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Ultra-Peripheral Heavy-Ion Collisions
Ultra-relativistic charged nuclei produce highly Lorentz 
contracted electromagnetic fields

• 𝛾𝛾 → 𝑙!𝑙" : photon-photon fusion
• One photon from the field of each nucleus interacts
• Second order process in 𝛼
• 𝑍𝛼 ≈ 1 → High photon density with highly charged nuclei

• 𝛾ℙ → 𝜌#, 𝐽𝜓, 𝑒𝑡𝑐. : Photo-nuclear production of 
vector mesons (𝐽$ = 1")
• Photon from the EM field of one nucleus fluctuates to a 
𝑞'𝑞 pair, interacts with pomeron (or Reggeon @ RHIC)

• Photon quantum numbers 𝐽!" = 1##
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Transverse linearly polarized photons
• Extreme Lorentz contrac+on of EM fields (𝐸 ⊥ 𝐵 ⊥ 𝑘)

→ Quasi-real photons should be linearly polarized in the transverse plane
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• Polarization vector : aligned 
radially with the “emitting” 
source

• Well defined in the photon 
position eigenstates 

• Event average, washes out 
polarization effects, since 𝑏 is 
random from one event to 
next

A! A"



Experimental Signature of Linearly Polarized Photons
• The different helicity 

amplitude combina-ons for 
linear polariza-on leads to a 
spli<ng of the angular 
distribu-on 

• Parallel photon polariza-ons 
𝜉! ∥ 𝜉" → Nega%ve
cos 4Δ𝜙 modula-on

• Perpendicular photon 
polariza-ons 𝜉! ⊥ 𝜉" →
Posi%ve cos 4Δ𝜙
modula-on 
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Birefringence of the QED Vacuum 
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polarized 𝛾𝛾 → 𝑒#𝑒$ [1] leads to 
𝐜𝐨𝐬(𝟒𝚫𝝓) modula%ons in

Δ𝜙 = Δ𝜙 𝑒# + 𝑒$ , 𝑒# − 𝑒$
≈ Δ𝜙 𝑒# + 𝑒$ , 𝑒#

arXiv : 1910.12400

Daniel Brandenburg

𝑠!! = 200 GeV

[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
QED calculation: Li, C., Zhou, J. & Zhou, Y. Phys. Rev. D 
101, 034015 (2020).
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Total Cross-section Measured STARLight gEPA QED

�(�� ! e+e�) mb
0.261 ± 0.004 (stat.)

± 0.013 (syst.) ± 0.034 (scale) 0.22 0.26 0.29

Differential Quantities
Ultra-Peripheral Peripheral HHICs

Measured QED �
2
/ndf Measured QED �

2
/ndf

|A4��| (%) 16.8 ± 2.5 22 18.8 / 16 27±6 39 10.2 / 17

|A2��| (%) 2.0 ± 2.4 0 18.8 / 16 6±6 0 10.2 / 17
q
hP 2

?i (MeV/c) 38.1±0.9 37.6 — 50.9±2.5 48.5 —

Table 1: The top row reports the total measured cross-section within STAR acceptance for
�� ! e

+
e
� in (XnXn) events compared with three theory calculations. The lower rows report

measurements of �� and
q
hP 2

?i from UPCs and peripheral HHICs with the corresponding
theory calculations where applicable. The uncertainties reported here are the statistical and
systematic uncertainties added in quadrature. The theory calculations for the

q
hP 2

?i are from
Ref. (24). The QED calculations for the �� modulations are provided by Ref. (13).

Distribution Source of
Contamination Fit Result �2/ndf

Mee ⇢
0 ! e

+
e
� �0.36 ± 1.2 (% of total �) 106 / 98

! ! e
+
e
� �0.17 ± 0.35 (% of total �) 106 / 98

� ! e
+
e
� +0.57 ± 0.24 (% of total �) 104 / 98

| cos✓0| Isotropic e
+
e
� +0.9 ± 1.7 (% of total �) 7.7 / 12

P? (60� 80%) Broadening 14 ± 4 (stat.) ± 4 (syst.) (MeV/c) 3.4 / 6

Table 2: The result from fits to various possible sources of contamination. For each source, the
given distribution was fit to the combination of the Breit-Wheeler shape and the listed contam-
ination shape. The �

2
/ndf of each fit is also shown.
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Quantity

Quantity

Peripheral (60−80%)

16.8 ± 2.5 16.5

27 ± 6 34.5

cos 4Δ𝜙 observed at > 6𝜎 significance (UPC) – photons are linearly polarized
+ First laboratory evidence for vacuum birefringence



Polarized Photon + gluon 
Collisions
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Photo-Nuclear InteracHons
• Photo nuclear interactions have been 

studied for decades[1, 2, 3]
• Well known process for probing the 

hadronic structure of the photon

• Extensive measurements in 𝑒𝑝
conducted at HERA (H1 and Zeus)
• Involves virtual (longitudinally polarized)  

photons with large 𝑄0
• Detailed measurements of the spin-

density elements
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1 Introduction

Diffractive scattering is characterised, in high energy hadron interactions, by final states con-
sisting of two systems well separated in rapidity, which carry the quantum numbers of the
initial state hadrons. The process is related through unitarity to inelastic scattering and gov-
erns the high energy behaviour of total cross sections. It is described in Regge theory [1] by
the exchange of the vacuum singularity, called the “pomeron”, and may be interpreted as the
differential absorption of the various virtual components of the interacting systems [2]. It is a
challenge for Quantum Chromodynamics (QCD) to explain diffraction in terms of quark and
gluon interactions.

Most diffractive phenomena – which include elastic scattering – are governed by large dis-
tance, “soft” processes, which in general are not accessible to perturbative QCD (pQCD) cal-
culations. However, for short distance processes, the presence of a “hard” scale offers the pos-
sibility to use perturbative techniques to calculate diffractive amplitudes. Alternatively, at high
energy the interaction properties of colour fields are invoked in models which characterize the
incident particles as a superposition of colour dipoles with various size to calculate diffractive
and total cross sections.

e
e

γ*

p Y

V

Q
2

t

W

Figure 1: Diffractive vector meson electroproduction.

An important testing ground for calculations in diffraction is provided by the study of ex-
clusive vector meson (VM) production e + p → e + V + Y . This process is illustrated in
Fig. 1: the intermediate photon of four-momentum q converts into a diffractively scattered VM
(ρ, ω, φ, J/ψ, ...) of massMV , while the incoming proton is scattered into a system Y of mass
MY , which can be a proton (“elastic” scattering) or a diffractively excited system (“proton dis-
sociation”). In VM production, a hard scale can be provided by the photon virtuality Q, with
Q2 = −q2, the four-momentum transfer

√

|t| from the proton, or by the quark mass (for heavy
VM production). The reaction energy is defined by the photon-proton centre of mass energy
W , withW 2 # Q2/x, where x is the Bjorken scaling variable. The high energy electron-proton
collider HERA offers access to all these scales, over a wide range of values.

The present publication is devoted to the study of the diffractive electroproduction of ρ and
φ mesons, both for elastic and proton dissociative scattering. The data were taken at HERA
with the H1 detector in the period from 1996 to 2000. A common analysis of the four channels

4

ϕ 

φ

e    

θ

e

VM

p γ∗ 

decay plane

the hadronic centre 
of mass system

         hadronic centre of mass  

electron scattering plane                production plane                     

        VM rest frame

VM direction in

h −

h+

h+

h−

.

.

Figure 3: Definition of the angles characterising diffractive VM production and decay in the
helicity system.

4.1 Analysis samples

Four event samples, which correspond approximately to the four processes studied in this paper,
are selected following the conditions summarised in Tables 2 and 3. These conditions are chosen
to minimize background contributions.

Vector meson mass range
ρ sample 0.6 ≤ mππ ≤ 1.1 GeV
φ sample 1.00 ≤ mKK ≤ 1.04 GeV

Table 2: Sample definition for the two VM selection.

The VM identification relies on the invariant mass of the two particles with trajectories
reconstructed in the central tracker; no decay particle identification is performed. For the ρ
sample, the mass mππ calculated under the pion mass hypothesis is required to lie in the range
0.6 ≤ mππ ≤ 1.1 GeV. For the φ sample, the range 1.00 ≤ mKK ≤ 1.04 GeV is selected, the
invariant mass mKK being calculated under the kaon hypothesis.

Diffractive process forward detector selection t range
notag sample no signal above noise |t| ≤ 0.5 GeV2

tag sample signal detected above noise |t| ≤ 3.0 GeV2

Table 3: Sample definition for the two diffractive processes.

14

[1] H1 Collabora`on. J. High Energ. Phys. 2010, 32 (2010).
[2] ZEUS Collabora`on. Eur. Phys. J. C 2, 247–267 (1998).
[3] See refs 1-25 in [2]



Photo-Nuclear processes in UPC
STAR has studied 𝛾ℙ → 𝜌1 → 𝜋2𝜋3 (and direct 𝜋2𝜋3 producYon) in the past
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Diffractive structure in 
𝑝#" ≈ −𝑡 distribution

Cross secIon vs. 𝑝#" ≈ −𝑡 sensiIve 
to the gluon density within nucleus

STAR Collabora5on et al. Phys. Rev. Le.. 89, 272302 (2002).
STAR Collabora5on et al. Phys. Rev. Le.. 102, 112301 (2009).
STAR Collabora5on et al. Phys. Rev. C 96, 054904 (2017).
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Diffractive structure in 
𝑝#" ≈ −𝑡 distribution

Cross secIon vs. 𝑝#" ≈ −𝑡 sensiIve 
to the gluon density within nucleus

STAR Collabora5on et al. Phys. Rev. Le.. 89, 272302 (2002).
STAR Collabora5on et al. Phys. Rev. Le.. 102, 112301 (2009).
STAR Collabora5on et al. Phys. Rev. C 96, 054904 (2017).

