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why heavy ion collisions?

Early Universe The Phases of QCD

£ Future LHC Experiments

l

study the phase structure of
QCD

here we will focus on the
high temperature side, but
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investigations at lower

temperatures and higher Crtcal Point
baryon densities Hadron Gas ¢
Superconductor
guantitative understanding of - Vacuu uclear M»
0 MeV i .

the properties of QCD matter 0 Mev 900 MoV
Baryon Chemical Potential
at extreme temperatures




Heavy lon Programs at RHIC and LHC

2000 - present
7.7-510 GeV collision energy
AuAu, dAu, pp, CuCu, UU, CuAu

strengths: collision system &
energy versatility and long running
times

2010 - present
2.76 TeV collision energy PbPb
5.02 TeV pPb

pp @ multiple energies

strengths: excellent detectors and
very high energy
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relativistic heavy ion collisions

quark gluon plasma




relativistic heavy ion collisions

quark gluon plasma

T

Mitﬂﬁf‘hﬁ..

i) !
Al Al
il

u‘llﬂii!l!ﬁbﬁ

i)
Wy

i
LK




relativistic heavy ion collisions

quark gluon plasma

want to untangle QGP effects from
effects of initial nucleus and
hadronic matter



the aftermath
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collision geometry

view: one nuclei going into the screen and one coming out

nucleon positions for the colliding nuclei for three different collisions
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varying the distance between the nuclei, changes the
shape and size of the region where the nuclei overlap
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collision geometry = measured particles

initial collision geometry measured hadron distributions
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collision geometry = measured particles

initial collision geometry measured hadron distributions
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the shape of the initial collision geometry is imprinted on
the final particle distributions

PLB 707 330 (2012) ¢



strong interactions
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dN/d® (arb. scale)

large observed anisotropies — strong interactions:
fluid behavior, hydrodynamics

larger pressure gradients push more particles out In
the x direction than iny

PLB 707 330 (2012) 10
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strong interactions
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pressure
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strong interactions
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steep & 1

pressure 308
Z

change ©

AN

gradual
pressure d (I)
change

=1+ 20, cos2¢

large observed anisotropies — strong interactions:
fluid behavior, hydrodynamics

larger pressure gradients push more particles out In
the x direction than iny
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the viscosity of the QGP

what kind of fluid is the QGP?

40—

more like water or honey?

ws / (1/47)

characterize by ratio of shear
viscosity to entropy density: n/s

we know that n/s(QGP) is very
small near the critical T

but how does that change with
temperature?

String Theory Bound (KSS)
pQCD (AMY)

hydro+IQCD

Hadron Gas

Lattice QCD (gluodynamics)
semi-QGP

QPM (finite “B)

Hydro Fit (Niemi et al.)
Hydro Fit (Song - a)

arXiv: 1207.638
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each collision is unique
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nucleon distributions for 3 single collisions (xy-plane)
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each collision evolves in isolation without knowing
what the “typical” collision is
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each collision is unique
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nucleon distributions for 3 single collisions (xy-plane)
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not just vz describing cos2®, but vn:

N
d¢

n

14+ Y 2v,cosn(p—V¥,)
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two particle correlations

n
x 1+ 2v,cosn(p—VY,

AN 45
dAQ

n
x 14+ Y 20, 20, cos (nA¢
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two particle correlations

flow

single particles

jets in pp collisions

N X 1+2n:2v cosn (¢p —¥,)
d(b n n
v
pairs of particles
dN L
dAfc‘If x 14 Y 20, svy 5 cos (nA)

flow correlations should be long range n

CMS JHEP 1009 (2010) 091 14



correlations in PbPb

C(A9, An)

ATLAS PRC 86 014907 15



correlations in PbPb

ATLAS PRC 86 014907 15



correlations in PbPb

flow

ATLAS PRC 86 014907 15



ridge: vn & two particle correlations
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ridge: vn & two particle correlations
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evidence for many higher order terms in particle correlations
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state of the art hydrodynamic calculations

3 +1d viscous hydrodynamics

0.2

v, — | ATLAS 10%—20%, EP 0.2F vy ==+ | RHIC 200GeV, 30%—40%
- Vo, = | filled: STAR prelim.

0.15 . | open: PHENIX

2\1/2
A

01r -
0.05 = T .
0.05r D g P SRt S
O ‘ . :...-;-_:-:”'V' g §
* S — v > ™ 4 ¥
0 : : : ;
0 0.5 1 1.5 2
D+ [GeV1]

guantitative description of v1 - vs at both RHIC and LHC
sensitivity to n/s

Gale, Jeon, Schenke, Tribedy, Venugopalan PRL 110 012302 _,



PA physics

isolate QGP effects from something present in the incoming nuclei
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saturation of low x gluons

basic idea: the number of gluons
increases quickly with decreasing
X. At some point there are so
many gluons that the

recombination rate becomes &

: - . @)
significant, saturating the %
distribution =

HERA

0.8

0.6

0.4

0.2 \

[ xS (x 0.05)

Q2 =10 GeV?

