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Collectivity in Heavy Ion Collisions

• Heavy Ion collisions produce a deconfined state of matter: Quark Gluon Plasma.
• Collectivity: characterized by Large Collective transverse emission of particles: Flow 

(contrast to random thermal motion).
• In HIC, Collective flow arises from both Geometrical effects and interactions between particles.

Temperature and flow profile of an A + A 
collision from a hydrodynamic model.

Geometrically anisotropic initial collision region
208Pb

208Pb
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Collectivity in Heavy Ion Collisions

• Flow characterized by Fourier decomposition of azimuthal distribution:
0th order: radial flow and 2nd order coefficient: elliptic flow.

• Azimuthal projection of 2-dimensional  Δ𝜂 − Δ𝜙 is used to extract flow coefficients: 𝑌!"#$%
• The presence of  ridge indicates the long-range behavior of flow: Global property
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ridge

ATLAS, PRC 96 (2017) 024908 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.024908


I. Correlation in small collision systems

• Ridge is observed in Large as well as small systems like pp and p+Pb collisions. 
• Question: in small systems like pp, what is the origin of the collective behavior?

Is it collective dynamics from early time or is it from semi-hard processes?

Ø CGC model suggests: hard/semi-hard processes from early times could describe the ridge 
in pp collisions.

ATLAS, EPJ.C (2018) 78:997 

Dumitru et. al PLB697:21-25,2011

Near 
side 
peak

ridge
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ATLAS, PRC 96 (2017) 024908 

https://link.springer.com/article/10.1140/epjc/s10052-018-6468-7
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.024908


I. Sensitivity of flow to hard-scatterings
Ø ATLAS has measured effect of hard/semi-hard processes (Jets) in flow measurement in pp@13 TeV.
• First, 5 types of correlation measures are defined:
1. Inclusive (h-h): Usual 2PC with all particles.
2. AllEvents: Remove tracks within 𝜂 < 1 from jet above 𝑝! ≥ 10 GeV. 
3. WithJet:    Events with at least 1 jet above chosen threshold.
4. NoJet: Events with No jet above chosen threshold.
5. hUE - hJ: Correlation between one particle from Jet, another from underlying event.

vMeasured 𝑣! is insensitive to presence or absence 
of jets in an event.

v𝑣! for hUE - hJ is consistent with zero:
particles from hard scattering processes with pT <4 
GeV do not contribute significantly to the long-
range correlation in 𝑝𝑝 collisions. 

CERN-EP-2023-036, 2303.17357

5

https://arxiv.org/abs/2303.17357


I. Sensitivity of flow to hard-scatterings
Ø ATLAS has measured effect of hard/semi-hard processes (Jets) in flow measurement in pp@13 TeV.

vDifferential 𝑣!(𝑝") is insensitive to presence or 
absence of jets in an event.

v 𝑣!(𝑝") for hUE - hJ is consistent with zero:
particles from hard scattering processes with pT <4 
GeV do not contribute significantly to the long-
range correlation in 𝑝𝑝 collisions. 

• First, 5 types of correlation measures are defined:
1. Inclusive (h-h): Usual 2PC with all particles.
2. AllEvents: Remove tracks within 𝜂 < 1 from jet above 𝑝! ≥ 10 GeV. 
3. WithJet:    Events with at least 1 jet above chosen threshold.
4. NoJet: Events with No jet above chosen threshold.
5. hUE - hJ: Correlation between one particle from Jet, another from underlying event.
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CERN-EP-2023-036, 2303.17357

https://arxiv.org/abs/2303.17357


I. Sensitivity of flow to hard-scatterings
Ø ATLAS has measured effect of hard/semi-hard processes (Jets) in flow measurement in pp@13 TeV.

CONCLUSION: Hard scattering does not contribute to the long-range correlations 
This measurement rules out hard processes contributing to the ridge. 

CERN-EP-2023-036, 2303.17357
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https://arxiv.org/abs/2303.17357


II. Sensitivity of flow to sub-nucleonic fluctuations
Ø Owing to initial state fluctuations, deposited energy and transverse shape of the fireball is not 

boost invariant, 

Jia et. al, PRC90, 034915 (2014)

Ø Forward moving nucleons produce particles preferably in the 
forward direction, lead to an event- by-event torqued fireball. 