Other measurements in UPC at RHIC 
& LHC include:

Photoproduction of J/psi in Au+Au
UPC at 𝑠$$ = 200 GeV
PHENIX Phys.Lett.B679:321-329,2009

𝜌$ vector mesons in Pb-Pb UPC  at   
𝑠%% = 5.02 TeV

ALICE, JHEP06 (2020) 35

J/ψ in Pb+Pb UPC at 𝑠$$ = 2.76 
TeV
CMS, Phys. Lett. B 772 (2017) 489
… and many more



Photo-Nuclear processes in UPC
STAR has studied 𝛾ℙ → 𝜌1 → 𝜋2𝜋3 (and direct 𝜋2𝜋3 producYon) in the past
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DiffracIve structure in 
𝑝#" ≈ −𝑡 distribuIon

Cross secIon vs. 𝑝#" ≈ −𝑡 sensiIve 
to the gluon density within nucleus

STAR Collaboration et al. Phys. Rev. Lett. 89, 272302 (2002).
STAR Collaboration et al. Phys. Rev. Lett. 102, 112301 (2009).
STAR Collaboration et al. Phys. Rev. C 96, 054904 (2017).

Other measurements in UPC at RHIC 
& LHC include:

PhotoproducIon of J/psi in Au+Au
UPC at 𝑠$$ = 200 GeV
PHENIX Phys.Lee.B679:321-329,2009

𝜌$ vector mesons in Pb-Pb UPC  at   
𝑠%% = 5.02 TeV

ALICE, JHEP06 (2020) 35

J/ψ in Pb+Pb UPC at 𝑠$$ = 2.76 
TeV
CMS, Phys. Le:. B 772 (2017) 489
… and many more

What more can we learn, with transverse linearly polarized photons?



Photo-production with Polarized Photons
• Nuclei “take-turns” emitting photon vs. Pomeron
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• Polarization vector : 
aligned radially with the 
“emitting” source
• Well defined in terms of 

the semi-classical 𝐸 and 
𝐵 fields

• Final state 𝜋2𝜋3 pair are 
produced through 
interference of both 
amplitudes

with an entangled nonlocal wave function, and is thus an example of the Einstein-Podolsky-Rosen

paradox. We observe this suppression in 200 GeV per nucleon-pair gold-gold collisions. The interference

is 87%! 5%ðstat:Þ ! 8%ðsyst:Þ of the expected level. This translates into a limit on decoherence due to

wave function collapse or other factors of 23% at the 90% confidence level.

DOI: 10.1103/PhysRevLett.102.112301 PACS numbers: 25.75.Cj, 03.75.$b, 13.60.Le, 25.20.Lj

Relativistic heavy ions carry strong electromagnetic
fields which can be treated as sources of quasireal virtual
photons. When two ions collide, a large variety of two-
photon and photonuclear interactions can occur [1]. In
coherent vector meson photoproduction, a photon from
the field of one nucleus fluctuates into a virtual quark-
antiquark pair which scatters elastically from the other
nucleus, emerging as a real vector meson. !0 photopro-
duction has a large cross section, 8%–10% of the hadronic
cross section for gold-gold collisions at a center-of-mass
energy of 200 GeV per nucleon pair [2–4]. Photo-
production can occur at large impact parameters, b. For
!0 photoproduction the median b is about 46 fm [5].

The ðq !qÞN scattering that produces !0 occurs via the
short-ranged strong force; the !0 is produced within one of
the two ions. The !0 source consists of two well-separated
nuclei. There are two possibilities: either nucleus 1 emits a
photon which scatters off nucleus 2 or vice versa. These
two possibilities are indistinguishable, and are related by a
parity transformation. Vector mesons have negative parity,
so the two amplitudes combine with opposite signs. The
nuclear separation can be accounted for with a transverse
momentum (pT) dependent phase factor. The cross section
is [6]

"ðpT; b; yÞ ¼ jAðpT; b; yÞ $ AðpT; b;$yÞ expði ~pT & ~bÞj2;
(1)

where AðpT; b; yÞ and AðpT; b;$yÞ are the amplitudes at
rapidity y for !0 production from the two photon direc-
tions. We take @ ¼ c ¼ 1 here. At midrapidity the ampli-
tudes for the two directions are equal, and

"ðpT; b; 0Þ ¼ 2jAðpT; b; 0Þj2½1$ cosð ~pT & ~bÞ(: (2)

The system acts as a 2-slit interferometer, with slit sepa-

ration b ¼ j ~bj. The cross sections at different ~b are added,
and the pT spectrum is obtained by integrating Eq. (1) over
~b. !0 production is suppressed for pT & 1=hbi, where hbi
is the mean impact parameter.

The !0 rapidity y and massmV and the photon energy ki
are related by k1;2 ¼ ðmV=2Þ expð!yÞ where the subscript
refers to the two directions. Away from y ¼ 0, k1 ! k2, so
AðpT; b; yÞ ! AðpT; b;$yÞ, and the interference in Eq. (1)
is less than maximal.

There are two theoretical calculations of this interfer-
ence. Klein and Nystrand [6] calculated the interference
using a detailed nuclear form factor, averaging the photon
flux over the nucleus. Hencken, Baur, and Trautmann used

a more detailed model of the photon profile and a Gaussian
form factor for the nucleus [7]. This work only considered
production at midrapidity (y ¼ 0), and so cannot be di-
rectly compared with the data presented here. At y ¼ 0, the
two calculations agree quite well.
If the !0 production phase depends on the photon en-

ergy, this would introduce a y-dependent phase shift into
Eq. (1). This is not expected in the soft-pomeron model [8],
and we assume that this phase difference is negligible.
The produced !0’s decay almost immediately at two

well-separated points, so any interference must develop
after the decay, and involve the #þ#$ final state. Since
the pions go in different directions, this requires an en-
tangled #þ#$ wave function which cannot be factorized
into separate #þ and #$ wave functions; this is an ex-
ample of the Einstein-Podolsky-Rosen paradox [9,10]. A
measurement of the two-source interference is sensitive to
any loss of quantum mechanical coherence, be it due to
interactions with the environment [11] or as a characteristic
of the !0 decay.
Interference is also expected when the !0 photoproduc-

tion is accompanied by mutual Coulomb excitation of the
two nuclei. This reaction proceeds primarily via three
independent single-photon subreactions (one to excite
each nucleus, and one to produce the !0) [5]. At a given
b, the cross section for the subreactions factorizes; the
probability for an n-photon reaction is PnðbÞ ¼Qn

i¼1 PiðbÞ [12], where PiðbÞ is the probability for sub-
reaction i. Therefore, these multiphoton reactions have
much smaller hbi, and the effect of interference extends
to higher pT [5]. Because of the different hbi, multiphoton
interactions are important for studying this interference.
The Klein-Nystrand model uses measured photonuclear
cross sections for the mutual Coulomb excitation [13],
while Hencken, Baur, and Trautmann used the giant dipole
resonance, plus a correction. For eþe$ production accom-
panied by nuclear breakup, using the measured mutual
breakup cross sections rather than the Hencken, Baur,
and Trautmann approach leads to a 20% larger cross
section [14]; a similar difference may apply for !0

photoproduction.
In this Letter we measure two-source interference in

200 GeV per nucleon-pair gold-gold collisions by studying
the transverse momentum (pT) spectrum of photoproduced
!0’s. These data were taken with the STAR detector. The
major detector component used here is a central time
projection chamber (TPC) [15] in a 0.5 T solenoidal mag-
net. The TPC tracked charged particles with pseudorapid-

PRL 102, 112301 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

20 MARCH 2009

112301-3

Klein, S. R. & Nystrand, J. Phys. Rev. Le.. 84, 2330–2333 (2000).



Quantum Interference Effects with Polarized Photons
If the photons are linearly polarized  in the transverse plane: 
→ Expect a cos 2Δ𝜙 modulation in the final state[1]
→ Modulation due to quantum interference of amplitudes
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[1] Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020).

Theoretical calculations indicate that the 
quantum interference effect is sensitive to:

→ Nuclear Geometry (gluon distribution)

→ Impact Parameter (detailed spatial 
distribution)

Access through measurement of Δ𝜙
distribution, like the 𝛾𝛾 → 𝑒#𝑒$ case



• ExplanaYon of destrucYve interference aZributed to 
odd parity under 𝐴8⇔ 𝐴0 exchange

• However, strictly speaking real photons do not have 
well defined parity
→ Photon intrinsic parity is defined by the radia-on field

• Produc'on at zero 𝑃% must have an'-parallel polariza'on
• Provides a deeper/intui've understanding of destruc've interference

Photon Polariza,on → Destruc,ve Interference
• Observation of DESTRUCTIVE interference in vector meson production

May 25, 2021 Daniel Brandenburg 14uses a Woods-Saxon distribution for the gold density. The
Hencken-Baur-Trautmann calculation uses a Gaussian dis-
tribution for the nuclear density, but is also fairly well fit by
an exponential. The interference in different y ranges is
determined using a Monte Carlo simulation which follows
the Klein-Nystrand calculations.

Figure 3 shows the efficiency corrected MB and topol-
ogy data. All four panels show a dip as t? ! 0. As ex-
pected, this dip is broader for the MB data because hbi is
smaller. The suppression at t? ¼ 0 is larger for the small-
rapidity samples because the amplitudes for the two photon

directions are more similar. The efficiency is almost inde-
pendent of pT , so Fig. 2 is not very different from the
efficiency corrected t? spectra in Fig. 3. The main effect of
the detector response is pT smearing due to the finite
momentum resolution.
The dN=dt spectrum is fit by the 3-parameter form

dN

dt
¼ A expð#ktÞ½1þ cðRðtÞ # 1Þ'; (3)

where

Rðt?Þ ¼
Intðt?Þ

NoIntðt?Þ
(4)

is the ratio of the simulated t? spectra with and without
interference. For t? ( 0:01 GeV2, Rðt?Þ ! 1, but for
t? ) 0:01 GeV2, Rðt?Þ ! 1. A is the overall (arbitrary)
normalization, and c gives the degree of spectral modifi-
cation; c ¼ 0 corresponds to no interference, while c ¼ 1
is the predicted Klein-Nystrand interference. Table I gives
the fit results.
Rðt?Þ was determined using a simulation that includes

the detector response, and then fit to two analytic func-
tions: Rðt?Þ ¼ !n

i¼0ai=ðt? þ 0:012 GeV2Þi and Rðt?Þ ¼
!n

i¼0ait
i
?. Our results use the first polynomial with n ¼

5; the second polynomial and different values of n were
used to estimate the fitting uncertainties.
The weighted average of the four c values is c ¼ 0:84*

0:05. The k values for the MB and topology data sets differ
by 15%. This may be due to the different b distributions.
The photon flux scales as 1=b2, so the photon flux on the
‘‘near’’ side of the nucleus is larger than on the ‘‘far’’ side.
As b decreases, !0 production is increasingly concentrated
on the near side, and the apparent production volume
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FIG. 3. Efficiency corrected t? spectrum for !0 from (top) minium bias and (bottom) topology data, for midrapidity (left) and larger
rapidity (right) samples. The points are the data, while the solid lines are the results of fits to Eq. (3).
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FIG. 2. Raw (uncorrected) !0 t? spectrum in the range 0:0<
jyj< 0:5 for the MB data. The points are data, with statistical
errors. The dashed (filled) histogram is a simulation with an
interference term (‘‘Int’’), while the solid histogram is a simu-
lation without interference (‘‘NoInt’’). The handful of events
histogrammed at the bottom of the plot are the wrong-sign
("þ"þ þ "#"#) events, used to estimate the combinatorial
background.

