Other Harmonics

Centrality 30-40% Model: Schenke et al, hydro,

v§{2} full: | Am| > 0.2 Glauber init. conditions

v, {2} open:|An|>1.0
Vei{2}

see presentation A. Bilandzic

G98€°901 | :AlXJe ‘uoirelOqe||0D DTV
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ALICE

-

-

The overall dependence of v; and v3 is described

However there is no simultaneous description with a

single N/s of v2 and v3 for Glauber initial conditions
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Ve(P+) at mid-rapidity |n|< 0.8
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pions

kaons

protons
|

.......

e Tt
-

1/s=0.08

0

0.5

* V. rises quadratically with p; in contrast with other flow harmonics

CMS/| : :
Julia Velkovska (Vanderbilt)

CMS Flow results, Quark Matter 2011
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The full harmonic spectrum
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* V,, Vs N« shows different trends:
« even harmonics have similar centrality dependence:

* decreasing = 0 with increasing N
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* V5, has weak centrality dependence, finite for central collisions

CMS/| : :
Julia Velkovska (Vanderbilt)

CMS Flow results, Quark Matter 2011
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Similar p dependence for all n: rise to 3-4 GeV, then falls
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((n=2-6) vs p;(0.5-12 GeV)



Vv, VS centrality

s Plot v (n=2-6) vs centrality in 5% centrality steps plus a 0-1% most
central bin (the right most point)

Rise to mid-centrality then
falls; higher order v, 1s flatter

V3,V, €ven vs exceed v, at high
pr 1n most central collisions
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Beam energy dependence 39/62/200GeV Au+Au

2-particle correlation method between
central and forward rapidities

charged particle v, charged particle v,

charged particle v,

similar hydro-properties down to 39GeV

PHENIX Flow talk at Quark Matter 2011, May 24, Annecy, France Shinlchi Esumi, Univ. of Tsukuba 15



Comparable v, vs p; from 39GeV to 2.76TeV

V,vs p, AutAu \s, =39 - 200 GeV, 20-30 % ALICE Experiment, PRL105,252302 (2010)
T G T e
- 0\ =200 GeV PHENIX Preliminary - ot
o [ 4 \5y=624 GeV 1 s
> "o {5y =39 GeV
0.2 - o
j e 80
- I U
i 8
0.1 - ) -
o ®
]
0 3 3 0 05 1 1.5 2 25 3 35 4 45 5
p (GeV/c)
P; (GeVic) t

similar hydro-properties from 39GeV to 2.76TeV

PHENIX Flow talk at Quark Matter 2011, May 24, Annecy, France Shinlchi Esumi, Univ. of Tsukuba
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v.%{2} vs n for 0-2.5% Central
| This s the Power Spectum of Heavylon Calisions |
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STAR Preliminary
2 3 4 5
harmonic n

v {4} is zero for 0-2.5% central: look at v,2{2} vs n to extract the power spectrum in
nearly symmetric collisions

-0.0002,
In|<1

Fit by a Gaussian except for n=1. The width can be related to length scales like

mean free path, acoustic horizon, 1/(21T)... P. Staig zﬁﬁﬂgéfyh‘;,ﬁyg‘f’ ;;;;Vv;;ggg_-g;gfg;g;{;p}

L ] ) A. Adare [PHENIX], arXiv:1105:3928
Integrates all An within acceptance: we can look more differentially to assess non-flow

Paul Sorensen for the STAR Collaboration star



Power spectra in azimuth angle

= v_vsn forn=1-15 in 0-5% most central collisions and 2.0-3.0 GeV

10"EATLAS Preliminary -©-same charge
g O det: g " - OPP charge

Significant v,-v, signal, O @-all
- - : 2<|An|<5, 2.0-3.0 GeV
higher order consistent with 0 ! ; ]
c | -
>
107 =

Damping of higher order harmonics
provides important constraint on n/s

o

N LN T
AR L) L]

0 5

n

The error on vn=\/vn,n is highly non-Gaussian



Beyvond Quasiparticles

QGP at RHIC & LHC, unitary Fermi ‘“gas’”, gauge the-
ory plasmas with holographic descriptions are all strongly
coupled fluids with no apparent quasiparticles.

(In the case of the QGP, with /s as small as it is there
can be no ‘transport peak’, meaning no self-consistent
description in terms of quark- and gluon-quasiparticles.)