Ø Shape of overlap region is driven by eccentricities of Forward and 
Backward going participants.

Bozek et. al, PRC83:034911,2011

Ø Experimentally measured by correlating flow in widely separated 𝜂. 
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Jia et. al, PRC90, 034915 (2014)

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.034905
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.83.034911
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.90.034905


II. Sensitivity of flow to sub-nucleonic fluctuations
ATLAS-CONF-2022-020

• Previous ATLAS measurement of decorrelation shows that state-of-art Hydro models fail to describe 
longitudinal structure of initial energy deposition.

Ø Small systems are simpler to try to understand longitudinal structure:: 𝑝𝑝 collisions.

ATLAS, PRL. 126 (2021) 122301 
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https://cds.cern.ch/record/2806460/files/ATLAS-CONF-2022-020.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.122301


II. Sensitivity of flow to sub-nucleonic fluctuations
ATLAS-CONF-2022-020

• To probe role of sub-nucleonic fluctuations on collectivity,  ATLAS measured the de-correlation of 
flow in pp and Xe+Xe collisions in the low multiplicity region.

Ø At the lowest multiplicities, 𝑝𝑝 shows similar decorrelations(𝐹2) as Xe+Xe collisions.
• Events are dominated by single nucleon- nucleon configurations.
Ø At larger multiplicities, the 𝐹2 values smaller in XeXe collisions. 
• Mechanism of additional particle production is different in the two systems. 
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https://cds.cern.ch/record/2806460/files/ATLAS-CONF-2022-020.pdf


II. Sensitivity of flow to sub-nucleonic fluctuations
ATLAS-CONF-2022-020

Ø Conclusion: Correlation between the initial-state geometry and overall particle production is 
different at sub-nucleonic scales than at nucleonic scales.

• AMPT picture of two-color strings spanning a large longitudinal extent in pp is highly disfavored 
by the data. For Xe+Xe, AMPT only shows a qualitative agreement.
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https://cds.cern.ch/record/2806460/files/ATLAS-CONF-2022-020.pdf


III. Probing role of initial state towards collectivity
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<latexit sha1_base64="A+/4a9p77psjP0dNanJu6eHnV2Q=">AAACB3icbVDLSgMxFL3js9ZX1aUgwSK4KjOi6LLoxmUF+4DOUDJpZhqaSYYkUylDd278FTcuFHHrL7jzb0wfC209EHI451ySe8KUM21c99tZWl5ZXVsvbBQ3t7Z3dkt7+w0tM0VonUguVSvEmnImaN0ww2krVRQnIafNsH8z9psDqjST4t4MUxokOBYsYgQbK3VKRz5NNeOWCuTbK1Ys7hmslHxAg44NlN2KOwFaJN6MlGGGWqf05XclyRIqDOFY67bnpibIsTKMcDoq+pmmKSZ9HNO2pQInVAf5ZI8ROrFKF0VS2SMMmqi/J3KcaD1MQptMsOnpeW8s/ue1MxNdBTkTaWaoINOHoowjI9G4FNRlihLDh5Zgopj9KyI9rDAxtrqiLcGbX3mRNM4q3kXFvTsvV69ndRTgEI7hFDy4hCrcQg3qQOARnuEV3pwn58V5dz6m0SVnNnMAf+B8/gCz8JnW</latexit>✏n �! vn

• Similar total energy, smaller transverse size in the initial 
state creates stronger radial expansion or larger [𝑝!].

• Initial state correlation between 
eccentricity and transverse size 
generates final state 𝑣& − [𝑝"]
correlations.

Giacalone et. al, PRC 103, 024909 (2021)
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�[pT] / ��R

Giacalone, PhD thesis 2101.00168

In the limit of Small Fluctuations:     

https://journals.aps.org/prc/pdf/10.1103/PhysRevC.102.024901
https://journals.aps.org/prc/pdf/10.1103/PhysRevC.103.024909
https://arxiv.org/abs/2101.00168


III. Probing role of initial state towards collectivity
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Giacalone et. al, PRL, 128, 042301(2022)

• 𝜌! 𝑋𝑒 < 𝜌! 𝑃𝑏 . 
Early sign change for smaller 
system in peripheral centrality.

