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Figure 2: The two-dimensional di-hadron correlations in di↵erent collision systems.
Figures are compiled from Refs. [5,6,10] and [14]. The correlations include two major
components, the di-jet and the ridge for the systems shown in the upper panel. The
red arrow points to the region where the long-range ridge component is expected to
dominate over the di-jet components. For the systems shown in the lower panel only
the di-jet components are visible.

2 Azimuthal correlation observables at RHIC and
LHC

Figure 2 shows the two-dimensional (2D) di-hadron correlation function (per-trigger-
particle associated yield distribution) expressed in terms of relative pseudo-rapidity
(�⌘) and azimuthal angle (��) of the emitted particles. The short range di-jet
correlations give rise to a narrow near-side peak at (�⌘ = 0,�� = 0) but can extend
over the entire �⌘ in the away side (�� ⇠ ⇡) whereas the long-range ridge-like
correlations can persist up to large �⌘ in both near and away sides. The dominance
of the ridge component over the dijets can lead to the appearance of the long-range
structure in the near side, as seen in the lower panel for higher multiplicity p +
p/A and also in A+A collisions. In low multiplicity p + p/A and in e

+ � e

�, no
near side ridge is seen indicating dilute regime of QCD to dominate the particle

3

(Conservation ⟹ perfect 
configurations)

At the fundamental level conservation laws  
determine correlation among few particles
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dominate over the di-jet components. For the systems shown in the lower panel only
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Collectivity ⟹ observation of a specific pattern or behavior that is followed 
by most of its constituents in a system

Au+Au → p+A → p+p → e(γ)+A → e(γ)+p → e+e
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Inclusive processes in DIS

Until the BNL EIC is built UPCs provide an opportunity to study high-
energy photoproduction processes (low virtuality limit of DIS)

γ

p/A p/A

* γ
Q → 02i

j

i

j

A
e± e±

Inclusive DIS at HERA/EIC Inclusive UPC at the LHC/RHIC RHICEIC

Events with Q2 >1 are conventionally regarded as DIS

Most ep events have Q2 << 1 and Q2—>0 photoproduction processes



Lessons from HERA
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Inclusive processes in DIS

γ

p A

* γi

j
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A
e± e±

Inclusive DIS at HERA

Typical HERA kinematics 


Ee=27.5 GeV

Ep=920 GeV


0.0001 < x < 0.01

5 < Q2 < 100 GeV2 (DIS)
Wγp ~ 270 GeV (Photoproduction)
Ntrk (HM) < 30 
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Search for collectivity in DIS
Search for collectivity in e-p collisions with ZEUS data

    JHEP 04 (2020) 070,1912.07431 [hep-ex]
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Figure 6. Two-particle correlation C(∆η,∆ϕ) for (a) low and (b) high Nch. The peaks near the
origin have been truncated for better visibility of the finer structures of the correlation. The plots
were symmetrised along ∆η. No statistical or systematic uncertainties are shown.
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Figure 1. Reconstructed distributions of (a) multiplicity and (b) Q2 in data compared to LEPTO
and ARIADNE model predictions. The reconstructed Monte Carlo distributions are normalised to
the total number of reconstructed events in data. Generator-level distributions are also shown
using the same scale factors as for the reconstructed distributions. The normalisation procedure for
LEPTO follows that for ARIADNE. The statistical uncertainties are smaller than the marker size.
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Figure 2. Reconstructed distributions of (a) pT and (b) η in data compared to LEPTO and
ARIADNE. The reconstructed distributions are first normalised by their respective total number
of events, Nev. The generator-level predictions of ARIADNE are normalised to reconstructed
ARIADNE at (a) pT = 0.1GeV and at (b) η = 0. The other model predictions have been normalised
by the same factor (1.3). The kink in the ARIADNE prediction near η = 8 arises from the
contribution of diffractive events where the incoming proton remains intact. The other details are
as in figure 1.
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Azimuthal correlations —> consistent with expectations from momentum 
conservation & hard processes, well described by DIS models

No sign of ridge
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Multi-particle correlation in ep DIS 

No obvious negative C2{4} in DIS
RAPGAP has better agreement with data

19Initial Stages 2021, Jan 12 2021
DIS HCM

11

Collectivity in ep DIS with H1 data

Summary  
Test of the predictions based on quantum entanglement in DIS H1 ep collisions

The predictions from the entropy of gluons disagree with the hadron entropy 
obtained from the multiplicity measurements

No collectivity observed in either DIS or photoproduction in H1 ep collisions
No long-range near-side ridge
V2∆,V3∆ in DIS can be described by RAPGAP w/o collectivity
No negative C2{4}, and C2{4} can also be described by RAPGAP w/o collectivity

23DIS 2021, Apr 15 2021

Chuan Sun, H1 Collaboration, DIS 2021

No near-side long-range ridge with H1 DIS data 
Results on VnΔ & cn{4} → no sign of collectivity

https://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-20-033.long.html

fig: hep-ex/0003017

https://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-20-033.long.html
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Collectivity in ep photoproduction from H1

No near-side long-range ridge with H1 DIS data 
Results on VnΔ & cn{4} → no sign of collectivity

https://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-20-033.long.html

Search for collectivity in ep photoproduction

q q

q q

ATLAS-CONF-2019-022

The resolved photoproduction process in ep 
collisions can be regarded as hadronic collisions
Collectivity in ep photoproduction?

Non-zero v2 values observed in PbPb ultra-
peripheral collisions(photo-nuclear collisions)
Evidence of collectivity in hadron-like 
collisions

20Initial Stages 2021, Jan 12 2021

Search for collectivity in ep photoproduction

q q

q q

ATLAS-CONF-2019-022

The resolved photoproduction process in ep 
collisions can be regarded as hadronic collisions
Collectivity in ep photoproduction?