PRL 102, 112301 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

20 MARCH 2009

112301-5

STAR, Phys. Rev. Le5. 102, 112301 (2009).

Yang, C. N. Phys. Rev. 77, 242–245 (1950).

No interference
With Interference

Klein, S. R. & Nystrand, J. Phys. Rev. C 60, 014903 (1999).
Klein, S. R. & Nystrand, J. Phys. Rev. Lett. 84, 2330–2333 (2000).



• Explanation of destructive interference attributed to 
odd parity under 𝐴8⇔ 𝐴0 exchange

• However, strictly speaking real photons do not have 
well defined parity
→ Photon intrinsic parity is defined by the radiation field

• Production at zero 𝑃% must have anti-parallel photon polarization
• Provides an intuitive understanding of destructive interference

Photon Polarization → Destructive Interference
• Observa+on of DESTRUCTIVE interference in vector meson produc+on

May 25, 2021 Daniel Brandenburg 15uses a Woods-Saxon distribution for the gold density. The
Hencken-Baur-Trautmann calculation uses a Gaussian dis-
tribution for the nuclear density, but is also fairly well fit by
an exponential. The interference in different y ranges is
determined using a Monte Carlo simulation which follows
the Klein-Nystrand calculations.

Figure 3 shows the efficiency corrected MB and topol-
ogy data. All four panels show a dip as t? ! 0. As ex-
pected, this dip is broader for the MB data because hbi is
smaller. The suppression at t? ¼ 0 is larger for the small-
rapidity samples because the amplitudes for the two photon

directions are more similar. The efficiency is almost inde-
pendent of pT , so Fig. 2 is not very different from the
efficiency corrected t? spectra in Fig. 3. The main effect of
the detector response is pT smearing due to the finite
momentum resolution.
The dN=dt spectrum is fit by the 3-parameter form

dN

dt
¼ A expð#ktÞ½1þ cðRðtÞ # 1Þ'; (3)

where

Rðt?Þ ¼
Intðt?Þ

NoIntðt?Þ
(4)

is the ratio of the simulated t? spectra with and without
interference. For t? ( 0:01 GeV2, Rðt?Þ ! 1, but for
t? ) 0:01 GeV2, Rðt?Þ ! 1. A is the overall (arbitrary)
normalization, and c gives the degree of spectral modifi-
cation; c ¼ 0 corresponds to no interference, while c ¼ 1
is the predicted Klein-Nystrand interference. Table I gives
the fit results.
Rðt?Þ was determined using a simulation that includes

the detector response, and then fit to two analytic func-
tions: Rðt?Þ ¼ !n

i¼0ai=ðt? þ 0:012 GeV2Þi and Rðt?Þ ¼
!n

i¼0ait
i
?. Our results use the first polynomial with n ¼

5; the second polynomial and different values of n were
used to estimate the fitting uncertainties.
The weighted average of the four c values is c ¼ 0:84*

0:05. The k values for the MB and topology data sets differ
by 15%. This may be due to the different b distributions.
The photon flux scales as 1=b2, so the photon flux on the
‘‘near’’ side of the nucleus is larger than on the ‘‘far’’ side.
As b decreases, !0 production is increasingly concentrated
on the near side, and the apparent production volume
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FIG. 3. Efficiency corrected t? spectrum for !0 from (top) minium bias and (bottom) topology data, for midrapidity (left) and larger
rapidity (right) samples. The points are the data, while the solid lines are the results of fits to Eq. (3).
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FIG. 2. Raw (uncorrected) !0 t? spectrum in the range 0:0<
jyj< 0:5 for the MB data. The points are data, with statistical
errors. The dashed (filled) histogram is a simulation with an
interference term (‘‘Int’’), while the solid histogram is a simu-
lation without interference (‘‘NoInt’’). The handful of events
histogrammed at the bottom of the plot are the wrong-sign
("þ"þ þ "#"#) events, used to estimate the combinatorial
background.
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 = 193 GeVNNsU+U 

Signal Region
2 < 0.90 GeV/cpp0.65 < M

 Pairs :-p+pSTAR Preliminary • Clear 𝜌1 peak in both 
Au+Au and U+U UPC 
events.

• First measurement of 
diffractive coherent 
photonuclear production 
in U+U collisions.

• For the Δ𝜙 measurement, 
we select region around 
𝜌1 mass with roughly 
uniform acceptance
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 = 193 GeVNNsU+U 

Signal Region
2 < 0.90 GeV/cpp0.65 < M

 Pairs :-p+pSTAR Preliminary Not only 𝜌1, interference 
from other states:
• Drell-Söding (Direct 𝜋2𝜋3)
• 𝜔 interference

For the analysis in this talk we 
do not attempt to separate 
them

Additional statistical power 
may allow future mass-
differential studies 
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Figure 4: The ⇡+⇡� invariant mass distribution for all selected ⇡⇡ candidates with pT < 100 MeV/c. The
black markers show the data (in 2.5 MeV/c2 bins). The magenta curve is the modified Söding fit to the data in
the range 0.6 < M⇡⇡ < 1.3 GeV/c2. Also shown are the ⇢0 Breit-Wigner component of the fit (brown curve),
constant non-resonant pion pair component (brown-dashed curve), interference between non-resonant pion
pairs and the ⇢0 (blue-dashed curve), Breit-Wigner distribution for the ! mesons (blue solid curve), interfer-
ence between ⇢0 and ! (red-dashed curve), and a small contribution from the remnant background, fit by a
linear polynomial (cyan-dashed curve).

parameters: two masses, two widths, three amplitudes, the phase of the ! meson, and
two parameters for the background.

Figure 4, shows the data, the full fit function, and most of the components, while
Tab. 2 shows the fit results. The ⇢0 and ! masses and the ⇢0 width are in good agree-
ment with their Particle Data Group values [32]. The ! is considerably wider than the
standard value, because it is broadened by the detector resolution, which is compara-
ble to the ! width. The fit �2/DOF = 255/270 shows that the data and model are
consistent in the fit region.

The ratio of direct ⇡+⇡� to ⇢0 amplitudes, |B/A| = 0.79 ± 0.01 (stat.) ± 0.08 (syst.)
(GeV/c2)�1/2, agrees within the 1� uncertainty with the value reported in the previ-
ous STAR publication [7]: 0.89 ± 0.08 (stat.) ± 0.09 (syst.) (GeV/c2)�1/2. At 2.76
TeV/nucleon-pair, the ALICE collaboration measured a smaller ratio, |B/A| = 0.50 ±
0.04 (stat.)+0.10

�0.04 (syst.) (GeV/c2)�1/2 [8].
The measured ratio of! to ⇢0 amplitude was C/A = 0.36±0.03 (stat.)±0.04 (syst.).

The ! amplitude is small, but is clearly visible through its interference with the ⇢0

which produces a small kink in the spectrum near 800 MeV/c2. The ! amplitude
agrees with a prediction from STARlight [24], C/A = 0.32, which uses the �p ! !p
cross section and a classical Glauber calculation.

11



Δ𝜙 in Au+Au and U+U Collisions 

May 25, 2021 Daniel Brandenburg 18

3- 2- 1- 0 1 2 3
] )  - p - +p], [- p + +p( [fD

0.2

0.4

0.6

0.8

1

1.2

1.4

 n
or

m
. c

ou
nt

s

2 < 0.90 GeV/cpp0.65 < M
 < 0.06 GeV/cppp

STAR Preliminary

) fD) = 1 + a cos(2fDf(
 0.004 (syst.)± 0.004 (stat.) ±Au+Au: a = 0.292 

 0.004 (syst.)± 0.006 (stat.)±U+U  : a = 0.237 

=200 GeVNNsAu+Au =193 GeVNNsU+U 

Fit of Au+Au Fit of U+U

s 1±Au+Au Fit s 1±U+U Fit 

Syst. Uncert.

Ultra-peripheral events from: 
• Au+Au at 𝑠!! = 200
• U+U at 𝑠!! = 193
• At low 𝑝" where the modulation is 

strongest (𝑝" < 60 𝑀𝑒𝑉/𝑐)

Quantify the difference in strength for 
Au+Au vs. U+U via a fit:

𝑓 Δ𝜙 = 1 + 𝑎 cos 2Δ𝜙

Au+Au : 
𝑎 = 0.292 ± 0.004 (stat) ±0.004 (syst.)
U+U :
𝑎 = 0.237 ± 0.006 (stat) ±0.004 (syst.)

Difference of 𝟒. 𝟑𝝈 (stat. & syst.):
• Interference effect is sensitive to the 

nuclear geometry / gluon distribution 
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STAR Preliminary

) fD) = 1 + a cos(2fDf(
 0.004 (syst.)± 0.004 (stat.) ±Au+Au: a = 0.292 

 0.004 (syst.)± 0.006 (stat.)±U+U  : a = 0.237 

=200 GeVNNsAu+Au =193 GeVNNsU+U 

Fit of Au+Au Fit of U+U

s 1±Au+Au Fit s 1±U+U Fit 

Syst. Uncert.

Ultra-peripheral events from: 
• Au+Au at 𝑠!! = 200
• U+U at 𝑠!! = 193
• At low 𝑝" where the modulaIon is 

strongest (𝑝" < 60 𝑀𝑒𝑉/𝑐)

Quan-fy the difference in strength for 
Au+Au vs. U+U via a fit:

𝑓 Δ𝜙 = 1 + 𝑎 cos 2Δ𝜙

Au+Au : 
𝑎 = 0.292 ± 0.004 (stat) ±0.004 (syst.)
U+U :
𝑎 = 0.237 ± 0.006 (stat) ±0.004 (syst.)

