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Ȱ$ÉÌÕÔÅȱ 3ÃÁÔÔÅÒÉÎÇ ÉÎ ÔÈÅ 4×ÉÓÔ %ØÐÁÎÓÉÏÎ
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ȰDiluteȱḳ One hard / active parton

Å Collinear factorization: 

üHard multi -parton interactions suppressed by ὗ

Inclusive DIS 
on the proton

ὃ πGauge



Ȱ$ÅÎÓÅȱ 3ÃÁÔÔÅÒÉÎÇ ÉÎ ɉÅȢÇȢɊ Á (ÅÁÖÙ .ÕÃÌÅÕÓ
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ȰDenseȱḳ Full Resummation

Å Requires a parametrically large charge density

Å Enhancement of independent multi -parton interactions

ὃȾ Spectators



Ȱ$ÉÌÕÔÅ Ⱦ $ÅÎÓÅȱ ɀClassical Gluon Fields
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Å A parton scattering multiple times on 
independent sources can be exponentiated

Å Resummationis equivalent to a background 
of classical gluon fields

A. Accardiet al., Eur. Phys. J. A52 (2016)



Ȱ$ÅÎÓÅ Ⱦ $ÅÎÓÅȱ ɀClassical Yang Mills

Å! Ȱ$ÅÎÓÅ Ⱦ $ÅÎÓÅȱ ÓÃÁÔÔÅÒÉÎÇ ÒÅÑÕÉÒÅÓ 
simultaneous resummations
üThis task is currently unsolved in QCD

ÅWhat is done is to carry over the conclusion about 
classical fields
ÅSolve the classical Yang-Mills equations for two 

colliding nuclei
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spectators (projectile)

T. Lappi, Phys. Lett. B643 (2006)



Ȱ3ÅÍÉ-$ÉÌÕÔÅ Ⱦ $ÅÎÓÅȱ ɀBridging the Known to the Unknown
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ÅAsymmetric collision: step from dilute/dense toward dense/dense
üHigh density target:  fully resummedmultiple rescattering
üModerate density projectile: density-enhanced corrections order by order

ÅAppropriate for ȰÈÅÁÖÙ-ÌÉÇÈÔȱ ion collisions, i.e.) Cu + Au

ὃ
Ⱦ

ὃ
Ⱦ

Y. Kovchegov, D. Wertepny, Nucl. Phys. A906 (2013) A. Kovner, M. Lublinsky, Int. J. Mod Phys. E22 (2013)



Correlations in Small Systems:  Buyer Beware
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ÅFor high densities, correlations are driven by independent emission of particles
üThe high-pTȰÄÉÌÕÔÅȱ ÌÉÍÉÔ does not reproduce ÔÈÅ ÔÒÕÌÙ ȰÄÉÌÕÔÅȱ ÒÅÇÉÍÅ

ÅCaution: high densities may be assumed for correlations in small systems !

Included Excluded

ȰGlasmaÇÒÁÐÈÓȱ



Gluon Correlations in Semi-Dilute / Dense
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ÅCorrelations at mid -rapidity are dominated by soft gluons

ÅAt leading-density, 2-gluon correlations are symmetric
üReflective of Bose enhancement

ÅAntisymmetric correlations enter at next -to-leading density

ÅMulti -gluon correlations known up to 3 (Leading / dense) and 4 (Leading / Leading)

ὃ
Ⱦ

ὃ
Ⱦ

LO in ═
Ⱦ

ὃ
Ⱦ

ὃ
Ⱦ

NLO in ═
Ⱦ

Y. Kovchegov, D. Wertepny, Nucl. Phys. A906 (2013), A925 (2014)

T. Altinoluk et al., Phys. Lett. B751 (2015), JHEP 1805 (2018)

Y. Kovchegov, V. Skokov, Phys. Rev. D97 (2018)



Quark Correlations in Semi-Dilute / Dense
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Spatial Correlations Ȱ0ÁÕÌÉ "ÌÏÃËÉÎÇȱ #ÏÒÒÅÌÁÔÉÏÎÓ

u quarks c quarks

M.D.S.et al., JHEP 1902 (2019) 024

M.D.S.et al., JHEP 1807 (2018) 003

M.D.S.et al., 
in preparation

T. Altinoluk et al., Phys. Rev. D95 (2017)
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Ȱ&ÌÏ×ȱ ÖÅÒÓÕÓ Ȱ.ÏÎ-&ÌÏ×ȱ
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ÅȰ&ÌÏ×ȱ refers to any source of anisotropy in the 
single -particle distribution in an event

ÅMulti -particle distributions arise both from 
independent production (flow ) and dynamical 
correlations (non-flow )

ÅCumulants are observables that are differently sensitive to flow and non-flow

Ȱ&ÌÏ×ȱȰ.ÏÎ-&ÌÏ×ȱ

M. Luzum, H. Petersen, J. Phys. G41(2014)



Multiparticle Cumulants:  Flow Scenario
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ÅUsually: a flow -only scenario

üNo dynamical correlations  π

üMultiparticle production factorizes

üAll cumulants due to single -particle anisotropy

Ȱ&ÌÏ×ȱonly

ÅAll cumulants describe the event -by-event 
distribution of the single -particle anisotropy ○▪

üNatural hierarchy : ὺ ς ὺ τ ὺ φ Ễ
M. Luzum, H. Petersen, J. Phys. G41(2014)



Multiparticle Cumulants:  Non-Flow Scenario
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ÅOften in initial-state calculations:

ü Isotropic single-particle distribution ὺ π

üOnly dynamical correlations
Ȱ.ÏÎ-&ÌÏ×ȱonly

ÅSequentialhierarchy of correlations in ╝╬

üḻḻỄ

üUsually imaginary ὺ τ

M.D.S.et al., in preparation

M. Luzum, H. Petersen, J. Phys. G41(2014)



Comparing Flow vs Non-Flow Correlations
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ÅMC Glauber collision geometry sampled using Trento

ÅFlow correlations :
ü Initial entropy density
üEvolved using 2+1D viscous hydrodynamics 
üApproximately linear response

ÅNon-flow correlations :
üTwo-gluon correlations 
üHigh-pTÌÉÍÉÔ ɉÓÏÍÅÔÉÍÅÓ ÃÁÌÌÅÄ ȰÄÉÌÕÔÅȱɊ
üFixed initial geometry + color averaging
üCoefficients cancel in ratios

v-USPhydro

M.D.S.et al., in preparation


