The nghter Slde of Heavy Ions

What have we learned from colliding large nuclei with protons,

I

[LLINOTIS

deuterons and He3?

Anne M. Sickles
February 6, 2015



The Lighter Side of Heavy lons

What have we learned from colliding large nuclei with protons,
deuterons and He3?

Anne M. Sickles
I LLINOTIS February 6, 2015




The Lighter Side of Heavy lons

What have we learned from colliding large nuclei with protons,
deuterons and He3?

Anne M. Sickles
I LLINOTIS February 6, 2015




The Lighter Side of Heavy lons

What have we learned from colliding large nuclei with protons,
deuterons and He3?

Anne M. Sickles
I LLINOTIS February 6, 2015




The Lighter Side of Heavy lons

What have we learned from colliding large nuclei with protons,
deuterons and He3?

Anne M. Sickles
I LLINOTIS February 6, 2015




why heavy ion collisions?

-« explore QCD away from
normal bound states

« only “large” system we can
study with partonic degrees
of freedom

= Early Universe
l Future LHC Experiments
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Heavy lon Programs at RHIC and LHC
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2000 - present 2010 - present
7.7-510 GeV collision energy 2.76 TeV collision emrexgy PbPb
AuAu pp, CuCu, UU, CuAu 5.02 Te
pp @ multiple eénergies

strengths: collision system &
energy versatility and long running  strengths: excellent detectors and
times very high energy



relativistic heavy ion collisions

quark gluon plasma

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

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

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) 11



strong interactions
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S 1.2
steep & 1
pressure 308

dN

change

dN

gradual
pressure d (P
change

=1+ 20y cos2¢

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) 12



the viscosity of the QGP

- what kind of fluid is the QGP?

» nearly ideal

s / (1/4x)
N
T

 VISCOSIty within a factor of a 353_
few of what's allowed by sol-
guantum mechanics 25:

what is viscosity as a function of 17

String Theory Bound (KSS)
pQCD (AMY)
hydro+lQCD
Hadron Gas

—— Lattice QCD (gluodynamics)
semi-QGP

QPM (finite “B)

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

why does the QGP behave as
such?

arXiv: 1207.638
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each collision Is unigque

10

nucleon distributions for 3 single collisions (xy-plane)
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each collision evolves in isolation without knowing
what the “typical” collision is

not just vz describing cos2®, but vn:

N
d¢

n

14+ Y 2v,cosn(p—Y,)
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what is initial energy density distribution?

single event initial energy density

£ 3
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nucleons: Gaussians, P

o = 0.4fm .

subnucleonic fluctuations:
IP-Glasma model

Schenke, Tribedy & Venugopalan PRL 108 252301 (2012) 15



two particle correlations

dN
10 1+220ncosn(d) Y,
v
dN L
A5 51+ Y 20, A0y B cOS (NAQD)

dAP
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two particle correlations

flow

single particles

jets in pp collisions

N X 1—|—zn:20 cosn (¢p —¥,)
d(b n n
\ 4
pairs of particles
dN k
dAfcl]f x 14+ Y 20, 40,5 cos (nAP)

flow correlations should be long range n

CMS JHEP 1009 (2010) 091 17



correlations in PbPb

long range flow

correlations are
necessarily from
early times

ATLAS PRC 86 014907 18



A+A: vn & two particle correlations

1.02-

T T T
OO WN =
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Il

n
x 14+ Y 20, sv, 5 cos (nAP)
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ATLAS
_ PRC 86014907 -
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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 0.15 . | open: PHENIX
Q Q n/S = 012
S & 01F|ve e
& 017 N\ ~
Z \>/C ﬁ—*’g‘——g
0.05 -= g

0.05

0 ‘.—..i.ﬁ...' ’ i
O b ] .VI * 4 | |
0 0.5 1 1.5 2
D+ [GeVI

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

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



o + A collisions

small probe,
big target
study how nuclear
environment is
different than free
nucleons (e.g. EMC
effect)

@ —

small, but finite
probe,
big target
create a small
amount of QGP

S
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o + A collisions

small probe,
big target
study how nuclear
environment is
different than free
nucleons (e.g. EMC
effect)

@ —

small, but finite
probe,
big target
create a small tube
of amount of QGP

S
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a closer look at pPb

C(A¢,An)

ATLAS PRL 110 102303

jets + flow
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a closer look at pPb

