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Early History of the Photon

As always, the story begins with Einstein.

Photons are quanta of EM radiation and represent the particle nature of light.

A. Einstein was awarded the Nobel Prize in Physics (1921)
“for his services to Theoretical Physics, and especially for his discovery of the
law of the photoelectric effect."

This led us into the quantum world and the concept of Wave-Particle duality.
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Classical Electrodynamics and Virtual Quanta

Following Fermi[24], Weizsäcker [34] and Williams [35] discovered that the EM fields of
a relativistically moving charged particle are almost transverse.

This is equivalent to say that the charged particle carries a cloud of quasi-real photons,
which are ready to be radiated if perturbed.

Weizsäcker-Williams method of virtual quanta (Equivalent Photon Approximation).

Gravitational case and t’ Hooft Amplitude. [Jackiw, Kabat and Ortiz, 92]

Application in QCD: WW gluon distribution. [McLerran, Venugopalan, 94; Kovchegov,
96; Jalilian-Marian, Kovner, McLerran and Weigert, 97]
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EPA and Weizsäcker-Williams Photon Distribution

Boost the static potential to the infinite momentum frame (γ →∞):
[Jackiw, Kabat and Ortiz, 92] and HW problem (P11.18) in [Jackson]

β = 0 β = 1

Acceleration

b⊥

Static electric fields ⇒ Electro-Magnetic Wave
⇒ The EM pulses are equivalent to a lot of photons

A+
Cov = − q

π
ln(λb⊥)δ(t − z),

~E =
q

2π

~b⊥
b2
⊥
δ(t − z),

~B =
q

2π
v̂×~b⊥

b2
⊥

δ(t − z),

~ALC
⊥ = − q

2π
[~∇⊥ ln(λb⊥)]θ(t − z).

The gauge potentials Aµ in Covariant gauge and LC gauge are related by a
gauge transformation. λ is an irrelevant parameter setting the scale.
Classical EM: transverse EM fields⇔ QM: Co-moving Quasi-real photons.
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Transverse Momentum Dependent (TMD) Photon Distribution

The photon distribution (flux) for a point particle can be computed from ~ALC
⊥

xfγ(x, b⊥) =
Z2α

π2 x2m2K2
1(xm b⊥) =

Z2α

π2b2
⊥

∣∣∣∣
m→0

with q = Ze.

Zep+

k+ = xp+, k⊥

Ultra-peripheral collisions

6

historically called
“ultra-peripheral 
collisions” (UPC)

When b>2R, no 
nuclear overlap

Ions can still 
interact via 

electromagnetic
processes

4

FIG. 2. Impact parameter dependent photon flux as normal-
ized to the flux at b? = RA for a typical kinematics at the
LHC with x = 10�3 and RA = 7fm (upper plot) and at RHIC
with x = 10�2 (lower plot), respectively.

which is the well-known result in classical electrodynam-
ics. The above formula has been applied to understand
the dilepton production in non-UPC events in heavy-ion
collisions [34], where the contributions from small impact
parameter (b? < RA) played an important role.

There are two important features in this impact-
parameter dependent photon flux. First, at large b? �
RA, it reduced to the well-known Jackson result. This is
because large b? leads to k ! 0 and thence to FA ! 1.
This can be seen from Fig. 2, where we plot the pho-
ton flux as a function of b? for the typical kinematics at
the LHC and RHIC. For the form factor, we follow the
STARLIGHT [32],

FA(k2) =
4⇡⇢0

k3 A

1

a2k2 + 1
⇥ [sin(kRA) � kRA cos(kRA)] , (9)

where RA = 7 fm for Pb, and a = 0.7 fm.
Second, as shown in Fig. 2, at small-b?, it is propor-

tional to b3
?. Here, the photon flux inside the nucleus

is generated by the e↵ective total charge of the nucleons
inside the area denoted by b?.

B. Transverse Momentum Dependence in the
Photon Fluxes

Except for Ref. [29], most previous studies ignored the
inter-dependence between the impact parameter b? and
the photon’s transverse momentum. A recent attempt
to address this issue was Ref. [30], which extended the

derivation of the total cross section for the two-photon
process in Ref. [38] to the di↵erential cross section rele-
vant to the STAR and ATLAS dilepton measurements.
In the revised version of Ref. [30] and a recent paper
by Li et al. [39, 40], the so-called QED approach [29]
has been applied to compute the dilepton production in
two-photon processes with full dependence on the impact
parameter and the pair pT .

Here, we investigate this from a di↵erent point of view,
following the factorization argument and studying the in-
dividual photon flux. This result may also be relevant
when considering the photon pT contribution to the fi-
nal state pT in photoproduction, especially imaging stud-
ies [41]. When we integrate out the impact parameter,
the transverse momentum distribution can be evaluated
as [42]

xfA
� (x, kT ) =

Z2↵

⇡2

k2
T�

k2
T + x2m2

p

�2 F 2
A(k2) , (10)

where again k2 =
�
k2

T + x2m2
p

�
and FA is the nuclear

charge form factor. This has been widely employed to
estimate the transverse momentum dependence in two-
photon processes in UPCs, see, e.g., the STARLIGHT
simulation [32].

It is non-trivial to derive the impact-parameter and
transverse momentum dependent photon flux. The main
di�culty is that the impact parameter b? is a Fourier
conjugate variable associated with the photon’s trans-
verse momentum kT . There will be model dependence
to compute the combined distribution from the classic
EM fields. In the following, we will estimate the aver-
age transverse momentum squared, and comment on the
di�culty to calculate the combined distribution directly.

Before we get to the details of the models, we would
like to emphasize some important features on the trans-
verse momentum distribution for the incoming photons
in the nucleus. First, for b? ⌧ RA, e↵ective charge con-
tribution is limited to protons inside b? region, and the
average transverse momentum squared is proportional
to 1/b2

?. This is an important feature which should be
satisfied by all model calculations. Similarly, at large
b? � RA, because of the uncertainty principle, the av-
erage squared transverse momentum squared is also of
order 1/b2

?. Around b? ⇠ RA, on the other hand, the
average transverse momentum may di↵er from the above
parametric estimates. However, with the constraints
from these generic features (b? ⌧ RA and b? � RA), the
model calculations of the average transverse momentum
squared are very much determined.

In Eq. (7) the integral variable kT is the photon’s trans-
verse momentum. We may compute the average trans-
verse momentum squared by multiplying the integrand
by the products of kT ,

hk2
T i =

4Z2↵

xf�(x; b?)

Z
d2kT

(2⇡)2
d2k0

T

(2⇡)2
ei(kT �k0

T )·b?

⇥ (kT · k0
T )2

k2k02 FA(k2)FA(k02) , (11)

The photon distribution in the transverse momentum space

xfγ(x,~k⊥) =

∫
dξ−d2ξ⊥

(2π)3 e−ixP+ξ−−ik⊥·ξ⊥
〈

A
∣∣∣∣F+i

(
ξ

2

)
F+i

(
− ξ

2

)∣∣∣∣A〉
' Z2α

π2

k2
⊥

(k2
⊥ + x2M2)

2 F2
A(k2).

FA(k2) is the charge form factor with k2 = k2
⊥ + x2M2. FA = 1 for point charge.