Difference of 𝟒. 𝟑𝝈 (stat. & syst.):
• Interference effect is sensi-ve to the 

nuclear geometry / gluon distribu-on 
Investigate the interference effect in 

more detail through 𝒑𝑻 structure



cos 2Δ𝜙 𝑣𝑠. 𝑝! in U+U at 𝑠"" = 193 GeV
• Strong cos 2Δ𝜙 modulation 

observed at pC < ~60 MeV/𝑐
• Broad second “peak” above 80 

MeV/c

• Includes both coherent and 
incoherent sources
• Fully corrected for STAR 

acceptance 
• Systematic uncertainty shown 

in colored band
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cos 2Δ𝜙 𝑣𝑠. 𝑝! in U+U and Au+Au
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2 < 0.90 GeV/cpp0.65 < MSTAR Preliminary • Strong cos 2Δ𝜙 modulation 
observed at pC < ~60 MeV/𝑐
• In U+U: Broad second “peak” 

above 80 MeV/c
• In Au+Au: more definite 

second peak around            
80 < 𝑝C < 160 MeV/c

• Includes both coherent and 
incoherent sources
• Fully corrected for STAR 

acceptance 
• Systematic uncertainty shown 

in colored band



Quan,ta,ve Comparison : Au+Au and U+U
• Fit U+U curve with scaled 

Au+Au curve (𝛿𝑝L → 𝑝L)

• Robust best fit for 𝛿 =
1.194 ± 0.021 (stat. and 
syst. uncert) → 9𝜎
significant difference

• Consistent with ra+o of long 
axes (U/Au) of 1.22 ± 0.02
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[1] Q. Y. Shou, Y. G. Ma, et al., Physics Letters B 749, 215 (2015).



Effect of Incoherent Production?

May 25, 2021 Daniel Brandenburg 23

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
 (GeV/c) ppp

0.1-

0

0.1

0.2

0.3

0.4

0.5

ñ
 ) f D

 c
os

( 2
á ´

 2
 

=200 GeVNNsAu+Au 
Au+Au (syst. uncert.)

 = 193 GeVNNsU+U 
U+U (syst. uncert.)

2 < 0.90 GeV/cpp0.65 < MSTAR Preliminary • Both Au+Au and U+U show no 
modulation at high 𝑝& where 
incoherent production dominates

• Experimentally we observe that the 
incoherent production does not 
contribute to Δ𝜙 modulation

• Provides new information for 
improved separation of coherent / 
incoherent from the theoretical side



Understanding the Effect : Theory 
• Currently there are two theory calcula+ons[1,2]
• Both describe effect as a two-source interference pa`ern resul+ng from 

quantum spin-momentum correla+ons
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• Look at both theory 
calcula+ons in detail

• Compare predic+ons to 
the STAR measurements

[1] Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020). 
[2] Zha, W., JDB, Ruan, L. & Tang, Z. Phys. Rev. D 103, 
033007 (2021). 
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Theory, skin depth: 0.235 fm

Theory, skin depth: 0.535 fm

Theory, skin depth: 0.835 fm

Calculation from

Theore,cal Predic,ons for 𝛾ℙ → 𝜌# → 𝜋$𝜋%
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Structure in cos 𝟐𝚫𝝓 signal is sensitive to:
→ Nuclear Geometry / gluon distribution

(Skin depth = Woods-Saxon diffusivity a)
→ Impact parameter

UPC (blue) vs. 70-90% central (red)

[1] Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020). (Theory A)

All with radius = 6.9 fm



Comparison to STAR Measurements
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Figure 3. (color online) The unpolarized cross section for coherent ρ0 photo-production in XnXn
events at RHIC energy. The red dots are experimental data points taken from [25]. The blue line
shows our numerical result for this unpolarized cross section.

Figure 4. (color online) The cos 2φ azimuthal asymmetries in ρ0 production(Xn-Xn events) in
heavy ion collisions at RHIC and LHC energies. The computed cos 2φ in UPC at RHIC energy(left
panel, solid line) can qualitatively describe the preliminary measurement by the STAR collabo-
ration [29]. The asymmetry in peripheral collisions with centrality region from 70%-90% is also
presented with the dashed lines.

Notice that the incoherent component has been subtracted out in STAR measurement.

Therefore, we exclude the first term in eq. (2.14) and integrate over the azimuthal angle

φ, namely only the first term in eq. (2.15) needs to be considered. As shown in figure 3,

our theoretical result represented by blue curve describes the experimental data perfectly

in identifying the minima and peaks, as well as the overall shapes.

The numerical results for the azimuthal asymmetries for ρ0 at RHIC and LHC energies

are presented in figure 4, where the azimuthal asymmetry, i.e., the average value of cos 2φ

is defined as,

〈cos(2φ)〉 =
∫

dσ
dPS cos 2φ dPS
∫

dσ
dPS dPS

. (3.12)

We use exactly the same setups as that in the unpolarized case but including both the

coherent and incoherent components. Since we are considering the average value of cos 2φ,

only the second term in eq. (2.15) contributes. We can see clearly the diffractive pattern

– 11 –

• Simultaneous fit STAR Coherent spectra 
(incoherent subtracted using dipole FF)

• Good descripIon of total coherent cross secIon 
𝑅# = 6.9 fm and 𝑎 = 0.64 fm

• Gluon distribuIon given the Golec-Biernat and 
Wu s̈thoff (GBW) model 
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2 < 0.90 GeV/cpp0.65 < M

=200 GeVNNsAu+Au at 
Theory A : R=6.9, a=0.235 fm
Theory A : R=6.9, a=0.535 fm
Theory A : R=6.9, a=0.735 fm

• Good qualitative description of data including structure 
• Overpredicts strength of main peak
• Higher 𝑝" region shows strong sensitivity to gluon distribution

[1] Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020).



Exploring the double-slit interference with linearly polarized photons 

Calculation from Zha, W., Brandenburg, J. D., Ruan, L. & Tang, Z. Phys. Rev. D 103, 033007 (2021). (Theory B)

• For 𝜌1 → 𝜋2𝜋3 (spin 0 daughters)

• For 𝜌1 → 𝑒2𝑒3 (spin 1/2 daughters)
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In summary, the double-slit interference pattern is
explored in polarization space with the linearly polarized
photons in heavy-ion collisions. We demonstrate how the
interference between the two colliding nuclei affects the
asymmetries of the decay angular distributions for vector
meson photoproduction from linearly polarized photons.
Using the vector meson dominance with the Glauber
approach, the second-order modulation in azimuth for
vector meson decay from photoproduction in ultraperiph-
eral Auþ Au collision at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is estimated
and reveals a periodic oscillation with transverse mo-
mentum. The results for ρ0 → πþ þ π− can reasonably
describe the decay asymmetries observed by the STAR
Collaboration, while the predictions for ρ0 → eþ þ e− call
for further experimental verification. Furthermore, in prin-
ciple, the modulation strength should also reveal itself for
photoproduction in multislit interference setups (future
electron-ion collider experiments), which may serve as a
novel tool to probe the gluon distribution in nuclei.
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APPENDIX: GENERAL DECAY ANGULAR
DISTRIBUTION OF VECTOR MESON

TWO-BODY DECAY

For single production, the vector meson is formed as a
superposition of the three J ¼ 1 eigenstates, Jz¼þ1;−1, 0
with respect to the polarization axis z:

jVi ¼ aþ1jþ 1iþ a−1j − 1iþ a0j0i: ðA1Þ

The calculation is performed in the vector meson rest
frame, where the common direction of the two decay
products defines the reference axis z0, oriented conven-
tionally along the direction of the positive product. For the
decay of a vector meson to two spinless products (e.g.,
ρ0 → πþ þ π−), the decay system has angular momentum
projection 0 along z0; while for the decay to a dilepton
system (e.g., ρ0 → eþ þ e−), due to helicity conservation
for fermions in QED, it has angular momentum projection
%1 along z0. The decay system can be represented as an
eigenstate of Jz0 , jdþd−; 1; l0i with l0 ¼ þ1, −1, or 0. The
eigenstate along z0 can be expressed by a superposition of
eigenstates of Jz, jdþd−; 1; li with l ¼ 0;%1 through the
rotation transformation:

jdþd−; 1; l0i ¼
X

l¼0;%1

D1
ll0ðϕ; θ;−ϕÞjdþd−; 1; li: ðA2Þ

The complex rotation matrix elements D1
ll0 are defined as

D1
ll0ðϕ; θ;−ϕÞ ¼ e−iðl−l

0Þϕd1ll0ðθÞ: ðA3Þ

The amplitude of the partial process Vðj1; miÞ → dþ þ
d−ðj1; l0iÞ can then be written as

Bml0 ¼
X

l¼0;%1

D1&
ll0 ðϕ; θ;−ϕÞhdþd−; 1; ljMjV; 1; mi

¼ BD1&
ml0ðϕ; θ;−ϕÞ: ðA4Þ

Here we imposed hdþd−; 1; ljMjV; 1; mi ¼ Bδml according
to the angular momentum conservation and rotational
invariance (B is independent of m). The total amplitude
of V → dþ þ d−ðj1; l0iÞ with the superposition of eigen-
state written by Eq. (A1) is

Bl0 ¼
X

m¼0;%1

amBD1&
ml0ðϕ; θ;−ϕÞ: ðA5Þ

The probability of the transition is obtained by squaring
Eq. (A5) and summing over the spin alignments of the
decay system. For photoproduction, the vector meson
inherits the photon polarization state. which is fully linearly
polarized. It reads

jVi ¼ −
1ffiffiffi
2

p e−iΦjþ 1iþ 1ffiffiffi
2

p eiΦj − 1i; ðA6Þ

where Φ is the angle between the linear polarization vector
and the production plane of vector meson. This gives
a0 ¼ 0, aþ1 ¼ − 1ffiffi

