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Outline of Lectures

o What have we done?
o0 Energy Density
o0 Initial Temperature
o Chemical & Kinetic Equilibrium
o System Size

o Is There a There There?
o0 The Medium & The Probe
o High Pt Suppression
o0 Control Experiments: v, ects W> Z

o Whatis It Like?
o Azimuthally Anisotropic Flow
o0 Hydrodynamic Limit
o Heavy Flavor Modification
o0 Recombination Scaling

o Is the matter exotic?

0 Quarkonia, Jet Asymmetry,
Color Glass Condensate

o What does the Future Hold?
Stony Brook University
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Ridge and Cone = v,7??

o Event Plane method yields <v,> (v, 44=0).
o 2-particle yields SQRT(<v,2>) (v, 44>0).
o How to disentangle:

0 PHENIX = EP method + factorization.

0 ATLAS = Rapidity OUTSIDE other Jet.
o Everyone else = Factorization.
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Reminder: Higher order moments
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be measured WRT their i 'erienmarca = 4 1
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o Determines how initial S
state fluctuations are L
carried by fluid to final I |
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Higher order moments wil
serve to provide strong
constraint on viscosity.




A closer Iook at RAA
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o Rpa is the ratio of what you observe/what you
naively expect. (sensitive to e-hat...g-hat)

o Fourier-decomposed flow sensitive to pressures .

o Azimuthal R,, plots both in a unique way.
Stony Brook Univensity Dhomas X Hemmick



Raa VS. Angle+Centrality
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Study RAA dependence on density-weighted
average pathlength through collision region

| 10-20 % Centrality |
20-30 % Centrality
40-50 % Centrality

30-40 % Centrality
| 50-60 % Centrality |

Angular and centrality
dependence described by
single curve only at high p;

Dhomas Hemmick




Try other powers of length...

a
@ 14 e 14
3= pr = 5 GeVic 3 <p, <5 GeVic

12 12

1 1+

0.8
0.6 0.6 K k
0.4 0.4 }uf tad t
0.2 0.2 i | ?q

R B B S B S S S '
plL ~n2 \ - k
14 140 q& (5
- 0 3 < p; < 5 GeVic

i e (k=g)+p
”E L E-l%l: Ku (k,q,z} - COS[ 2xE ZJ
°F &

0.g
06 oeb 4‘ LPM coherence effect
0.4
04—
02 L
02f i
nﬂ 010203 04 05 06 07 08 03 1 [ | | | | | | |
P U uu' “W5 1 13 2 23 3 33 4
L. (fm)

o LPM effect indices non-trivial dependence of E-
loss on material thickness.
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The Limiting Factor

lst‘@_i\

o Initial State uncertainty!

o Further detailed study
hampered by lack of
understanding.

o Two choices:
o0 Wait for theory.
o Turn some knobs!

Stony Brook University

Transverse sections of the local
energy density at T = 0.4 fm/c

glasma fields

nucleons
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CuAu Collisions!

Semi-Central: Central:
Intrinsic odd harmonics Uniform Density Profile

o We know that CuCu is sufficient to form plasma.
o CuAu forms unique geometry of initial state.
o Can guide/resolve initial state uncertainty.

9
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Hard Probes: Open Heavy Flavor

Electrons from c¢/b hadron decays
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Calibrated probe?
pQCD now predicts cross section well
Total charm follows binary scaling

Strong medium effects
Significant suppression
Upper bound on viscosity!

Little room for bottom production

Limited agreement with energy loss
calculations




Heavy Flavor Quarks are Flowing!

T e e e N iy L P SR RS BT RS R T L T R
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' 1 o02F AT =
- i -8 11 - -
01 u ; MR 3
. 0.1 / P B i
: ] Of
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0 9 - & lD*. ETMO Ibins 1 | Filled box syst.lnomarleed-do\T:
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® We can imagine that the flowing QGP is a river that sweeps quarks.
® A “perfect fluid” is like a school of fish...all change direction at once.
® Our 22
® Requiring a model to SIMULTANEOUSLY fit R, , and v, “measures”
the n/s of the QGP fluid.
STONY DISTINGUISH charm and bottom!
BRE&'SK e



Solution: New Hardware!

DCA vs p e chi2ndi<5

P} 1 G E‘JT RMS 0.038

Blue: e
Red: charged (102)

PR P | o L L
2 004 008 oO0OD8 01 012 014

DCA vs p e chi2ndf<5

o Heavy quarks decay weakly.
o Macroscopic distance to collision point.

o Vertexing detectors12identify displaced tracks.
Thomas Hemmick



Chiral Magnetic Effect

Gauge hields possess non-trivial topology

Tpl((}) — —‘5—-41:2{01:: VA ﬁla AN gz:! -+ ﬂw AN 9-;2 + ﬁlz AN Q|:1 1 f?‘.’ﬂi /\ Qﬂu} .

Dima Kharzeev QM2011
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QCD vacuum 1s a superposition of states
with different topology

Energy of
gluon field &£

Transitions between such states create
the local imbalance of chirality ]

Dima Kharzeev QM2011
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Topological transitions are frequent in SQGP

Chern-Simons number

. . ( 2 Y ).2 D .Son,
diffusion rate [ = Iymiy, T4 A Starinets
at strong coupling 25673 hep-th/

020505

5-Dimensional Confinement . .
—— Anti-de Sitter N Radius NB . ThlS
. Spacetime

calculation is
completely
analogous to the
calculation of
shear viscosity
that led to the
“perfect liquid”

Black Hole

|, 4" Boundary

4-Dimensional
“— Flat Spacetime
(hologram)

Dima Kharzeev QM2011
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Topological transitions 1n QCD are seen

1n real-time lattice simulations

DK, A Krasmitz and R.Venugopalan,
Phys.Lett.B545:298-306,2002

0 100 200 )

Time (tm)
P.Arnold and G.Moore,
Phys.Rev.D73:025006,2006

Dima Kharzeev QM2011
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Chiral Magnetic Effect
in a chirally imbalanced plasma

Fukushima, DK, Warringa, PRD*08
Chiral chemical potential 1s formally

equivalent to a background chiral gauge field: ps = AL

In this background, vector e.m. current
1s not conserved: 9

e
o, JF =
K 1672

(Fg"FL,w _ Fg"FRW)

Compute the current through i Olog Z[A,, Ai]
0A,(z)

The result: Coefficient is fixed

by the axial anomaly,

no corrections
10
Dima Kharzeev QM2011
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discrete symmetries

= e2 =
Al Sl BN
P-odd P-even
T-odd \ / T-odd
P-odd
P-odd effect!