Other “fluids” with no quasiparticle description include:
the ‘“strange metals” (including high-T7,. superconductors
above T;); quantum spin liquids; matter at quantum crit-
ical points;... The grand challenges at the frontiers of
condensed matter physics today.

Emerging hints of how to look at matter in which quasi-
particles have disappeared and quantum entanglement is
enhanced: ‘“‘many-body physics through a gravitational
lens.” Black hole descriptions of liquid QGP and strange
metals are continuously related! But, this lens is at
present still somewhat cloudy. ..



A Grand Challenge

How can we clarify the understanding of fluids without
quasiparticles, whose nature is a central mystery Iin so
many areas of science?

We have two big advantages: (i) direct experimental ac-
cess to the fluid of interest without extraneous degrees
of freedom; (ii) weakly-coupled quark and gluon quasi-
particles at short distances.

We can quantify the properties and dynamics of Liquid
QGP at it’'s natural length scales, where it has no quasi-
particles.

Can we probe, quantify and understand Liquid QGP at
short distance scales, where it is made of quark and gluon
quasiparticles? See how the strongly coupled fluid emerges
from well-understood quasiparticles at short distances.

The LHC offers new probes and opens new frontiers.



Jet Quenching at the LHC

ATLAS

CMS
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A very large effect at the LHC, immediately apparent in
single events. 200 GeV jet back-to-back with a 70 GeV
jet. Strongly coupled plasma. Strong jet quenching not a
surprise. ..



A Surprise...

CMS arXiv:1102.1957; ATLAS & CMS @ QM2011

The 70 GeV jet looks like a 70 GeV jet in pp collisions.
Same fragmentation function; same angular distribution.
The “missing” 130 GeV of energy is not in the form of
a spray of softer particles in and around the jet.

Contradicts the many pre-LHC analyses of jet quenching
built upon a picture of a hard parton losing energy by
radiating nearly collinear gluons. In such a picture, if a
70 GeV jet gets out it must be surrounded by at least
some of its debris.

Also, 70 GeV jet seems to be back-to-back with the 200
GeV jet; no sign of transverse Kick.

The “missing” 130 GeV of energy is in the form of many
~ 1 GeV particles at large angle to the jet directions.

(Interestingly, STAR sees evidence of spray of softer par-
ticles around the lower energy jets at RHIC.)
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A Surprise...

CMS arXiv:1102.1957; ATLAS & CMS @ QM2011

The 70 GeV jet looks like a 70 GeV jet in pp collisions.
Same fragmentation function; same angular distribution.
The “missing” 130 GeV of energy is not in the form of
a spray of softer particles in and around the jet.

Contradicts the many pre-LHC analyses of jet quenching
built upon a picture of a hard parton losing energy by
radiating nearly collinear gluons. In such a picture, if a
70 GeV jet gets out it must be surrounded by at least
some of its debris.

Also, 70 GeV jet seems to be back-to-back with the 200
GeV jet; no sign of transverse Kick.

The “missing” 130 GeV of energy is in the form of many
~ 1 GeV particles at large angle to the jet directions.

(Interestingly, STAR sees evidence of spray of softer par-
ticles around the lower energy jets at RHIC.)



Missing-p-!
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Fragmentation

Functions, pp and PbPb

10°

- CMS Preliminary’ T
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Leading and subleading jet in PoPb fragment like jets of
corresponding energy in pp collisions

Quark Matter 2011, Annecy

Christof Roland
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Jet Fragmentation Ratios (Longitudinal)

(0-10%)/(40-80%) : (10-20%)/(40-80%)

R=0.4
Er>100 GeV

(b 01 02 03 04 05 06 07 08 09 1 00 01 02 03 04 05 06 07 08 09 1
z z

e Evaluate ratio of 1/N;.. dN/dz in different
centrality bins to peripheral (40-80%)

=At most, small (~ 20%) weakly z-dependent

suppression in central (0-10%) collisions. 1



e As if an initially-200-GeV jet just heats the plasma it
passes through (‘“makes a little extra plasma”), losing
energy without spreading in angle.

e Conventional picture of jet quenching, based on weakly
coupled intuition, not valid or needs modification? Are
even 200 GeV partons not “seeing” the quasiparticles at
short distances?

e We need’ a strongly coupled approach to jet quenching,
even If just as a foil with which to develop new intuition.

e Problem: jet production is a weakly-coupled phenomenon.
There is no way to make jets in the strongly coupled the-
ories with gravity duals.

e But we can make a beam of gluons...