Wood-Saxon or Gaussian models for realistic nuclei. (Pb is very bright!)
Typical transverse momentum of the photon is 1/RA, which is 30MeV for Pb.
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Linearly Polarized Photon

~b⊥ ~ǫ ∝ ~b⊥ ~b⊥

RA

~B

~E ~E

~B

RA

E is linearly polarized along the
impact parameter b⊥ direction;
~B ⊥ ~E;

The LC gauge potential A⊥ ∝ ~b⊥;

Polarization vector ~ε⊥ = ~b⊥/b⊥.

Similar case in momentum space.

WW photon distribution is maximumly polarized, since xfγ = xhγ .

xf ij
γ (x; b⊥) =

∫
d2∆⊥
(2π)2

ei∆⊥·b⊥ 〈A,−∆⊥
2
|F+iF+j|A, ∆⊥

2
〉 ,

xf ij
γ (x; b⊥) =

δij

2
xfγ(x; b⊥) +

(
bi
⊥bj
⊥

b2
⊥
− δij

2

)
xhγ(x; b⊥) =

bi
⊥bj
⊥

b2
⊥

xfγ ,

xhγ(x, b⊥) = xfγ(x, b⊥) = 4Z2α

∣∣∣∣∣

∫
d2k⊥
(2π)2

eik⊥·b⊥
~k⊥
k2

FA(k2)

∣∣∣∣∣

2
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The Need of Photon Wigner Distribution from Experiments

STAR[1806.02295], ATLAS ([CONF-2019-051]) and CMS[PAS-HIN-19-014]
collaborations observe γγ → l+l− azimuthal angular correlations in AA collisions
with different impact parameter b⊥ = b1⊥ − b2⊥ 6
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FIG. 4. The p2
T distributions of excess yields within the STAR

acceptance in the mass regions of (a) 0.4-0.76, (b) 0.76-1.2,
and (c) 1.2-2.6 GeV/c2 in 60-80% Au+Au and U+U colli-
sions. The systematic uncertainties are shown as gray boxes.
The solid and dotted lines are exponential fits to the data
in Au+Au and U+U collisions, respectively. The dot-dashed
and dot-dot dashed lines represent the p2

T distributions for the
photon-photon process from two models [33, 34] within the
STAR acceptance in 60-80% Au+Au collisions. The dashed
lines illustrate the corresponding p2

T distributions for e+e�

pairs from model [33] traversing 1 fm in a constant magnetic
field of 1014 T perpendicular to the beam line. (d) The cor-

responding
p

hp2
T i of excess yields. The vertical bars on data

points are the combined statistical and systematic uncertain-
ties.

is dominated by photon-photon interactions, in which
contributions from Ref. [33] describe the 60-80% central-
ity data fairly well (�2/NDF = 19/15, where NDF is
the number of degrees of freedom, in 0.4-2.6 GeV/c2),
while the results from STARlight underestimate that
data (�2/NDF = 32/15). In 40-60% centrality, both
models can describe the data within the large statisti-
cal uncertainties. The contributions from photonuclear
produced ⇢ and � vector mesons, shown as the dashed
lines in Figs. 3(a) and 3(b), are found to be negligible.
STARlight predicts that the excess yields from photon-
photon interactions in U+U collisions are ⇠40% larger
than those in Au+Au collisions [34]. The observed dif-
ference between U+U and Au+Au collisions is consistent
with the theoretical prediction within large uncertainties,
as shown in Fig. 3(c).

To further explore the low-pT excess, the p2
T (⇡ �t, the

squared four-momentum transfer) distributions of the ex-
cess yields within the STAR acceptance for 60-80% cen-
trality are shown in Figs. 4(a)-(c) for three di↵erent mass
regions. The aforementioned photon-photon model cal-
culations for Au+Au collisions are also shown in the fig-
ures as dot-dashed and dot-dot dashed lines. The calcu-
lations from [33] fall below data points at large p2

T val-

ues but overshoot data at low p2
T , especially in the ex-

tremely low p2
T region. The calculation from STARlight

is lower than that from [33] but has a similar pT shape.
The spectra dip in data at extremely low pT (p2

T <
0.0004 (GeV/c)2) and the discrepancy in that pT region
with models could be partially attributed to the EPA
method [35] without incorporating nonzero photon vir-
tuality [13, 36]. Such a discrepancy has been previously
observed in the measured low-mass e+e� cross section of
photon-photon interactions for p2

T < 0.000225 (GeV/c)2

in UPCs at RHIC [13]. The
p
hp2

T i, which characterizes
the pT broadening, is calculated for both data and afore-
mentioned photon-photon models. In data, a fit of the ex-
ponential function (Ae�p2

T /B2

) is performed by excluding
the first data points and extrapolated to the unmeasured
higher p2

T region to account for the missing contribution.
The uncorrelated systematic uncertainties arising from
the raw signal extraction are added in quadrature to the
statistical errors, and the resulting total uncertainties are
included in the fits. The invariant mass dependence of
the extracted

p
hp2

T i are plotted in Fig. 4(d) for both col-

liding systems. The
p
hp2

T i from Au+Au collisions are
systematically larger than from U+U collisions and both
increase slightly with increasing pair mass, although the
systematic trends are marginally at the level of 1.0-2.3�.
The values of the

p
hp2

T i from Au+Au data are about
6.1�, 3.3�, and 1.8� above models [33, 34] in the 0.4-
0.76, 0.76-1.2 and 1.2-2.6 GeV/c2 mass regions, respec-
tively. The general agreements between data and model
calculations for pT and invariant mass distributions of
l+l� pairs produced by photon-photon interactions in
UPCs [13, 15, 17] are suggestive of possible other origins
of the pT broadening in peripheral collisions as shown in
Fig. 4(d). For example, to illustrate the sensitivity thep
hp2

T i measurement may have to a postulated magnetic
field trapped in a conducting QGP [21], we assume each
and every pair member generated by model [33] traverses
1 fm through a constant magnetic field of 1014 T perpen-
dicular to the beam line (eBL ⇡ 30 MeV/c, where B is
1014 T, L is 1 fm) [37, 38]. The corresponding p2

T dis-
tributions of e+e� pairs can qualitatively describe our
data except at low p2

T , as shown in Figs. 4(a)-(c). Thep
hp2

T i of e+e� pairs will gain an additional ⇠30 MeV/c,
as illustrated in Fig. 4(d). This level of broadening is
measurable and may indicate the possible existence of
high magnetic fields [21, 37, 38].

In summary, we report measurements of e+e� pair
production for pT < 0.15 GeV/c in non-central Au+Au
collisions at

p
sNN = 200 GeV and U+U collisions atp

sNN = 193 GeV. The e+e� yields are significantly
enhanced over a wide mass range with respect to the
hadronic cocktails in the 40-80% collisions for both col-
lision species. The entire observed excess is found below
pT ⇡ 0.15 GeV/c and the excess yield exhibits a much
weaker centrality dependence compared to the expecta-

Need the incoming photon k⊥ distribution at fixed impact parameter b⊥.