T-even
Non-dissipative current!

Chiral magnetic conductivity:

ct Ohmic
conductivity:

J=0E

T-odd

11

(quantum Compuung etc) Dima Kharzeev QM2011

-l

dissipative

18
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The Earths magnetic field 0.6 Gauss
A common, hand-held magnet 100 Gauss

The strongest steady magnetic fields 4.5 x 10° Gauss
achieved so far in the laboratory

The strongest man-made fields 10" Gauss
ever achieved, if only briefly

Typical surface, polar magnetic 10" Gauss
fields of radio pulsars

Surface field of Magnetars 10" Gauss

http://solomon.as.utexas.edu/~duncan/magnetar.html

Heavy 10n collisions: the strongest magnetic
field ever achieved in the laboratory
Off central Gold-Gold Collisions at 100 GeV per nucleon
eB(t=02fm) = 10°~10* MeV’ ~10" Gauss

Dima Kharzeev QM2011

Stony Brook University
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QCD vacuum topology 7’@1;

Chern-Simons number
a < a 1 aoc a c
f Bx €1 (4 0 A% + e A Ag?Ak)

Energy of gluonic field is periodic in Ngg

Y : . 1
direction (~ a generalized coordinate) Nes

T 1672

winding number )
A — LrTflz’ U+ BE/TT(")I U, A; = _‘4‘?‘?__

. 1 3 rtarr 2 I
Nw = 5, /d x e [(UTA,U) (U 0,U) (UTaU)]
Nes — Nes + Ny
topologicﬂal cha[ge )
Instantons and sphalerons are Or =5 / e B Fl By = gewesFas.
localized (in space and time) solutions Qr = Nes(+oc) — Neg(—oc).

describing transitions between different vacua

The volume of the box is 2.4 by 2.4 by 3.6 fm.
The topological charge density
Animation by Derek Leinweber

Topological transitions have never been observed
directly (e.g. at the level of quarks in DIS).

An observation of the spontaneous strong parity violation
would be a clear proof for the existence of such physics.

Experimental study of spontaneous strong parity violation. .. SA. Voloshin ) page 20




EDM of QCD matter .. is\\‘—m
| D. Eharzeev / Physics Letters B 033 (2006) 260-204 |

L or-B I
= S
A
1} ]
)
Y 3/

(
Charge separation along the orbital momentum:
EDM of the QCD matter ~ the neutron EDM

\

Chiral magnetic effect:

N, #Nr @ magnetic field or

Induction of the electric field parallel to the
(static) magnetic field

Topologically non-trivial gluonic fields in HIC:
- sphalerons,

- glasma (McLerran, Venugopalan, Kharzeev)
- “turning points” (Shuryak)

Ng —Np=0
Nr—N

Ay=—2""L A —_A =~ ¢
Nr + N N+

Theory: charge separation in HIC requires
= Deconfinement

(needed for quarks to diffuse after initial “impulse”
from interaction with gluonic configurations)

= Chiral symmetry restoration
(propagation in a chirally broken phase kills the
correlations)

The asymmetry is too small to observe
in a single event but should be
measurable by correlation techniques

Kharzeev, PLB 633 260 (2006) [hep-ph/0406125]
Kharzeev, Zhitnitsky, NPA 797 67 (2007)

Kharzeev, McLerran, Warringa, NPA 803 227 (2008)
Fukushima, Kharzeev, Waringa, PRD 78, 074033

Experimental study of spontaneous strong parity violation. .. SA. Voloshin ~ page 21



Observation, but via P-even var.

\ :
"?‘ 11.5 GeV Au+Au ':

|}

Chiral magnetic effect:

o A qualitatively consistent resultis seen in STAR,
PHENIX, and ALICE.

o Is it CME or simpler physics (cons of momentum).

22
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Control Experiment: U+U

o

4f:Z'unIine tracking data

E“;: T
S { Few % of the data |
.“-'ll*IN F
T :
- -
- - + + Y [
2.8 B | -
L U+ U193 GeV, Gentral 1% . +
26~ e W 7]
350 400 T as0
RefMult (HLT tracking)
F_.--.-.' '--.x‘I
body b::u:lyr tlp tlp

"W oo

'n' In body-body collusuons there Isa Iarge v2. |

- )

Eccentricity

Simulations

- T T T T T
0.16 * e o
oo
0.14} ® .
| ZDC Central 1% . U+U
0,121~ o yUsu193GeV
|| Au o+ An 200 GeV
0.1
= " smEggE = - Aut+Au
0.08|- f|
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RefMult
Ip.--.'-' --h-ul
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Rl

& D

- ‘II

o However there is no magnetic field.

o Effect stays: not CME.

o Effect goes: could be...

Stony Brook University
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RHIC Beam Energy Scan

Eatly Unierses The Phases of CCD

Future LHG Experiments
Current RHIC Exp ariments

From the cover of the
2007 Long-Range Plan

Temperature

Color
Superconductor

Nl r‘J

= Lavin Nater Mbuton A

Hadron G as

00 ket
Batrvon Chemical P otentisl

+ The QCD critical point and the 1st order phase transition line
represent landmarks on the QCD phase diagram

24
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Valence Quark Flow Scaling

[ Beam Energy (GeV) 1 Au+Au
014 I 200 T

AT

020% n=3 } n=4 I

= IR R

5= T I ]

C 1 ) I ]
0.02 | b i I
0.00 _ __ PHENIX Preliminary _1 * l
0 1 2 3 0 1 2 3 1 2 3
pr (GeV/ic) pr (GeV/c) pr (GeV/ic)

* V,,V,,and v, independent of energy from 39 to 200 GeV

» Also similar at LHC energies
Partonic medium persists at least down to 39 GeV

25
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Scaling broken!

