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1) Motivation: Fluctuations in Heavy-lon Collisions
2) Background: Quark Production in High-Energy QCD
3) Our Calculation: Quark and Antiquark Correlations

4) Preliminary Results: Correlation Lengths in Heavy-lon Collisions

5) Status and Outlook: Progress and Future Extensions




Many observables in heavy-ion collisions
are driven by fluctuations
» E.g., Triangular Flow (v,)

* Fluctuations occur at all length scales:
» Geometrical fluctuations (Glauber)
» Sub-nucleonic pQCD fluctuations

* |nitial-state fluctuations can leave an
imprint on final-state observables
» Dampened by viscous hydrodynamics

Schlichting & Schenke, Phys. Lett. B739 (2014) 313

AY=0

®

no - o - n
y-Coordinate [fm]

x-Coordinate [fm] ]

AY=3

%

2 -1 0 1 2

Schenke, Schlichting & Venugopalan, Phys. Lett. B747 (2015) 76

0.05

2 -1 0 1 2

0.04

0.03

o 0.02

0.01

Gluon‘ v3(EP) at‘r=0.4 fm/c‘,
p+Pb (const. quark proton) u
p+Pb (spherical proton) 0
Pb+Pb (b=0 fm -- central) o
Pb+Pb (b=11 fm -- peripheral) .




Production of net baryon number (baryon
stopping) is suppressed at high energies
» More important at lower energies

With the RHIC Beam Energy Scan
program, there is an emphasis on heavy-
ion collisions including finite baryon
number
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* Even at high energies where net baryon
number vanishes, there are nonzero
fluctuations in the initial state.

e C(Calculate the initial-state fluctuations and
correlations of quarks and antiquarks
» What are the typical scales of quark,
. .
antiquark, and baryon # fluctuations?

* How does this impact the final state?
» Impact on hydrodynamic evolution?
» Influence on soft particle production,
hard probes, etc.?




* Dilute-Dense (pA) resummation of QCD Q§A1/3 ~ 1 Q2 ~ agp
» Dense target: classical gluon fields g 39
» High density sets hard momentum scale

* Light-cone “time”-ordered dynamics
» Wave functions in light-front
perturbation theory (A*=0 gauge)
» Eikonal scattering via Wilson lines

D. Wertepny, Ph. D. Thesis (2016) arXiv: 1608.08618
* “Heavy-light” (aA) paradigm incorporates
projectile density order by order in
perturbation theory AU
> E.g.) 3He+Au or Cu+Au A
> Moves toward the dense-dense limit as < ofat? <1




Itakura et al., Nucl. Phys. A730 (2004) 160
* Baryon stopping: transports valence
quarks to mid-rapidity wﬁ
» Suppressed at high energies - v
do.val —
~ —(Y—y) nq o nq :O
N (n) = (n)

Levin et al., Sov. J. Nucl. Phys. 53 (1991) 657
Blaizot, Gelis, & Venugopalan, Nucl. Phys. A743 (2004) 57
Kovchegov & Tuchin, Phys. Rev. D74 (2006) 054014

e Pair production from small-x gluons
» Only suppressed by o,
» Enhanced by strong gluon fields
» Does not produce net baryon
number, only fluctuations
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Altinoluk et al. (2016) arXiv: 1610.03020

* Quark-quark correlations via double pair Entanglement:between
production in heavy-light ion collisions -

» Enhanced by the density of the light <" 0]

ion
w0

* One source of correlations: quantum -
entanglement in the wave functions
» Pauli blocking

chorrelated 4 —A
x —(Ay) e 7Y
d?p1 dy1 d*p2 dy» (Ay)

* Many other contributions to include

» Other topologies beyond large N_
» Large number of time-orderings for
the interactions



* Goal: Calculate (anti)quark correlations in heavy-light ion collisions
» Coordinate space profile for hydro
» What is the typical size of a baryon number domain?