Non-zero v2 values observed in PbPb ultra-
peripheral collisions(photo-nuclear collisions)
Evidence of collectivity in hadron-like 
collisions

20Initial Stages 2021, Jan 12 2021
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https://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-20-033.long.html


Lessons from LHC
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Inclusive UPC at the LHC/RHIC

γ

A

* i

j

e± e±
EICTypical kinematics at LHC and RHIC:

 Q2 < (︎ħc/RA)2 →0;  RA ~ 1.2 (A)1/3  fm      
A~200, Q2 ~0.0008 GeV2 

Eγ ~ γLorentz ( ︎ħc/RA), WγA ~ √(4 Eγ EA)

γL (Pb, LHC)=2.51e3, γL(p, LHC)=6.51e3
Eγ (LHC) ~ 71 GeV, 
Wγp (LHC) ~ 1.36 TeV, dNtrk/dη (HM) > 7 
WγPb (LHC) ~ 844 GeV, dNtrk/dη (HM) > 10

γL(Au, RHIC)= 27,100, γL(p/d, RHIC)=100
Eγ (RHIC) ~ 2.86 GeV, 
Wγ(p/d) (RHIC) ~ 33.8 GeV
WγAu (RHIC) ~ 17.6, 33.8 GeV

i

j

p/A

γ
A

Main challenge is to 
exclude hadronic events

(peripheral AA or pA) 
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A Photonuclear events from ATLAS 
ATLAS Collaboration, e-Print: 2101.10771 [nucl-ex]
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Rapidity 
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Figure 1: Diagrams representing di�erent types of photonuclear collisions and the general features of their event
topologies. Left: the direct process, in which the photon itself interacts with the nucleus. Right: the resolved process,
in which the photon fluctuates into a hadronic state.

&2 > 1 GeV2. A ridge signature was not observed, and experimental upper limits were set on the possible
magnitude of E= coe�cients.

In addition to the hadronic Pb+Pb interactions described above, the strong electromagnetic (EM) fields of the
fully ionized nuclei can induce interactions even when the nuclei have significantly larger impact parameters
such that no hadronic interaction occurs (1 & 2'�). In the equivalent photon approximation [15–17],
these strong EM fields correspond to a flux of quasi-real, high-energy photons. These photons can be
emitted coherently from the entire nucleus, producing a flux enhanced by a factor of /2 (/ = 82 for Pb) for
photons up to 80 GeV at the LHC. These ultraperipheral collisions (UPC) [18, 19] have appreciable rates
and include photon–photon (WW) and photonuclear (W + A) interactions.

At the LHC, previous measurements of ultraperipheral processes in Pb+Pb collisions include light-by-light
scattering (WW ! WW) [20–23], exclusive dilepton production (WW ! 4+4� and WW ! `+`�) [24–26], and
the photonuclear production of various meson states (W+A ! ⌘+-) [26–28]. In the photonuclear case, the
photon may act as a point-like particle interacting with a parton in the nucleus (the ‘direct’ case). However,
the vector-meson dominance picture [18, 29] suggests that the photon often fluctuates into a vector-meson
state such as a d or l (the ‘resolved’ case). In this case, the interaction proceeds as a meson–nucleus
collision at an energy lower than that of the associated nucleon–nucleon collision. Figure 1 illustrates the
direct and resolved photonuclear interactions. The photon–nucleon collision energy and the boost of the
center-of-mass relative to the nucleus–nucleus rest frame depends on the photon energy and thus varies
event to event. For photons with energies at the upper boundary of the coherence region, ⇢ = 80 GeV, the
resulting photon–nucleon center-of-mass energy is approximately 900 GeV. Thus photonuclear collisions
may be used to probe the dynamics of a system with a novel energy and geometry compared to ?? or ?+A
collisions at the LHC, and to 4+4� or 4? collisions at LEP and HERA. Since photonuclear events are the
photoproduction limit of deep inelastic scattering on nuclei, these measurements may also shed light on
possible collective signatures at the future Electron Ion Collider [30, 31].

This paper presents a measurement of azimuthal anisotropies obtained via two-particle correlations in
photonuclear collisions, where such analyses have not previously been undertaken. The data were recorded
using a trigger designed to select minimum-bias and high-multiplicity photonuclear events in 1.7 nb�1 of
Pb+Pb collisions at 5.02 TeV per nucleon pair delivered by the LHC in 2018. Photonuclear event candidates

3

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Rapidity 
gap

No rapidity 
gap

Nucleus intact 
No neutrons

Nucleus breaks up 
Multiple neutrons

Gap partially 
filled

No rapidity 
gap

Figure 1: Diagrams representing di�erent types of photonuclear collisions and the general features of their event
topologies. Left: the direct process, in which the photon itself interacts with the nucleus. Right: the resolved process,
in which the photon fluctuates into a hadronic state.

&2 > 1 GeV2. A ridge signature was not observed, and experimental upper limits were set on the possible
magnitude of E= coe�cients.

In addition to the hadronic Pb+Pb interactions described above, the strong electromagnetic (EM) fields of the
fully ionized nuclei can induce interactions even when the nuclei have significantly larger impact parameters
such that no hadronic interaction occurs (1 & 2'�). In the equivalent photon approximation [15–17],
these strong EM fields correspond to a flux of quasi-real, high-energy photons. These photons can be
emitted coherently from the entire nucleus, producing a flux enhanced by a factor of /2 (/ = 82 for Pb) for
photons up to 80 GeV at the LHC. These ultraperipheral collisions (UPC) [18, 19] have appreciable rates
and include photon–photon (WW) and photonuclear (W + A) interactions.