2
p e−iΦ, and a−1 ¼ 1ffiffi

2
p eiΦ. For the decay
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FIG. 4. The modulation strength 2hcosð2ϕÞi of ρ0 → πþ þ π−

and ρ0 → eþ þ e− as a function of transverse momentum in
ultraperipheral Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV for
mutual dissociation mode XnXn.
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polarization space for the vector meson photoproduction in
heavy-ion collisions and demonstrate that the signature is a
periodic oscillation in asymmetries of the decay angular
distributions with transverse momentum.
Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
been investigated by various experimental measurements
[20–25]. Following Ref. [27] and the derivation in the
Appendix, the decay angular distribution of vector meson
to two spinless products (e.g., ρ0 → πþ þ π−) is
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As revealed in Eqs. (1) and (2), the linearly polarized states
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for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution

of the vector meson from coherent photoproduction can be
obtained by performing a Fourier transformation of the
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heavy-ion collisions and demonstrate that the signature is a
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Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
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system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
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meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
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illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
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direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
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polarization space for the vector meson photoproduction in
heavy-ion collisions and demonstrate that the signature is a
periodic oscillation in asymmetries of the decay angular
distributions with transverse momentum.
Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
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As revealed in Eqs. (1) and (2), the linearly polarized states
result in the second-order modulations in azimuth, and the
strength of the second-order modulation is given by
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for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution

of the vector meson from coherent photoproduction can be
obtained by performing a Fourier transformation of the
coordinate space amplitude:
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polarization space for the vector meson photoproduction in
heavy-ion collisions and demonstrate that the signature is a
periodic oscillation in asymmetries of the decay angular
distributions with transverse momentum.
Hereinafter, we take the process of γ þ A → V þ A →

dþ þ d− þ A in heavy-ion collisions to illustrate the
interference effect on the asymmetries of the decay. The
decay distribution depends on the choice of the coordinate
system, with respect to which the momentum of one of the
two decay products is expressed in spherical coordinates.
Herein, the right-handed coordinate system for vector
meson decay is built up as follows: The z axis is chosen
to the direction of flight of the vector meson in the photon-
nucleon center of mass frame; the y axis is normal to the
photoproduction plane; and the x axis is given by y × z. As
illustrated in Fig. 1, the decay angles θ and ϕ are the polar
and azimuthal angles, respectively, of the unit vector π̃,
which denotes the direction of flight of one of the decay
particles in the vector meson rest frame. In experiment, the
direction of the z axis is approximated by that of incoming
beams (shown as the z0 axis in Fig. 1). It has been verified
by Monte Carlo calculations that this is a good approxi-
mation. Here, we adopt the approximation in our calcu-
lation for direct comparisons with experimental results.
The angle Φ shown in Fig. 1 denotes the angle between
the photon polarization plane and vector meson produc-
tion plane.
Under the helicity no-flip assumption, the vector meson

inherits the photon polarization state, which is fully linearly
polarized. The helicity conservation assumption has
been investigated by various experimental measurements
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As revealed in Eqs. (1) and (2), the linearly polarized states
result in the second-order modulations in azimuth, and the
strength of the second-order modulation is given by
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and
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for the ρ0 → πþ þ π− and ρ0 → eþ þ e− cases, respec-
tively. The modulation strength is determined by the
direction of the linear polarization, and the orientation of
the photon polarization is determined by the direction of the
electric field vector. As demonstrated in Fig. 2, the electric
field vector is parallel to the impact parameter at leading
order. That is to say that the modulations of the decay
distribution for vector meson are determined by the
anisotropy in its two-dimensional transverse momentum
distribution with respect to the impact parameter at leading
order. The variation of polarization direction due to the
finite size of nuclei should be small in ultraperipheral
collisions, which could be investigated in future work.
The two-dimensional transverse momentum distribution
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Where the angle Φ denotes the angle between the photon 
polarizaIon plane and vector meson producIon plane. 

𝜌$ → 𝑒%𝑒& : Relevant for ⁄𝐽 𝜓 → 𝑒%𝑒& case
STAR 𝐽/𝜓 measurement in 2023-2025 : ±4% @ 50 MeV/c
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• QualitaIve descripIon of the data
• Large first peak
• Approximate locaIon of second peak

• Magnitude of 1st peak shows very good 
agreement

• First peak in the calculaIon is shired to slightly 
lower 𝑃" compared to data

• Second peak (𝑃" > 80 MeV/c) shows strong 
dependence on details of nuclear geometry 
(gluon density)

• Looking forward to predicIons for U+U data



Interjection: Relation to past measurements
• Detailed measurements of the spin-density matrix elements have been 

carried out in the past, e.g. at HERA[1] and by STAR[2]
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Figure 3: Definition of the angles characterising diffractive VM production and decay in the
helicity system.

4.1 Analysis samples

Four event samples, which correspond approximately to the four processes studied in this paper,
are selected following the conditions summarised in Tables 2 and 3. These conditions are chosen
to minimize background contributions.

Vector meson mass range
ρ sample 0.6 ≤ mππ ≤ 1.1 GeV
φ sample 1.00 ≤ mKK ≤ 1.04 GeV

Table 2: Sample definition for the two VM selection.

The VM identification relies on the invariant mass of the two particles with trajectories
reconstructed in the central tracker; no decay particle identification is performed. For the ρ
sample, the mass mππ calculated under the pion mass hypothesis is required to lie in the range
0.6 ≤ mππ ≤ 1.1 GeV. For the φ sample, the range 1.00 ≤ mKK ≤ 1.04 GeV is selected, the
invariant mass mKK being calculated under the kaon hypothesis.

Diffractive process forward detector selection t range
notag sample no signal above noise |t| ≤ 0.5 GeV2

tag sample signal detected above noise |t| ≤ 3.0 GeV2

Table 3: Sample definition for the two diffractive processes.
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A few points to consider:
1. The Δ𝜙 angle is related to the 𝜑 angle in the 

spin-density formalism
2. At HERA the outgoing electron was tagged

• The photon momentum vector is known
• Provides event-by-event alignment of 

angular distributions
3. In 𝑒𝑝 the photon is high 𝑄' and predominately 

longitudinally polarized 𝜉()*+ ≈ 0.98

[1] H1 Collabora`on. J. High Energ. Phys. 2010, 32 (2010).
[2] STAR, Phys. Rev. C77, 034910 (2008). 
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A few points to consider:
1. The Δ𝜙 angle is related to the 𝜑 angle in the 

spin-density formalism
2. At HERA the outgoing electron was tagged

• The photon momentum vector is known
• Provides event-by-event alignment of 

angular distribuIons
3. In 𝑒𝑝 the photon is high 𝑄' and predominately 

longitudinally polarized 𝜉()*+ ≈ 0.98
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Figure 8: Distributions of the VM production and decay angles φ (a), cos θ (b) and ψ = φ−ϕ (c)
for the ρ notag sample; of the ζ variable for the ρ notag (d) and tag (e) samples; of the |t|
variable for the ρ (f) and φ (g) notag samples and for the tag samples (h)-(i). In panels (a)-(e),
the dashed histograms present the MC predictions for the distributions of the ρ′ background,
the dotted histograms show in addition the ω and φ backgrounds, and the full histograms the ρ
signal and the sum of all backgrounds; in panels (f)-(i), the dotted histograms show the sum of
the various VM backgrounds (ρ′, ω, φ or ρ+ ππ), the dash-dotted histograms show in addition
the diffractive background (proton dissociation in panels (f)-(g) and elastic production in panels
(h)-(i)), and the full histograms the signal and the sum of all backgrounds.
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A few points to consider:
1. The Δ𝜙 angle is related to the 𝜑 angle in the 

spin-density formalism
2. At HERA the outgoing electron was tagged

• The photon momentum vector is known
• Provides event-by-event alignment of 

angular distribuIons
3. In 𝑒𝑝 the photon is high 𝑄' and predominately 

longitudinally polarized 𝜉()*+ ≈ 0.98
4. There is only one contribuIng amplitude - no 

interference effect

[1] H1 Collabora`on. J. High Energ. Phys. 2010, 32 (2010).
[2] STAR, Phys. Rev. C77, 034910 (2008). 
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Figure 4: The ⇡+⇡� invariant mass distribution for all selected ⇡⇡ candidates with pT < 100 MeV/c. The
black markers show the data (in 2.5 MeV/c2 bins). The magenta curve is the modified Söding fit to the data in
the range 0.6 < M⇡⇡ < 1.3 GeV/c2. Also shown are the ⇢0 Breit-Wigner component of the fit (brown curve),
constant non-resonant pion pair component (brown-dashed curve), interference between non-resonant pion
pairs and the ⇢0 (blue-dashed curve), Breit-Wigner distribution for the ! mesons (blue solid curve), interfer-
ence between ⇢0 and ! (red-dashed curve), and a small contribution from the remnant background, fit by a
linear polynomial (cyan-dashed curve).

parameters: two masses, two widths, three amplitudes, the phase of the ! meson, and
two parameters for the background.

Figure 4, shows the data, the full fit function, and most of the components, while
Tab. 2 shows the fit results. The ⇢0 and ! masses and the ⇢0 width are in good agree-
ment with their Particle Data Group values [32]. The ! is considerably wider than the
standard value, because it is broadened by the detector resolution, which is compara-
ble to the ! width. The fit �2/DOF = 255/270 shows that the data and model are
consistent in the fit region.

The ratio of direct ⇡+⇡� to ⇢0 amplitudes, |B/A| = 0.79 ± 0.01 (stat.) ± 0.08 (syst.)
(GeV/c2)�1/2, agrees within the 1� uncertainty with the value reported in the previ-
ous STAR publication [7]: 0.89 ± 0.08 (stat.) ± 0.09 (syst.) (GeV/c2)�1/2. At 2.76
TeV/nucleon-pair, the ALICE collaboration measured a smaller ratio, |B/A| = 0.50 ±
0.04 (stat.)+0.10

�0.04 (syst.) (GeV/c2)�1/2 [8].
The measured ratio of! to ⇢0 amplitude was C/A = 0.36±0.03 (stat.)±0.04 (syst.).

The ! amplitude is small, but is clearly visible through its interference with the ⇢0

which produces a small kink in the spectrum near 800 MeV/c2. The ! amplitude
agrees with a prediction from STARlight [24], C/A = 0.32, which uses the �p ! !p
cross section and a classical Glauber calculation.
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Future Tests of Interference Effects
1. Differential Measurement Δ𝜙 distribution vs. 𝑀NN and rapidity
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• The 𝜋#𝜋$ spectra includes several 
interfering states.

• From theore-cal side, should this 
effect the observed interference 
paeern?

• Should there be any mass 
dependence?