<latexit sha1_base64="wFtgvb5EkEBo2aerPQ4uqNL2Xa4="></latexit>

⇢n ⌘ ⇢(v2n, �pT ) =
cov(v2n, �pT )p
var(v2n)var(�pT )

<latexit sha1_base64="vQsxeGFmExRB+7FUHbH9rYRKfbw="></latexit>

⇢(✏2n, �R) =
cov(✏2n, �R)p
var(✏2n)var(�R)

Centrality dependence of 𝜌" arises 
from: geometry dominance of 𝑣" in 
central and 
initial 𝑝! anisotropy dominance in 
peripheral events.

Giacalone et. al, PRL. 125, 192301 (2020)

Giacalone, PRC 102, 024901 (2020) 

• Large or fat nucleon reduces 𝜌! : 
stronger sign-change. 

Giacalone et. al, PRL. 128, 042301 (2022)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.042301
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.192301
https://inspirehep.net/literature/1793647
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.042301


III. Probing role of initial state towards collectivity
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Flow-mean 𝑝, correlation are different between 
PbPb and XeXe.
At same Centrality: smaller magnitude for all 𝝆𝒏 for smaller 
system.

Giacalone et. al, PRL. 125, 192301 (2020)

ATLAS, PRC 107, 054910 (2023)

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.192301
https://link.aps.org/doi/10.1103/PhysRevC.107.054910
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• Two important factors:
1)  Non-Flow: Larger 𝜌! for |𝜂| < 1 than |𝜂| < 2.5.
2) Centrality Fluctuations : Differences between 𝑁"#$%"and ∑𝐸& large for both 𝜂 ranges.

Ø Requires further investigation in small systems to disentangle effect of initial momentum anisotropy.

III. Probing role of initial state towards collectivity
ATLAS, PRC 107, 054910 (2023)
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• 𝜌" double sign change in peripheral 
centralities at 5 TeV: 
Strong evidence of initial 𝒑𝑻 anisotropy.

Giacalone et. al, PRL. 125, 192301 (2020)

https://link.aps.org/doi/10.1103/PhysRevC.107.054910
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.192301


IV. Constraining nuclear structure using collectivity
• Nuclear deformation parameters are generally estimated from spectroscopic methods:

MeV 200 GeV 5 TeV

16

Bally et.al, EPJA 58, 187 (2022) Zhang, Jia, PRL.128.022301 

Giacalone, RBRC workshop

https://epja.epj.org/articles/epja/abs/2022/09/10050_2022_Article_833/10050_2022_Article_833.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.022301
https://indico.bnl.gov/event/13769/contributions/58064/attachments/39461/65362/talk_GG.pdf


IV. Constraining nuclear structure using collectivity 17

𝜷>0, 𝜸<300

Prolate
Body-body Tip-tip

𝜺𝟐 ↑,𝒅& ↑ 𝜺𝟐 ↓,𝒅& ↓
Initial state correlation

Nucleus Geometry Central Collision configurations

• How does nuclear deformation affect initial state Pearson 
correlation 𝜌(𝜀!!, .'("

(")?

<latexit sha1_base64="n1hRmftk8FviFli8XxsQvRV0eVM="></latexit>

hv22�pT i ⇠ a� bh�3cos(3�)i

Nuclear deformation plays an 
important role in final state 
flow measurements.
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hv22i ⇠ a+ b�2

Jia, PRC 105, 044905

ATLAS, PRC 101, 024906 (2020) 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.044905
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.024906


IV. Constraining nuclear structure using collectivity
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Ø Pb corresponds to 𝜷~𝟎. 𝟎𝟔 and 𝜸~𝟐𝟕0  (near spherical) ;  
Xe corresponds to 𝜷~𝟎. 𝟐𝟏 and 𝜸~𝟐𝟕0  (highly deformed triaxial nucleus).
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ATLAS, PRC 107, 054910 (2023)

• 𝜌(𝑣!!, [𝑝&]) shows large sensitivity to triaxiality 
of deformed nuclei in central collision events.
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<latexit sha1_base64="n1hRmftk8FviFli8XxsQvRV0eVM="></latexit>

hv22�pT i ⇠ a� bh�3cos(3�)i
Bally et.al, PRL 128, 082301 (2022) 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054910
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.082301