At the LHC, previous measurements of ultraperipheral processes in Pb+Pb collisions include light-by-light
scattering (WW ! WW) [20–23], exclusive dilepton production (WW ! 4+4� and WW ! `+`�) [24–26], and
the photonuclear production of various meson states (W+A ! ⌘+-) [26–28]. In the photonuclear case, the
photon may act as a point-like particle interacting with a parton in the nucleus (the ‘direct’ case). However,
the vector-meson dominance picture [18, 29] suggests that the photon often fluctuates into a vector-meson
state such as a d or l (the ‘resolved’ case). In this case, the interaction proceeds as a meson–nucleus
collision at an energy lower than that of the associated nucleon–nucleon collision. Figure 1 illustrates the
direct and resolved photonuclear interactions. The photon–nucleon collision energy and the boost of the
center-of-mass relative to the nucleus–nucleus rest frame depends on the photon energy and thus varies
event to event. For photons with energies at the upper boundary of the coherence region, ⇢ = 80 GeV, the
resulting photon–nucleon center-of-mass energy is approximately 900 GeV. Thus photonuclear collisions
may be used to probe the dynamics of a system with a novel energy and geometry compared to ?? or ?+A
collisions at the LHC, and to 4+4� or 4? collisions at LEP and HERA. Since photonuclear events are the
photoproduction limit of deep inelastic scattering on nuclei, these measurements may also shed light on
possible collective signatures at the future Electron Ion Collider [30, 31].

This paper presents a measurement of azimuthal anisotropies obtained via two-particle correlations in
photonuclear collisions, where such analyses have not previously been undertaken. The data were recorded
using a trigger designed to select minimum-bias and high-multiplicity photonuclear events in 1.7 nb�1 of
Pb+Pb collisions at 5.02 TeV per nucleon pair delivered by the LHC in 2018. Photonuclear event candidates

3

Gap definition     (detector roll-out)
18

ZD
C

A

ZD
C
γ

Event Selection:  ΣAΔηgap < 3         ΣγΔηgap > 2.5 

abc

ΣA Δηgap

Σ𝛾Δηgap = a + b + c 

η

ϕ

Pb

Xn 0n

} } }

ATLAS calorimeter and tracker

η= -4.9 η= +4.9

Gap definition     (detector roll-out)
18

ZD
C

A

ZD
C
γ

Event Selection:  ΣAΔηgap < 3         ΣγΔηgap > 2.5 

abc

ΣA Δηgap

Σ𝛾Δηgap = a + b + c 

η

ϕ

Pb

Xn 0n

} } }

ATLAS calorimeter and tracker

η= -4.9 η= +4.9



P. Tribedy, CFNS meeting on RHIC to EIC, May 24-26, 2021 16

Challenge : purity of γA events 
Gap definition     (detector roll-out)
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} } }

ATLAS calorimeter and tracker

η= -4.9 η= +4.9

Primarily cut: “0nXn” events using the ZDC.
Major discrimination of Pb+Pb using sum-gap

γ+Pb: broader sum-gap 
distribution 
Pb+Pb: narrow sum-gap 
distributionCan achieve > 97% purity for γ+Pb events
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Figure 4: Left: # rec
ch distribution in data, corrected for trigger and reconstruction e�ciency and normalized per

event (black points), compared with that in DPMJET-III W+Pb (dot-dashed green histogram), DPMJET-III W+?
(dotted red histogram), and P����� W+? (dashed blue histogram). The bottom panel shows the ratios of the MC
distributions to the data distributions. Right: ⌃W�[ distribution in data for # rec

ch � 10 (black points), normalized
per event, and compared with that in DPMJET-III W+Pb (dot-dashed green histogram), P����� W+? (dashed blue
histogram), peripheral H����� Pb+Pb (solid magenta histogram), and DPMJET-III W+? (dotted red histogram).

Despite the limitations in the modeling of forward neutrons, a generator-level check requiring neutrons
in the ZDC acceptance was performed and found not to impact the level of agreement between data and
DPMJET-III. The distributions in P����� and DPMJET-III W+? are normalized to have the same integral
as the data over the full # rec

ch range. The models show good agreement with the data at low # rec
ch , but

systematically predict too low a relative yield at higher # rec
ch . DPMJET-III W+Pb does not describe the

full distribution, but has been normalized to have the same integral as the data in # rec
ch > 35 to highlight

its good agreement in this region over many orders of magnitude. With this normalization, DPMJET-III
W+Pb systematically predicts too low a relative yield for # rec

ch < 15. This comparison either suggests the
presence of other, non-photonuclear, processes in data at such low # rec

ch < 10 values, or points to the need
for improved modeling of this region in the simulation.

The right panel of Figure 4 shows the reconstructed ⌃W�[ distributions in data and simulation for selected
events with # rec

ch > 10, without the ⌃W�[ > 2.5 requirement. Structures in the distributions correspond to
transitions between detector subsystems and the change in the detector response as a function of [. At
large ⌃W�[ values � 2.5, the shape of the distribution in data is qualitatively similar to that in DPMJET-III
W+Pb and Pythia W+? simulation. However, the distributions in the simulated photonuclear events decrease
at smaller ⌃W�[ values, while the distribution in data rises. At low ⌃W�[, the shape in data is qualitatively
similar to that in peripheral H����� Pb+Pb events. This comparison suggests that the trigger-selected events
contain a mixture of peripheral Pb+Pb events and genuine photonuclear events, with the latter dominant
at ⌃W�[ > 2.5. The possible impact of residual peripheral Pb+Pb events in the set of selected events is
discussed in Section 6.