—— HERAPDF1.7 (prel.)

-«-. HERAPDF1.6 (prel.)

B experimental uncertainty
[ ] model uncertainty XU,

[ parametrization uncertainty /\
XG (x 0-05)

-
-
—

in a large nucleus in high energy collisions, this happens more
readily because the nucleons overlap, increasing the density

19



a closer look at pPb

peripheral collisions
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ATLAS PRL 110 102303
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central collisions

jets + flow
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a closer look at pPb

Y(Ag)

" ATLAS p+Pb \5,=5.02 'Il'e\},le ~1pb"
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ATLAS PRL 110 102303



vo & v3 in pPDb collisions

c [ ATLAS piPb 4 n=2 (f)
W_sozTev =3

0.15 fL 1Mb

o.1f— 0 ¢ § + +
0.05‘<><><><> 22E<|A::2 GeV
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vo & v3 in pPDb collisions

0.15/-
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very similar to AA results
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vo & v3 in pPDb collisions
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very similar to AA results
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are the pA and AA v2 related to the same physics?
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ridge in pp/pPb from color glass condensate”

Color Glass Condensate: calculational framework for saturation

| | | | | |
2 large An 110 < N < 150

jets
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A9
good description of the data in pPb

Dusling & Venugopalan PRL 104 262301, PRD 87 054014, PRD 87 094034
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geometry in AA & pA

10—

AA impact parameter :
+ fluctuations

PA fluctuations .




variation of the small nucleus

101 10~
83— 8f_
63— ef—
a- .
2l A
oF ok
-23_ _23_
-43_ _43_
-63— -63—
-83— -83—
A A

control the collision geometry by varying the small nucleus
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variation of the small nucleus

101 10~
sf— Bf_
sf— ef—
a- .
2l A
oF ok
-23_ _23_
-43_ _43_
-63— -63—
-33— -83—
A A

control the collision geometry by varying the small nucleus

does Vv2 reflect the geometry of the initial state in p/d+A as in A+A?
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what can RHIC add?

S e R . LT
’ e »

RHIC had huge d+Au sample
25x smaller collision energy than the LHC
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PHENIX
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nl <0.35

centrality determined
by charged particles

in the Au going
direction: 3<Inl <4

1.6B minimum bias

events
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two particle correlations in dAu
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two particle correlations in dAu
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two particle correlations in dAu
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centrallty dependence
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v2. pPb & dAU
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rapidity separated correlations

d Au
Muon Piston Calorimeters I i:

both d-going & Au-

gOiIlg diI‘GCtiOHS Central Magnet

Side View



long range correlations in dAu
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long range correlations in dAu

dN_,/dn
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long range correlations in dAu
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V2 In dAu compared to hydro. calculations
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shapes of pA & dA
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Glauber Monte Carlo used to generate single event initial

used to determined <&,> values for event selections
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energy density distributions
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dAu, pPb, AuAu & PbPb

Y
o

T
o

- @ d+Au, ,(polnt-like centers) (Y5200 GeV) =
0.7 @ Au+Ay, ‘e, (point-like centers) (/5=200 GeV) —
— asases g,(Gausslan smearing c = 0.4) .

U 6-_ ............ En{dlslis R = "m] &
"“F @ CMS Pb+Pb v,{EP}/e?™" (15=2.76 TeV) .
050 M CMSPbsPb V.{2)/e,{2} (15=2.76 TeV) E
L 24 ATLAS p+Pb {1r|'__s=5 TeV) -
-/ ALICE p+Pb (Vs=5 TeV) N
0.4 ' | *" —
E ¢ = -
0.3 + é}!}' © -
. Q@ ]
0.2 — -
0.1F » (p.) = 1.4 GeV/c -
- | | PHENIX PRL 111 212301
UU R | | I T T I | N R B B A

10 107 10°
dN_, J"d“l]‘

single trend, AA data understood as initial geometry +

hydrodynamics

35



variation of the small nucleus
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the small nucleus
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importance of vs
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o
T

if: €3 = cos 3A® modulation

T @8y direct confirmation of hydrodynamic
T o behavior in small systems

o e S

1.4 . . . .
V,(n/s=0.08)/v,(ideal) -m- .
_ 12 {|v (n/s=0.16)/v,(ideal) 20-30%
©
. . 5 17
new handle on viscosity z .. ! P .
_ % 0.6 ¢ &
higher moments, S 04l
more sensitive to viscous effects > .|
0 ?chenke, Jeoln&GaIe PR(? 85 024901 |
1 2 3 4 )
n
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jet quenching

jets act as an external probe of the QGP and lose energy
as they go through the matter
guenching is sensitive to the matter itself and how long
the jet is in the matter