But, I'm hedging my bets. See Lekaveckas’ talk on Thursday for our
work deploying SCET within the conventional picture of jet quenching.



Svynchrotron Radiation in Strongly Coupled
Gauge T heories

Athanasiou, Chesler, Liu, Nickel, Rajagopal; arXiv:1001.3880
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Fully quantum mechanical calculation of gluon radiation from a rotat-
INg quark in a strongly coupled large N. non abelian gauge theory, done
via gauge/gravity duality. “Lighthouse beam” of synchrotron radiation.
Surprisingly similar to classical electrodynamics. Now, shine this beam

through strongly coupled plasma...



Quenching a synchrotron Beam

Chesler, Ho, Rajagopal; preliminary
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Quark in circular motion (v = 0.34; RxT = 0.15) through the
strongly coupled plasma radiates synchrotron radiation that
dissipates, and heats the plasma behind it.



Quenching a Synchrotron Beam

Chesler, Ho, Rajagopal; preliminary
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This time, v = 0.5 — higher energy gluon beam. Dissipates
without spreading in angle. No sign of spreading of the angular
extent of the beam in either azimuthal or polar angle.



Jet Quenching in Liquid QGP

We’'re back at the blind-folk and the elephant stage.

A beam of gluons loses its energy by heating the strongly
coupled plasma it propagates through, not by spreading.
At least reminiscent of jet quenching at the LHC.

Pre-equilibrium parton energy loss may be important.

If a high energy jet does not ‘“see” the short-distance
quasiparticles, perhaps quarkonia or photons will.

Upsilons have the virtue of being small. ..

At some short length scale, a quasiparticulate picture of
the QGP must be valid, even though on its natural length
scales it is a strongly coupled fluid. It will be a challenge
to see and understand how the liquid QGP emerges from
short-distance quark and gluon quasiparticles.



Heavy quarks?

In strongly coupled plasmas with gravitational descrip-
tions, heavy quarks lose energy according to % = —F(v).
The force F depends on v but is independent of the heavy
quark mass M. Herzog et al; Gubser; Casalderrey-Solana, Teaney

Similar behavior in these theories and in the strongly cou-
pled plasma of QCD. Chesler, Yaffe; Neufeld, Muller, Ruppert

Distinctive predictions for experiment, once b and c quarks
can be separated, from the prediction of same energy loss
for b and ¢ quarks with the same v. Horowitz, Gyulassy

If these predictions are confirmed by experiment, it means
that the heavy quarks are not behaving like objects of size
1/M; they are dressing themselves up (with fields) until
they have a larger, M-independent, size. Heavy quarks
can't “see’” short-distance quasiparticles.

Upsilons have the virtue of being small, and color-singlet.



Y(2S+3S) Suppression PbPb

\/sNN-Z 76 TeV

—~ :I T T T | T T 17T | T T 17T | ' T T | T T T | T T 17T | T T |: — _I T T T | ' T T | ||||||||||||||||||||
Al . . —
S OF + data CMS Preliminary N‘;’ [+ data CMS Prellmlnary ]
(o)) C g — 60_ . - ]
8 7op — it pp\s=276TeV 1 2L — PbPb \/syy = 2.76 TeV ]
I ot 0.0<lyl<24 . T L 0-100%, 0.0 < lyl < 2.4
© 60 p">4GeVic 0<p, <20 GeV/c - o 503_ Pl >4 GeVic 0<p, <20 GeV/c ]
a r Ly = 225 nb”! P L, =7.28ub’
S S0 E T 401 ]
- _ . S 40¢ N
o f o =92 MeV/c? (fixed to MC) a0 o = 92 MeV/c? (fixed to MC) :
40 ¥
- 30[ P P
30F . b b
- 201
20F -
i v pe Tl

07

gr)gv : 11 35.4?:1'_ M (GeV/e) pr*>4 GeVic My, (GeV/c?)
ubmitted to

Y(2S5+3S) production relative to Y(1S) in pp and PbPb
 Compare pp and PbPb through a simultaneous fit

cms, |
A catherine.silvestre@cern.ch (LPSC) Quarkonia CMS - Quark Matter 2011 33




A Grand Challenge

e How can we clarify the understanding of fluids without
quasiparticles, whose nature is a central mystery Iin so
many areas of science?

e \We are developing more, and better, ways of studying
the properties and dynamics of Liquid QGP — *“our”
example of a fluid without quasiparticles.

e At some short length scale, a quasiparticulate picture of
the QGP must be valid, even though on its natural length
scales it is a strongly coupled fluid. It will be a challenge
to see and understand how the liquid QGP emerges from
short-distance quark and gluon quasiparticles.



