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QCD at EIC Physics Topics

* Spin and Nucleon Structure
— Spin of a nucleon
— Transverse momentum distributions (TMDs)

— Spatial imaging of quarks and gluons (GPDs)
 QCD Physics in a Nucleus
— High gluon densities and saturation

— Quarks and Gluons in the Nucleus
— Connections to p+A, A+A, and cosmic ray physics



The Big Picture



Fundamental Questions in QCD

* Confinement, chiral symmetry breaking,
guantitative understanding of hadron masses,
structure of the proton and the nucleus.

 QCD under extreme conditions: finite-T (heavy
ions, Early Universe), finite-u (neutron stars),
high energy QCD asymptotics.
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Big Questions
EIC Would Address

* How are the sea quarks and gluons, and their spins,
distributed in space and momentum inside the nucleon?

* Where does the saturation of gluon densities set it? What is
the dynamics? Is it universal?

e How does the nuclear environment affect the distribution of
quarks and gluons and their interactions in nuclei?



Spin and Nucleon Structure



Fundamental Questions in Spin and
Nucleon Structure

What is the dynamical origin of sea quarks and gluons inside
the proton?

How does the proton spin originate at the microscopic level?

How is hadron structure influenced by chiral symmetry and its
breaking?

How does confinement manifest itself in the structure of
hadrons?



Proton Spin

Our understanding of nucleon spin structure has evolved:

* Inthe 1980’s the proton spin was thought of as a sum of constituent
quark spins (left panel)

* Currently we believe that the proton spinis a sum of the spins of valence
and sea quarks and of gluons, alongwith the orbital angular momenta
of quarks and gluons (right panel)



Proton Spin Puzzle

Helicity sum rule: 1

—=S,+L,+ S, + L,

2
with the net quark and gluon spin
1 1
1
S0 = 5 [@raveQ) 5@ = [drace)
0 0

 The helicity parton distributions are
2\ 2 — 2
Af(xaQ):f+(ajaQ)_f (CE,Q)
with the net quark helicity distribution

AY = Au+ At + Ad + Ad + As + As

L, and L, are the quark and gluon orbital angular momenta



EIC & Spin Puzzle

Parton helicity distributions are sensitive to low-x physics.

EIC would have an unprecedented low-x reach for a spin DIS experiment,
allowing to pinpoint the values of quark and gluon contributionsto

proton’s spin:

10°}

TT II T T T T 11T II
Current polarized DIS data:
o CERN ADESY ¢ JLab oSLAC

Current polarized BNL-RHIC pp data:
® PHENIX 7 ASTAR 1-jet

0.5

I T T T T I T T T T I T T T T I T T

Q% =10 GeV?

current
data

I DSSV+
- EICSx1OO
5x250
EIC 20x250

all uncertainties for Ay’=9 _|

T T T T I T T T T I T T T T I T T T T

l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1

0.3 0.35 0.4 0.45
AX

AG and AX are integrated over x in the 0.001 < x < 1 interval.



Gluon Polarization
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Helicity PDFs at Small x: Theory Expectations

 Summing up mixing quark and gluon ladders vyields
1
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 But: need to include the non-ladder graphs
(see talk by M. Sievert).



What to Expect

Small-x evolution forthe g, structure function was considered by Bartels,
Ermolaev and Ryskinin ‘96.

Including the mixing of quark and gluon ladders, they obtained

ag Ne
1 Zs 27
AZ ~ (g1 ~~ ()
€T 1
_ 1
with z, = 3.45 for 4 quark flavors. Sq(Q2) =3 /dw AX(z, Q%)

0

The power is large and negative, and can easily become large enough to
make the net power of 1/x larger than 1 for the realisticstrong coupling of
the order of a, = 0.2 - 0.3, resultingin polarized PDFs which actually grow
with decreasing x fast enough for the integral of the PDFs over the low-x
region to be (potentially) large.