" ATLAS p+Pb \5=5.02 'II'eVI,JILzI1uIb'1I ]
O.5<p?_’b<4 GeV, 2<|An|<5 (C) 7
0.6 - -
- central .
= | peripheral O
3 044 T
> I
O
- O
0.2 -
i ® O
O ~
0 L= Tl = s | l
0 1 2 3
|AQ]

ATLAS PRL 110 102303



vo & v3 In pPb collisions

0.15[-

0.1

0.05_

—
" ATLAS p+Pb 4 n=2

(f)
W_sozTev Ln=3

fL~1ptb

wm '

ZE > 80 GeV
2<IAnl<5

0. 5<p <4 GeV |

ATLAS PRL 11

very similar to AA results

0.2

ATLAS 10%—-20%, EP

015

0.05

are the pA and AA vo related to the same physics?

0 102303



geometry in AA & pA

[ parameter

+ fluctuations

impac

AA
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fluctuations
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variation of the small nucleus

10 10
8- 8]
6 6]
43— 4f_
2F 2f
oF oF
2 2
ve v
8 8-
B e e B e B N R

control the collision geometry by varying the small nucleus

does v2 reflect the geometry of the initial state in p/d+A as in A+A”?
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PHENIX
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< 0.7

An|

— no long range
sensitivity with only
charged particles
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two particle correlations in dAu
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centrality dependence

x10
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v2: pPb & dAuU

J | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I_ 101
030 @ PHENIX, 200 GeV, d+Au, 0-5%, Anlc[0.48,0.7]  — .
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31



rapidity se

parated correlations
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long range correlations in dAu
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long range correlations in dAu
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long range d+Au vz

» event plane

reconstructed @ n = 3-4, =

v2 of particles @ |n| <
0.35

» true long range
correlations

Vo slightly reduced from
2PC method

0.3~ d+Au@200 GeV p+Pb@5.02 TeV (@)
| @ V,(EP) 0-5% [0 ATLAS 0-2% |
A V,(2p) 0-5% v CMS 0-2%
0.2 — Polynominal Fit O ALICE 0-20%
v

0.1

E 15- o
:" 1.00- ﬂ&@g‘ﬁg.@gﬁ g E"'ﬁ ...... #E{j ...... ..

00 05 10 15 20 25 3.0 35 4.0 45 5.0
pT(GeV/c)

PHENIX: 1404.7461
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particle mass dependence

0.25_IIII|IIII|IIII|III||llll|llll||||||||__IIII|IIII|IIII|IIII|IIII|IIII|IIII|II_
- 0-5% d+Au @ 200 GeV (a)]T 0-20% p+Pb @ 5.02 TeV (b):
0_20; H pion é __ ] pion __ _
- @ proton T O proton ®
n ) T © .
< 0.15 : + g
! L]
0.101- T ] ]
: T o @
I viscous hydro. T u %] []
0.05L s = 1.0/(4x) T DD © |
l — pion 1
o proton T ] @ Q @
0510715 20253035 051.015020 253035
P (GeV/c) p. (GeV/c)

« characteristic flow particle mass dependence

- stronger radial flow at the LHC

PHENIX: 1404.7461



shapes of pA & dA
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dAu, pPb, AuAuU & PbPD

- @ d+Au, e (point-like centers) (/S=200 GeV) -
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single trend, AA data understood as initial geometry
+ hydrodynamics "




variation of the small nucleus

10¢

o N o O O©

small €2 large €2

small €3

(r? cosng)? + (r? sinng)?

(%)

control the collision geometry by varying the small nucleus

En —
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theory calculations, b<2fm

IP-Glasma + MUSIC (2+1d)

. . 0.2 ‘ ‘
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J.L. Nagle, et al PRL 113 112301 Schenke & Venugopalan: 1407.7557
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He3+Au: first datal

<NpartHezau> ~ 25

0.25

0.20

c 0.15

0.10

0.05

o

O Vy, 0-5% d+Au 200GeV arXiv:1404.7461

v3 ~ hydrodynamic expectations
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why heavy ion collisions?