Au+iu (0-80%), n-sub EP
0.2} 7.7 GeV 111.5 GeV 139 GeV ] 0.08

sp ] ; +- I-" | | -I—+I
0.15}<p 1 CERE _555"5 ] [ ' Au+Au, 0-80% KE-Z
N i+li+ : o° . L i | n-sub EP .p:@
= 0.1 --. ] .?{){_" 5—" ] 0.06 * OA-A R
o* e . i 3 ' AK*K
005, ¢ > CONE =3 F o Anr
0L L8 L STAR AT >~0.04/ ot
RGN CE N ECV X |0
0,15--:.% . o | . ! > 0.02; HO ]
> 0.1 L] + ] ': T 3 4 g @ E
o . * N ¢ ey Bt 4ot GOy TP .
o Lo OCa&x—a 2
ob b 218 STARPreiminay 0 20 40 60
0 1 2 3 12 3 1 2 3 \'Syy (GeV)
P, (GeVic)

- Difference in v, between particles and anti-particles at lower energies
— Difference increases with decreasing energy
— Difference is much larger for baryons than mesons
« Baryon transport to mid-rapidity?
+ Requires significant fraction of the flow to build up during the hadronic
phase

26
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Fluctuations in Net Protons.

10°

A o p
€ 107}
Q
m 1074
ISET!

Number

10

10°

g AIU+ALJ QEJD Ge\l.f .

ki
*

Y =[5

TE

0.4<p, <0.8 (GeVic) wm

"o, *70-80% |

« 0-5%
= 30-40%

!
20 10 0

10 20

Net Proton (AN,)

w _ O(PITY)
o(py 1)},

%"/ Ag® = (Ko%)g
X/ xp” = (So)g

Az

« Link between susceptibilities (e.g., from lattice QCD) and products of

higher moments for conserved quantities

« Large fluctuations predicted near the critical point

— Skewness is proportional to &*°

— Kurtosis is proportional to £’

« Measure net-proton number fluctuations as surrogate for baryon
number fluctuations

Stony Brook University
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Hint of a signal...

- 1 N
B N.HAU F‘ulsscn_
. R’“"iﬂ-ﬁ% @ .
(o) C “«F, 30-40% O ]
o5 [ TR 70-80% O §
@ o5t ”‘ﬁig .
1..,,.1 ........
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[ | i i 1 i

12 | % MNet- prﬂtﬂn
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08 p= ' e -’
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b 0.95 F . g =
n g e -
= osf ]

567810 20 30 40 100 200 300

\Syy (GeV)

* Possible minimum for skewness and kurtosis in central events
around Vs, ~ 20 GeV

* Not seen for 30-40% and 70-80% centralities

28
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Phase |l of the Beam Energy Scan

[F)
= ' Au+hu Poisson
5 ‘"""""*‘f’ié;:_;:_f_.’__ A
c T, mwl s T
'E - b.hgl‘:i' oe A
- E S i 4 - -
- STAR Preliminary i, Umq ue opportunity
2 ' Met-prot -
Db oS for RHIC!
T %"111#‘& """ .
= & UrGMD : 0-5% PP
- @ . e
ceegdees ____.ﬁl__é T TRt .E
Earyon Chenical F otential EETd AN 0 50 40 n S0
VS (GeV)

* Results to date demand much higher statistics (x10 or more) for
the points below Vs,,, < 20 GeV, another energy point around 15
GeV, and ideally at least one point below 7.7 GeV

« Can't get there from here under the status quo with any realistic
beam time scenario

* Need electron cooling of the low-energy Au beams in RHIC

29
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A new RHIC detector?

1 RHIC early days: RHIC Il Luminosity
1 PHENIX: Achieved this year
small aperture  ; ,.=°¢ - ————
high rate. 2 C (3) 193 GeV UU

o STAR: 20 20M 1% central _. .}

large aperture
low rate
o Modern Era:
0 New STAR DAQ

0 New PHENIX ] |
Aperture e A L L

—

" Stochastic

o SPHENIX: Physically compact via new technology.
o Brings RHIC Jet capabilities comparable to LHC.
o Why is this needed?

30
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Farther future & Broader Issues

o The textbook (or Wiki entry) on the Quark-Gluon
Plasma will be incomplete without

a fundamental explanation for how the perfect fluid
emerges at strong coupling near Tc from an
asymptotically free theory of quarks and gluons.

o Jet observables at RHIC enabled by an sPHENIX
upgrade are critical to providing this explanation by
probing the QGP near 1-2 Tc and at distances
comparable to the thermal scale.

o Measurements of jets only at the LHC will leave these
questions with an incomplete answer (particularly
right where the coupling may be strongest).

31
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Mapping Out Strong Coupling with Jet Probes

“Small Shear Viscosity Implies Strong Jet Quenching”
A. Majumder, B. Muller, X.N. Wang, PRL (2007).

Jamie Nagle, BNL PAC

g
=40
-
L
=

35

I....!IIII IIII|IIII|IIII|IIII
05 1 15 2 25 3 35 4 S 1T 15 2 25 3 35 4
Temperature (T/T ) Temperature (T/T )

Key is independently measuring both sides of this equation!

o

=




Super-Strong Coupling near Transition Temperature?

-
(=]
T

“Jet Quenching is a few times
stronger near T_relative to the

QGPatT>T.”
Liao and Shuryak, PRL (2009)
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“The surprisingly transparent sQGP

at the LHC [compared to RHIC]”
Horowitz and Gyulassy, NPA (2011)

T 1111 L1 L1l
2.5 3 3.5 4
Temperature (T/T c}l

T T T I T T T T I T T T
I THDG F-1000-1600
— A ST K=36

—F— AMT o =033
a_ —
—o— HI §=19Gel"fn ]

ot e _g “Large v, is striking in that it
- # : exceeds expectations of pQCD
models even at 10 GeV/c.”
PHENIX, PRL (2010)

Jamie Nagle, BNL PAC
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Hard Parton Virtuality

— Qiu- (3‘) —_———  sesaes Qﬁm (f) — Jc}(f)d!