Can this solve the spin puzzle? To be continued...and probed at EIC.
(D. Pitonyak, M. Sievert, YK, arXiv:1511.06737 [hep-ph]+ in preparation)



semi-inclusive processes

Transverse Momentum Distributions (TMDs)

PDFs are insufficient to study the proton structure. Ideally one would like
to know the transverse momentum and position distribution of the quarks
and gluonsin the proton. The tool of choice is the (quark or gluon) Wigner
distribution alongwith associated distribution functions:

W(x,b, ,k;)
Wigner Distributions
~ P

[d*b, [d'k,
Fourier trf.
N 4 b, <> A E=0
f(x,k,) flx,b) - H (x,0,1) - .
transverse momentum impact parameter $=—i generalized parton
distributions (TMDs) distributions distributions (GPDs)

exclusive processes
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lattice calculations



TMDs at EIC

EIC would allowto measure gluon and anti-quark TMDs for the first time
ever, giving an unprecedented insight into proton structure.

By studying TMDs at EIC we could better understand the proton’s 3D
structure, orbital motion of the partons, and spin-orbit correlations.
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TMD measurements at EIC

e TMD measurement could give us the transverse momentum distribution
of partons, as shown below for u- and d-quark TMDs in a transversely
polarized proton (alongthe y-axis):
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TMD measurements at EIC

A TMD known as the Sivers function (responsible for the single transverse
spin asymmetry: numbers of left- and right-moving quarksin a

transversely polarized proton are different) can also be measured down to
very low-x:
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Spatial Imaging of Quarks and Gluons

Spatial imaging is complimentary to TMDs.
It is accomplished by measuring generalized parton distributions (GPDs)

H(x,5,t) and E(x,E, t).
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GPD Measurements at EIC

 GPDs can be measured at EIC in exclusive vector meson production
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QCD Physics in a Nucleus



Fundamental Questions in e+A

Can we experimentally find evidence of a novel universal
regime of non-linear QCD dynamics in nuclei?

What is the role of saturated strong gluon fields, and what are
the degrees of freedom in this high gluon density regime?

What is the fundamental quark-gluon structure of light and
heavy nuclei?

Can the nucleus, serving as a color filter, provide novel insight

into the propagation, attenuation and hadronization of
colored quarks and gluons?



Small-x Physics and Saturation



A. Main Concepts



Gluons at Small-x

There is a large number of small-x gluons (and quarks) in a proton:

xG HERA
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High Density of Gluons

High number of gluons populates the transverse extent of the proton or
nucleus, leading to a very dense saturated wave function known as the
Color Glass Condensate (CGC):

Low Energy High Energy

Xg >> X
>
parton
5 many new
roton smaller partons  Proton
(Xo, Q2) are produced (x, Q2)

“Color Condensate”

27



Nonlinear Equation

At very high energy gluon recombination becomes important. As energy
(rapidity) increases, gluons not only split into more gluons, but also

recombine. Recombination reduces the number of gluons in the wave function.
Here Y~In s~In 1/x is rapidity, s is cms energy.

splitting recombination

oY N(z, k%) = os Kprrr @ N(x, k?r) — a; [N (z, k%)]Q

|. Balitsky " 96, Yu. K. " 99;
Number of gluon pairs ~ N? JIMWLK ‘98-"01

28



Map of High Energy QCD

nmarmeer & densiny

III.II ‘I. ;

energy.

resolution, In ()< number of partons

size of gluons




Map of High Energy QCD
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MclLerran-Venugopalan Model

Get AY/3 density
enhancement

Boost -

e Large gluon density gives a large momentum scale Q, (the saturation
scale): Q.22 ~ # gluons per unit transverse area ~ A3 (nuclear ooph).

* For Qg >> Aqcp, get atheory at weak coupling ozs(Qg) < 1
and the leadinggluon field is classical.

31



Typical gluon “size”

Number of gluons (gluon TMD)
times the phase space

)

N

T

A \\

Most gluons are near

. / the saturation scale Q..

kT (I)(X, K

max. density

know how to
do physics here

-
og < 1 kT
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%)

Us ~1 Aqcp

‘s 2 momentum transverse
Gluon “size =1/transverse momentum to the beam

= 1/QS 32



High Energy QCD: saturation physics

* The nonlinear BK/JIIMWLK equationsand the MV model lead to a large
internal momentum scale Qg which grows with both the decreasing x
/increasing energy s (A = 0.3 ) and the increasing nuclear atomic number A

A

QéwAl/s(l)

X

such that

U =aS(QS) <<l

and we can calculate total cross sections, particle multiplicities,
correlations, etc. , from first principles.

* Bottomline: couplingis weak, Feynman diagrams work.
But: the systemis dense and physicsis nonlinear!



