the absorptive part of the cross sec-
tion, so the amplitude for photon-Pomeron fusion should
be largely imaginary. There will be a small real part be-
cause the cross section rises slowly with photon energy, so
f!y" ! tan21!pe#4", independent of y [7]. For the light
mesons, data indicate e ! 0.22, sof & 100. For the J#c ,
e ! 0.8, inconsistent with the soft Pomeron; the steep rise
may be due to threshold behavior or signal the breakdown
of the soft Pomeron model [8], but in either case, the J#c
phase angle must be treated with caution. Of course, the
phases for gA and gp reactions may be different.
For the r and v, photon-meson fusion should have a

different phase from the photon-Pomeron channel. Since
h . 1, photon-meson fusion decreases as W rises; if the
two channels have different phases, the overall phase will
vary with y. Because the only available data are averaged
over energy [9], we will ignore this variation. Of course,
at y ! 0, the energies are equal; as jyj rises, any phase
difference will grow.
For two nuclei at points "x1 and "x2, the amplitude A0 for

observing a vector meson at a distant point x0 is found
by approximating the vector mesons by plane waves. The
meson momentum "p is determined by p! and k via pjj !
k 2 m2

V #4k. The amplitude is

A0!x0, "p, b" ! A!p!, y, b"ei$f!y"1 "p?! "x12 "x0"%

2 A!p!, 2y, b"ei$f!2y"1 "p?! "x22 "x0"%. (3)

The two components have opposite signs for rapidity
because the photon emitters are coming from different
directions. With the negative vector meson parity, this
also gives the two components opposite signs.

2331

W-W photon

PomeronStarLight doesn’t have deep 
valleys between diffraction 
peaks because it allows for a 
transverse component in the 
photon momentum.
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STAR data
StarLight RAu=7.5 fm

StarLight: Object-oriented simulator of 
γγ or γp interaction in UPC events.
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Add J/Psi results

Dilan Madagodahettige Don 11 
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Summary

•The STAR UPC program has collected a big sample of 
events with exclusive ρ production.
•We have been able to separate the events where the ρ 
meson scatters coherently from the entire Au nuclei.
•This result foretells an easier task in future eA studies 
where similar measurements were expected to be 
swamped by the incoherent component of the 
scattering.
•   We will soon complement this dataset with a similar 
size set collected in run 11. 
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