{length scale probed)

2 2 2
Q (f): Qvu-:'(r)-l_Qmed (t)
10,
“RHIC” Scenario EE “LHC” Scenario
To=300 MeV _- T,=390 MeV
Parton £, = 30 GeV | ! Parton E, = 200 GeV

. medium dominated | -

Q(t) [GeV]

LHC Scenario

the vacuum contribution to the parton virtuality to fall below the in-medium contribution in the pQCD scenario. This
effect 1s due to the collinear splitting in pQCD, which reduces the parton energy only gradually and thus leads to an
increase in time dilation as the virtuality drops. This means that the very energetic parton hardly notices the medium

for the first 3 — 4 fm of its path length. On the other hand, in the AdS/CFT scenario, parton energy and virtuality

Jamie Nagle, BNL PAC

B. Muller. Nucl.Phys., A855:74-82, 2011, RHIC/AGS Users Meeting 2011



Comparison to LHC data

Sensitivity to os at RHIC energies

é‘*‘?s PYTHIA+VNI, R=0.5 E_>120 E,,>50 GeV| <35 PYTHIA+VNI T=350 MeV, R=0.2 E, >20.0
=
Z Vacuum Z a Vacuum
e —_— =03 © E —s— a =02
0.2 = ct.=0.35
—=— CMS p+p 5.00 TeV 3.5 =0
—@— CMS Pb+Pb 2.76 TeV aF — @.=0.8

0.0&

EE -

NN NN NN TR A A AN B SRR N B B A B AN A A ™ 1
u[l 01 02 03 04 05 Uﬂ 01 0.2 0.3 04 05 0.6 0.7

symmetric €

| Chris Coleman-Smith (Duke)

> asymmetric

Dijets at RHIC scales are likely to be strongly modified
by the presence of the deconfined QGP medinm. The ob-
servables we have discussed are sensitive to many aspects

of this modification and suggest that further jet measure-
ments at RHIC will provide valuable insights into the na-
ture of the QGFP and into the applicability of pQCD jet
suppression models .

Jamie Nagle,
BNL PAC




L)L .
angyou Qin, Berna = Larger modification
- at RHIC
— -t ‘ More of parton shower
N equilibrated into medium.
z AED ‘“—h_:-.___‘__*_:!_:-\_*
Ao
[ L l T | T | L | T f-"] T T T | T T | T
4 O ATLAS p-p - PYTHIA
® ATLAS Ph-Pb (-10% = PYTHIA +0-10% Au+Au
— PYTHIA 4F |=—— PYTHIA + 40-50% Au+An -
m— PY THIA 1 medinm

E,>20GeV, E,>5GeV, R=0.2
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Radiative + Culplisinnal E-loss
+10% changes in coupling strength

Radiative E-loss only

Jamie Nagle, BNL PAC

E, > 35 GeV, E;,>5 GeV
MARTINI + MUSIC (dash)
Qin + Muller (solid)
Au+Au 0-10%, anti-kTR=0.4

Large effects!
Different models
matching LHC
data disagree on
RHIC predictions.




Could Suppression be Merely from the PDFs?

Parton Density Function of proton |Qz={|ﬂ Ci-\")z|
CTEQ6L

i

600 800 1000 1200 1400 1600
EEREEI BRI
qm‘-?‘) HIJING (AN fdr. b<3Tm) _ l -
qm99 | HUING+ZPC+ART =0y

qlﬂgg RQMD {(b=3im) ] *

probe rest frame ks

qm99%| UrQMD (b<ifm) . B
gm99 | VNI+UrQMD (b<ifm) : - i
qm99| HSD,VNI+HSD merm) = g

qmY9 | NEXUS (b<2fm) Lo -

99 DPM (Pb-Pb) »

99 | DPMIET ipo-pb, 3%) P -
'99 | SEM %) -

6/00 | LEXUS (5%) : "

99 | EKRT saturation =00 : g

o The lowerin x one ® |HyrosUoMD w0

Control Experiment

measures, the more oo Fistall s .

7/00 | McLV aN/dry, b=0) B %

gluonsyoufind. '\ o B Pl g P30 g il 1 il

o At some low enough x, 0
phase space saturates
and gluons swallow one

600 800 1000 1200 1400 1600

another.

o Another novel phase: / l
Color Glass
Condensate

«—




Parton Dnstrubutuon Functuons

g

PDFs are measured by
e-p scattering.

Calculations (PYTHIA)
use theoretically
inspired forms guided
by the data:

o CTEQSM

o0 others...

Unitarity requires that
the integral under the

PDF adds up to the full
proton momentum.

Dirty Little Secret:
The sum of the parts
exceeds the whole!
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Crisis in Parton Distributions!

Parton Density Function of proton [Q*=(10 GeV)’)

-~

-% CTEQ6L WA APPEHSHISVOUNPACKIO0
S Ayl TIONHSHTISTA CRR OXE,

= Parton Distributions
explode at low x. ANSWATREICY CatcaAchiothics

= The rise must be capped.



Glass at the Bottom of the Sea?

o Note that the gluon
fusion reaction, g+g—>g9,
“eats gluons”.

o Its kind of like a fish tank:

0 When the fish eat their
young, the tank never
overfills with fish.

g

This implies that

nature has a maximal
gluon density.

Material exhibiting
nature’s ultimate gluon
density is called

Color Glass Condensate.

The existence of this
material would cap the
gluon growth at low x,
restoring unitarity

The Bottom of the Sea
Fuses Into Color Glass.



Nuclear Oomph...

saturation
region

In QZ(Y)

Y =In1/x

BK/JIMWLK

$ BFKL

@ DGLAP 0
—_—

2 'TQE
og ~ 1 og <= 1

non-perturbative region

o A nucleus compresses more matter and makes
the CGC easily accessible.

o Shadowing competes with CGC.

o Many believe that shadowing is simply
“parameterized” CGC.
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Jets distinguish CGC from shadowing.