Figure 5 compares the charged-particle pseudorapidity distribution, 3#ch/3[, in data and simulation.
The left panel shows the 3#ch/3[ in data, for charged particles with 0.4 < ?T < 5 GeV, for multiple

9

γ+Pb

Blair Seidlitz, ATLAS Collaboration, IS2021
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Ridge yield extracted in γ+Pb events
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Figure 9: An example of the template-fitting procedure for a selected ?T range. The left plot displays the LM data
with open markers and the simultaneous fit in the green dotted line. The lower panel displays the pull distribution. In
the top panel of the right plot, the solid red line shows the total fit to the HM data in black markers. The dashed
green line shows the scaled LM plus pedestal, while the dashed blue and dotted magenta lines indicate the two
flow contributions to the fit, . ridge

2 = ⌧ [1 + 2E2,2 cos(2�q)] and .
ridge
3 = ⌧ [1 + 2E3,3 cos(3�q)], shifted upwards

by �.LM (0) for visibility. The middle-right panel shows the pull distribution for the template fit in the top panel.
The bottom-right panel shows the same set of data and fit components, where the scaled LM distribution has been
subtracted to better isolate the modulation.

has a significant e�ect on the extracted E2,2 and E3,3 values. The resulting E=,= values are positive in all
selections, with one exception: in the ?0T-dependent results with a single HM selection, the E2,2 value for
3 < ?T < 5 GeV is negative. Additionally, the E2,2 value for 2 < ?T < 3 GeV is significantly lower than
that for 1.2 < ?T < 2 GeV. In these selections, the E3,3 values also rise significantly. The template fits to
these selections are shown in Figure 12, and are discussed further below.

5.2 Factorization test

In the flow paradigm, a two-particle azimuthal modulation characterized by a E=,= value arises from the
product of nonzero azimuthal anisotropies, E=, for each particle. These are related via E=,= (?0T, ?1T) =
E= (?0T)E= (?1T), or E=,= (?0T, ?1T) = E= (?T)2 if 0 and 1 are selected from the identical particle ?T range.
Thus, a single-particle flow coe�cient E= (?0T) may be determined from two-particle E=,= values through

E= (?0T) = E=,= (?0T, ?1T)/E= (?1T) = E=,= (?0T, ?1T)/
q
E=,= (?1T, ?1T) for a given selection on reference particle

1. To test whether the E=,= values in data are compatible with this picture, a factorization test can be
performed in which E= values for particle 0 are compared for di�erent particle 1 selections. The results of
this test for the E2 values as a function of # rec

ch are shown in Figure 13. The test demonstrates that while the
E2,2 values for di�erent ?1T selections may be di�erent, the E2 values obtained for particle 0 as a function
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Figure 7: Two-dimensional normalized particle pair distributions in photonuclear events, corrected for acceptance
e�ects with the mixed-event distribution, and presented as a function of �[ and �q. The peak at (�q,�[) = (0, 0) is
truncated to better show the structure of the correlation function. Each panel represents a di�erent charged-particle
multiplicity # rec

ch range for the selection 0.4 < (?0T, ?1T) < 2.0 GeV.
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Figure 8: Two-dimensional normalized particle pair distributions in photonuclear events, corrected for acceptance
e�ects with the mixed-event distribution, and presented as a function of �[ and �q. The peak at (�q,�[) = (0, 0) is
truncated to better show the structure of the correlation function. Each panel represents a di�erent ?0T range for the
selection 20 < # rec

ch < 60 and 0.4 < ?1T < 2.0 GeV.

Examples of two-dimensional ⇠ (�q,�[) correlation functions are presented in Figure 7 and Figure 8.
In Figure 7, particles 0 and 1 are required to have 0.4 < ?0T < 2 GeV , and two example # rec

ch selections
are shown. In Figure 8, correlation functions are presented for 20 < # rec

ch < 60, with two example ?T

selections for particle 0 shown. The two-dimensional correlation functions have features which are broadly
similar to those observed in ?? collisions. There is a localized ‘near-side’ peak at (�q,�[) ⇡ (0, 0) from
correlations between jet fragments, and an extended ‘away-side’ ridge at �q ⇡ c which extends over a large
�[ range from correlations between fragments of azimuthally opposite jets. A quantitative analysis and
non-flow subtraction are necessary to discern if there are additional ridge structures, as detailed below.
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Use template to extract ridge & anisotropy:

ATLAS Collaboration, e-Print: 2101.10771 [nucl-ex]
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Elliptic anisotropy in γ+A and CGC 
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Figure 16: Charged-particle flow coe�cients E2 (left) and E3 (right) in photonuclear events with 20 < # rec
ch  60,

reported as a function of particle ?T. The vertical error bars and colored boxes represent the statistical and total
systematic uncertainties, respectively. The photonuclear data points are positioned at the average ?T value in each
interval.
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Figure 17: Charged-particle flow coe�cients E2 (left) and E3 (right) in photonuclear events with 20 < # rec
ch  60,

reported as a function of particle ?T. The vertical error bars and colored boxes represent the statistical and total
systematic uncertainties, respectively. The photonuclear data points are positioned at the average ?T value in each
interval. The data are compared with the analogous measurements in ?? collisions at 13 TeV and ?+Pb collisions at
5.02 TeV for # rec

ch � 60 [5]. The E2 data are also compared with a CGC-based theory calculation from Ref. [31].
These photonuclear data are the same as in Figure 16 but with di�erent y-axes ranges to allow comparison with
additional data and theoretical predictions.

24

Elliptic anisotropy is lower in γ+Pb than in p+Pb

CGC calculations provide an explanation based 
on color domain picture.