• Interfering amplitudes should 
depend on rapidity

• Experimentally, need more
sta-s-cs + coverage

with an entangled nonlocal wave function, and is thus an example of the Einstein-Podolsky-Rosen

paradox. We observe this suppression in 200 GeV per nucleon-pair gold-gold collisions. The interference

is 87%! 5%ðstat:Þ ! 8%ðsyst:Þ of the expected level. This translates into a limit on decoherence due to

wave function collapse or other factors of 23% at the 90% confidence level.

DOI: 10.1103/PhysRevLett.102.112301 PACS numbers: 25.75.Cj, 03.75.$b, 13.60.Le, 25.20.Lj

Relativistic heavy ions carry strong electromagnetic
fields which can be treated as sources of quasireal virtual
photons. When two ions collide, a large variety of two-
photon and photonuclear interactions can occur [1]. In
coherent vector meson photoproduction, a photon from
the field of one nucleus fluctuates into a virtual quark-
antiquark pair which scatters elastically from the other
nucleus, emerging as a real vector meson. !0 photopro-
duction has a large cross section, 8%–10% of the hadronic
cross section for gold-gold collisions at a center-of-mass
energy of 200 GeV per nucleon pair [2–4]. Photo-
production can occur at large impact parameters, b. For
!0 photoproduction the median b is about 46 fm [5].

The ðq !qÞN scattering that produces !0 occurs via the
short-ranged strong force; the !0 is produced within one of
the two ions. The !0 source consists of two well-separated
nuclei. There are two possibilities: either nucleus 1 emits a
photon which scatters off nucleus 2 or vice versa. These
two possibilities are indistinguishable, and are related by a
parity transformation. Vector mesons have negative parity,
so the two amplitudes combine with opposite signs. The
nuclear separation can be accounted for with a transverse
momentum (pT) dependent phase factor. The cross section
is [6]

"ðpT; b; yÞ ¼ jAðpT; b; yÞ $ AðpT; b;$yÞ expði ~pT & ~bÞj2;
(1)

where AðpT; b; yÞ and AðpT; b;$yÞ are the amplitudes at
rapidity y for !0 production from the two photon direc-
tions. We take @ ¼ c ¼ 1 here. At midrapidity the ampli-
tudes for the two directions are equal, and

"ðpT; b; 0Þ ¼ 2jAðpT; b; 0Þj2½1$ cosð ~pT & ~bÞ(: (2)

The system acts as a 2-slit interferometer, with slit sepa-

ration b ¼ j ~bj. The cross sections at different ~b are added,
and the pT spectrum is obtained by integrating Eq. (1) over
~b. !0 production is suppressed for pT & 1=hbi, where hbi
is the mean impact parameter.

The !0 rapidity y and massmV and the photon energy ki
are related by k1;2 ¼ ðmV=2Þ expð!yÞ where the subscript
refers to the two directions. Away from y ¼ 0, k1 ! k2, so
AðpT; b; yÞ ! AðpT; b;$yÞ, and the interference in Eq. (1)
is less than maximal.

There are two theoretical calculations of this interfer-
ence. Klein and Nystrand [6] calculated the interference
using a detailed nuclear form factor, averaging the photon
flux over the nucleus. Hencken, Baur, and Trautmann used

a more detailed model of the photon profile and a Gaussian
form factor for the nucleus [7]. This work only considered
production at midrapidity (y ¼ 0), and so cannot be di-
rectly compared with the data presented here. At y ¼ 0, the
two calculations agree quite well.
If the !0 production phase depends on the photon en-

ergy, this would introduce a y-dependent phase shift into
Eq. (1). This is not expected in the soft-pomeron model [8],
and we assume that this phase difference is negligible.
The produced !0’s decay almost immediately at two

well-separated points, so any interference must develop
after the decay, and involve the #þ#$ final state. Since
the pions go in different directions, this requires an en-
tangled #þ#$ wave function which cannot be factorized
into separate #þ and #$ wave functions; this is an ex-
ample of the Einstein-Podolsky-Rosen paradox [9,10]. A
measurement of the two-source interference is sensitive to
any loss of quantum mechanical coherence, be it due to
interactions with the environment [11] or as a characteristic
of the !0 decay.
Interference is also expected when the !0 photoproduc-

tion is accompanied by mutual Coulomb excitation of the
two nuclei. This reaction proceeds primarily via three
independent single-photon subreactions (one to excite
each nucleus, and one to produce the !0) [5]. At a given
b, the cross section for the subreactions factorizes; the
probability for an n-photon reaction is PnðbÞ ¼Qn

i¼1 PiðbÞ [12], where PiðbÞ is the probability for sub-
reaction i. Therefore, these multiphoton reactions have
much smaller hbi, and the effect of interference extends
to higher pT [5]. Because of the different hbi, multiphoton
interactions are important for studying this interference.
The Klein-Nystrand model uses measured photonuclear
cross sections for the mutual Coulomb excitation [13],
while Hencken, Baur, and Trautmann used the giant dipole
resonance, plus a correction. For eþe$ production accom-
panied by nuclear breakup, using the measured mutual
breakup cross sections rather than the Hencken, Baur,
and Trautmann approach leads to a 20% larger cross
section [14]; a similar difference may apply for !0

photoproduction.
In this Letter we measure two-source interference in

200 GeV per nucleon-pair gold-gold collisions by studying
the transverse momentum (pT) spectrum of photoproduced
!0’s. These data were taken with the STAR detector. The
major detector component used here is a central time
projection chamber (TPC) [15] in a 0.5 T solenoidal mag-
net. The TPC tracked charged particles with pseudorapid-
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uses a Woods-Saxon distribution for the gold density. The
Hencken-Baur-Trautmann calculation uses a Gaussian dis-
tribution for the nuclear density, but is also fairly well fit by
an exponential. The interference in different y ranges is
determined using a Monte Carlo simulation which follows
the Klein-Nystrand calculations.

Figure 3 shows the efficiency corrected MB and topol-
ogy data. All four panels show a dip as t? ! 0. As ex-
pected, this dip is broader for the MB data because hbi is
smaller. The suppression at t? ¼ 0 is larger for the small-
rapidity samples because the amplitudes for the two photon

directions are more similar. The efficiency is almost inde-
pendent of pT , so Fig. 2 is not very different from the
efficiency corrected t? spectra in Fig. 3. The main effect of
the detector response is pT smearing due to the finite
momentum resolution.
The dN=dt spectrum is fit by the 3-parameter form

dN

dt
¼ A expð#ktÞ½1þ cðRðtÞ # 1Þ'; (3)

where

Rðt?Þ ¼
Intðt?Þ

NoIntðt?Þ
(4)

is the ratio of the simulated t? spectra with and without
interference. For t? ( 0:01 GeV2, Rðt?Þ ! 1, but for
t? ) 0:01 GeV2, Rðt?Þ ! 1. A is the overall (arbitrary)
normalization, and c gives the degree of spectral modifi-
cation; c ¼ 0 corresponds to no interference, while c ¼ 1
is the predicted Klein-Nystrand interference. Table I gives
the fit results.
Rðt?Þ was determined using a simulation that includes

the detector response, and then fit to two analytic func-
tions: Rðt?Þ ¼ !n

i¼0ai=ðt? þ 0:012 GeV2Þi and Rðt?Þ ¼
!n

i¼0ait
i
?. Our results use the first polynomial with n ¼

5; the second polynomial and different values of n were
used to estimate the fitting uncertainties.
The weighted average of the four c values is c ¼ 0:84*

0:05. The k values for the MB and topology data sets differ
by 15%. This may be due to the different b distributions.
The photon flux scales as 1=b2, so the photon flux on the
‘‘near’’ side of the nucleus is larger than on the ‘‘far’’ side.
As b decreases, !0 production is increasingly concentrated
on the near side, and the apparent production volume

]
−2

   
[(

G
eV

/c
)

dN
/d

t

50

100

150
MB
0 < |y| < 0.5

MB
0.5 < |y| < 1

]2   [(GeV/c)
0 0.002 0.004 0.006 0.008

]
−2

   
[(

G
eV

/c
)

dN
/d

t

0

500

1000

Topology
0.05 < |y| < 0.5

]2   [(GeV/c)
0.002 0.004 0.006 0.008 0.01

Topology
0.5 < |y| < 1

tt

FIG. 3. Efficiency corrected t? spectrum for !0 from (top) minium bias and (bottom) topology data, for midrapidity (left) and larger
rapidity (right) samples. The points are the data, while the solid lines are the results of fits to Eq. (3).
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FIG. 2. Raw (uncorrected) !0 t? spectrum in the range 0:0<
jyj< 0:5 for the MB data. The points are data, with statistical
errors. The dashed (filled) histogram is a simulation with an
interference term (‘‘Int’’), while the solid histogram is a simu-
lation without interference (‘‘NoInt’’). The handful of events
histogrammed at the bottom of the plot are the wrong-sign
("þ"þ þ "#"#) events, used to estimate the combinatorial
background.
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In summary, the double-slit interference pattern is
explored in polarization space with the linearly polarized
photons in heavy-ion collisions. We demonstrate how the
interference between the two colliding nuclei affects the
asymmetries of the decay angular distributions for vector
meson photoproduction from linearly polarized photons.
Using the vector meson dominance with the Glauber
approach, the second-order modulation in azimuth for
vector meson decay from photoproduction in ultraperiph-
eral Auþ Au collision at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV is estimated
and reveals a periodic oscillation with transverse mo-
mentum. The results for ρ0 → πþ þ π− can reasonably
describe the decay asymmetries observed by the STAR
Collaboration, while the predictions for ρ0 → eþ þ e− call
for further experimental verification. Furthermore, in prin-
ciple, the modulation strength should also reveal itself for
photoproduction in multislit interference setups (future
electron-ion collider experiments), which may serve as a
novel tool to probe the gluon distribution in nuclei.
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APPENDIX: GENERAL DECAY ANGULAR
DISTRIBUTION OF VECTOR MESON

