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The	  Big	  Bang	  &	  Quark-‐Gluon	  Plasma	  
Time	  
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Phase diagram of nuclear matter	  

Quark Gluon Plasma	  

Core of neutron stars?	  

Quark Gluon Plasma – a liquid of quarks and gluons created at 
temperatures above ~170 MeV (2·10

12
K) – over a million times hotter than 

the core of the sun or ~15 billion times hotter than a cup of coffee!	  



How	  do	  we	  get	  there?	  
Compress	  and	  heat	  normal	  nuclear	  maLer	  
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+	  Pressure	  

Normal	  nuclear	  
maLer	  (confined)	  

QGP	  
(deconfined)	  

+	  Heat	  
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QGP	  Making	  Machines	  
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Long	  Island,	  NY	  
1.2	  km	  diameter	  
Versa*le	  machine	  	  
colliding	  a	  variety	  of	  	  
species	  over	  7-‐500	  GeV	  	  
pp,	  dAu,	  AuAu	  at	  √sNN	  =	  200	  GeV	  
	  

Geneva,	  Switzerland	  	  
8.6km	  diameter	  
Highest	  energies	  =	  higher	  
temperature	  and	  access	  to	  
rare	  probes	  	  
pp,	  PbPb	  at	  √sNN	  =	  2.76	  
pPb	  at	  √sNN	  =	  5.02	  TeV	  
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RHIC	   LHC	  



Comparison of colliders	  

RHIC	   LHC	  

√s
NN

 (GeV)	   7-200	   2760, 5500	   center of mass energy	  

dN
ch

/dη	   ~1200	   ~1600	   number of particles	  

T/T
c
	   1.9	   3.0-4.2	   temperature	  

ε (GeV/fm
3
)	   5	   12, 16	   energy density	  

τ
QGP

 (fm/c)	   2-4	   >10	   lifetime of QGP	  



QCD	  at	  high	  Temperatures	  
What	  to	  expect	  when	  we	  get	  there?	  

7	  

Laace	  QCD	  
indicates	  that	  at	  a	  
temperature	  >	  Tc	  
we	  have	  partonic	  
degrees	  of	  
freedom	  
(Deconfinement)	  
rather	  than	  
hadronic	  
	  
Hot	  Dense	  Quark	  
Gluon	  Plasma	  	  
	  

Tc	  =	  Cri*cal	  temperature	  
F.	  Karsch,	  et	  al	  
Nucl.	  Phys.	  B605	  (2001)	  579	  

	  
170	  MeV	  è	  2�1012K	  100,000	  *mes	  hoLer	  than	  the	  sun’s	  core!	  
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Evolu*on	  of	  the	  Collision	  

8	  Megan	  Connors	  	  

A. M. Sickles

Timeline of  a Collision

5

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

illustration: S. Bass

incoming
nuclei

• radius of Au nuclei: ~7fm = 7x10-15m

• time to traverse the nucleus: 7x10-15m/(3x108m/s)=20x10-23s

hot
matter 

hadronic
gas 

Incoming	  Nuclei	  

Ini*al	  State	  

QGP	  
Hydrodynamic	  expansion	  

Hadroniza*on	  

Freeze-‐out	  



STAR	   PHENIX	  

ALICE	  

CMS	  

ATLAS	  



STAR	   PHENIX	  

ALICE	  

CMS	  

ATLAS	  

Trigger detectors: When do we have a collision?	  
Tracking detectors: Where and how fast did the particle go?	  
Identification detectors: What kind of particle is it?	  
Calorimeters: How much energy does the particle have?	  



Recall	  our	  favorite	  variables	  
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D E F I N I T I O N S
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• Rapidity y, Pseudo-rapidity η
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1
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⇒

Rapidity is additive under boosts in z-direction Δη

M U LT I - PA R T I C L E  C O R R E L AT I O N S
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ΔΦ2-particle correlation as a function of Δη and Δϕ
Δη :  D I F F E R E N C E  I N  P S E U D O - R A P I D I T Y  
ΔΦ :  D I F F E R E N C E  I N  A Z I M U T H A L  A N G L E  

z	  

x	  

y	  



Evolu*on	  of	  the	  Collision	  

•  2	  classes	  of	  observables	  
– Hard	  probes	  (jets,	  high	  pT	  hadrons,	  heavy	  flavor)	  
– Bulk	  measurements	  (ellip*c	  flow)	  

12	  
Hard	  =	  high	  momentum	  

Megan	  Connors	  	  
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Timeline of  a Collision
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PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

illustration: S. Bass

incoming
nuclei

• radius of Au nuclei: ~7fm = 7x10-15m

• time to traverse the nucleus: 7x10-15m/(3x108m/s)=20x10-23s
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How	  do	  you	  know	  you	  created	  a	  	  QGP?	  