Saturation Scale

To summarize, saturation scaleis an increasing function of both energy (1/x) and A:

Gold nucleus provides an enhancement .1
by 1973, which is equivalent to doing

scattering on a proton at 197 times Qcp
smaller-x / higher-s! 200 i il |
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Saturation Scales

Model | = MV-inspired dipole model

at EIC

Model Il = running-coupling BK evolution (rcBK)
10 10
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o o
3 3
o 1 S
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Q2 quarko all b=0 ..
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The difference in Q; values is minimal in the EIC range.
Still theoretical uncertainty remains.

102
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B. Relevant Observables




Dipole picture of DIS

In the dipole picture of DIS the virtual photon splits into a
quark-antiquark pair, which then interacts with the target.

The total DIS cross section and structure functions are
calculated via:




Dipole Amplitude

* The total DIS cross section is expressed in terms of the (Im
part of the) forward quark dipole amplitude N:
1

1—2)

x d? d ¥ = -
oTA = / L2y, / o VL) N L ELY)
4
0

b1, Y

v
with rapidity Y=In(1/x)




Dipole Amplitude

The dipole-nucleus amplitude
as a function of the dipole size is

N
A

[ — Black disk

A0 limit,
saturation i o)
| O, < 27T R
Olg <<1 i
Color — — X,

1/A
transparency Qs N



Evolution of the Dipole Amplitude with Rapidity

N(XJ_:vY)
08F asY=0,12,24,3.6,4.8

0.6 r
04r

02r

0.00001 0.0001 0.001

1/Qs

X, (GeV)

numerical solution
by J. Albacete ‘03

BK solution preserves the black disk limit (N<1):

o174 — 9 /deN(:z:l,bL,Y)
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Dipole Amplitude as a Probe
of Spatial Gluon Distribution

I | Q Q

k1
 Dipole amplitudeis related to gluon distribution.
* |tisrelatedtothe Wigner distributionfor low-x gluons:

N(fbgby =In1l/zp,) < (Fourier transform) = W(EL,Z_)’LxBj)

» Justlike for the Wigner distribution, one can extract the gluon transverse
momentum distribution (TMD) out of it:

/d2bL N(Z.,b.,Y =In 1/zp;) < (Fourier transform) = f(l_c,L,xBj)

 Dipole amplitude gives us information about the spatial distribution of
small-x gluons.



Can Saturation be Discovered at EIC?

EIC has an unprecedented small-x reach for DIS on large nuclear targets, allowing
to seal the discovery of saturation physics and study of its properties:

2
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DGLAP
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Q
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Can Saturation be Discovered at EIC?

EIC has an unprecedented small-x reach for DIS on large nuclear targets, allowing
to seal the discovery of saturation physics and study of its properties:

T II T T T mTTT II
103 | Measurements with A =56 (Fe):
e eA/pA DIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV)
o DY (E772, E866)
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(i) Nuclear Structure Functions



Structure Function at EIC

Nuclear structure functions F, and F, which could be measured at EIC
(values = EPS09+PYTHIA). Shaded area = (x, Q2) range of the world e+A data.
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Nuclear Shadowing

Saturation effects may explain to nuclear shadowing: reduction of the
number of gluons per nucleon with decreasing x and/orincreasing A:

12 1.2
F Q2=2.7GeV2 x =103 stat. errors enlarged (x 50) F Q2=2.7GeV2 x =103 stat. errors enlarged (x 5)
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I | Beam Energies AJLdt L:T i
N g4[ 50n50Gev 2 b = o4l
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F 50n100GeV 4 fb! EPS09 (CTEQ) | Beam Energies A/[Ldt
02 0ol B0on50Gev  2ib
L Si Cu Au “l 50on75GeV  4fb I rcBK
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A%
[ EPsoslo - HKNO7 (LO) But: as DGLAP does not predict the x-
[~ EKS®8  —— nDS(LO) and A-dependences, it needs to be

mmm 1cBK (Q2 = 1.85 GeV?)

==

constrained by the data.