Earlier calculations: [Vidovic, et al, 93; Hencken, et al, 94; Zha, et al, 18; Li,
Zhou, Zhou, 19; and many]
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The Need of Photon Wigner Distribution from Experiments

ATLAS ([CONF-2019-051]) measures the acoplanarity α ≡ 1− |∆φ|/π
(∆φ = φl+ − φl− ) and the total momentum imbalance k⊥ of the muon pair in PbPb
collisions with different centralities (impact parameter b⊥)
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Figure 12: Comparison of the measured acoplanarity distributions with previously published ones from Ref. [1].
Plots are for p̄T > 4 GeV. Each panel corresponds to a di�erent centrality interval. The distributions are normalized
to an integral of unity.

0 0.02 0.04 0.06 0.08
A

0

0.2

0.4

0.6

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

0-5%

0 0.02 0.04 0.06 0.08
A

0

0.2

0.4

0.6 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

5-10%

0 0.02 0.04 0.06 0.08
A

0

0.5

1

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

10-20%

0 0.02 0.04 0.06 0.08
A

0

0.5

1

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

20-30%

0 0.02 0.04 0.06 0.08
A

0

0.5

1

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

30-40%

0 0.02 0.04 0.06 0.08
A

0

0.5

1

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

40-50%

0 0.02 0.04 0.06 0.08
A

0

0.5

1

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

50-60%

0 0.02 0.04 0.06 0.08
A

0

0.5

1

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

60-70%

0 0.02 0.04 0.06 0.08
A

0

10

20

30

40

 
AdYd

  Data
  StarLight Reco
  StarLight Truth

ATLAS Preliminary
Pb+Pb -1=5.02 TeV, 1.9 nbNNs

UPC

Figure 13: The measured asymmetry distributions. Also shown for comparison are the distributions obtained from the
STAR����� simulation samples; both the truth and reconstructed distributions. The MC truth distribution is re-scaled
so that it can be plotted over the same y-axis as the data and MC-reconstructed plots. Plots are for p̄T > 4 GeV. Each
panel corresponds to a di�erent centrality interval.

16

�y ⌘ |y1 � y2 | where y1 and y2 are the rapidities of the two muons in the pair. Figure 15 shows the k?
distributions for two centrality intervals: 20–40% and 40–80%, and for three di�erent �y ranges: |�y | < 1,
1 < |�y | < 2, and |�y | > 2. At most, a weak variation with �y, not consistent with the magnetic field
e�ects predicted in Ref. [3], is observed.
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Figure 15: Comparisons of the k? distributions for di�erent rapidity gaps between the two muons in the pair. The
left and right panels correspond to the 20–40% and 40–80% centrality intervals. Plots are for p̄T > 4 GeV. The
distributions are normalized to an integral of unity. The error bars indicate the statistical uncertainties.

6.5 Characterizing the centrality dependence of k?

In Ref. [1], the broadening of the acoplanarity distributions was characterized by a transverse momentum
scale, obtained from the RMS of the ↵ distribution. The observation that the ↵ and the k? distributions
have the most-probable value shifted away from zero means that the RMS does not fully capture the
modifications observed in the data. Figure 16 presents moments of the k? distribution as a function of
centrality. The moments are calculated from the k? distributions prior to the background subtraction and
then corrected, analytically, to remove the contribution from the (constant) background. The left panel in
the figure shows the first four central moments expressed as hkn

?i(1/n). These all show a systematic increase
from peripheral to central collisions, though the relative increase is greater for smaller n. The right panel
compares hk?i to the standard deviation of the k? distribution. The increase of the standard deviation from
peripheral to central collisions is significantly weaker than the increase of the mean.

Figure 17 compares the kRMS
T calculated directly in this analysis to the convolution fit results from Ref. [1]

that extracted this quantity by fitting the ↵ distributions. The result in Ref. [1] was obtained by treating
the modification in the ↵ distributions from peripheral to central collisions as a Gaussian smearing. This
assumption is not consistent with the emergence of the depletion at ↵ = 0 that is now visible with the
increased statistics. Nevertheless, the agreement is good between the moments calculated in this note with
those obtained in Ref. [1]. Only, in the 0-10% most central events, where the fit model used in Ref. [1] is
least applicable, there is a significant disagreement between the results.

While the moments of the k? distribution are well-defined, they may not be most optimal to represent the
changes observed in the k? distribution, especially the systematic shift of the peak in the k? distributions
away from k? = 0. Unfortunately, there is no unique method for obtaining the most-probable value of
a statistically fluctuating distribution. To estimate the most-probable value, the k? distributions are fit
using the following method. The UPC k? distribution is fit using a sum of two Gauss functions centered
at k? = 0, which are needed to describe both the central peak and the tail of the distribution. The k?

18

Need the incoming photon k⊥ distribution at fixed impact parameter b⊥.
Mysterious and interesting displaced peaks (dips) in central collisions.
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CMS Results

5

width of a distributions, and is found to be less than 4%. The total systematic uncertainties
are derived from a quadratic sum of all systematic sources and are found to be at most 5.1%
in hacorei. To measure hmµµi, a second order polynomial function is fit to the mass spectrum,
excluding the mass region 9 < mµµ < 11 GeV, to interpolate the contribution of gg scatter-
ing to dimuon pair production over the U mass region. The systematic uncertainty related to
this procedure is estimated by comparing the nominal result to the one obtained by a third-
order polynomial function fit. Together with the aforementioned systematic sources, the total
systematic uncertainty in hmµµi is below 1.8%, across all neutron multiplicity classes.
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〉
µ
µ

m〈 | < 2.4
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|y
| < 2.4µη > 3.5 GeV, |µ

T
p

 < 60 GeVµµ8 < m

Figure 2: Neutron multiplicity dependence of hacorei (upper) and hmµµi (lower) of µ+µ� pairs
in ultraperipheral PbPb collisions at

p
s

NN
= 5.02 TeV. The vertical lines on data points depict

the statistical uncertainties, while the systematic uncertainties of the data are shown as shaded
areas. In the upper plot, the dashed-dot (red) line shows the STARLIGHT prediction, and the
dotted (black) line corresponds to the leading-order QED calculation of Ref. [43].

The neutron multiplicity dependence of hacorei for µ+µ� pairs in ultraperipheral PbPb colli-
sions at

p
s

NN
= 5.02 TeV is shown in Fig. 2 (upper), in the mass region 8 < mµµ < 60 GeV.

A strong neutron multiplicity dependence of hacorei is clearly observed, while the hacorei pre-
dicted by STARLIGHT is constant at a value of about 1.35 ⇥ 10�3, shown as dashed-dotted line
in Fig. 2 (upper). The hacorei for inclusive UPCs is measured to be (1227 ± 7 (stat) ± 8 (syst)) ⇥
10�6, about 10% lower than the STARLIGHT prediction. In general, the hacorei in data becomes
larger as the emitted neutron multiplicity increases. A fit to the dependence of hacorei on the
neutron multiplicity with a constant value is rejected with a p-value corresponding to 5.7 stan-
dard deviations. This observation demonstrates that initial photons producing µ+µ� pairs
have a significant b dependence of their pT, which impacts the pT and acoplanarity of muon
pairs in the final state. This initial-state contribution must be properly taken into account when

CMS[PAS-HIN-19-014] measures the
number of neutrons in the very forward
region in UPC.