EIC will provide much control to explore this

CGC calculation arXiv: 2008.03569

Cartoon: Blair Seidlitz, IS2021

ATLAS Collaboration, e-Print: 2101.10771 [nucl-ex]
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CMS γ+p collisions

Quan Wang Initial Stages 2021, Israel

g-proton Event Selection
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ØPb-going side detector is quiet
ØNo neutrons detected by ZDC

qPb nucleus is not breaking
ØActivity in p-going side

95% gp purity

Pb-going side detector is 
quiet but a lot of activity 
in p-going side 
Already gives 95% γp 
purity 

Big step towards UPC-DIS complimentarily although kinematics is different2−
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Figure 2: Two particle correlation functions in H1 photo-production events with 2  N
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7

Quan Wang, CMS Collaboration, IS2021

Similar observation 
in UPC & DIS PhP
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CMS γ+p collisions

4. Analysis technique 5

1−
0

1
2

3
4

 (radians)

φ∆

2−
1−

0
1

2 η∆

0.04

0.05

0.06φ
∆

 d
 

η
∆

 /
 d

 
p
a
ir

 N
2

 d
tr

ig
N

1

1− 0 1 2 3 4

 (in radians)φ∆   

0.17

0.18

0.19

0.2

0.21

0.22

0.23

0.24

0.25

3−10×

  
  

  
  

  
  

 
φ

∆
/d

p
a

ir
d

N

∆1V

∆2V

∆3V

Fourier Fit

CMS pPb

1−
0

1
2

3
4

 (radians)

φ∆

4−3−2−1−01234 η∆

0.028

0.03

0.032

φ
∆

 d
 

η
∆

 /
 d

 
p

a
ir

 N
2

 d
tr

ig
N

1

1− 0 1 2 3 4

 (in radians)φ∆   

0.14

0.142

0.144

0.146

0.148

0.15

3−10×

  
  
  
  
  
  
 

φ
∆

/d
p

a
ir

d
N

∆1V

∆2V

∆3V

Fourier Fit

CMS pPb

p enhancedγ

Minimum-bias

 Preliminary CMS

 Preliminary CMS

 Preliminary CMS

 Preliminary CMS

)-1 = 8.16 TeV (68.8nbNNs

)-1 = 8.16 TeV (68.8nbNNs

)-1 = 8.16 TeV (68.8nbNNs < 35, trkN

)-1 = 8.16 TeV (68.8nbNNs < 35, trkN

 < 3.0 GeV/c
T

0.3 < p

 < 3.0 GeV/c
T

0.3 < p
 < 3.0 GeV/c

T
0.3 < p

 < 3.0 GeV/c
T

0.3 < p

| > 2.0η∆|

 < 35trkN

| > 2.0η∆|

 < 35trkN

Figure 2: Two-dimensional (left) and one dimensional (right) correlation plots for gp enhanced
(top) and minimum-bias events (bottom) for 0.3 < ptrig

T , passoc
T < 3.0 GeV/c and 2 < Ntrk < 35.

For the two dimensional distributions the jet peak centered at Dh = Df = 0 has been truncated
to increase visibility. The rapidity gap requirement for the gp enhanced sample limits the |Dh|
range to |Dh| < 2.5. The one dimensional Df distributions are symmetrized by construction
around Df = 0 and Df = p, so all the data are contained in [0, p] and are averaged over
|Dh| > 2. The Fourier coefficients, VnD in the right column are fitted over the Df range [0, p].
Points outside this range are shown with blue color and are obtained by symmetrization of
those in [0, p].

procedure. Each data point of the 1-D �� correlation function is varied, independently,
according to its statistical and systematic uncertainties (described later in this section) to
form a new 1-D �� correlation function. The ridge yield is then extracted from the new 1-D
�� correlation function. The procedure is carried out 2.5 million times where a distribution of
ridge yield is obtained. The distributions are fitted by Gaussian functions where the mean ±
2 sigma of the Gaussian fit represents the 95% confidence level limits of the ridge yield. Fig. 4
shows the distribution of the ridge yield from bootstrap in DIS events with 15  N

obs

trk

< 20
in the range of 1.5 <

���⌘

HCM
��
< 2.0.

Azimuthal anisotropy harmonics of charged particles are extracted via a Fourier decomposition
of �� correlation functions averaged over 1.5 < |�⌘| < 2.0 and 2.0 < |�⌘| < 3.0,

1

N

trig

dN

pair

d��

=
N

assoc

2⇡

"
1 +

X

n

2Vn� cos(n��)

#
, (4)

as was done in Refs. [1,10–12]. Here, Vn� are the Fourier coe�cients and N

assoc

represents the
total number of pairs per trigger particle. The first five Fourier terms are included in the fits
to the correlation functions. Including additional terms has a negligible e↵ect on the results
of the Fourier fit.

To further explore the possible collective nature of the long-range correlations, a four-particle
cumulant analysis is used to extract the C

2

{4} with the standard cumulant method, the 2
subevent method and the 3 subevent method following the procedure in Ref. [9].

In order to determine acceptance and e�ciency, the DIS process is simulated by di↵erent
Monte Carlo (MC) event generators, which include the hard scattering process and simulation
of higher order QCD correction in form of parton shower and hadronisation. Brief descriptions
of the MC generators are given below:

• The RAPGAP 3.1 [15] MC event generator matches first order QCD matrix elements
to the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) [16–19] parton showers with
strongly ordered transverse momenta of subsequently emitted partons. The factorisation
and renormalisation scales are set to µf = µr =

p
Q

2 + p̂

2

T , where p̂T is the transverse
momentum of the outgoing hard parton from the matrix element in the center-of-mass
frame of the hard subsystem. The CTEQ 6L [20] leading order parametrisation of the
parton density function (PDF) is used.

• The DJANGOH 1.4 [21] MC event generator used the Color Dipole Model (CDM)
as implemented in ARIADNE [22], which models first order QCD processes and cre-
ates dipoles between colored partons. Gluon emission is treated as radiation from these
dipoles, and new dipoles are formed from the emitted gluons from which further ra-
diation is possible. The radiation pattern of the dipoles includes interference e↵ects,
thus modelling gluon coherence. The transverse momenta of the emitted partons are
not ordered in transverse momentum with respect to rapidity, producing a configura-
tion similar to the Balitsky-Fadin-Kuraev-Lipatov (BFKL) [23–25] treatment of parton
evolution [26]. The CTEQ 6L [20] at leading order is used as the PDF.