Note that including heavy flavors (charm)
for F, and F, should help distinguish
between the saturation versus non-

saturation predictions.
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Nuclear Shadowing for Charm

F5°in e+Au

e 50n50 GeV
= 50n 100 GeV
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may help distinguish saturation vs DGLAP-based prediction
(see talk by Thomas Ullrich for more)
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(ii) Di-Hadron Correlations



De-correlation

Y
: : .. {1 Ok
« Small-x evolution < multiple emissions ©
. . . . ~ * Py
 Multiple emissions — de-correlation. "y
‘ > Pat
{8 -B,-K
O (1B,-P,"Kl.y)
A 0

PT, trig

PT, trig ~ P T, assoc QS

T, assoc

- B2B jets may get de-correlated in p; with
the spread of the order of Q¢
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Di-hadron Correlations

Depletion of di-hadron correlationsis predicted for e+A as compared to e+p.
(Dominguez et al ‘11; Zheng et al ‘14). This is a signal of saturation.
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(iii) Diffraction



Diffraction in optics

k
—
diffraction
pattern
obstacle
| or aperture
ane o
\Pivave (size =R) screen
(detector)
\_ J
Y
distance d

Diffraction pattern contains information about the size R of the obstacle and about the

optical “blackness” of the obstacle.
In optics, diffraction pattern is studied as a function of the angle 0. In high energy

scattering the diffractive cross sections are plotted as a function of the Mandelstam
variable t =ksin 6.



Optical Analogy

Diffraction in high energy scattering is not very different from diffraction in optics:
both have diffractive maxima and minima:

AL
Light Incoherent/Breakup

Intensity

do/dt

Coherent/Elastic

JAVE RVAV NS

9 64 Angle

Coherent: target stays intact;
Incoherent: target nucleus breaks up, but nucleons are intact.
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Diffraction terminology

v X rpBp"

rapidity }
54D rpp’ rapidity
gap
hadron or

nucleus pt

(a) (b)
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Quasi-elastic DIS

Consider the case when nothing but the quark-antiquark pair (pions)
is produced:

The quasi-elastic cross section is then

“ A d2l‘¢ 1 9 272
ot = [ SR [ T )P N L LY
zl—z
0

Buchmuller et al ‘97, McLerran and Yu.K. ‘99




Diffraction on a black disk

For low Q? (large dipole sizes) the black disk limit is reached with N=1

Diffraction (elastic scattering) becomes a half of the total cross section

O'glqA _ fdeNQ 1
A~ 3 [EbN 2

Otot

Large fraction of diffractive events in DIS is a signature of reaching the
black disk limit!

HERA: ~15% (unexpected!); EIC: ~25% expected from saturation



Diffractive over total cross sections

* Here’s an early EIC measurement which may distinguish saturation from
non-saturation approaches:
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sat = Kowalski et al ‘08, plots generated by Marquet

no-sat = Leading Twist Shadowing (LTS), Frankfurt, Guzey, Strikman ‘04, plots by Guzey
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Exclusive Vector Meson Production

* An important diffractive process which can be measured at
EIC is exclusive vector meson production:




Exclusive VM Production:
Probe of Spatial Gluon Distribution

e Differential exclusive VM

. . p,w, b, I/, ...
productlon cross section iIs
by
do? TA=V+A R B R
=2
— —q

 the T-matrixis related to the dipole amplitude N:

2
T4 (5 5, /d “/ A VL) V(LB ) WY (@)
— Z
Brodsky et al ‘94, Ryskin ‘93

e Canstudyt-dependence of the do/dt and look at different mesons to find
the dipole amplitude N(x,b,Y) (Munier, Stasto, Mueller '01).

* Learn aboutthe gluon distribution in space.



Exclusive VM Production
as a Probe of Saturation
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* J/psiis smaller, less sensitive to saturation effects
* Phimeson is larger, more sensitive to saturation effects
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Dipole Amplitude and Other Operators

Dipole scattering amplitudeis a universal degree of freedom in saturation
physics.

It describes the total DIS cross section and structure functions:

* |talso describes single inclusive quark and gluon production cross sections
in DIS and in p+A collisions. <- Universality!

 Works for diffraction in DIS and p+A. <- Universality!

* For correlations need also quadrupoles (J.Jalilian-Marian, Yu.K. '04;
Dominguez et al ‘11) and other Wilson line operators.



Large-x Physics in e+A



e+A at Large-x

* Ine+A at EIC one could measure quark and gluon distributions
(PDFs, GPDs, TMDs) and determine their spatial distributions
at all values of Bjorken-x.

 We would also learn more about the properties of hadron
formation in the cold nuclear matter.