\ Snn = 200 GeV, d+Au, p+p — Cluster + ;3.0 < Notas® Mo < 3.8

' 1.1-1.6 ® 0.5-0.75 GeViel 1.6-2® 0.5-0.75 GeV/e | 2-5® 0.5-0.75 GeVie

0l
5 ng"’i 6088 bP  =0.079 b =0.059 _
S = .08 +Au 60-88 | BN S5 _ 0,127 BN 5 0,106 .
<) i ®d+AU0-20 | e _o.163 B = 0142 {DD | Color Glass Condensate?
% 0% B =0.095 | A
§ 0.04- .Q Q. :ngu 3::; T % @ éj ]
) & ]
z Uuz& % .,pﬂf:, + & 40 3 @A - new forwa rd
'l:lE > = n‘—ﬁ'_"ﬂ-’ﬁ, ¥ O‘ ik 'Y é .
e il Ny e S ) : EM calorimeter
T a0 1 2 3 4 10 1 2 3 4 10 1 2 3 4
A¢ (rad) |TI| 3 0 3 8

o The fundamental difference between the CGC model of cold
nuclear matter and the shadowing model is the number of
partons that scatter.

o Shadowing changes the PDF, but still does all physics as 1-on-1
parton scatterings.

o CGC allows one (from deuteron) against many (from glass), and
thereby splits away-side jet into many small pieces.



HUGE suppression in low X.

< \'s =200 GeV p+p,d+Au > h+ 7’ + X PH ” ENIX Preliminary
C 'n B Forward-Forward Mid-Forward
T = -
=55 A
LI
RN 1_—————E:3— 7 I et A ﬁv————
= peripheral
~ )
— L
a central
10
= smaller x

107 frag 1072
XAu

o The suppression factor from cold nuclear
matter is a factor of ~10!

o The away-side jet “decorrelates™.
o Jury still out:

0 Nearly all measurements follow CGC predictions.
0 Predictions are often qualitative.

n Electron-ion collisions will find the truth.




m a Believer

O

O

| believe that QCD is among the most fascinating arena
of physics and that the pQCD diagram only scratches
the surface of this rich physics.

| believe that nature provides us with two principle
arenas within which to study this beautiful physics:
o0 The QCD vacuum structure released into the lab via the QGP.
0 The deep interior of the nucleon.

| believe that these two communities that study QCD
from these different vantage points will eventually
recognize their common interests and realize the next
phase at the Electron-lon Collider.

| believe that the long term future of all significant
human endeavors lies with the next generation.

| BELIEVE IN YOU!
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STeNY d+Au Control Experiment —~—

Medium?

PHYSICAL

REVIEW
&[ | _ETTERS

Vaolume 91, Number 7

NUCIEUS' ... S - I‘IIUISU_-:‘
nucleus f \ : o ] Bl
collision —_

o Collisions of small with large nuclei qu
o Small + Large distinguishes all initial al

wember Subseripbkan Copy

Library ([T
% Published by The American Physical Society
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Terminology

Peripheral Collision Semi-Central Collision Central Collision

veoe ¢ @
= T

o Centrality and
Reaction Plane
determined on an
Event-by-Event

> Reaction Plane

basis.
o Ny,= Number of
Participants n Fourier decompose azimuthal yield:
o 2->394 3
o N¢on =# Collisions d"N
co: o0 TN oc [142v, cos(¢) 0s(2¢)+...]
0 ddpdy

Stony Brook University Thomas X Femmick



Whatis it Like? “elliptic flow”

spatial anisotropy of the system when created, followed by
multiple scattering of particles in the evolving system
spatial anisotropy — momentum anisotropy

2"d harmonic Fourier
coefficient in azimuthal
distribution of particles with
respect to the reaction

lane
p y le
'\o o,/)
(—‘o o’_‘) o >
- (—04 >
Almond shape X —Q 00— X
. — O o,
overlap region
in coordinate , , »
space oo (Y —x7) v, =(cos2¢)  ¢=atan—
.2 2 D,
(V" +x7)

49
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Anisotropic Flow

Liquid Li Explodes

into Vacuum o Processis SELF-LIMITING

o Sensitive to the initial time

100 pis Position Space anisotropy
(eccentricity) is transferred to
a momentum space anisotropy : L AtoD
200 s visible to experiment L0 —— et
‘Z""‘ 0.8_—\
400 us +E - At=21fmlc
£ 0.6
o Gases explode into T N’
600 s vacuum uniformly in 04 -_\
all directions. 0.2l At=4fmic
so0s o Liquids flow violently -
along the short axis DD — '1|u' — '2||;|' - '3||J' - '4I|J' - '5I|J' '
00 us and genﬂy algng the Centrality Percentile
' long axis. o Delays in the initiation of anisotropic
o We can observe the flow not only change the magnitude of
1500 s RHIC medium and the flow but also the centrality
decide if it is more dependence increasing the sensitivity
2000 ps liquid-like or gas-like of the results to the initial time.

50
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Fourier Expansion

O

Most general expression for ANY invariant cross section
uses explicit Fourier-Series for explicit ¢ dependence:

1 d°’N 1 d®N
py dprdgdy 27, dpydy [1+2v(py. y)cosl@)+ 20, (pr, y) cos(2g)+.
r T T “Fr

here the sin terms are skipped by symmetry agruments.
For a symmetric system (AuAu, CuCu) at y=0, v_,, vanishes
1 d&°N 1 d’N [
pr dp,dgdy  2mp, dp,dy
v, and higher terms are non-zero and measured but will be
neglected for this discussion.

1 &N 1 dzN[
pr dp;dgdy  27p, dpdy

1+ 2v,(p,)cos(2¢)+2v, (p, ) cos(4¢)+...]

1+2v,(p;) cos(2¢)]
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Huge v,!

for
particles.

Can microscopic
models work as well?

Flow is sensitive to
thermalization time
since expanding
system loses spatial
asymmetry over time.

Hydro models require
thermalization in less
than =1 fm/c

0.25F
0.2F
0.15F
0.1F

0.05F

Adler et al., nucl-ex/0206006

° STAR Chargéd particlés, minimu'm bias
- - - Hydro calc. (Huovinen et al.)

-
-
-
-
-
"
-




What is needed, parton

ically for v,?