Higher neutron multiplicity corresponds
to smaller 〈b〉 on average, and vice versa.

This measurement demonstrates the
transverse momentum imbalance and
energy of photons (invariant mass of the
dilepton) emitted from relativistic ions
have impact parameter dependence.

Great way to select events with 〈b〉. Even
measure various asymmetries.

Black dotted line (QED calculation)
[Brandenburg, Li, Ruan, Tang, Xu, Yang
and Zha, 20]
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Wigner distribution

Wigner distributions [Ji, 03; Belitsky, Ji, Yuan, 2004] ingeniously encode all
quantum information of how partons are distributed inside hadrons.

Figure 2.2: Connections between di↵erent quantities describing the distribution of partons
inside the proton. The functions given here are for unpolarized partons in an unpolarized proton;
analogous relations hold for polarized quantities.

tum, and specific TMDs and GPDs quan-
tify the orbital angular momentum carried
by partons in di↵erent ways.

The theoretical framework we have
sketched is valid over a wide range of mo-
mentum fractions x, connecting in particular
the region of valence quarks with the one of
gluons and the quark sea. While the present
chapter is focused on the nucleon, the con-
cept of parton distributions is well adapted
to study the dynamics of partons in nuclei, as
we will see in Sec. 3.3. For the regime of small
x, which is probed in collisions at the highest
energies, a di↵erent theoretical description is
at our disposal. Rather than parton distribu-
tions, a basic quantity in this approach is the
amplitude for the scattering of a color dipole
on a proton or a nucleus. The joint distri-
bution of gluons in x and in kT or bT can
be derived from this dipole amplitude. This
high-energy approach is essential for address-
ing the physics of high parton densities and
of parton saturation, as discussed in Sec. 3.2.
On the other hand, in a regime of moder-
ate x, around 10�3 for the proton and higher

for heavy nuclei, the theoretical descriptions
based on either parton distributions or color
dipoles are both applicable and can be re-
lated to each other. This will provide us with
valuable flexibility for interpreting data in a
wide kinematic regime.

The following sections highlight the
physics opportunities in measuring PDFs,
TMDs and GPDs to map out the quark-
gluon structure of the proton at the EIC.
An essential feature throughout will be the
broad reach of the EIC in the kinematic
plane of the Bjorken variable x (see the Side-
bar on page 18) and the invariant momentum
transfer Q2 to the electron. While x deter-
mines the momentum fraction of the partons
probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x
is hence essential for going from the valence
quark regime deep into the region of gluons
and sea quarks, whereas a large lever arm in
Q2 is the key for unraveling the information
contained in the scale evolution of parton dis-
tributions.

17

bT

kT
xp

Quasi-probability distribution; Not positive definite.

Need to smear over kT and b⊥→ Husimi distribution. [Hagiwara, Hatta, 14]
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Photon Wigner Distribution and Generalized TMD

Def. of Wigner distribution:

xfγ(x,~k⊥;~b⊥) =

∫
dξ−d2ξ⊥
(2π)3P+

∫
d2∆⊥
(2π)2

e−ixP+ξ−−ik⊥·ξ⊥

×
〈

A,+
∆⊥

2

∣∣∣∣F+i
(
~b⊥ +

ξ

2

)
F+i

(
~b⊥ −

ξ

2

)∣∣∣∣A,−∆⊥
2

〉
,

Def. of GTMD
xfγ(x, k⊥,∆⊥) ≡

∫
d2b⊥e−i∆·b⊥xfγ(x,~k⊥;~b⊥).

For a heavy nucleus with charge Ze, the GTMD reads

xfγ(x, k⊥; ∆⊥) = xhγ(x, k⊥; ∆⊥)

=
4Z2α

(2π)2

q⊥ · q′⊥
q2q′2

FA(q2)FA(q′2) ,

q⊥ = k⊥ −
∆⊥

2
, and q′⊥ = k⊥ +

∆⊥
2

GTMD
−∆⊥/2 ∆⊥/2

q⊥ q′
⊥

∫
d2b⊥xfγ(x, k⊥, b⊥)⇒ TMD;

∫
d2k⊥xfγ(x, k⊥, b⊥)⇒ b⊥ distribution.

EPA→ Generalized EPA.
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The Oscillating Behavior of Wigner Distributions

Models of Wigner[Lorcé, Pasquini, 11; Lorcé, Pasquini, Xiong, Yuan, 11]
[Hagiwara, Hatta, 14] [S. Klein, A. Mueller, BX, F. Yuan, 20]
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FIG. 1. Plots of the Wigner (left) and Husimi (right) distributions in the !b⊥-space at x = 0.5.

Here and in Fig. 2, the units of the horizontal axes are in GeV−1.
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FIG. 2. Plots of the Wigner (left) and Husimi (right) distributions in the !b⊥-space at x = 0.9.

common in the Wigner distribution and often have no physical meaning. (One sees such

unphysical behaviors already in the harmonic oscillator case (5).) In contrast, the Husimi

distribution is well-behaved and turns out to be always positive as we have expected. (We

tested other sets of parameters and did not find any negative regions as far as we could

see.) Therefore, at least in our chosen model the Husimi distribution can be interpreted

as the phase-space probability distribution of quarks at a given value of x.

10
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FIG. 3. Plots of the Wigner (left) and Husimi (right) distributions in the !k⊥-space at x = 0.5.

The units of the horizontal axes are in GeV.

POSSIBLE CONNECTION TO SATURATION PHYSICS

For the single quark problem, there is not a natural value of ! to be used in the

Husimi distribution (20). It is just a free parameter associated with our choice of the

resolution scale δb⊥ ∼ !, δk⊥ ∼ 1/! to probe the system. In the case of the nucleon,

our preferred choice is the nucleon radius ! ! Rh as we remarked already. On the other

hand, for the gluon distribution at small-x, a very natural choice would be ! = 1/Qs(x)

where Qs(x) is the saturation scale which becomes perturbative at small-x and/or for a

large nucleus [21, 22]. Indeed, 1/Qs is the length scale beyond which the gluons can be

treated coherently as a classical field. With this choice, it is interesting to notice that

the factor e−z2
⊥/4!2 which accompanies the unintegrated gluon distribution (consider the

gluonic version of (13), ψ̄ψ → F+µF+
µ) becomes formally identical to the so-called forward

dipole amplitude e−Q2
sz2

⊥/4 often encountered in the semiclassical evaluation of the nucleon

(or nucleus) matrix element. We thus conjecture that the notion of the Husimi distribution

as the coherent state expectation value of the density matrix is smoothly connected to the

semiclassical approach to saturation physics at small-x. In other words, what is calculated

via classical gluon fields could be reinterpreted as the Husimi distribution.

11

Due to the uncertainty principle, Wigner distributions often has the oscillating
behavior when one tries to measure b⊥ and k⊥ simultaneously.

Will the negative region of the Wigner distribution cause a serious problem?

Two observations: diffractive dijets in DIS and γγ → l+l− in PbPb collisions.

