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Significant cos 4Δ𝜙 modula/on in 𝛾𝛾 → 𝑒!𝑒"
process:  Experimental demonstra/on of linear 
polariza/on of quasi-real photons

Two source interference in VM production →
cos 2Δ𝜙 modulation in 𝜌# → 𝜋!𝜋"

Interference shows rich structure vs. 𝑃$
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,
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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.
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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?
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• New measurement possibili1es: 
• ⁄𝐽 𝜓, which provides hard scale for theore2cal calcula2ons, 
• Measurements in non-UPC, comparison of 𝜌! → 𝜋"𝜋# vs. ⁄𝐽 𝜓 → 𝑙"𝑙# to see if 

interference exists in both
• Differen2al measurements w.r.t. mass, rapidity to test interference characteris2cs
• Observa2on of Coulomb-Nuclear Interference

Coulomb-Nuclear Interference

New Interference pa-ern observed in diffrac5ve photo-nuclear interac5ons
• Experimental demonstra1on of sensi1vity to gluon distribu1on and that incoherent does not 

contribute to interference pa<ern
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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
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✓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
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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.
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Highlights II : Theory Questions and EIC

• Con$nue to pursue theory – gain quan$ta$ve agreement

May 25, 2021 Daniel Brandenburg 2
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2 < 0.90 GeV/cpp0.65 < M

=200 GeVNNsAu+Au at 
Theory B : R=6.38, a=0.235 fm
Theory B : R=6.38, a=0.535 fm
Theory B : R=6.38, a=0.735 fm
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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

Separa2on of coherent vs. incoherent is 
the essen2al experimental challenge for 

EIC measurements

Theory Wish List:
• Full calculations for 𝐽/𝜓 etc.
• Predictions for U+U considering deformation
• Rapidity and mass dependence
• Pursue calculations for EIC case – do 

correlations exist and if so, what can we 
learn? 

• Quantify effects of saturation/ modified 
gluon distribution? 

Gain a deeper understanding of what 
‘coherent’ means

Why are we sensitive primarily to the ‘long’-axis