Energy Loss in Cold Nuclear Matter

EIC would be able to measure the energy loss of quarks in a cold nuclear
matter, complementing the RHIC and LHC measurements of energy loss in
hot QCD plasma:

h

cold nuclear
matter

A

hot nuclear
e matter
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Energy Loss in Cold Nuclear Matter

By studyingquark propagationin cold nuclear matter we can learn
importantinformation about hadronizationand may even measure ghatin

the cold nuclear medium:

1.50 |

Ratio of particles produced in lead over proton
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Connections to p+A and A+A collisions



Connections to p+A

In the saturation framework particle productionin p+A is described by the
dipole amplitude, just like structure functions in DIS. (Universality!)

Correlationsin both processes are described by other Wilson line
operators like quadrupoles. (Universality!)

Some evidence of saturation has been seen in d+Au collisions at RHIC:
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Uncorrected Coincidence Probability (rad)

Connections to p+A

Di-hadron back-to-back azimuthal correlation function decorrelates for central d+Au
collisions in agreement with saturation predictions (cf. e+A):

0.02

0.15]

0.05F

0.01"

p+p — 70 a0 + X, Vs =200 GeV

- prL>2GeVic, 1GeVic<prg<prL
E M=3.2, (ng)=3.2

- ptp

1 0 1 2 3 4
Adp

d+Au — 70 70 + X, s = 200 GeV

0.016}

T

0.014[
0.012]

0.01
0.008]

0.006 |

T
T

T

0.004

0.002}

prL>2 GeVic, 1 GeV/c <prg<prL
M)=3.2, (ng)=3.2

s

d+Au peripheral

- STAR Preliminary = 0.

Peaks

Ap ©
0 O

0

12
Ad

3 4 5

d+Au — 70 70 + X, s =200 GeV

0.03F
0.025}
0.02f

0.015}

T

0.01F

0.005F

L

prL >

2 GeVic, 1GeVic<prs<prL
Mp=3.1, (ns)=3.2

Peaks

Ap o
d+Au central 0 0.44+0.02
STAB Pre!iminary s l 1.63+0.29

L

21

|
o 1 2 3 4 5
Ad

68



Connections to Heavy lon Physics

CGC Physics also playsimportant role in the early-time dynamics of heavy

ion collisions

By exploringit at EIC we would get a better handle on formation of QGP
and on fluctuations, including multiplicity and azimuthal harmonic flow
coefficients v,,.

[ ====- IP-Sat + fluct. 2.76 TeV

CGC framework: B Au+Au, 200 GeV

rcBK 200 GeV ® Pb+Pb, 2.76 TeV -
rcBK 2.76 TeV

————— IP-Sat + fluct. 200 GeV

50 100 150 200 250 300 350 400
Centrality (Npart)

@ ®
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Connections to Cosmic Rays

There is a known problemin Auger data indicatingthat cosmic rays
behave like protons at lower energies and like nuclei at higher energies,

according to the existing QCD Monte-Carlos.

B EPOSv1.99 p
e QGSJETO1
o] JENIkH
X..x = atmosphericdepth of the cosmic &
ray shower maximum > )
£ S
Z</ 700?
It could be that the problem s with our o
understanding of QCD at this super-high
energies. ]
70;—
R - §? """ p
Perhaps saturation physics, with input § o filtidy +
2 = 57 331
from EIC, could help improve our = w0p +§ t |
£ - 143 186
understanding of the Auger data. 5 *r +
E 20 e
o Fe
10?
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Conclusions

EIC would allow to map out the spin structure of the proton, helping
resolve the spin crisis.

EIC would measure quark and gluon distributions both as functions of x
and k;, for nucleons and nuclei.

EIC would help us understand spatial distribution of gluons and quarks in
the nucleons and nuclei.

EICis a unigue opportunity to complete the discovery of saturation/CGC
physics and to study its properties. By discovering saturation, we would
make a significant progress in understanding high-energy QCD, answering
one of the fundamental questionsin the field and paving the way for
better understanding of stronginteractions at the future accelerators.



Backup Slides



Nonlinear Evolution at Work

Proton

v" First partons are produced
overlapping each other, all of them

about the same size.

v" When some critical density is
reached no more partons of given

size can fit in the wave function.

The proton starts producing smaller
partons to fit them 1n.