Opinion: No, it seems that the LO cross-sections are always positive-definite.
(It will be interesting if one can prove this conjecture.)
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Dilepton productions in AA collisions
UPC processes in “non-UPC” events

55

µ

µ

γ
γ$

µ

µ

γ
γ$

Nearly perfect fluid $ Hydrodynamic evolution

The system evolves from the initial energy density distribution

according to energy and momentum conservation:

@µT
µ⌫ = 0

Tµ⌫ = (✏+ P )uµu⌫ � Pgµ⌫ + ⇡µ⌫

MUSIC B. Schenke, S. Jeon, C. Gale, Phys. Rev. C82, 014903 (2010); Phys.Rev.Lett.106, 042301 (2011)

3+1D event-by-event relativistic viscous hydrodynamic simulation

initial ideal
shear viscosity
⌘/s = 0.16

evolve to

⌧ = 6 fm/c

Björn Schenke (BNL) TRW2012 BNL 4/26

µ

µ

$

UPC nonUPC QGP?
Ultra-peripheral Collisions (UPC) has no hadronic background.

Strong hadronic background in non-UPC collisions.

QGP medium interactions and magnetic fields may be present as well.
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Dilepton productions in AA collisions

[ATLAS, 1806.08708; 2019 Conf-51]; [Klein, Mueller, Xiao, Yuan, 18; 20]
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EXCLUSIVE DIMUON PRODUCTION
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:

(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is

possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent

the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)

Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization

approach to the results obtained with lpair.

Considering the two-photon production of low- and high-mass systems, this work is

also motivated by the fact that the experimental results for exclusive dimuon production

with the CMS detector indicate that the description provided by lpair is not accurate for
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transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and
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[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization
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Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization
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Figure 1. Diagrams representing the multiperipheral two-photon processes studied in this paper:

(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is

possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent

the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)

Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization

approach to the results obtained with lpair.

Considering the two-photon production of low- and high-mass systems, this work is

also motivated by the fact that the experimental results for exclusive dimuon production

with the CMS detector indicate that the description provided by lpair is not accurate for
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(a) elastic process, (b) single-dissociative and (c) double-dissociative process. In all three cases it is

possible to study lepton pair production, like e+e�, µ+µ� and ⌧+⌧�, whereas X and Y represent

the hadronic systems resulting from the proton dissociation.

As will be discussed in the present paper, the calculation of inelastic unintegrated

photon fluxes requires knowledge of the proton structure functions in a broad range of

x (quark/antiquark longitudinal momentum fraction with respect to the proton) and Q2

(photon virtuality). In the deep-inelastic regime, the structure functions (parton distri-

butions) are related to the proton’s partonic structure and undergo DGLAP evolution

equations. At low virtualities the structure function cannot be calculated easily from first

principles and has to be rather measured. There are some simple models to extend the

partonic F2 to nonperturbative model (e.g., see Ref. [3]). This model nicely describes virtu-

ality dependence of the Gottfried Sum Rule [4]. The very low Q2 region was parametrized

in Ref. [5] including pronounced resonance states by fitting data from SLAC and JLAB.

In this work we also bring attention to the fact that the relevant formalism for ��-

fusion reactions in the high-energy limit can be understood as a type of kT -factorization,

where the photon fluxes play the role of ”unintegrated” (transverse momentum-dependent)

photon densities. Indeed, as will be seen below, the cross section takes the exactly analogous

form as the kT -factorization formula for qq̄ jet production via gluon-gluon fusion (e.g., see

Ref. [6].)

Here we go beyond what is available in the literature by addressing distributions in the

transverse momentum of the muon pair as well as the azimuthal decorrelation of muons.

We also use a variety of modern parametrizations of the proton structure functions and

discuss the uncertainties related to them.

Another quantitative description of lepton pair production is the lpair event generator

[7], which is based on the calculation for two-photon processes [8], and also has the possibil-

ity to include proton dissociative processes. We compare the results of our kT -factorization

approach to the results obtained with lpair.

Considering the two-photon production of low- and high-mass systems, this work is

also motivated by the fact that the experimental results for exclusive dimuon production

with the CMS detector indicate that the description provided by lpair is not accurate for
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Figure 1: Acoplanarity distributions for di↵erent selections in pair rapidity (0 < |Yµµ | < 0.8, 0.8 < |Yµµ | < 1.6,
1.6 < |Yµµ | < 2.4) for 10 < Mµµ < 100 GeV. The region under the dotted line gives the fraction of the data which
is estimated to be background by extrapolating the background contribution down to Aco = 0.

5.5 E↵ect of momentum resolution

The impact of the track momentum and angular resolution is studied by calculating “bin-by-bin” correc-
tion factors using the simulated distributions of reconstructed dimuon mass and dimuon rapidity. The
migration between bins was found to be essentially negligible, such that the correction factors determ-
ined were all consistent with unity. Thus, no corrections for bin migration were applied. Varying the
momentum smearing according to its known uncertainties has negligible impact on the results.

6 Systematic uncertainties

Several sources of systematic uncertainty have been studied both using MC samples and with data-driven
techniques. They include

• Muon trigger e�ciency uncertainty The muon trigger e�ciency uncertainty is estimated by com-
paring the two methods described above, the tag-and-probe method and the minimum-bias data
method. They agree to within 5%, including statistical fluctuations. These have been propagated
to the per-event weights and typically amount to a variation of 2% or less, depending on Mµµ and
Yµµ .

• Muon reconstruction e�ciency uncertainty The reconstruction e�ciency uncertainty is determ-
ined via the uncertainty on the “scale factors” which represent known di↵erences between data and
simulations. These are calculated for each kinematic selection shown in the final result, and are
typically 2-5% depending on Mµµ and Yµµ . It has also been checked that changing the muon cut
level from tight to medium has no appreciable e↵ect on the final result, although it increases the
number of events by the expected level (about 15%), given that tight muons have about a 7% lower
e�ciency.

• Background estimation As discussed in section 5.4, there is not su�cient information to fully
address the choice of how to treat the tails in the acoplanarity distributions in Fig. 1. Thus, the
systematic error is chosen to span the scenarios where 1) the tails indicate a background that needs
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FIG. 2. Acoplanarity distribution for lepton pair production
at mid-rapidity in UPC events at the LHC with a typical kine-
matics: lepton transverse momentum P⊥ > 4 GeV and pair
invariant mass from 10 to 100 GeV. The detailed explanation
of different curves is provided in the main text. The total
contribution with resummation (solid curve) agrees well with
the ATLAS measurement [26].

and their contributions may not strongly depend on the
centrality of the collisions. Therefore, in the following
calculations, we assume that the total PT distribution
from the incoming photons is the same for the peripheral
and central collisions as in UPC events.

In non-UPC heavy ion collisions, the ATLAS and
STAR data show that the lepton pair have accumulated
additional PT -broadening. This could be from the inter-
actions between the lepton pair and the medium. Be-
cause the leptons only carry electric charges, these inter-
actions depend solely on the electromagnetic properties
of the quark-gluon plasma (QGP) created in these colli-
sions.