The generated events are passed through a detailed simulation of the H1 detector response
based on the GEANT3 simulation program [27] and are processed using the same reconstruc-
tion and analysis chain as used for the data. For the determination of the detector e↵ects
both the RAPGAP and DJANGOH predictions are studied. Fig. 7 and 8 show examples of
1D ��

HCM correlation functions from RAPGAP and DJANGOH simulations, respectively.
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Figure 4: Single-particle azimuthal anisotropy v2 versus Ntrk for gp enhanced and minimum-
bias samples in two pT regions. Systematic uncertainties are shown by the shaded bars in
the two panels. The shaded bands show the Ntrk regions used for each of the samples. The
gp enhanced points are placed at the mean Ntrk of the 2 < Ntrk < 5, 5 < Ntrk  10 and
10 < Ntrk  35 samples.

This effect may be due to the effect of jet correlations within the gp enhanced sample. It should
also be noted that while the the gp enhanced and minimum-bias samples are compared at
the same multiplicity the event topology of the two samples is very different. By construction
the gp enhanced sample only has tracks in the forward region whereas for the minimum-bias
sample the tracks are concentrated near central rapidity. In models assuming the formation of
a hydrodynamically expanding medium, the v2 is sensitive to event by event fluctuations in
the initial geometrical distributions of partons within a nucleus [58–60]. It is possible that the
different event topologies of the gp and minimum-bias samples selects different sets of initial
state configurations even when the associated multiplicity is the same.

7 Summary

In summary, we have studied long-range single-particle azimuthal anisotropies in
ultraperipheral pPb collisions at

p
s

NN
= 8.16 TeV. A sample of gp events is selected by

requiring an asymmetric distribution of energy in the forward and backward calorimeters, a
large rapidity gap in the lead-going direction and no neutron emission from the lead nucleus.
Previous studies suggest that this sample is dominated by gp events with some contribution
from diffractive IPp events. The VnD Fourier coefficients of the azimuthal distributions are
measured via long-range (|Dh| > 2) two-particle correlations as a function of event
multiplicity and for two pT ranges. The V2D coefficient is positive while V1D is negative,
suggesting a strong effect of jet-like correlations. The single particle flow coefficient v2(pT)
increases with pT and is larger for gp-enhanced events than for minimum-bias collisions of
comparable multiplicity. These results extend the search for collectivity in small systems to gp
events.

References

[1] CMS Collaboration, “Observation of Long-Range, Near-Side Angular Correlations in

0 5 10 15 20
obs
trkN

0.02

0.04

∆2V

Preliminary H1
ep photoproduction

 = 270 GeV〉pγW〈
 < 3.0 GeV

T
0.3 < p

Not corrected for efficiency

| < 2.0η∆1.5 < |
| < 3.0η∆2.0 < |

0 5 10 15 20
obs
trkN

0.010−

0.005−

0.000

0.005

∆3V

Preliminary H1
ep photoproduction

 = 270 GeV〉pγW〈
 < 3.0 GeV

T
0.3 < p

Not corrected for efficiency

| < 2.0η∆1.5 < |
| < 3.0η∆2.0 < |

Figure 10: V
2�

(left) and V

3�

(right) as function of multiplicity in H1 photo-production events
for 1.5 < |�⌘| < 2.0 and 2.0 < |�⌘| < 3.0. Systematic uncertainties are shown as shaded
areas.

5 10 15 20
obs
trkN

0.02−

0.00

0.02

0.04

{4
}

2C

Data
RAPGAP
DJANGOH

Preliminary H1
 = 319 GeVsep 

2 < 100 GeV25 < Q
 < 3.0 GeVHCM

T
0.3 < p

 < 5HCMη0 < 

Standard method

5 10 15 20
obs
trkN

0.02−

0.00

0.02

0.04

{4
}

2C

Data
RAPGAP
DJANGOH

Preliminary H1
 = 319 GeVsep 

2 < 100 GeV25 < Q
 < 3.0 GeVHCM

T
0.3 < p

 < 5HCMη0 < 

2 Subevent method

5 10 15 20
obs
trkN

0.02−

0.00

0.02

0.04

{4
}

2C

Data
RAPGAP
DJANGOH

Preliminary H1
 = 319 GeVsep 

2 < 100 GeV25 < Q
 < 3.0 GeVHCM

T
0.3 < p

 < 5HCMη0 < 

3 Subevent method

Figure 11: C

2

{4} as functions of multiplicity in H1 DIS events as well as in RAPGAP and
DJANGOH with the standard method (left), 2 subevent method (middle) and 3 subevent
method (right). Systematic uncertainties are shown as shaded areas.

13

v2 coefficient grows with multiplicity in γ+p 
UPC unlike hadronic events or ep 

photoproduction 

Quan Wang, CMS Collaboration, IS2021
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Bird's-eye view : signatures of collectivity

EIC
(DIS)

EIC      
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(DIS)
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Since RHIC will make transition to EIC with similar p/A energies, how 

about search at RHIC (STAR or sPHENIX)? 