£ Future LHC Experiments

iEarly Universe The Phases of QCD

- explore QCD away from
normal bound states
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» only “large” system we can
study with partonic degrees
of freedom 170 MV

Crossover

Critical Point

what does “large” mean? Hadron Gas

Superconductor

Nuclear /

/ Vacuum Matter Neutron Stars
-
0 MeV -

how does the system become a QGP? 0 MeV 900 MeV

Baryon Chemical Potential

challenge to theory, suggestive experimentally, great
opportunity to learn
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smaller and cooler

initial temperature / collision energy

RHIC Beam Energy Scan
<

QGP size

7?7
S “PA” systems

\4

PA collisions: how is the QGP formed, how does it thermalize, what is
the initial energy density distribution?
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importance of RHIC & LHC

. A
¥ U DOLBLE

slide from Peter Steinberg JQRL 4/13



SPHENIX

« EMCal + HCal
. used at ATLAS & CMS .

Inner HCal

» triggering on EM & hadronic
energy

=T
EMCal

Silicon tracker

* high efficiency = maximal
Kinematic reach

- minimal bias on how the jet Sy SERRE
fragments

* Independent of tracking
measurements

M

proposal: 1501.06197
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|et rates

« record 100 B events / 22 weeks, AuAU

» sample 0.6 T events

- comparable pp/pA sample
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magnet at BNL
symmetryz=

home departments sclence topics

SLAC, January 16
|

at BNL Gate on Tuesday night

. Photo by Andy Freeberg, SLAC Natona! Accolorator Laborafory
breaking

January 16, 2015

20-ton magnet heads to New York

A superconducting magnet begins its journey from SLAC laboratory in
California to Brookhaven Lab in New York.

By Justin Eure
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looking ahead...

» strong evidence for AA hydrodynamics in pA, dA, &
He3A systems

* is a mini QGP created?
- RHIC will figure that out:
» He3A on tape
» PA to be taken this month at RHIC
- strong interplay between RHIC & LHC

* pboth are necessary
- sPHENIX will be crucial for jet physics in the 2020s

PA, Jets and the beam energy scan provide will provide the data
necessary to understand why hot QCD is a low viscosity fluid and how
it forms
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...and charm and bottom?
electrons from heavy flavor decays: e.g. c quark— D— e + X

© 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
b
(&)
IIIIIlIIIIlIII

cO

PHENIX PRL 109 242301

. PHENIX PRC 84 044905
A. M. Sickles



importance of va

—
o

if: £3 = cos 3A® modulation

) direct confirmation of hydrodynamic
ot behavior in small systems

R R R R

1.4

v, (n/s=0.08)/v,(ideal) -m- )
1.2 |y _(n/s=0.16)/v, (ideal) 20-30%

'

| 0.6 f
higher moments, 0.4

more sensitive to viscous effects 0.0
Schenke, Jeon & Gale PRC 85 024901

O 1 1 1 1

new handle on viscosity

v (viscous)/v,(ideal)
o
(0 0]
i
s =

1 2 3 4 5



what about radial flow?

the Blast-Wave: outward velocity boost,
from a hydrodynamic source

1 dN H
X rd’r*mTlog

- m7 cOsh pg ) — tanh~
PT UPTe system

gitive to radial fIo

" Schnedermann, Solifrank, & Heir

PRC48 2462 (1993)
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blast-wave fit to dAu data

| d+Au |sy, =200 GeV, 0-20%

(GeV/c)?

N

2n ppoTdy
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0 02 040608 1 12 14 16 18 2™\
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large enhancement of D & B mesons!

A. M. Sickles

t wavel
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1.5

0.5

0-20% d+Au
simultaneous fitto i, K, p
Bmax =0.70
Tio = 139MeV

D mesons Blast Wave + Binary Scaling

B mesons Blast Wave + Binary Scaling

P. (GeV/c)

data: PHENIX PRC 88 024906
AMS: PLB 731 51 (2014) 63



and for the electrons?
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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 internratatinon and
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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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results from S TAR
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RHIC comparisons
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scaling with overlap area?

A. M. Sickles
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vz at RHIC?
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saturation of low x gluons

HERA Q2 =10 GeV?

—— HERAPDF1.7 (prel.)
------ HERAPDF1.6 (prel.)

0.8
- experimental uncertainty

Telyranit

model uncestai XU,

* basic idea: the number of gLuqn; e@%n@w.

that the recombmatlon rate E—gegp es sif
xG (x 0.05

0.2

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



ridge in pp/pPb from color glass

Color Glass Condensate: calculational framework for saturation
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Ag
good description of the data in pPb

Dusling & Venugopalan PRL 104 262301, PRD 87 054014, PRD 87 094034
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OA physics
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- Isolate QGP effects from something present in th
iIncoming el

— PA
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