•  Bulk	  medium	  proper*es	  
•  Interac*on	  of	  hard	  probes	  with	  the	  medium	  

–  Yield	  should	  scale	  according	  to	  number	  of	  these	  binary	  
collisions:	  Ncoll	  

13	  
A. M. Sickles

Timeline of  a Collision

5

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

illustration: S. Bass

incoming
nuclei

• radius of Au nuclei: ~7fm = 7x10-15m

• time to traverse the nucleus: 7x10-15m/(3x108m/s)=20x10-23s

hot
matter 

hadronic
gas 

hard	  scaLerings	  occur	   Measure	  this	  

?


≡ Yield in Au + Au Events
(Ncoll)(Yield in p + p Events)RAA	  



RHIC’s	  First	  Two	  Major	  Discoveries	  
•  Discovery	  of	  	  
	  “ellip*c	  flow”:	  
–  Ellip*c	  flow	  in	  Au+Au	  collisions	  

	  at	  √sNN=	  130	  GeV,	  	  
STAR	  Collabora*on,	  	  
Phys.Rev.LeL.86:402-‐407,2001	  	  	  

•  Discovery	  of	  	  
“jet	  quenching”	  
–  Suppression	  of	  hadrons	  with	  large	  

transverse	  momentum	  in	  central	  Au+Au	  
collisions	  at	  √sNN	  =	  130	  GeV,	  	  
PHENIX	  Collabora*on,	  
Phys.Rev.LeL.88:022301,2002	  	  

14	  19-‐Jul-‐17	   W.A.	  Zajc	  

F O U R I E R  E X PA N S I O N
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Azimuthal structure quantified using Fourier expansion
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How	  do	  you	  know	  you	  created	  a	  	  QGP?	  

•  What	  is	  flowing?	  

•  Is	  p+p	  the	  right	  baseline?	  How	  does	  a	  nucleus	  
influence	  change	  the	  ini*al	  state?	  

•  Is	  Ncoll	  correct	  descrip*on	  correct	  in	  RAA	  
calcula*on?	  

15	  



•  “Fine	  structure”	  	  
	  in	  ellip*c	  flow:	  
–  Ellip*c	  flow	  of	  iden*fied	  hadrons	  

in	  Au+Au	  collisions	  at	  √sNN=	  200	  GeV,	  	  
PHENIX	  Collabora*on,	  	  
Phys.Rev.LeL.91:182301,2003	  	  	  

What	  is	  flowing?	  

16	  

Hydro	  from	  P.	  Huovinen	  et	  al.,	  
Phys.	  LeL.	  B503,	  58	  (2001)	  

 Phys. Rev. Lett. 98, 162301 (2007)	  

We have a liquid of quarks and gluons!	  



Direct	  Photons	  as	  a	  Cross	  Check	  

Direct	  photons	  do	  not	  interact	  via	  the	  strong	  
force	  and	  therefore	  are	  not	  modified	  by	  the	  QGP	  

17	  



Quan*fying	  Cold	  Nuclear	  MaLer	  Effects	  

18	  

•  Suppression	  in	  Au+Au	  
not	  observed	  in	  d+Au	  

•  Au+Au	  “Disappearance	  
of	  the	  awayside	  jet”	  
not	  in	  d+Au	  

Pedestal&flow 
subtracted 



How	  do	  you	  know	  you	  created	  a	  	  QGP?	  

•  But	  what	  is	  flowing?	  
– Quarks!	  