TWO-BODY DECAY

For single production, the vector meson is formed as a
superposition of the three J ¼ 1 eigenstates, Jz¼þ1;−1, 0
with respect to the polarization axis z:

jVi ¼ aþ1jþ 1iþ a−1j − 1iþ a0j0i: ðA1Þ

The calculation is performed in the vector meson rest
frame, where the common direction of the two decay
products defines the reference axis z0, oriented conven-
tionally along the direction of the positive product. For the
decay of a vector meson to two spinless products (e.g.,
ρ0 → πþ þ π−), the decay system has angular momentum
projection 0 along z0; while for the decay to a dilepton
system (e.g., ρ0 → eþ þ e−), due to helicity conservation
for fermions in QED, it has angular momentum projection
%1 along z0. The decay system can be represented as an
eigenstate of Jz0 , jdþd−; 1; l0i with l0 ¼ þ1, −1, or 0. The
eigenstate along z0 can be expressed by a superposition of
eigenstates of Jz, jdþd−; 1; li with l ¼ 0;%1 through the
rotation transformation:

jdþd−; 1; l0i ¼
X

l¼0;%1

D1
ll0ðϕ; θ;−ϕÞjdþd−; 1; li: ðA2Þ

The complex rotation matrix elements D1
ll0 are defined as

D1
ll0ðϕ; θ;−ϕÞ ¼ e−iðl−l

0Þϕd1ll0ðθÞ: ðA3Þ

The amplitude of the partial process Vðj1; miÞ → dþ þ
d−ðj1; l0iÞ can then be written as

Bml0 ¼
X

l¼0;%1

D1&
ll0 ðϕ; θ;−ϕÞhdþd−; 1; ljMjV; 1; mi

¼ BD1&
ml0ðϕ; θ;−ϕÞ: ðA4Þ

Here we imposed hdþd−; 1; ljMjV; 1; mi ¼ Bδml according
to the angular momentum conservation and rotational
invariance (B is independent of m). The total amplitude
of V → dþ þ d−ðj1; l0iÞ with the superposition of eigen-
state written by Eq. (A1) is

Bl0 ¼
X

m¼0;%1

amBD1&
ml0ðϕ; θ;−ϕÞ: ðA5Þ

The probability of the transition is obtained by squaring
Eq. (A5) and summing over the spin alignments of the
decay system. For photoproduction, the vector meson
inherits the photon polarization state. which is fully linearly
polarized. It reads

jVi ¼ −
1ffiffiffi
2

p e−iΦjþ 1iþ 1ffiffiffi
2

p eiΦj − 1i; ðA6Þ

where Φ is the angle between the linear polarization vector
and the production plane of vector meson. This gives
a0 ¼ 0, aþ1 ¼ − 1ffiffi

2
p e−iΦ, and a−1 ¼ 1ffiffi

2
p eiΦ. For the decay
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FIG. 4. The modulation strength 2hcosð2ϕÞi of ρ0 → πþ þ π−

and ρ0 → eþ þ e− as a function of transverse momentum in
ultraperipheral Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV for
mutual dissociation mode XnXn.
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𝜌$ → 𝑒%𝑒& : Relevant for ⁄𝐽 𝜓 → 𝑒%𝑒& case
STAR 𝐽/𝜓 measurement in 2023-2025 : ±4% @ 50 MeV/c

• Large mass of ⁄𝐽 𝜓 provides hard 
scale for calcula-ons 

• Provides test of daughter spin 
coefficients – further test concept

• ⁄𝐽 𝜓 is a single state, unlike the 
𝜋#𝜋$ where there are mul-ple 
interfering statesProjected STAR Uncertainty for ⁄𝐽 𝜓
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Measurement of 𝛾𝛾 → 𝑙2𝑙3 already shows interference effects in hadronic collisions



Future Tests of Interference Effects
3.    Measurement Δ𝜙 distribu+on in non-UPC events

May 25, 2021 Daniel Brandenburg 36

• Unlike leptons, 𝜋 interact via strong 
force

• Presence of strongly interacting 
medium → wavefunction collapse?
• I.e. no interference

• In this case comparison of 𝜌1 →
𝜋2𝜋3 vs. ⁄𝐽 𝜓 → 𝑙2𝑙3 would be very 
interesting

Shuai Yang

& > 2)% & < 2)%

CFNS Workshop 14

From UPC to hadronic collisions
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• STAR Measurements of ⁄𝐽 𝜓 → 𝑙2𝑙3 in peripheral collisions already indicate interference
• Coherent measurements in peripheral collisions can help disYnguish coherent emiZer
• Δ𝜙 Interference paZern should provide much more informaYon 
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Figure 89: Left: Measurement of the cos 2�� modulation of ⇡+
⇡
� pairs from photonuclear ⇢0

and continuum production compared to theoretical predictions [319]. Projections are shown for a
similar measurement of the azimuthal modulation of e

+
e
� pairs from photonuclear production of

the J/ . Center: Projection of the dN/dy of photoproduced J/ in non-UPC events vs. the event
centrality (Npart) compared to various theoretical production scenarios. Right: Projection of the t

spectra of photoproduced J/ in 40 � 80% central collisions.

neutron veto/tagging.2826

116

Answer QuesYon: What is coherently interacYon?



• Experimentally, we observe that incoherent does not contribute to interference 
pattern (Zero above pT > 160 MeV/c)

• Once quantitative agreement is reached between data & theory for Δ𝜙
→ Use interference effect to help disentangle coherent vs. incoherent
• Simultaneous fit measured spectra (coherent + incoherent) with cos 2Δ𝜙

• Proof of concept already carried out in [1], however STAR 𝑡 spectra had 
incoherent pre-subtracted using a dipole form factor.

Use interference to separate Coherent/Incoherent
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Figure 3. (color online) The unpolarized cross section for coherent ρ0 photo-production in XnXn
events at RHIC energy. The red dots are experimental data points taken from [25]. The blue line
shows our numerical result for this unpolarized cross section.

Figure 4. (color online) The cos 2φ azimuthal asymmetries in ρ0 production(Xn-Xn events) in
heavy ion collisions at RHIC and LHC energies. The computed cos 2φ in UPC at RHIC energy(left
panel, solid line) can qualitatively describe the preliminary measurement by the STAR collabo-
ration [29]. The asymmetry in peripheral collisions with centrality region from 70%-90% is also
presented with the dashed lines.

Notice that the incoherent component has been subtracted out in STAR measurement.

Therefore, we exclude the first term in eq. (2.14) and integrate over the azimuthal angle

φ, namely only the first term in eq. (2.15) needs to be considered. As shown in figure 3,

our theoretical result represented by blue curve describes the experimental data perfectly

in identifying the minima and peaks, as well as the overall shapes.

The numerical results for the azimuthal asymmetries for ρ0 at RHIC and LHC energies

are presented in figure 4, where the azimuthal asymmetry, i.e., the average value of cos 2φ

is defined as,

〈cos(2φ)〉 =
∫

dσ
dPS cos 2φ dPS
∫

dσ
dPS dPS

. (3.12)

We use exactly the same setups as that in the unpolarized case but including both the

coherent and incoherent components. Since we are considering the average value of cos 2φ,

only the second term in eq. (2.15) contributes. We can see clearly the diffractive pattern

– 11 –
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Figure 3.13: Left panel: The di↵ractive pattern of light on a circular obstacle in wave optics.
Right panel: The di↵ractive cross-section in high energy scattering. The elastic cross-section in
the right panel is analogous to the di↵ractive pattern in the left panel if we identify |t| ⇡ k

2
✓
2.

✓i ⇠ 1/(k R) for small-angle di↵raction.
Elastic scattering in QCD has a similar

structure. Imagine a hadron (a projectile)
scattering on a target nucleus. If the scat-
tering is elastic, both the hadron and the nu-
cleus will be intact after the collision. The
elastic process is described by the di↵eren-
tial scattering cross-section d�el/dt with the
Mandelstam variable t describing the mo-
mentum transfer between the target and the
projectile. A typical d�el/dt is sketched by
the solid line in the right panel of Fig. 3.13
as a function of t. Identifying the projectile
hadron with the incident plane wave in the
wave optics example, the target nucleus with
the obstacle, and writing |t| ⇡ k

2
✓
2 valid for

small angles, we can see that the two pan-
els of Fig. 3.13 exhibit analogous di↵ractive
patterns and, therefore, describe very simi-
lar physics! The minima (and maxima) of
the cross-section d�el/dt in the right panel
of Fig. 3.13 are also related to the inverse
size of the target squared, |ti| ⇠ 1/R2. This
is exactly the same principle as employed for
spatial imaging of the nucleons as described
in Sec. 2.3.

The essential di↵erence between QCD
and wave optics is summarized by two facts:

(i) The proton/nuclear target is not always
an opaque “black disk” obstacle of geomet-
ric optics. A smaller projectile, which in-
teracts more weakly due to color-screening
and asymptotic freedom, is likely to pro-
duce a di↵erent di↵ractive pattern from the
larger, more strongly interacting, projectile.
(ii) The scattering in QCD does not have to
be completely elastic: the projectile or tar-
get may break up. The event is still called
di↵ractive if there is a rapidity gap, as de-
scribed in the Sidebar on page 61. The cross-
section for the target breakup (leaving the
projectile intact) is plotted by the dotted line
in the right panel of Fig. 3.13, and does not
exhibit the di↵ractive minima and maxima.

The property (i) is very important for
di↵raction in DIS in relation to satura-
tion/CGC physics. As we have seen above,
owing to the uncertainty principle, at higher
Q

2, the virtual photon probes shorter trans-
verse distances, and is less sensitive to sat-
uration e↵ects. Conversely, the virtual pho-
ton in DIS with the lower Q

2 is likely to be
more sensitive to saturation physics. Due to
the presence of a rapidity gap, the di↵rac-
tive cross-section can be thought of as aris-
ing from an exchange of several partons with

73

SeparaUon of coherent vs. incoherent is 
the essenUal experimental challenge for 

EIC measurements
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peak due to the involvement of the Weizsäcker-Williams type photon TMD in this pro-
cess [33]. As a comparison, for the dipole type distribution, the photon TMD receives the
significant Coulomb correction [34].

The interference term arises from the EM amplitude and the photon-nuclear scattering
amplitude contributes to the cross section,

d�I

d2p1?d2p2?dy1dy2d2b̃?
=

↵e

Q2

1

(2⇡)4
1p
4⇡

2M⇢�⇢|P?|f⇢⇡⇡
(Q2�M2

⇢ )
2+M2

⇢�
2
⇢

Z
d2�?d

2k?d
2k0

?

⇥�2(k? +�? � q?)


k̂? · �̂? � 2P 2

?
P 2
? +m2

⇡

(k̂? · P̂?)(�̂? · P̂?)