Opportunities with STAR
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STAR now and in near future
(Inner) Time Projection Chamber (-1.5<η <1.5)

Forward Calorimeter
 (2.5<η<4)

Forward Tracking System  
(2.5<η<4, coming soon)

Vertex Position Detector
(4.24<|η|<5.1)

Event Plane Detector 
(2.1<|η|<5.1)

Beam-Beam Counter
(3.8<|η|<5.1)

Better at low pT, PID, 
enhanced acceptance with 
forward upgrades
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Inclusive photonuclear processes with STAR

e+Au with BeAGLE (thanks to Z.Tu, Z.Xu)

Ee =10 GeV, EAu = 27 and 100 GeV, Eγ<2 GeV,  0.001<Q2 <0.01 GeV2

e+p with PYTHIA (thanks to M.Mondal, K.Kauder)

Ee =10 GeV, Ep = 27 GeV, Eγ<2 GeV, 0.001<Q2 <0.01 GeV2

Au+Au with UrQMD with RHIC-ZDC ToyMC (thanks to S.Choudhuri)


√s= 54 GeV, 0<b<15 fm, tuned to STAR TPC vs ZDC correlation 

Events like these are 
eliminated by coincidence 
triggers, threshold, vetoing 
and not saved during run


Only datasets on tape:

Au+Au 54 GeV (477 μb-1)

Au+Au 200 GeV (80 μb-1)

Feasibility study with models: 
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Predictions form eA Monte-Carlo 

EAu = 27 GeV

Primary selection can be done based on ZDCs with one neutron from 
photon emitting nucleus in the ZDC (reduce beam-gas, FXT events)

Will be associated with η-asymmetry in TPC, gap in BBC & VPDs

21

Candidates for BUR and CFNS workshop

Only show 54 GeV min-bias results for yield and projection for γ+A-rich events

-1<TPC<1 
3.8<BBC<5.1 
4.2<VPD<5.1

ZD
C
W

ZD
C
E

ZD
C
W

ZD
C
E

BBCE

VP
D
E

PYTHIA 6.5
ep 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ∗p → X
pT > 0.2 GeV/c

dN
/d
η

η

n

 0

 0.2

 0.4

 0.6

 0.8

 1

-6 -4 -2  0  2  4  6

PYTHIA 6.5
ep 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ∗p → X
pT > 0.2 GeV/c

dN
/d
η

η

K±

p

 0

 0.2

 0.4

 0.6

 0.8

 1

-6 -4 -2  0  2  4  6

PYTHIA 6.5
ep 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ∗p → X
pT > 0.2 GeV/c

dN
/d
η

η

 π±

Fit (slope=0.19 ± 0.007)

 0

 0.2

 0.4

 0.6

 0.8

 1

-6 -4 -2  0  2  4  6

BBCW

TPC

VP
D
E

BeAGLE
eAu 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ∗Au → X
pT > 0.2 GeV/c

co
un

t
η

n

 0

 50

 100

 150

 200

-6 -4 -2  0  2  4  6

BeAGLE
eAu 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ∗Au → X
pT > 0.2 GeV/c

co
un

t
η

 π±

Fit (slope=3e+01 ± 3)

 0

 50

 100

 150

 200

-6 -4 -2  0  2  4  6

BeAGLE
eAu 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ∗Au → X
pT > 0.2 GeV/c

co
un

t
η

K±

p

 0

 50

 100

 150

 200

-6 -4 -2  0  2  4  6

TPC
BBCE

VP
D
W

VP
D
W

BBCW

EAu = 27 GeV

Eγ ~ 2 
GeV



P. Tribedy, CFNS meeting on RHIC to EIC, May 24-26, 2021 26

Predictions form AA Monte-Carlo 

Hadronic events with asymmetry in neutrons and ZDCs are background
(Deformed nuclei, fluctuations of nucleon and clustering of fragment)

Will the characteristics of these events be similar to γ+A ?

Typical response of RHIC-ZDCs After applying γ+A like trigger 
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How to separate γ+A from A+A ?

Spectator & η-asymmetry are 
anti-correlated in hadronic events

while the opposite is expected for γ+A

These extreme configurations occur in 
U+U collisions and have been 
triggered and studied by STAR

(also see arXiv:1412.5103)

dN/dη (η>0) > dN/dη (η<0)  
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8

η asymmetry in TPC

See an asymmetry in η distribution — qualitatively similar to BeAGLE

TPC

γ+Au East  : VPDE=0, BBCE<1000, ZDCE<30, BBCW>714, ZDCW>16

γ+Au West : VPDW=0, BBCE>1000, ZDCE>30, BBCW<714, ZDCW<16

 0.5
 0.6
 0.7
 0.8
 0.9

 1
 1.1
 1.2
 1.3
 1.4
 1.5

-1 -0.5  0  0.5  1

Au+Au 54 GeV γ+Au-rich

dN
(η

)/d
N

(η
=0

)(N
or

m
. b

y 
m

in
-b

ia
s)

η

γ+A-rich East
γ+A-rich West

⟿⟿

ZD
C
W

ZD
C
E

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

-6 -4 -2  0  2  4  6

BeAGLE
eAu 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ*Au → X
pT > 0.2 GeV/c

dN
/d
η

η

 π±

Fit (slope=0.09 ± 0.008)

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

-6 -4 -2  0  2  4  6

BeAGLE
eAu 10×27 GeV
Q2< 0.01 GeV2, Eγ< 2 GeV

γ*Au → X
pT > 0.2 GeV/c

dN
/d
η

η

K±

p
n

BBCE
VP
D
E

VP
D
W

BBCW

28

η asymmetry in TPC unique for γ+A

The observation of η-asymmetry in TPC will the very first step.

⟿
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Using VPDs to identify γ-A-rich events
    Nucl.Instrum.Meth.A 759 (2014) 23-28,  

    arXiv:1403.6855
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Figure 6: The primary vertex position along the beam pipe measured by the VPD, ZV PD
vtx ,

versus the same position as obtained using the primary tracks reconstructed in the TPC,
ZTPC
vtx in 510 GeV p+p collisions (left frame) and 200 GeV Au+Au collisions (right frame).

The insets depict the difference ∆Z = ZV PD
vtx -ZTPC

vtx which allows the extraction of the
VPD’s Zvtx resolution as the standard deviation of the difference distributions.

from the fits are typically ∼2.4 cm and ∼1 cm in 510 GeV p+p collisions
and 200 GeV Au+Au collisions, respectively.