_ dn4 dn4 dn4 dn4
Cl(By1,Y1;B21,Ys) = -
(B11,Y1;B21,Y2) <ngl dY, d2B, dY, > <d2B1 dY; > <d232 dYs > Color charge

dnd dn? 1 do4
d?B; dY; d?B,dY, - Oinel A2B1dY, d?By dYs

dnt _ 0
d?B,dY;/

* Various mechanisms dominate at various
length scales
» Work to LO in each regime
» Avoid complicated rescattering corrections




* Light-front wave functions to radiate a quark-antiquark pair
» Three time orderings for scattering in the target
» Only two are linearly independent
» Allow for the possibility of heavy quark production
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* Wilson lines: Color rotation phase from multiple scattering
» Use the quasi-classical approximation for now

Ve, =exp [ig/derfl_(O_,er,xL)] aAY <1

* Include all possible entangled topologies (finite N,)
» Obtain general results in terms of Wilson line multipoles

that can be evaluated event-by-event using Monte Carlo

1 1
Dy(x1,y1) = ﬁt"“[vwl v, ] Dy(x1,y1,21,wy) = ﬁtT[Vm Vi v, Vil
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e Single-pair production governs the short-distance correlations
» Same as in proton-nucleus collisions
» Physics driven by the single pair production WF
» Interactions by Wilson line dipoles (and double dipoles)



e Correlations are boost-invariant in the pair center of mass...
» But nontrivial dependence on the rapidity difference

* The saturation scale Q. acts as an intermediate scale, with some
(but not all) interaction terms falling off exponentially with the
separation:

For 7> 1/Qs inthe MV model:
tT[WlwlT] = QNCCF
i p_ 1 f —1 Ze uy —b115.Q2
t’l"[WlWQ] = t’l"[WQWl] = §t'r‘[W2W2] = NCCF (1 — e 4Cp T s)



2% =16 time orderings!
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* (Anti)quark correlations at short distances require double pair
production



* Several independent
channels (6) and time
orderings (16)

40U = 8C2 N, — 2CrN2Dy(by, @2) Da(w1, b1) — 20 N2Dy(by, #4) Do (1, by)
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physics of Pauli blocking



* The long-distance asymptotics of the splitting
WF determine the correlation length of these
channels:

\Ifz' ~e T

tr[0; 1) ~ tr[T, 010, U] ~ e 2mrT

* For heavy quarks, the correlation length is set by the mass.
* For light quarks, must cut off by hand at Ay




24 =16 time orderings!

* Correlations over distances larger than 1/m are sensitive to

double pair production (one particle from each pair)

- 1 | 1
- 2mna§al/3

* For heavy quarks, this occurs in the perturbative regime
* Correlations remain from gluon entanglement and
correlated scattering in the target field
e Contributes to all (anti)quark correlations
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* Nonperturbative correlations over distances larger than 1/A

» Simple but nonzero geometrical (Glauber-type) correlations
due to sampling the projectile nucleus

» Sensitive to separate pair production from independent
nucleons
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* Geometrical correlations are the only ones that remain

* No correlations from the interactions
» Color fields uncorrelated over long distances
» Scattering on a disjoint set of nucleons

* Factorizes into a convolution of single-pair cross sections
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v' We have derived a complete set of (anti)quark correlations in
terms of operators suited to Monte Carlo simulation
» Involve complicated Wilson line multipoles (up to Dy)

v" We have analytic calculations of some channels in the MV model
to illustrate the physical picture
v' (g gbar) at short distances (single-pair production)
v All correlations at very long distances

(d Some channels cannot presently be calculated analytically
 High-order multipoles not currently available in the MV
model (but can in principle be calculated)
J Can approximate in the large-N_ limit, but this limits the
contributions of certain topologies



* Finishing this project:
1 Perform analytic calculations as much as presently possible
1 Include similar calculations of the local fluctuation spectrum

* Future extensions:
» Perform Monte Carlo simulations of the operators
» Couple to a hydrodynamics code to assess the impact on the
particle spectrum
» Beyond the quasi-classical approximation: small-x evolution
» Moving toward the dense-dense limit: multiple scattering
corrections in the light ion.
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e MV Model: Gaussian charge density functional
* 2 Gluons / nucleon

S J
e Construct matrix of possible color states
e 2-gluon kernel
* Diagonalize / exponentiate matrix kernel

e E.o.) Double Dipole Dominguez, Marquet, & Wu, Nucl. Phys. A823 (2009) 99
g P
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