The medium interactions are very much similar to the
jet quenching and PT -broadening mentioned in the In-
troduction. Like the QCD case, the leptons will suffer
multiple scattering with the medium. To evaluate this
contribution, we can follow the PT -broadening calcula-
tions in QCD [7, 38]. The multiple photon exchanges
between the lepton and the medium can be formulated
in a QED type time-ordered Wilson line

UQED(x⊥) = T exp

[
−ie

∫
dz−

∫
d2z⊥G(x⊥ − z⊥)

× ρe(z
−, z⊥)

]
, (5)

where ρe(z
−, z⊥) is the electric charge source of the

medium. The photon propagator G(x⊥) is defined as

G(x⊥) =
1

(2π)2

∫
d2q⊥

1

q2
⊥ + λ2

eiq⊥·x⊥ =
1

2π
K0(λx⊥) ,

(6)
where λ acts as an IR regulator similar to the Debye mass
in QED. Analogous to the QCD qq̄ dipole calculation,
the QED multiple scattering amplitude between the ℓ+ℓ−

FIG. 3. Medium modifications to the acoplanarity distribu-
tion, with different values of the effective q̂L.

dipole with size r⊥ and target medium can be written as

⟨UQED(b⊥ +
1

2
r⊥)U†

QED(b⊥ − 1

2
r⊥)⟩ = exp

[
−Q2

ser
2
⊥

4

]
,

(7)
where the analog of saturation momentum in QED Q2

se ≡
e4

4π ln 1
λ2r2

⊥

∫
dz−µ2

e(z
−). Here, µ2

e is related to the lo-

cal charge density fluctuations. The dipole size r⊥ is
large in the soft momentum transfer region, which makes
Q2

ser
2
⊥ ∼ 1. Therefore, we need to take into account the

multiple scattering effects.
If we compare the above to the QCD dipole [39, 40], we

will find the following differences. First, because the cou-
plings in QED and QCD are dramatically different, this
introduces a major difference for the PT -broadening ef-
fects. Second, the saturation scales depend on the charge
density. Since only quarks carry electric charge, the
QED saturation scale will depend on the quark density,
whereas the QCD saturation scale depends on both quark
and gluon density. Their densities are proportional to the
respective degree of freedoms if we assume the thermal
distributions of the quarks and gluons: 21

2 Nf : 16 [41].
Here Nf is the number of active flavors. After accounting
for the color factor differences in the multiple scattering,
we estimate the ratio between the QED and QCD satu-
ration scales as

⟨q̂QEDL⟩
⟨q̂QCDL⟩ =

α2
e

α2
s

21
2 Nf

2
9

21
2 Nf

2
9 + 16 1

2

=
α2

e

α2
s

× 7

15
, (8)

for Nf = 3 and for quark jet, where ⟨q̂L⟩ represents the
saturation scale in the dipole formalism. For gluon jet,
there is a factor of CA/CF . A few comments are in order.
First, we assume that quark and gluons are thermalized
at the same time, which may not be true [41]. Second,
we did not take into account the detailed effects from the
medium property, such as the associated Debye masses
for QED and QCD. In addition, for the QCD case, there
is length dependent double logarithms [42]. If this is
to be taken into account, the above simple formula will
not apply. Nevertheless, the above can serve as a simple
formula for a rough estimate.

If we assume the multiple scattering limit, we can mod-

Acoplanarity α ≡ 1−∆φ/π and asymmetry A ≡ ||p+
T | − |p−T ||/||p+

T |+ |p−T ||.
Initial photon k⊥ distribution plus photon radiation describes the background.

Sudakov resummation of QED radiative corrections. (Similar to QCD parton
shower)
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The application of Wigner distribution in the lepton pair production

Assuming the GEPA factorization at LO, and compute the hard factorH

q1⊥ q′
1⊥

q2⊥ q′
2⊥

x1f
ij
γ (x1, q1⊥, q′

1⊥)

x2f
kl
γ (x2, q2⊥, q′

2⊥)

Hijkl = σ0 [δijδkl − δikδjl + δilδjk]

dσ(AB[γγ]→ µ+µ−)

dy1dy2d2p1T d2p2T d2b⊥

=

∫
d2k1T d2k2T

∫
d2∆⊥
(2π)2 e−i∆⊥·b⊥

×xf ij
γ (k1T ; ∆⊥)x2f kl

γ (k2T ; ∆⊥)Hijkl

×δ(2)(pT − k1T − k2T)

∝
∫

d2b1⊥d2b2⊥δ
(2)(b⊥ − b1⊥ + b2⊥)

×xf ij
γ (k1T ; b1⊥)x2f kl

γ (k2T ; b2⊥)Hijkl

Notations for the momenta: q⊥ = kT − ∆⊥
2 , and q′⊥ = kT + ∆⊥

2 .

Need the off-diagonal momenta ∆⊥ to access impact parameter b⊥.

Will negative region of Wigner Dist xf ij
γ (kT ; b⊥) ever be catastrophic?
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Results of GEPA

If we define Gik =

∫
d2k1T

(2π)
eik1T ·b⊥ki

1T kk
2T

F(k2
1)

k2
1

F(k2
2)

k2
2

, and note k1T + k2T = pT

dσ
dy1dy2d2p1T d2p2T d2b⊥

= σ0

[
(G11 − G22)(G11∗ − G22∗) + (G12 + G21)(G12∗ + G21∗)

]
≥ 0

x1 = x2 = 2 × 10−3

RA = 7fm
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The cross section = 0 when b⊥ = 0 and pT = 0 (G11 = G22 and G12 = −G21)
Explains the dip (displaced peak, ATLAS) in central AA. σ ∼ xW(pT , b⊥)

However, the dip becomes much less significant after averaging over momenta.
Qualitatively explains recent ATLAS CONF-2019-51 data. Still a bit puzzling.
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Electromagnetic Flow of Leptons in Heavy Ion Collisions cos 4φ

Integrate over the momentum imbalance and measure PT at fixed b⊥

~b⊥ ~ǫ ∝ ~b⊥ ~b⊥

RA

~B

~E ~E

~B

RA

|M|2 = 2e4
[(

u
t

+
t
u

)
− 2 cos 2 (φ1 + φ2)

]

dσ
d2P⊥dy1dy2d2b⊥

=
2α2

e

Q4
[A+ C cos 4φ]

Novel and large v4 due to linear polarized photon.

v2 ∼ m2/P2
⊥, since it requires spin flip

which is suppressed by the lepton mass.

[BX, F. Yuan, J. Zhou, 20]

l−

l+

b2⊥

b1⊥

!b⊥ = !b1⊥ −!b2⊥

P⊥

−P⊥

b⊥

φ

ẑ

side view

front view

x̂

ŷ
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Electromagnetic Flow of Leptons in Heavy Ion Collisions cos 4φ

dσ
d2P⊥dy1dy2d2b⊥

=
2α2

e

Q4
[A+ C cos 4φ]

A =
Q2 − 2P2

⊥
P2
⊥

∫
d2b1⊥d2b2⊥δ

2(~b⊥ −~b1⊥ +~b2⊥)

×x1fγ(x1, b2
1⊥)x2fγ(x2, b2

2⊥)

C = −2
∫

d2b1⊥d2b2⊥δ
2(~b⊥ −~b1⊥ +~b2⊥)

×
[

2
(
2(b̂2⊥ · b̂⊥)(b̂1⊥ · b̂⊥)− b̂1⊥ ·b̂2⊥

)2
− 1
]

×x1hγ(x1, b2
1⊥)x2hγ(x2, b2

2⊥) .
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A and C depend on unpolarized and linearly polarized photon distributions, respectively.