4. Summary and conclusions

The 2×3 channel “pVPD” [2] vertex and start-timing detector in the
STAR experiment at RHIC has been replaced by a 2×19 channel detector
in the same acceptance. This Vertex Position Detector (VPD) exists as two
identical assemblies, one on each side of STAR, very close to the beam pipe
and ∼5.7 m from the center of STAR. The readout channels in each assembly
include a Pb converter followed by a fast plastic scintillator and a mesh dyn-
ode PMT. The PMT signals are digitized by two different sets of electronics
for use in the STAR Level-0 trigger to select minimum bias collisions, to
constrain the location of the primary collision vertex along the beam pipe,
and to provide the start time needed by other fast timing detectors in STAR.

The system must be configured for each RHIC beam separately to provide
a consistent performance despite the wide range of beam particles (protons to
Au) and beam energies (7.7 to 510 GeV) provided by the RHIC. The slewing
and offset corrections are performed using an iterative procedure and require
a careful rejection of outlier times from non-prompt particles.

The single-detector resolution of the VPD, σ0, is approximately 95 ps in

13

Collision vertex from TPC (         )Zvxt
TPC

Collision vertex from TPC (         )Zvxt
VPD

The forward Vertex Position detector can be a used in γ+A events to see 
if there is a mismatch of vertex from TPC & VPDs
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Projection with 54 GeV data
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Au+Au 54 GeV from year 2017 and Au+Au 200 GeV data from year 
2019 on tape provides an opportunity for an exploratory study for STAR. 

d+Au data are from talk by Shengli Huang, STAR Collaboration, IS2021
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Anticipated Run 2023 with Au+Au 200 GeV

If a high statistics Au+Au 200 GeV dataset if accumulated by STAR from the 
anticipated 2023 run of RHIC it will provide a golden opportunity to study photonuclear 
events with the forward upgrades. The same can be done in the photo production limit 
of e+A at EIC. Key measurements: 1. ridge 2. chemistry (pi/k/p yield) and how they 
change when compared to hadronic events at the same multiplicity. 

EAu = 100 GeV

EAu = 100 GeV

Eγ ~ 2 
GeV
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γ+p in STAR with p/d+Au UPC 200 GeV

Measurements in γ+p can also be done if opportunity 
comes to collect d/p+Au data.

Ep/d = 100 GeV

EAu = 100 GeV

Eγ ~ 2 
GeV
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Summary

EIC
(DIS)

EIC      
(PhP)

LHC   
(UPC)

RHIC 
(UPC)

HERA
(DIS)

HERA
(PhP)

γ+p ? 
(ATHENA)

? 
(ATHENA)

☹
(CMS)

? 
(STAR, 

sPHENIX)

☹
(ZEUS, H1)

☹
(H1)

γ+A ? 
(ATHENA)

? 
(ATHENA)

☺ 
(ATLAS)

? 
(STAR, 

sPHENIX)
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Correlations: Greek Myth & Physics Acronym
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Names we borrowed from Greek 
pantheon & their correlations



Highlights
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Photonuclear processes in UPC from STAR 

Measurements: 
1. Ridge, 2. change of chemistry (pi/k/p yield) & compare to hadronic events

EAu = 27, 100 GeV

EAu = 27, 100 GeV

Eγ ~ 2 
GeV

Opportunities and scope:  
1. STAR with enhanced pseodorapidity acceptance (iTPC + EPD + FTS/FCS) 
2. Anticipated Au+Au 200 GeV run of RHIC (2023, 2025)
3. Data on tape: Au+Au 54 GeV (2017), Au+Au 200 GeV (2019)
4. Opportunistic p+Au or d+Au run at RHIC (2021, 2024)

Ep/d = 100 GeV

EAu = 100 GeV Simulation 
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Photonuclear processes in UPC from STAR 

Cartoon: Blair Seidlitz, IS2021

 1.11

 1.12

 1.13

 1.14

 1.15

-1  0  1  2  3  4

STAR Preliminary d+Au √s=200 GeV, Data 2016, Lint=134 nb-1 (1.14 wk)

h± (|η|<0.9), |∆η|>1, 0.2< pT
trig, asco< 2 GeV/c

Au+Au 54 GeV, Lint=477 µb-1 (2.5 wk)
γ+Au-rich projection

Y 
= 

1/
N

tri
gd

N
/d
∆
φ

∆φ

d+Au (High Mult)
FYpp + G

 1.11

 1.12

 1.13

 1.14

 1.15

-1  0  1  2  3  4

STAR Preliminary d+Au √s=200 GeV, Data 2016, Lint=134 nb-1 (1.14 wk)

h± (|η|<0.9), |∆η|>1, 0.2< pT
trig, asco< 2 GeV/c

Au+Au 54 GeV, Lint=477 µb-1 (2.5 wk)
γ+Au-rich projection

Y 
= 

1/
N

tri
gd

N
/d
∆
φ

∆φ

0.1M (0.16 %), 15<Ntrk<27
0.5M (0.76 %), 8<Ntrk<15

 1.11

 1.12

 1.13

 1.14

 1.15

-1  0  1  2  3  4

STAR Preliminary d+Au √s=200 GeV, Data 2016, Lint=134 nb-1 (1.14 wk)

h± (|η|<0.9), |∆η|>1, 0.2< pT
trig, asco< 2 GeV/c

Au+Au 54 GeV, Lint=477 µb-1 (2.5 wk)
γ+Au-rich projection

Y 
= 

1/
N

tri
gd

N
/d
∆
φ

∆φ

Template Fit
Yridge+FYpp(0)

CGC calculation arXiv: 2008.03569

Understanding anisotropy from CGC: 
x   — Qs and domain size in Target 
Q2 — Size of the probe #domains
Best opportunity: 
Controlled scan of x-Q2 at EIC

Significant difference between correlation in 
HM (red) & LM (blue) γ+p/Au will be interesting

How anisotropy in 
p+p/Au compare to 
γ+p/Au @RHIC ?