	  
•  Is	  p+p	  the	  right	  baseline?	  How	  does	  a	  nucleus	  
influence	  change	  the	  ini*al	  state?	  
–  d+Au	  consistent	  with	  p+p	  measurements	  

•  Is	  Ncoll	  correct	  descrip*on	  correct	  in	  RAA	  
calcula*on?	  
– Direct	  photon	  RAA	  is	  1	  as	  expected	  for	  non-‐interac*ng	  
probe	  

19	  



•  The	  RHIC	  White	  Papers	  summarizing	  first	  3	  years	  of	  data:	  	  
–  Quark	  gluon	  plasma	  and	  color	  glass	  condensate	  at	  RHIC?	  The	  PerspecBve	  

from	  the	  BRAHMS	  experiment,	  	  
Nucl.Phys.	  A757	  (2005)	  1-‐27,	  nucl-‐ex/0410020	  

–  FormaBon	  of	  dense	  partonic	  maIer	  in	  relaBvisBc	  nucleus-‐nucleus	  
collisions	  at	  RHIC:	  Experimental	  evaluaBon	  by	  the	  PHENIX	  collaboraBon,	  	  
Nucl.Phys.	  A757	  (2005)	  184-‐283,	  nucl-‐ex/0410003	  

–  The	  PHOBOS	  perspecBve	  on	  discoveries	  at	  RHIC,	  
	  Nucl.Phys.	  A757	  (2005)	  28-‐101,	  nucl-‐ex/0410022	  

–  Experimental	  and	  theoreBcal	  challenges	  in	  the	  search	  for	  the	  quark	  gluon	  
plasma:	  The	  STAR	  CollaboraBon's	  criBcal	  assessment	  of	  the	  evidence	  from	  
RHIC	  collisions,	  	  
Nucl.Phys.	  A757	  (2005)	  102-‐183,	  nucl-‐ex/0501009	  	  

•  The	  conclusion	  was	  YES!	  collec*vely	  these	  results	  indicate	  a	  new	  
state	  maLer	  of	  known	  as	  the	  QGP	  

	  

How	  do	  you	  know	  you	  created	  a	  QGP?	  

20	  19-‐Jul-‐17	   W.A.	  Zajc	  



Bulk	  proper*es	  	  

•  Temperature	  
•  Energy	  density	  
•  Flow	  
•  Viscosity	  	  
•  Source	  size	  

21	  
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Event	  Categoriza*on	  Review	  

•  Centrality	  relates	  to	  impact	  
parameter	  (b)	  or	  amount	  of	  
overlap	  	  

•  %	  refers	  to	  total	  sec*on	  
•  	  Pop	  Quiz:	  	  

–  Draw	  0-‐10%	  and	  60-‐90%	  
Megan	  Connors	  	  

A. M. Sickles

nucleons in nuclei

19

central collision
b small

Npart ~ 2*A
Ncoll large

peripheral collision
b large

Npart small
Ncoll small

0-‐10%	  

60-‐90%	  



Bulk	  Proper*es:	  Temperature	  

Megan	  Connors	  	   23	  

•  Photons	  give	  temperature	  



Thermal	  Photons	  

•  How	  hot	  is	  the	  QGP?	  

Megan	  Connors	  	   24	  

QCD 
processes	  

T
he

rm
al

 p
ho
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ns

	  

Phys.Rev.Lett.104:132301,2010	  

Measure direct photons 
Observe excess above QCD processes 
Excess = themal photon contribution 
Extract temperature from fits	  



Flow revisited	  

Au+Au 200 GeV	  
b=7 fm	  

arXiv:nucl-th/0305084	  

Particles pushed out	  

Equipotential lines	  

Initial overlap asymmetric → pressure gradients	  

Momentum anisotropy → Fourier decomposition:	  

Christine Nattrass (UTK), Davidson, March 2016 37

If we have a fluid...

Au+Au ÷s
NN

 = 200 GeV

b=7 fm

arXiv:nucl-th/0305084

Particles pushed out

Equipotential lines

● Initial overlap asymmetric → pressure gradients
● Momentum anisotropy → Fourier decomposition:

d
2
N

dpT d ϕ
≈1+2 v1 cos(d ϕ)+2 v2 cos(2dϕ)+2v3 cos(3d ϕ)+2 v 4 cos(4dϕ)+2 v5 cos (5d ϕ)+...



Also observed by the LHC	  

arXiv: 1108.5323v1	  



What does this say about viscosity?	  