CMS will be able to use neutron tagging to probe this interesting EM flow.

Crucial information on the production mechanism of the dilepton.
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Proposed EIC Facilities Across the Globe

Electron-Ion colliders will become the cutting-edge high-energy and nuclear
physics research facilities in the near future.
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Collectivity (correlation, flow) is everywhere!

In high multiplicity events, large azimuthal angle correlations are observed:

Cn{2} ≡ {ein(φ1−φ2)} =

∫
dφ1dφ2ein(φ1−φ2) dN

dφ1

dN
dφ2∫

dφ1dφ2
dN

dφ1

dN
dφ1

= {ein(φ1−φRP)}{ein(φRP−φ2)} = v2
n{2}.

p+p
√sNN = 13 TeV

p+Pb
√sNN = 5.02 TeV

Pb+Pb
√sNN = 5.02 TeV

p+p
√sNN = 13 TeV

p+Pb
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Pb+Pb
√sNN = 5.02 TeV
p+p
√sNN = 13 TeV

p+Pb
√sNN = 5.02 TeV

Pb+Pb
√sNN = 5.02 TeV

Figure 2

Two-particle correlation results in (a) Pb+Pb, (b) p+Pb, and (c) p + p collisions at the LHC (55). In
Pb+Pb collisions there is a large cos(2��) correlation with peaks at �� = 0, ⇡ that extend long-range
in pseudorapidity �⌘ (magenta curve). A similar feature is observed in p+Pb and p + p collisions,
thought it does not dominate the overall correlations to the same degree.

ATLAS (57), and CMS (58)]. Here the experimental signatures were much stronger than in

p + p collisions, and the race was on to repeat as many of the A + A measurements related to

collectivity as possible to determine whether the signals persisted in p+Pb. Experimenters at

RHIC immediately reexamined d+Au collision data at
p

sNN = 200 GeV from 2008 and found

similar patterns, though with a smaller flow signal relative to the non-flow backgrounds (59). To

date, nearly all observations in A + A collisions that provided strong evidence for the heavy ion

standard model “quark–gluon plasma as near-perfect fluid” have now been measured in p+Pb

and d+Au collisions (see Reference (60) for an excellent review). The notable exception to this

Jet quenching: The
suppression of high
transverse
momentum particle
and/or jet
production relative
to yields expected
from the number of
hard scatters in a
collision. statement is jet quenching, which is discussed in Section 5.1.

4.2. Instructive Measurements

In this section we discuss four particularly instructive measurements in small systems, each of

which tests a key aspect of extending the heavy ion standard model to such systems. These

measurements involve (a) multiparticle cumulants demonstrating that correlations exist among

the majority of emitted particles as opposed to a small subset, (b) manipulation of the col-

liding small nuclei to see whether the correlations scale as expected with initial geometry, (c)

particle-identified flow patterns to see whether they reflect a common velocity field of a fluid at

hadronization, and (d) higher moments of the flow patterns, including triangular and quadran-

gular flow.

4.2.1. Multiparticle cumulants. In a collision creating N particles, one can ask whether a given

two-particle correlation is indicative of correlations involving only a small subset of particles

M ⌧ N (as in the dijet case), or from M ⇡ N , that is, a feature of the bulk. Most non-

10

Collectivity is used to describe the particle correlation. It is observed in both large and
small systems and for light and heavy hadrons!

The origin of the collectivity phenomenon is still not clear. Initial vs Final?
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Collectivity at EIC?

Ultra-peripheral collisions

6

historically called
“ultra-peripheral 
collisions” (UPC)

When b>2R, no 
nuclear overlap

Ions can still 
interact via 

electromagnetic
processes

Imaging the nucleus with A+A

31

“little EIC”

324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329

(a) (b)

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

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

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

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

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

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

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

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

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

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

3. Data analysis

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

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

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

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

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

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

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

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

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-
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Collectivity is used to describe the particle correlation. It is observed in both
large and small systems and for light and heavy hadrons!

New exciting results for UPC in PbPb collisions. (Mini-EIC)

What about predictions for the collectivity at the EIC on the horizon?
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The Structure of Photons

Photons can have a very
rich QCD structure

|γ〉 = |γ0〉
+
∑
m,n

|m qq̄ + n g〉

+
∑
ρ,ω,···

|V〉+ · · · ,

Point like (high Q2)

Partonic

VMD [Sakurai, 60]
Strong similarity between γ∗A and pA collisions when γ∗ has a long lifetime.

tlifetime ∼ 1
q−

=
q+

Q2 �
mp

P−
R ⇒ xB � 1

mpR

Opinion: collectivity in γ∗A collisions regardless the underlying interpretation.
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Collectivity in high multiplicity events in pA collisions

Qualitative understanding of high
multiplicity events and correlation.

Many active partons
|P〉 = |qqq〉+ |qqq ng〉+ · · ·
Fluctuation in parton density
Stronger Qs in nuclei.

Correlated multiple scatterings
Non-trivial color correlation.

Possible stronger parton shower.
Shower produce soft particles
due to hard collisions.

Operation in 2013 and 
future operations.  

A CGC model for correlation based on the above three pillar in Red.
Let us pick two initially uncorrelated collinear partons (say q + q) from proton, and
consider their interactions with the target nucleus.

Correlation can be generated between them due to multiple interaction.

Due to Unitarity, the un-observed partons do not affect the correlation of the system.
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Wilson Lines in Color Glass Condensate Formalism

Consider the multiple scattering between a fast quark and target background gluon fields.

x⊥

AA A A

· · ·U(x⊥)=P exp
(
−ig

∫
dz+A−(x⊥,z+)

) · · · · · ·

The Wilson loop (color singlet dipole) in McLerran-Venugopalan (MV) model

x⊥

y⊥

· · ·1
Nc

〈
TrU(x⊥)U†(y⊥)

〉
=e−

Q2
s (x⊥−y⊥)2

4 · · · · · ·

Dipole (DP gluon)

· · ·⊗⊗ ⊗⊗

Quadrupole (WW gluon)

· · ·

· · ·

⊗⊗
⊗⊗

⊗⊗
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Wilson Lines in Color Glass Condensate Formalism

The Wilson loop (color singlet dipole) in McLerran-Venugopalan (MV) model

x⊥

y⊥

· · ·1
Nc

〈
TrU(x⊥)U†(y⊥)

〉
=e−

Q2
s (x⊥−y⊥)2

4 · · · · · ·

Dipole amplitude S(2) then produces the quark kT spectrum via Fourier
transform

F(k⊥) ≡ dN
d2k⊥

=

∫
d2x⊥d2y⊥

(2π)2 e−ik⊥·(x⊥−y⊥) 1
Nc

〈
TrU(x⊥)U†(y⊥)

〉
.