ATLAS PRL 105 252303 (2011)
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jet quenching

jets act as an external probe of the QGP and lose energy
as they go through the matter
guenching is sensitive to the matter itself and how long
the jet is Iin the matter

observed in AA

Raa =

expectation from pp . e :

1.6F dAu:

3 ’ +

E - ++ ! 1 no quenching
IF :
- charged hadrons 7

O°85 B R,, d-Aumin. bias =

0.6 C m B R, Au-Au0-10% central =
0.4 - _
ﬁuﬂumm - 3 AuAu: quenching

0.2

U0....1”.‘2.”.3....4‘”.5.‘..6.‘..7..“8””9..”10

pr (GeV/c)
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particle species dependence

A. M. Sickles
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charged hadron enhancement in protons

d+Au\s,, =200 GeV

g;%gigfj cl-ﬁfﬂ odioi

o Ut
» K+K*
ﬁ+p PHENIX PRC 88 024906
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...and heavy flavor

electrons from heavy flavor decays

Raa 1 0-10 % Central
Au+Au @\/s,, =200 GeV

oO

PHENIX PRL 109 242301

) PHENIX PRC 84 044905
A. M. Sickles



...and heavy flavor

electrons from heavy flavor decays

© d+Au

Raa 1 0-10 % Central
Au+Au @\/s,, =200 GeV

d+Au @ |s, = 200 GeV
(a) 0-20%

© III|III|III|III|II!II|III|III|III|III
I:‘dA
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)
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PHENIX PRL 109 242301

) PHENIX PRC 84 044905
A. M. Sickles



what about radial flow?

the Blast-Wave: outward velocity boost,
from a hydrodynamic source
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blast-wave fit to dAu data
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and for the electrons?
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jets in dAu

AA collisions: quenching
depends on L
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jets in dAu

AA collisions: quenching could something similar
depends on L happen in dA?

a little quenching
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a lot of quenching
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jets in dAu

AA collisions: quenching could something similar
depends on L

a little quenching

o & A P O M A O ® O
T T T T TTT TTT TTT T 1T TTT TTT TTTT[T

_1 Dllllllllllllllllllllll111111111111

=

geometrical dependence might be observable even
though we know the overall level of quenching is
small in dAu

recent calculations (Zhang & Liao, 1311.5463), show
~10x bigger effect in dAu than pPb

45



investigating initial state of the nucleus?
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investigating initial state of the nucleus?
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investigating initial state of the nucleus?

eRHIC

upgrade to allow
electrons at RHIC
timescale ~ 2025
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pushing the limits of the QGP

RHIC and the LHC are pushing the size limits of the quark

gluon plasma

suggestive of evolution, rather than a transition, from big to

small systems

looking forward to new measurements very soon to
support/challenge this interpretation and quantitative

understanding
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backups
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centrality
dependence
consistently
described by
cos2A¢ shape
evidence for

double ridge

A. M. Sickles
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PHENIX: 1303.1794
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centrality
dependence
consistently
described by
cos2A¢ shape
evidence for

double ridge

but 1s this just an
artifact of the
small | An|

acceptance?

A. M. Sickles
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1N, (d*NIdAndAo)

results from STAR
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1N, (d®NidAndAo)

results from STAR
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1N, (d*NIdAndAo)

results from STAR
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results from STAR

| An | <0.3

1N, (d*NIdAndAo)
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RHIC comparisons
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scaling with overlap area?
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vz at RHIC?

J I | | I N L | | I D | U N I I_
15x10°% Py —
10 + + ~
_ 5 5
AT i
40 + -
_ §
S . p SO +
0 __-.- - + E 3 | i
i w i
51 =
_ @ n=2PHENIX, 200 GeV, d+Au, 0-5%, [0.5,0.75]® p:, |Anje [0.48,0.7]
| O n=2ATLAS, 5.02TeV,p+Pb, 0-2%, [0.54.0]®@p’, |Anc[2,5] _
-10|-= n=3 PHENIX, 200 GeV, d+Au, 0-5%, [0.5,0.75]® B, |Aje [0.48,0.7)
~---. Gy, d+AU, 200 GeV B
B P. Bozek 1112.0915, priv. comm. 7]
—I I 1 1 | | L1 1 1 | I 1 1 1 | 11 1 1 | L1 1 1 | L1 1 1 |_
0.5 1.0 1.5 2.0 25 3.0 3.5
pi (GeV/c)
no evidence for significant v3, consistent with hydro
expectations

PHENIX: 1303.1794 i



nucleon positions to energy density

single event initial energy density

e
¥ >

nucleons: Gaussians,
o = 0.4fm .
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Schenke, Tribedy & Venugopalan PRL 108 252301 (2012) 54



nucleon positions to energy density

single event initial energy density

»

»
AR

L4

nucleons: Gaussians,
o = 0.4fm .

subnucleonic fluctuations:
IP-Glasma model

Schenke, Tribedy & Venugopalan PRL 108 252301 (2012) 54