• Same phenomena observed in gases of strongly interacting atoms	  
– K, O’Hara, S. Hemmer, M. Gehm, S. Granade, J. Thomas    Science 298 2179 (2002) 	  

High viscosity	  
Low viscosity	  



Low Viscosity	  

Fourier decomposition:	  

Time	  
K, O’Hara, S. Hemmer, M. Gehm, S. Granade, J. Thomas    Science 298 2179 (2002) 	  

Initial state anisotropies converted to final state anisotropies	  

Same phenomena observed in gases of strongly interacting atoms	  

Christine Nattrass (UTK), Davidson, March 2016 37

If we have a fluid...

Au+Au ÷s
NN

 = 200 GeV

b=7 fm

arXiv:nucl-th/0305084

Particles pushed out

Equipotential lines

● Initial overlap asymmetric → pressure gradients
● Momentum anisotropy → Fourier decomposition:

d
2
N

dpT d ϕ
≈1+2 v1 cos(d ϕ)+2 v2 cos(2dϕ)+2v3 cos(3d ϕ)+2 v 4 cos(4dϕ)+2 v5 cos (5d ϕ)+...

Fluctuations in the geometry of initial state give rise to odd harmonics	  



Higher Order Harmonics	  

The Quark Gluon Plasma 
has a very low viscosity	  



Implica*ons	  for	  viscosity	  
	  	  Charm	  quarks	  

– Energy	  loss	  

	  	  	  	  and	  
	  

– Flow	  

	  	  	  	  	  	  

30	  

6

tions [31, 32]. A calculation which includes elastic scat-
tering mediated by resonance excitation (curves II) [31]
is in good agreement with both the measured RAA and
v2. This is achieved with a small heavy quark relax-
ation time τ which translates into a diffusion coefficient
DHQ × (2πT ) = 4-6 in this model [31]. Energy loss and
flow are also calculated in [32] in terms of DHQ (curves
III). While this model fails to simultaneously describe the
measured RAA and v2 with one value for DHQ, the range
for DHQ leading to reasonable agreement with RAA or
v2 is similar to that from [31], again implying that small
τ and/or DHQ × (2πT ) are required to reproduce the
data. Note that DHQ provides an upper bound for the
bulk matter’s diffusion coefficient D. Using the obser-
vation [32] that D ≈ 6 × η/(ϵ + p) with ϵ + p = Ts
at µB = 0 provides an estimate for the viscosity to en-
tropy ratio η/s ≈ (4

3
− 2)/4π, intriguingly close to the

conjectured quantum lower bound 1/4π [33]. This result
is consistent with estimates obtained in the light quark
sector from elliptic flow [34] and fluctuation analyses [35].

The conjecture of a bound on η/s [16] was obtained
using the anti-de Sitter-space/conformal-field-theory cor-
respondence [36, 37], which exploits a duality between
strongly coupled gauge theories and semiclassical gravi-
tational physics. Recently, such methods were applied to
estimate q̂[38] and DHQ in a thermalized plasma [39, 40,
41]. These authors also find a small diffusion coefficient
DHQ × (2πT ) ∼ 1.

In conclusion, we have observed large energy loss and
flow of heavy quarks in Au+Au collisions at

√
sNN =

200 GeV. The data provide strong evidence for the cou-
pling of heavy quarks to the produced medium. A short
relaxation time of heavy quarks and/or a small diffusion
coefficient are required by the data. A model comparison
suggests a viscosity to entropy ratio of the medium close
to the quantum lower bound, i.e. near a perfect fluid.
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What do we learn about the QGP?	  

Hydrodynamics works →	  

-(local) thermalization	  

-image of the initial state	  

Really low viscosity	  

-Near AdS/CFT bound	  

-η/S ~ 1/4π	  

The QGP is the perfect liquid!	  

(not the gas of “free” quarks and gluons we expected)	  



Vor*city	  

•  New	  discoveries:	  'Perfect	  Liquid'	  Quark-‐Gluon	  
Plasma	  is	  the	  Most	  VorUcal	  Fluid	  
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as consistent with our measurements, within reported statistical 
uncertainty.