IV. Constraining nuclear structure using collectivity
ATLAS, PRC 107, 054910 (2023)

ØConsistent descriptions between 
Low energy predictions and 
observations at LHC energy.
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ATLAS, 2205.00039

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054910


IV. Constraining nuclear structure using collectivity
(caveat: Role of shape fluctuations)
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hv22�pT i ⇠ a� bh�3cos(3�)i

Bally et. al, EPJA 58, 187 (2022) Budaca, Budaca, PRC 101, 064318 (2020) 

Prolate

Triaxial

Oblate

• Fluctuations in γ washes out difference between prolate and oblate shapes,  all results approach Triaxial case

Ø &1!,#$
1!,%& ratio supports triaxial shape of 129Xe: Only if fluctuations in 𝛾23 not large.

Dimri et.al, EPJA,59,45 (2023)

https://epja.epj.org/articles/epja/abs/2022/09/10050_2022_Article_833/10050_2022_Article_833.html
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.101.064318
https://link.springer.com/article/10.1140/epja/s10050-023-00965-1


V. Impact of collision geometry on [𝑝!] fluctuations 21
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�[pT] / ��R
“knee”

Giacalone, PRC103 2, 024909 (2021) 

Samanta et. al, PRC108, 024908 (2023) 

• Model assumption: At fixed 𝑁'( and 𝑏, [𝑝!] fluctuation is Gaussian 

• A lower limit on impact parameter sets lower limit on 𝑝, .

• Beyond knee, the variance of 𝛿[𝑝,]becomes progressively 
smaller due to truncation from the lower limit. 

Samanta et. al, PRC108, 024908 (2023) 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.103.024909
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.024908
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.024908


V. Impact of collision geometry on [𝑝!] fluctuations 22

Ø Reducing contribution from ‘b’ fluctuations: 
Sharp drop in (𝜹[𝒑𝑻])𝟐 in Ultra central collisions. 

Ø Prediction: Increase in [𝒑𝑻] with increasing 𝑁ch:
Evidence of thermalization. 

Samanta et. al, PRC108, 024908 (2023) 
Samanta et. al, 2303.15323
ATLAS, PRC 107 (2023) 054910

Samanta et. al, 2303.15323

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.024908
https://arxiv.org/pdf/2303.15323.pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.107.054910
https://arxiv.org/pdf/2303.15323.pdf


V. Impact of collision geometry on [𝑝!] fluctuations 23

Ø Future measurements of higher order 𝑝, fluctuations 
will help further establish influence of maximal overlap 
area in ultra-central collisions. 

Samanta et. al, PRC108, 024908 (2023) 

Samanta et. al, PRC108, 024908 (2023) 

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.024908
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.108.024908


Conclusion 24

PART 1: Sensitivity of Flow to hard-scatterings in pp collisions at 𝑠66 = 13 TeV:
Hard scattering does not contribute to the long-range correlations.

PART 2: Sensitivity of flow to sub-nucleonic fluctuations:
Decorrelation in XeXe at 𝑠66 = 5.44 TeV and pp collisions at 𝑠66 = 5 TeV :

1. Correlation between the initial-state geometry and overall particle production is
different at sub-nucleonic scales than at nucleonic scales.

2. Current models fail to describe decorrelation signal entirely in pp collisions.

PART 3 & 4 : Probing role of initial state towards collectivity using 𝝆(𝒗𝒏𝟐 , 𝜹𝒑𝑻)
in XeXe collisions at 𝑠66 = 5.44 TeV and PbPb collisions at 𝑠66 = 5.02 TeV: 

1. In peripheral collisions: measurement has good precision, can be used to constrain
the initial momentum anisotropy. Further model calculations are needed.

2. Central collisions: Experimental constraint on nuclear deformation parameters
(esp. triaxiality) from Heavy-Ion collisions, consistent with low-energy measurements.



Conclusion 25

PART 5: Impact of collision geometry on [𝒑𝑻] fluctuations in PbPb collisions at 𝑠66 = 5.02 TeV:
1. Fluctuations of [𝑝"] provide important detail on initial state variations leading to final 
state observed fluctuations.
2. [𝑝"] measurement in UCC provide important information on thermalization of formed 
medium.

STAY TUNED!!

MANY MORE INTERESTING MEASUREMENTS FROM ATLAS 
IN UPCOMING QUARK MATTER 2023