�
(P̂? · k̂0

?)

⇥2
nh

eib̃?·(k0?�k?)F(x1, k?)F(x2,�?)F(x1, k
0
?)A⇤

co(x2,�
0
?)
i

+
h
eib̃?·(�0

?�k?)F(x2, k?)F(x1,�?)F(x2, k
0
?)A⇤

co(x1,�
0
?)
io

(8)

In arriving at the above result, we have assumed that the dipole amplitude is purely imagi-
nary. It is interesting to notice that due to the presense of angular structures (k̂?·�̂?)(P̂?·k̂0

?)
and (P̂? · k̂0

?)(k̂? · P̂?)(�̂? · P̂?), this interference term vanishes once carrying out the in-
tegration over the azimuthal angle of either q? or P?. Therefore, it does not contribute
to the azimuthal averaged cross section, but instead leads to cos� and cos 3� azimuthal
asymmetries. The emergencies of these nontrivial azimuthal correlations can be intuitively
understood as follows: the linearly polarization state is the superposition of di↵erent helicity
states. As illustrated in Fig.1, supposing that two incoming photon both carry spin angular
momentum 1 in the amplitude while the incident photon carries spin angular momentum -1
in the conjugate amplitude, the orbital angular momentum carried by the produced dipion
system is 2 in the amplitude and -1 in the conjugate amplitude correspondingly. Such in-
terference amplitude leads to a cos 3� angular modulation. The similar argument applies to
the cos� azimuthal asymmetry case.

+1

+1

�1+2

0

�1

⇢0

FIG. 1: An illustration of the mechanism giving rise to cos 3� azimuthal asymmetry. The solid
line represents the quark propagator, while the pion propagator is indicated by the dashed line.

II. NUMERICAL ESTIMATIONS

We now introduce all ingredients that are necessary for numerical calculations. Most
of them follow our previous work [29]. We first introduce the parametrization for the b?

5

dependent dipole-nucleus and dipole-nucleon scattering amplitudes. For the dipole-nucleus
scattering amplitude, we adopt the parametrization [5, 6],

N(b?, r?) = 1� e�2⇡BpATA(b?)N (r?) (9)

Here the nuclear thickness function TA(b?) is computed with the Woods-Saxon distribution,
and Bp = 4 GeV2 in the IPsat model. For the dipole-nucleon scattering amplitude, we adopt

a conventional parameterization, namely, the GBW model [35, 36]: N (r?) = 1 � e�
Q2
sr

2
?

4 .
For the scalar part of vector meson wave function, we use ”Gaus-LC” wave function also
taken from Ref. [5, 6].

�⇤(|r?|, z) = �z(1� z) exp


� r2?
2R2

?

�
(10)

with � = 4.47, R2
? = 21.9 GeV�2 for ⇢ meson.

F(x, k?) describes the probability amplitude for finding a photon carries certain momen-
tum. The squared F(x, k?) is just the standard photon TMD distribution f(x, k?). At low
transverse momentum it can be commonly computed with the equivalent photon approx-
imation(also often referred to as the Weizsäcker-Williams method) which has been widely
used to compute UPC observables(see for example [33, 37, 38]). In the equivalent photon
approximation, F(x, k?) reads,

F(x, k?) =
Z
p
↵e

⇡
|k?|

F (k2
? + x2M2

p )

(k2
? + x2M2

p )
(11)

where x is constrained according to x =
q

P 2
?+m2

⇡

S (ey1 + ey2). Mp is proton mass. F is the
nuclear charge form factor which is assumed to take the Woods-Saxon distribution as well,

F (~k2) =

Z
d3rei

~k·~r C0

1 + exp [(r �RA)/d]
(12)

where RA(Au: 6.38 fm, pb: 6.62 fm) is the radius and d(Au:0.535 fm, Pb:0.546 fm) is the
skin depth. C0 is a normalization factor.
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FIG. 2: The unpolarized di↵erential cross section as the function of q?(left panel) and the invariant
mass(right panel). The photonuclear cross section d�⇢!⇡⇡ is rescaled by a factor 1/10.
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UPC events are usually triggered at RHIC and LHC by detecting neutrons emitted at
forward angles from a scattered nuclei. The probability for emitting a neutron is strongly
dependent of the impact parameter. To account for this e↵ect, one should integrate the
di↵erential cross section over impact parameter range from 2RA to1 with a weight function,

2⇡

Z 1

2RA

b̃?db̃?P
2(b̃?)d�(b̃?, ...) (13)

where the probability P (b̃?) of emitting a neutron from the scattered nucleus is conven-

tionally parameterized as [39] P (b̃?) = P1n(b̃?) exp
h
�P1n(b̃?)

i
which is denoted as the “1”

event, while for emitting any number of neutrons (“X” event), the probability is given by

P (b̃?) = 1 � exp
h
�P1n(b̃?)

i
with P1n(b̃?) = 5.45 ⇤ 10�5Z3(A�Z)

A2/3b̃2?
fm2. All the subsequent

numerical estimations are made for the “Xn” event. Having all these parameters specified,
we are now ready to perform numerical calculation of the azimuthal asymmetries for dipion
production in UPCs.

We first present the contributions from the EM interaction and the photonuclear reaction
to the azimuthal averaged cross section as the function of the invariant mass and pair
transverse momentum in Fig.2. One can see that the EM contribution is not negligible at
low transverse momentum and in the low invariant mass region. It is worthy to emphasize
again that the interference term drops out in the azimuthal averaged cross section. The
suppression of the unpolarized cross section at low q? < 40 MeV is due to the destructive
interference that was first discussed in Ref. [30].
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FIG. 3: cos� and cos 3� azimuthal asymmetries as the function of q?(left panel) and the invariant
mass(right panel).

The azimuthal asymmetries from the interference term are displayed in Fig. 3, where the
asymmetries, i.e. the average value of cos 3� and cos� are defined as,

hcos(n�)i =
R

d�
dP.S. cosn� dP .S.R

d�
dP.S.dP .S.

(14)

with n = 1, 3. These asymmetries are calculated at the RHIC energy
p
S = 200 GeV. Both

hcos�i and hcos 3�i reach the maximal value at very low q? and then start to decrease with
increasing q?. They remain sizable and are roughly few percentage level in the transverse
momentum region 20 MeV < q? < 60 MeV. The analysing power is basically of the same

7

Coulomb-nuclear interference should produce odd harmonics (cos𝜙 & cos 3𝜙) 

NOTE: ExisUng STAR measurement applies charge shuffling to simplify correcUons 
→ odd harmonics are zero by construcUon

1. Hagiwara, Y., Zhang, C., Zhou, J. & Zhou, Y. Coulomb nuclear interference effect in dipion
production in ultraperipheral heavy ion collisions. Phys. Rev. D 103, 074013 (2021).



Summary
1. Observed (6.7𝜎) cos 4Δ𝜙 angular modula+on in linear polarized 

𝛾𝛾 → 𝑒"𝑒# (Breit-Wheeler) process 
• Colliding photons are linearly polarized
• First laboratory evidence for vacuum birefringence

2. First measurements of Δ𝜙 modula+ons in 𝛾ℙ → 𝜌! → 𝜋"𝜋# process
• Strong cos 2Δ𝜙 modulaYons due to photon polarizaYon
• Measurement in Au+Au and U+U collisions

• Experimentally demonstrate sensi-vity to gluon distribu-on within nucleus
• Results are qualitaYvely consistent with theoreYcal predicYons 

Many open ques+ons from both experimental and theore+cal sides
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Breit-Wheeler Process

Optical Theorem

Light-by-Light Scattering

Polarization Sensitive Observable

May 25, 2021 Daniel Brandenburg 41

Birefringence effects:

Recently realized, collision of 
linearly polarized photons leads to a 
𝐜𝐨𝐬(𝟒𝚫𝝓) modula%on in polarized 
𝛾𝛾 → 𝑒#𝑒$ process [1]

The corresponding vacuum LbyL
scaeering[2] is expected to display a 
𝐜𝐨𝐬(𝟐𝚫𝝓) modula%on

[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Lett. B 795, 576 (2019)
[2] Harland-Lang, L. A., Khoze, V. A. & Ryskin, M. G. Eur. Phys. J. C 79, 39 (2019).

Δ𝜙 = Δ𝜙 𝑒% + 𝑒& , 𝑒% − 𝑒&
≈ Δ𝜙 𝑒% + 𝑒& , 𝑒% (for small pair 𝑝")

SensiIve to polarizaIon through 
quantum space-momentum correla9ons



Polariza,on Sensi,ve Observable
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Recently realized, collision of linearly polarized 
photons leads to a 𝐜𝐨𝐬(𝟒𝚫𝝓) modula%on in 
polarized 𝛾𝛾 → 𝑒#𝑒$ process [1]

The corresponding vacuum LbyL scaeering[2] 
is expected to display a 𝐜𝐨𝐬(𝟐𝚫𝝓) modula%on 
at midrapidity

These effects are related to vacuum 
birefringence[3] 
[1] C. Li, J. Zhou, Y.-j. Zhou, Phys. Le:. B 795, 576 (2019)
[2] Harland-Lang, L. A., Khoze, V. A. & Ryskin, M. G. Eur. Phys. J. C 79, 39 (2019).
[3] John S. Toll “The Dispersion rela[on for light and its applica[on to problems involving electron pairs”, Princeton (1952)

Δ𝜙 = Δ𝜙 𝑒% + 𝑒& , 𝑒% − 𝑒&
≈ Δ𝜙 𝑒% + 𝑒& , 𝑒% (for small pair 𝑝")

Sensitive to polarization through 
quantum space-momentum (spin-momentum) correlations

https://inspirehep.net/institutions/903139


Can we “turn off” the interference effect?
In p+Au there is a significant difference in charge (𝑍) between the colliding beams:
• Photon emission from the field of the proton is 𝑍0 down compared to a photon 

emiZed from the field of the Au
• ProducYon from predominately one amplitude - 𝛾WX + ℙY → 𝜌1 → 𝜋2𝜋3

May 25, 2021 Daniel Brandenburg 43

[1] Xing, H et.al. J. High Energ. Phys. 2020, 64 (2020).

ℙ

With only one “diagram” → No interference: 
Expect an isotropic Δ𝜙 distribution 