We have performed several checks that indicate a zero polarization 
‘signal’, as expected, in the combinatoric background of proton–pion 
pairs that do not come from Λ hyperons. This includes analysis of pro-
ton–pion pairs with invariant masses slightly different from the mass 
of a Λ hyperon mΛ. Nevertheless, these checks have finite statistical 
precision, so we consider the possibility of fluctuations in the back-
ground that could contribute to the polarization signal. This dominates 
the systematic uncertainties in the signal. Uncertainties due to Λ iden-
tification criteria (such as requirements for the spatial proximity of the 
proton and π daughters) are negligible. There are also small systematic 
uncertainties in the overall scale, which would scale both the value of 
( H and the statistical uncertainty, thus not affecting the statistical sig-
nificance of the signal. These include the uncertainties in the Λ decay 
parameter α (2%)17, the reaction-plane resolution (about 2%)22, and 
detector efficiency corrections (about 3.5%).

The fluid vorticity may be estimated from the data using the hydro-
dynamic relation18

ω≈ + /′ ′Λ Λ( (k T ħ( ) (3)B

where T is the temperature of the fluid at the moment when particles 
are emitted from it. The subscripts Λ′ and Λ ′ in equation (3) indicate 
that these polarizations are for ‘primary’ hyperons emitted directly from  
the fluid. However, most of the Λ and Λ  hyperons at these collision  
energies are not primary, but are decay products from heavier particles 
(for example, ∑*,+ → Λ + π+), which themselves would be polarized 
by the fluid. The data in Fig. 4 contain both primary and these ‘feed-
down’ contributions. At these collision energies, the effect of feed-down 
is estimated18 to produce differences of only about 20% between the 
polarization of primary and of all hyperons.

The sNN-averaged polarizations indicate a vorticity of ω ≈ (9 ± 1) ×  
1021 s−1, with a systematic uncertainty of a factor of two, mostly owing 

to uncertainties in the temperature. This far surpasses the vorticity of 
all other known fluids, including solar subsurface flow23 (10−7 s−1); 
large-scale terrestrial atmospheric patterns24 (10−7–10−5 s−1); supercell 
tornado cores25 (10−1 s−1); the great red spot of Jupiter26 (up to 
10−4 s−1); and the rotating, heated soap bubbles (100 s−1) used to model 
climate change27. Vorticities of up to 150 s−1 have been measured in 
turbulent flow28 in bulk superfluid He II, and Gomez et al.29 have 
recently produced superfluid nanodroplets with ω ≈ 107 s−1.

Relativistic heavy ion collisions are expected to produce intense mag-
netic fields30 parallel to Ĵsys. Coupling between the field and the intrinsic 
magnetic moments of emitted particles may induce a larger polariza-
tion for Λ  hyperons than for Λ hyperons18. This is not inconsistent with 
our observations, but probing the field will require more data to reduce 
statistical uncertainties as well as potential effects related to differences 
in the measured momenta of Λ and Λ  hyperons.

The discovery of global Λ polarization in non-central heavy ion colli-
sions opens up new directions in the study of the hottest, least viscous—
and now, most vortical—fluid produced in the laboratory. Quantitative 
estimates of extreme vorticity yield a more complete characterization 
of the system and are crucial input to studies of phenomena related to 
chiral symmetry restoration that may provide insight into the complex 
interactions between quarks and gluons.

Online Content Any Extended Data display items and Source Data are available in 
the online version of the paper; references unique to these sections appear only in 
the online paper.

Data Availability The polarization data published here are available in the HEPdata 
repository http://dx.doi.org/10.17182/hepdata.77494.
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Surprises	  in	  p+Pb	  

•  Double	  
Ridge	  

LHCP2014 New York | 2014-JUN-05 | Alexander.Philipp.Kalweit@cern.ch

Phenomena in p-Pb collisions

Angular correlations and double ridge (1)
• Di-Hadron correlations study anisotropies in the 

particle production on event-by-event basis. 
• In Pb-Pb collisions, they are associated with 

elliptic flow resulting from the hydrodynamical 
expansion of the system and the initial collision 
geometry.

7

Pb-Pbpp p-Pb

[1210.5482][1009.4122]

Tim Schuster - ALICE two-particle correlations

p-Pb 5.02TeV	 	 Double Ridge

• Assumptions

- pp and low-multiplicity p-Pb contain only jet-like correlations

- shape of jet-like correlations in all event classes is the same

• Subtraction high- minus low-multiplicity p-Pb events

- removes jet-like correlations

- reveals double ridge
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12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

pp	  



What	  does	  that	  imply?	  