0.2 I I | | |
= STAR prelim. (Filimonov, Nov '01)

d.""-'m-"drfm = 1)
015 F .
7. == 45 mb

01 F

g 2= 20 mhb

impact parameter averaged ve (|y| < 2)

1] 1]»5 - | e =2 F __-+—.T— _-l-_ j_.-"
| g o 7= 8 mhb
"I 7 = L6 mb -
parton-hadron
MPC AudAu @ 15304 GeV duality
-0.05 I I | J J
i 1 a 2 A . .
pL [GeV]

parton transport solutions via
MPC 1.6.0 [DM. & Gyulassy, NPA 657

('02)]
pho,.fi = S; + CI%f + ...

minijet initial conditions
lg — 1m hadronization

Huge cross sections!!

e saturation pattern can be reproduced with elastic 2 — 2 interactions,

requires large opacities o.; x dN,/dn ~ 45000 mb > pQCD (3 mb x1000)
- large opacities also suggested by pion HBT data [D.M & Gyulassy, nuck-th/0211017]

if (tr3==45 mb) {r=1.2 fm};

D. Molnar, SQM2003, Mar '02  —

4
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Comparison to Hydro Limit

4y

e

> 0.25F HYDRO limits k

0.15F R -

_ iﬁﬁ ]
0.1 :_ %Ll - * —— E,/A=11.8 GeV, E&TT _:

[ — @ E, /A=40 GeV, NAZS
0.05 - L —@— E_ /A=135 GeV. NALS

% ol F, =120 GeV, STAR
1 —fp— VB, =200 GeV, STAR Preim. | -

0 5 10 15 20 25 30 35
(1/S) dN_, /dy

o Hydro limit drops with energy.
o RHIC “exhausts” hydro limit.
o Does the data flatten to LHC or rise?



LHC Flow. ,".e,s.'f',ts. 'ma.tcr:‘h RHIC

025 F

v 2{

02

0.15 F

0.1F

0.05 - &

p, (GeV/c)

o Magnitude of flow as a FUNCTION of p+ is nearly
exactly the same as at RHIC.

o LHC data reach to very high moments (vg).



What else we can get from Hydro?

So far we have tracked the hydrodynamic evolution of the system back in
time to the initial state. Let now Hydro do something good for us.

Approximately: o.Tw=0 > |VPdV = AE =m;-my=AKE; =Vp;2tm,2

v, for different m; shows good agreement with “ideal fluid” hydrodynamics
An “ideal fluid” which knows about quarks!
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Recombination Concept

Fragmentation: 2 £

e for exponential parton
spectrum, recombination is
more effective than
fragmentation

e baryons are shifted to
higher p, than mesons, for
same quark distribution

> understand behavior of
protons!

Stony Brook University

~10" 3
> 102 fragmenting parton:
S 0° p, =2zp, z<1 |
§10*
2 10°
=10
6 | - _ 1
__‘:i.z'.ﬂ'l_7 recombining partons:
100 py+p,=py ’
10%° . e
2 3 4 5 6 7 8 9 10
pr (GeV)
57
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Baryon Anomaly

| PHENIX proton/x ratio |
s 15

o

1.4—
C Duke

1.2C Oregon

iE

® proton/zt
®  proton/n®

TAMU w/ shower
TAMU no shower

0.8
0.6
0.4

0.2F

m Recombination models

assume particles are

0
S

AT K

formed by the coalescence

of “constituent” quarks.

= Explain baryon excess by
simple counting of valence

quark content.

2 5 T T T T [T T TT I LI I T 1T 7T I L I T 17T [ T T T
) - @ Pb-Pb at \[s, = 2.76 TeV, |y|<0.75 1
- 3 —— 0-5 % centrality =
- —=— 20-40 % centrality
2 e —v— 40-60 % centrality |
_ Preliminary —+— 60-80 % centrality _|
- —e— 80-90 % centrality -
~ - —o— (ppat\Ns=7TeV)
1.5 R —e— (ppat\s=0.9 TeV) |
- e — A |
- A _._"“"}_._ —
L o - L -
T aauhe e ol .
— ’.:, Fe— g K, * . _'_—'—7'7—I— —
B $ *‘+++* + e ——v N _
0.5— o o;’ le] +'8' o‘g’t*}ﬂi " —v—_'—l— _
— s o 0 pS _g_***gﬁi ]
- AT ’
B only stat. errors shown |
oLl 11 IS T I T I T N T N T T Y S B B B B
0 1 2 3 4 5 6 7 8
P, (GeVic)
E 2 i T T T T T TT | T ]
3 - m AIKS Pb-Pb 2.76 TeV ALICE 1
;E_< Nozr=2 point from 7 TeV pp |
O [ g AJKS Au-Au 200 GeV x R/A STAR b
E L with 10% feed-down correction T ]
cow
X [ v /K Au-Au 62.4 GeV STAR + ]
<

L4

1 N I
I %

i . vvY
05 s

.7

RHIC
_ Ratio at Maximum K/Ko o
0 | Ll | Ll I T |
1 10 10?
<NPART>



Where does the Energy: LHC

#’U‘ = Z _p?‘ack Ccos (‘PTrack - ¢'Leading ]et)

Tracks

out-of-cone
0-30% Central PbPb
III|IIII|IIIIIIIII|IIII-IIII|IIII|IIIIIIII|II|I--IIIIIIIIIIIIII|IIIIIIII|.
cms 030% L o s05Gevic In-Cone | Out-of-Cone |
a0k Pb+Pb \s, =2.76 TeV T CJos-1.0Gevkc AR08 T AR=0.8 ]
f L dt=6.7ub" ' [ 1.0-2.0 GeV/ic ] )
- [ 20-4.0Gevic T - .
t [ 4.0- 8.0 GeVic 7 : ]
& 2 .. :_‘— T B >8.0 Gevic T E
= 1 —i= —
g = . o R
S o
A
+
20} i
P, > 120GeV/c
a0k Pr, > 50GeV/c ]
A, > %,n: I, | <1.6
pa e v b by v v s b v b e v b v by s v s b b s v by

0.1 0.2 0.3 0.4 01 0.2 0.3 0.4 0.1 0.2 0.3 0.4

- A, - A, A,
balanced jets lunbalanced jets]

Low p, full acceptance  In-cone large momentum  Qut-off-cone low p; particles
Momentum is balanced  imbalance at high p; balance the complete event
Consistent with calorimetry

o Outside of large cone (R=0.8)
o Carried by soft particles



Away Jet cannot “Dlsappear”

| 2.5-4GeVlc x 2-3 GeVic, All Charge |

L
NYE
? 005E
0.04f
003
0020
1Y

I

o Centrality: 0-10%
B Centrality: 30 - 40% x 0.33

®  Centrality: 60 - 92% x 0.048

-0.013_II|IIII|IIII|II\I|I\IIII\\\\\

PHENIX

1 < p;(assoc) < 2.5 GeV/c

S | 25Gevic <py™ <4.0Gev/c | v ® AutAu .
> 0-10% E M. g, PYTHIA :
T - AuAu 150 [ TN 200 GeV
go_s o dAu ! r LA E
(=2}
2 I [ 1_
L od E =
< - o
- i 0.5
o off
1
0.5}
-1

o Energy conservation says “lost” jet must be found.

o “Loss” was seen for partner momenta just below the
trigger particle...Search low in momentum for the

remnants.
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Correlation of soft ~1-2 GeV/c jet partners

Emergence of a Volcano Shape

Gluon Cherenkov??

| 120°..isitjustv,???  Stay Tuned...