Color Glass Condensate
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Saturation Scale

To argue that Q; ~ A" letus consider an example of a
particle scattering on a nucleus. As it travels through the nucleus it
bumps into nucleons. Along a straight line trajectory it encounters
~ R ~Al13 nucleons, with R the nuclear radius and A the atomic

number of the nucleus.

probe
The particle receives ~ A1 y
random kicks. Its momentum
gets broadened by
Ak ~ VA3 = (Ak)? ~ AL/3
nucleons

Saturation scale, as a feature of the collective field

of the whole nucleus also scales ~ A1, nucleus



Map of High Energy QCD
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Diffraction in optics and QCD

* Inoptics, diffraction pattern is studied as a function of the angle 6.

* In high energy scattering the diffractive cross sections are plotted as a function of the
Mandelstam variable t =k sin 0.



Impact Parameter Dependence

* Usingexclusive VM production one can study the b-dependence of the T-
matrix since inverting the above formula one gets (Munier, Stasto, Mueller

‘01)

A i io T dO-’y*—FA—)V—I—A
TqQA(SabJ_) — 2 13/2 /d2q€ IO \/ At

* TheamplitudeT isrelatedto N and to the vector meson and y* wave
functions:

T4 (3.5, ) = i / Pz, / V2 groai(z, 2y N(EL By Y) UV (7L, %)
Y, 47_‘_ Z (1 . Z) Y Y Y, Y
0

e Diffraction (elastic VM production) can help us figure out the b-
dependence of the T-matrix, and hence see if saturation has been

reached. It would also give us the b-dependent gluon distributionin the
nucleus.



Strong Coupling Scenarios



Strong Coupling

 What if the realistic saturation scale at the EIC is not large
enough for the coupling to be small?
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* The theoretical tool would then be AdS/CFT correspondence.

* Problems: N=4 SYM is not QCD, not clear how to obtain QCD
in a controlled way; there is no E&M current in N=4 SYM,
hence not clear what to calculate to describe DIS, etc.



DIS in AdS/CFT: Currents Correlator

* DIS can be modeled in AdS/CFT by calculating correlator of two R-currents
in the background of a thermal medium or a shock wave (Levin et al ‘08,

Mueller et al ‘08, Avsar et al ‘09). The saturation scaleis then
AL/3

X

Q2NA2

* Very fastx-dependence, such scale has not been observed. Moreover, if it
grows with x this fast, it would quickly get into pQCD region making the
couplingsmall...

_ gravitons
x

>
I

Mazwell gauge field

AVAVAVAV AVAVAVAV,

Shock W ave




DIS in AdS/CFT: Dipole Amplitude

-r/2 0 +r/2
In 1/xy;
\\\\ dat gt
Qi ~ (1/xy)

perturbative result

X

our large—coupling result

2
In Agep In Q2

 One candirectly calculate the dipole amplitude in DIS obtaining (Albacete
et al ‘08
) Qz -~ )\AZ A2/3

(more plausible x-dependence (none), but strong A-dependence — not
observed)

e or(Dumitru and Noronha’14, more realistic A-dependence)

Q2 ~ A% AY?

 More workis needed to sort things out. This may be an opportunity.



AdS/CFT vs the Data

* One can describe the low-Q? F, HERA data using AdS/CFT approach (YK, Lu,
Rezaeian, ‘09):
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Strong vs Weak Coupling

Can experiments distinguish between strongly vs weakly-coupled
saturation scenariosat an EIC?

This is largely an open question.

Purely large-coupling scenario at all momentum scales unlikely — in heavy
ions AdS predicts stoppingof heavy ions in the collision (not observed at
RHIC or LHC) and very strong growth of hadron multiplicity with energy.
Most likely early-time dynamics in A+A is weakly-coupled.

A combination of weakly and strongly-coupled dynamicsis possible at an
EIC since Q, is not huge. This would be hard to tackle theoretically.



Strong Color Fluctuations

hadron plane

lepton plane /

One could study the pT-broadening of produced hadrons in DIS on a nucleus as a
function of the angle ¢ between the lepton and hadron planes. The broadening

(Ap7 (@) an = (p7(0))a — (7(d)) N

would be sensitive to strong color fluctuations in the density of partons.
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Connections to Heavy lon Physics

Harmonic flow coefficients are sensitive
probes of the dynamics of quark-gluon
plasma and the initial conditions for

its formation:
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A comparison of data vs theory using viscous hydrodynamics with Glauber-like initial
conditions (left) or the saturation-inspired ones (right).
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