QGP	  Droplet?	  

Monika Sharma Quark Matter 2014, Darmstadt 

NCQ scaling in high multiplicity pPb collisions 

14 

Azimuthal anisotropy develops at the partonic level in pPb collisions? 

See poster by Zhenyu Chen, 
Tuesday: 16.30  

(mT – m)/nq 

 Polynomial fit to K0
s 

News&from&QM:&collecOvity&in&smaller&systems?&

July&ALICE&Week&:&01.07.2014& 7&

Mass'ordering'in'p$Pb''
extended'to'K0s'and'Λ'

Flow?	   arXiv:	  1409.1792	  
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FIG. 9: The vn(paT) with n = 2 to 5 for six N rec
ch event-activity classes obtained for |∆η| > 2 and the pbT range of 1–3 GeV. The

error bars and shaded boxes represent the statistical and systematic uncertainties, respectively. Results in 220 ≤ N rec
ch < 260

are compared to the CMS data [28] obtained by subtracting the peripheral events (the number of offline tracks Noff
trk < 20),

shown by the solid and dashed lines.

can also be studied via the ratio [48, 49]

rn(paT, p
b
T) =

vn,n(paT, p
b
T)

√

vn,n(paT, p
a
T)vn,n(p

b
T, p

b
T)

, (11)

with rn = 1 for perfect factorization. The results with recoil subtraction (rn) and without subtraction (runsubn ) are
summarized in Fig. 11, and they are shown as a function of pbT − paT, because by construction the ratios equal one

for pbT = paT. This second method is limited to pa,bT ! 4 GeV, since requiring both particles to be at high pT reduces
the number of the available pairs for vn,n(paT, p

a
T) or vn,n(p

b
T, p

b
T). In contrast, for the results shown in Fig. 10, using

Eqs. (9) and (10), the restriction applies to only one of the particles, i.e. pbT ! 4 GeV.
Results in Figs. 10 and 11 show that, in the region where the statistical uncertainty is small, the factorization holds

to within a few percent for v2 over 0.5 < pa,bT < 4 GeV, within 10% for v3 over 0.5 < pa,bT < 3 GeV, and within 20–30%

for v4 over 0.5 < pa,bT < 4 GeV (Fig. 10 only). Furthermore, in this pT region, the differences between rn and runsubn

are very small (< 10%) as shown by Fig. 11, consistent with the observation in Fig. 8. This level of factorization is
similar to what was observed in peripheral Pb+Pb collisions [9].
Figure 11 also compares the rn data with a theoretical calculation from a viscous hydrodynamic model [50]. The

model predicts at most a few percent deviation of rn from one, which is attributed to pT-dependent decorrelation
effects associated with event-by-event flow fluctuations [48]. In most cases, the data are consistent with the prediction
within uncertainties.



Geometry	  Scan	  at	  RHIC	  

35	  

J.	  Nagle	  et	  al.,	  PRL	  113,	  112301	  (2014)	  

S Y S T E M  D E P E N D E N C E  O F  A N I S O T R O P I E S
Hydrodynamics converts initial shape to 
momentum anisotropy.  
At RHIC different systems with different 
average shapes were studied.
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Take	  home	  messages	  
•  Heavy	  Ion	  colliders	  allow	  us	  to	  study	  QCD	  under	  
extreme	  condi*ons	  	  

•  The	  QGP	  flows	  like	  a	  nearly	  perfect	  liquid	  of	  
quarks	  and	  gluons	  	  
– Described	  with	  Hydrodynamics	  
–  Low	  viscosity	  
–  Vor*cal	  	  

•  Geometric	  fluctua*ons	  in	  the	  ini*al	  state	  are	  
observed	  as	  higher	  order	  harmonics	  

•  Evidence	  for	  QGP	  flow	  behavior	  observed	  in	  small	  
systems	  

•  Beam	  Energy	  Scan	  II	  at	  STAR	  will	  give	  insight	  to	  
the	  cri*cal	  point	  and	  QCD	  phase	  diagram	  
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