Consider multiple particle productions, more complex color structures arise.
For example, 2 quark production⇔ 2 dipoles + · · ·〈

TrUU†TrUU†
〉

=
〈

TrUU†
〉〈

TrUU†
〉

+ correlations

Quadrupole 1
Nc

〈
TrUU†UU†

〉
6= 1

Nc

〈
TrUU†

〉 1
Nc

〈
TrUU†

〉
?
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A Tale of Two Gluon Distributions

[F. Dominguez, C. Marquet, Xiao and F. Yuan, 11]
I. Weizsäcker Williams gluon distribution

xGWW(x, k⊥) =
2Nc

αS

∫
d2R⊥
(2π)2

d2R′⊥
(2π)2 eiq⊥·(R⊥−R′⊥)

1
Nc

〈
Tr [i∂iU(R⊥)] U†(R′⊥)

[
i∂iU(R′⊥)

]
U†(R⊥)

〉
x
.

II. Color Dipole gluon distribution:

xGDP(x, k⊥) =
2Nc

αs

∫
d2R⊥d2R′⊥

(2π)4 eiq⊥·(R⊥−R′⊥)

(
∇R⊥ · ∇R′⊥

) 1
Nc

〈
Tr
[
U (R⊥) U†

(
R′⊥
)]〉

x
,

Quadrupole⇒Weizsäcker Williams gluon; Dipole⇒ Color Dipole gluon.

Two fundamental topological color singlets configurations in coordinate space.

Generalized universality in large Nc in eA and pA collisions for Wilson lines
[F. Dominguez, C. Marquet, A. Stasto and BX, 12]
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Correlations in CGC

Correlations between uncorrelated incoming quarks (gluons) are generated due to
quadrupole as Nc corrections. [Lappi, 15; Lappi, Schenke, Schlichting, Venugopalan,
16; Dusling, Mace, Venugopalan, 17; Davy, Marquet, Shi, Xiao, Zhang, 18]

O

 1
N4

c


1

N2
c

2

II. DILUTE-DENSE FRAMEWORK FOR TWO-PARTICLE CORRELATIONS

Let us first recall the dilute-dense factorization framework frequently used to compute single-inclusive production
in pA collisions, also known as the hydrid factorization formula [40, 41]. Denoting the transverse momentum k? and
the rapidity y, the parton-level production cross-section can be written as

d�

dyd2k?
= xpq(xp) haq(k?)ixA

+ xpg(xp) hag(k?)ixA
(1)

with q(xp) (resp. g(xp)) the collinear quark (reps. gluon) density inside the projectile proton, xp = k?p
s
ey, xA = k?p

s
e�y

and

aq(k?) =

Z
d2xd2y

(2⇡)2
eik?·(x�y) 1

Nc
tr
�
V (x)V †(y)

�
=

1

Nc
tr

����
Z

d2x

2⇡
eik?·x V (x)

����
2

, (2)

ag(k?) =

Z
d2xd2y

(2⇡)2
eik?·(x�y) 1

N2
c �1

Tr
�
U(x)U †(y)

�
=

1

N2
c �1

Tr

����
Z

d2x

2⇡
eik?·x U(x)

����
2

. (3)

Here haq,g(k?)ixA
indicates the color averaging of the fundamental (V ) and adjoint (U) Wilson lines (yielding fun-

damental and adjoint Wilson loops, or color dipoles) in the gluon background fields of the target nucleus. The
expectation value of the amplitude haq,g(k?)ixA

essentially provides the transverse momentum k? of the order of the

so-called saturation momentum Qs. We shall perform those target averages using the McLerran-Venugopalan (MV)
model [42, 43].

d2N

d2k1?d2k2?
=

Z
d2r1?d2r2?e�ik1?·r1?e�ik2?·r2?

⇥ 1

N2
c

⌦
tr
⇥
V (x1)V (x2)

†⇤ tr
⇥
V (x3)V (x4)

†⇤↵

where
1

N2
c

⌦
tr
⇥
V (x1)V (x2)

†⇤ tr
⇥
V (x3)V (x4)

†⇤↵ 6= 1

N2
c

⌦
tr
⇥
V (x1)V (x2)

†⇤↵ ⌦tr
⇥
V (x3)V (x4)

†⇤↵

= e�
Q2

s
4 (r2

1+r2
2)

"
1 +

(
Q2

s

2 r1 · r2)
2

N2
c

Z 1

0

d⇠

Z ⇠

0

d⌘e
⌘Q2

s
8 [(r1�r2)

2�4(b1�b2)
2]

#

Before the color average takes place, it is important to note that, in general

aq(�k?) =

Z
d2xd2y

(2⇡)2
eik?·(x�y) 1

Nc
tr
�
V (y)V †(x)

�
6= aq(k?). (4)

This is because for fundamental Wilson lines, prior to the average over the color configuration of the target, one has:

tr
�
V (y)V †(x)

�
=
⇥
tr
�
V (x)V †(y)

�⇤⇤ 6= tr
�
V (x)V †(y)

�
. (5)

which is equivalent to say that 2i Im tr
�
V (x)V †(y)

�
= tr

�
V (x)V †(y)

�
� tr

�
V (y)V †(x)

�
6= 0. Even though aq(k?)

and aq(�k?) are real (since they can be written as squares as shown in Eq. 3), that non-zero imaginary part con-
tributes to them with di↵erent signs. It is the target averaging which puts this imaginary part to zero1 for single
quark production:

⌦
tr
�
V (x)V †(y)

�↵
xA

=
⌦
tr
�
V (y)V †(x)

�↵
xA

, and therefore we do have haq(k?)ixA
= haq(�k?)ixA

.

For gluons however, due to the fact that the adjoint representation is real, one has Im Tr
�
U(y)U†(x)

�
= 0 and

ag(kt) = ag(�kt) configuration-by-configuration, as noticed in Ref. [26]. This di↵erence between quarks and gluons
has important consequences when looking at two-particle production, as we sketch now, prior to making more detailed
calculations in the next Section.

Note first that we do not consider here the so-called jet contributions, which involve a single parton coming from
the projectile that then splits into two, and which have been discussed extensively in several works [45–48]. Indeed,

1 We stick here to the original MV model with a quadratic weight function. A non-zero
⌦
Im tr

�
V (x)V †(y)

�↵
xA

can be obtained with

cubic terms, see e.g. [44]

At leading Nc, d2N
d2k1⊥d2k2⊥

=
(

dN
d2k1⊥

)(
dN

d2k2⊥

)
, there are no correlations.

The correlations only come in as higher order Nc corrections as shown above.
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Resulting v2 in γA collisions from CGC

[Y. Shi, L. Wang, S. Y. Wei, BX, L. Zheng, 2008.03569]

vinte2 ' [0.035, 0.04]

Q2
s = 5 GeV2

Bp = 25 GeV−2

0.0 0.5 1.0 1.5 2.0 2.5
0.00

0.05

0.10

p⊥ (GeV)

v 2

UPC, ATLAS

CGC, pmax
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Assume lifetime is sufficient for photon to build up many partonic contents in its WF.

The transverse size r ∼ 1
Q and r ≤ 1

ΛQCD
as far as QCD fluctuation is concerned.

Again multi-gluon correlations can generate correlations for both UPC and pA.
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Summary

Several curious and interesting aspects of the photon

β = 0 β = 1

Acceleration

b⊥

Wigner distribution⇒ Interesting measurements and theoretical issue.

Linear polarization⇒ Non-trivial correlations in final state lepton pairs.

Rich partonic structure⇒ Collectivity at the future EIC.

All of the channels are currently being pursued at the LHC (in particular
ATLAS and CMS)!
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