Strings: Duality of Theories that Look Different

o Tool in string theory for 10 years

o Strong coupling in one theory corresponds to weak
coupling in other theory -

o AdS/CFT duality
(Anti deSitter Space/ Conformal field theory)

QGP (in QCD)

¢

Finite temperature gauge theory < Black hole

at strong coupling (N=4 SYM) in AdS space

T -30
45 7Ty

4€ d€ Calculated from AdS/CFT Duality

thermal thermal due to the Hawking radiation



Another Exotic Structure: Ridge

- 46071 .

2 4503
4307
4207, =
4105

Is this bulk response to stimulus...long range flux tubes...v;?
1. ps spectra similar to bulk (or slightly harder)
2. baryon/meson enhancement similar to bulk
3. Scales per trigger like Npart similar to bulk

63
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v, explains double-hump

i CF-Flow [ PHENIX oreliminarv
0.2 - Vv, correction | vy, V., V. correction
i @ Au+Au (ABS) —~—
w |2 I H p+p (ZYAM) PH-ENIX
LR,
ol 0.1
- '& B

e B g

O V, correction only 0 V,, Vs Vv, correction
o double-hump o double-hump
disappeared

o Peak still broadened



How can charm (bottom) be measured?

0 ideal (but challenging)
o direct reconstruction of charm decays (e.g. D - K-7%)
o much easier if displaced vertex is measured

(PHENIX upgrade) A o
0 alternative (but indirect) Ky o
o contribution of semi leptonic / — 7 Ve
charm decays to /

— single lepton spectra

DO
— lepton-pair spectra ﬁ mé

DD’ »ete KK v, v,
< D'D' e p K'K vy,
_D’'D’ 5> ' W K'Kv,v,

Thomas X Hemmick



Inferred Heavy Flavor

Minimum Bias d+Au @\/s,, = 200 GeV
107 7y

e'+e’

— Inclusive >

Total Background

d*N
iy [(GeVic)?
1

-3
10 - vye'e
10 conve;rgions
n—oyee

1

w—ee&w—n e'e

q6—>ee‘&q1—>nee'
irect y contributions

K,; decays

1
2n Py N..d
—
(=]
&

-
=
4

-
o
&

10°
10-10

1 0.11 L1 | I - | Ll 1 | 1
0 1 2 3 4 5 6 7 8 9
P, [GeVic]

o Measurement inclusive e=*.

o Measure %, n°

o Construct “Cocktail” of electron sources other than c/b
0 light hadron decays
0 photon conversions

o Subtract e* “cocktail” leaves e from c/b.
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Hard Probes: Open Heavy Flavor

Electrons from c¢/b hadron decays

g‘l-a_ rryprrrrrTrTT T T T T T T T T T T T T T T T T T T
0C 16 (a)  0-10% central = == Armesto et al. (I)
14 [ | vanHees etal. (ll)
1_2:_ S % 3/(2xT) Moore &
i\ I 12/(2nT) Teaney (lll)
1 =
0.8 %
0.6— '.
0.4 ; SRR
02l - """'-f-..ﬁ.,_,_ﬂ
~  Au+Au @ s, = 200 GeV "---*---...
no_::::!::‘::!::::!::::!::::!::::!::::!::::!::::
(g ALICEPremunary 1
1 - 0-202% centrality . .
0ab Pb-Pb,\[S;,, =276 TeV  « Average D°, D", D", lyl<0.5 -
S o Charged hadrons, ml<0.8
06 :_ ¢ 7%, Inl<0.8 (Preliminary) _:
0.4 1] ]
[ ‘Lr— N
0.2 U o
D:III|III|III|III|III|III|III|III|III:
0 2 4 6 8 10 12 14 16 18
P, (GeV/c)
BR&"WSK 68

Calibrated probe?
pQCD now predicts cross section well
Total charm follows binary scaling

Strong medium effects
Significant suppression
Upper bound on viscosity!

Little room for bottom production

Limited agreement with energy loss
calculations




Single Muons from ATLAS

PiD
9-010500 N N A R
Olo = i ® PbiPb {5y, =276TeV) ]
g 8 120__ —— Bestit template B
850 L Signal ]
7% 1001 ===== Background ]
6 80 ml < 1.05 7
5F i 104pT<14GeV:
F 60H | 0-10% ]
4 L .
3 s0] 3 JLdl:?pb _
25 h . ATLAS Preliminary .
- 20] by
= g "
o . |
% 0 0204 06 08 1

Muon ch

1 .2 | T T I T T T T ] T T T ] T T T I T T T ]
L h]| < 1 .05 Pb+Pb ]
1 _— | T —_
0.8 -
0.6
0.4 L S
" - 0-10% / 60-80%
- = 10-20% / 60-80% 1
ok Ldt=7ub
0-2F < 20-40% / 60-80% il
" = 40-60% / 60-80% ATLAS Preliminary
% 2 4 6 8 10 12 14

p, [GeV]

o High Momentum muons dominantly from heavy flavor.
o Eliminate unwanted background by statistical method.
o At these high momenta, the muons are likely dominated

by bottom.

o Is there a limit to the power of the river?...Stay tuned.

Stony Brook University

Thomas X Hemmick



Heavy Flavor Quarks are Flowing!