Seeking the QCD Critical Point

1Early Universe The Phases of QCD

£ Future LHC Experiments
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2007 NSAC Long Range Plan
Another grand challenge... Data from first phase of RHIC
Energy Scan in 2011. And, a theory development...



QCD phasediagram, critical point and RHIC
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Models (and lattice) suggest the transition becomes 1st order at some up.
Can we observe the critical point in heavy ion collisions, and how?
Near critical point fluctuations grow and become more non-Gaussian.

Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in /s and therefore in pifreezeout -

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation

length (¢7), which is non-trivial, non-monotonic function of 1 and therefore
V/s. And, the prefactor in front of £” changes sign! Stephanov, 1104.1627



QCD phasediagram, critical point and RHIC
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® Challenge: develop measures most sensitive to the critical point and use
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them to locate the critical point by scanning in /s and therefore in pifreezeout -

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation

length (¢7), which is non-trivial, non-monotonic function of x and therefore
/5. And, the prefactor in front of £” changes sign! Stephanov, 1104.1627



QCD phasediagram, critical point and RHIC
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Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in /s and therefore in pitreezeout -

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation

length (¢7), which is non-trivial, non-monotonic function of 1 and therefore
V/s. And, the prefactor in front of £” changes sign! Stephanov, 1104.1627



QCD phasediagram, critical point and RHIC

crit. contribution to Kurtosis (arb. units)
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® Can we observe the critical point in heavy ion collisions, and how?
® Near critical point fluctuations grow and become more non-Gaussian.
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Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in /s and therefore in pitreezeout -

°

Example: kurtosis (of the event-by-event distribution of the number of
protons, pions or protons-antiprotons) depend strongly on the correlation

length (¢7), which is non-trivial, non-monotonic function of ;. and therefore
V/s. And, the prefactor in front of £” changes sign! Stephanov, 1104.1627



QCD phasediagram, critical point and RHIC
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® Models (and lattice) suggest the transition becomes 1st order at some 5.
® Can we observe the critical point in heavy ion collisions, and how?

® Near critical point fluctuations grow and become more non-Gaussian.
9

Challenge: develop measures most sensitive to the critical point and use
them to locate the critical point by scanning in /s and therefore in pitreezeout -

°

Once we find the u (i.e. the +/s) where the critical contribution to x4 is large
enough — e.g. the “blue peak” — then there are then robust, parameter-
independent, predictions for various ratios of the kurtosis and skewness of
protons and pions. Athanasiou, Stephanov, Rajagopal 1006.4636.



Early RHIC Energy Scan Data

1F
0.8
Cfb) 0.6

04

02 [

2

1.5

K 02

0

-0.5

4, %
- .
. . )
",
- .,
- ,
*
I .,
— o,
I s,

o
.
.
3

Au+Au CoII|S|0ns

®0-5% < 30-50% -
O70-80% .

'''''
e
.

1

0.5 F

IO +¢ ....... i ....... ’+ .............. # ....... ]

- i =

_1‘3215IHH1‘0 2I03IOHHI1I(|)O 260 -
S (GeV)

STAR, QM2011

Data at /s = 19.6 GeV is few thousand events. Full energy
scan data set at this energy was taken in May; results ex-
pected this fall. If k02 were to be below 1 at /s = 19.6 GeV,
the place to look is just left of there. [One lattice calculation
(Gavai, Gupta 2011) finds —2 < ko2 < —1 at u corresponding

to /s =19.6 GeV.]



Stay Tuned. ..

Mapping the QCD phase diagram via the RHIC
energy scan has begun...

Liquid QGP at LHC and RHIC. New data (v, at
RHIC and LHC; soon, CuAu and UU collisions at
RHIC) and new calculations tightening the con-
straints on 7n/s and perhaps its 7T-dependence ...

Probing the Liquid QGP. Jet quenching. Heavy
quark energy loss. Upsilons. Photons. Each of
these is a story now being written. Seeing, and
then understanding, how the liquid QGP emerges
from asymptotically free quarks and gluons remains
a challenge, as well as an opportunity. ..



v, breaks the degeneracy

arXiv:1105.3928
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Glauber & 4nn/s=1 favored
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