PSR S T N N NN U T N AN NN A N A N A A AN O A LT N A O B B B B S LI LI UL ! T TT T T 171 ]3]
0.2llll‘lllllllllll\llllll\‘lllll\\lll\llllll\\ >N | I I ] I | I |

L .
] - 0.4 3
In [ ) - G Pb-Pb  Sy=2.76 TeV
> - (b) " + 1 RAA,PT>4G9V/C g aF JALIce Centrality 30-50%
0157 minimum bias 8 1',p >2GeVic | ] F ‘ B ]
- ' 1 02F AT =
- i -8 BEm -
01 — : :
- . 0.1 / 4l ; =
: ] Of :
o5 E : -1t :
N i 0.1 =
= - - ¢ Charged hadrons, EP, An|>2.0 || =
o—l L T '0-2_-_ - D‘j EP24¢ bins Emptyl:;ox:sysl_fromdata —:
0 9 5 + 1[-) .ETMO |bms : | Filled box syt from Blfedvdow?:
0 2 4 6 8 i0 12 14 16 18
P, [GeVie] p, (GeV/c)
® We can imagine that the flowing QGP is a river that sweeps quarks.
® A “perfect fluid” is like a school of fish...all change direction at once.
® Our 220
® Requiring a model to SIMULTANEOUSLY fit R, , and v, “measures”
the n/s of the QGP fluid.
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How Perfect is “Perfect” ?§

(CGC) |(Glauber)
o= STAR = v, (2009)

—f— (CGC) jGlsuber) ¥- STAR Chg. v, (2009)

e PHENIXY, WWNDDS n=z i( Entropy Densily )= is
' 4 4

Jo-Lacey et al, PRL 092301 (2007)

200
eGC Gf bgreschar et al. PRC76 024905 (2007) -
(CGC) (Glauber) STAR p, corr_;!atlon (2009) = p— g}:}lum U-Iluﬁ;f';n
= = Nitrogen
o w —
 vin &t i SRLET 182302 008 i) 2 150~ [ — Water 100 MPa
Hydro. calculations, Song SQM08, Heinz WWND09 =
1 =
P. Romatschke & U. Romatschke, PRL 99 172301 (2007) E
- =
g £ | PHENIX PRL 98 172301 (2007) E 100 —
S_ Hees et al., arXiv:0808.3710 1) E
GE - 3
Q H. M , PRD 76, 101701(R) (2007) [Lattice QCD = 0w
TE | &Y (F) {2807) attice GOSY © § o
8 = | Demir & Bass, arXiv:0812.2422 (2009) [hadron gas] T b
| U 1 | 1 1 L I 1 | L | | | | | | 1 L ‘ | 1 1 | ;
0

o

47-[: n Is 1 1In 11|:|{| 11:;4:&

TEMPERATURE (K)

0 RHIC “fluid” is at~1-3 on this scale (!)

0 The Quark-Gluon Plasma is, within preset error, the
most perfect fluid possible in nature.

0 High order v, measurements to yield superb precision!


http://www.physicstoday.org/vol-58/iss-5/p23.shtml

‘Quarkonia Production

0.2r 0747, 117, 23T,

E (GeV/fm?)

%Q@ o Y(3S) Y(2S)

| %%8%0 . L w
8&% 8§ /1 o L

0 J/psi Suppression by Quark-Gluon Plasma Formation,
T. Matsui and H. Satz, Phys.Lett.B178:416,1986.

o If cc dissolved, unlikely to pair with each other.
o Suppression of J/¥ and Y.

o Suppression driven by size of the meson as compared
to the Debye Radius (radius of color conductivity)
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http://www.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B178,416

How is J/y formed in pp?

[arXiv:1105.1966]

Bk s

— JAy+X \s=200GeV

a_
3 0 CSM (direct J/y)
> 10k =NLO NRQCD
S 10° . e
- --B-meson— J/y+X
E 1{]2 _____ - |f'|{ﬂ 3.‘} > ].mD
S T ESE 2<lyl<2.4
o 10 =
o i
%. 1
= -1
Q}; 10
-3 s
ﬁ-&ul[] 3
E 10
a
e 10
107 .
2 1
o
=
=
5
E 10
B Pr [GeV/c]

O new measurement of J/¥ yield in the mid

and forward rapidities

Stony Brook University

(o

O only

models with color octet formation

describe the data

O J/¢ polarization measured to be small

.E
f—
c"":

[PRD82,012001 (2010)]

0.5

ptp— Jy+X  Ns=200 GeV  |y|<0.35

!

\ %| — NLOCSM [a1Xiv:1003.4319]
AY

®  Helicity Frame
—.— s-channel cut CSM [PRL100,032006]

7777z COM [PRD£1,014020 (2010)]

4 5
P, [GeVic]

O color octet state may cross part of the
nuclear matter as a pre-resonant state

Thomas X Hemmick



Jly is suppressed (everywhere)

[arXiv: 1 103.6269vI]

m ALICE (Pb-Pbys,,, = 2.76 TeV), 2.5<y<4, p,>0 (preliminary)
o PHENIX (Au-Au\[s,, = 0.2 TeV), 1.2<|y|<2.2, p,>0 (arXiv:1103.6269)

Raa

O Tec~170 MeV

AA

x 1.4

12 O inverse slope of thermal photons

measured by PHENIX is
221+28MeV [PrL104, 132301 (2010)]

_III|III|III|IIIJ .|TL_L¢_J_|JI||I

0.8
0.6 @é@ [ H O hydro models fitted to the
0.4 %5 s t thermal photon data suggest
0.2 @ W & & % Tinit ~300-600 MeV
* ALICIE <N~ ils vs.neigf'lted| by N_, | | | | 0 h . 5
% 50 100 150 200 250 300 '350'N' “a00 — WhO sUPVIVes:
art

X :g spectral function estimations
LI_]:

3 >

1 2 Y T/Te

O if J/¢ from ¢’ and y. fully suppressed Rqa drops to 0.6

74
Stony Brook University Thomas X Femmick



LHC/RHIC comparison

c

<
<

TTT T ‘ T T ‘ T T | T TT | T T ‘ T T T TT
14— CMS Preliminary ] v 14F  wALCE (Pb-Pbys,, = 2.76 TeV), 2.5<y<4, p,>0 (preliminary)
- PbPb \/Sj - 276 TeV ] | o PHENIX (Au—AU\{%:O.Z TeV), 1.2<y|<2.2, pT>0 (arXiv:1103.6269)
1_2_— N ] 12 s PHENIX (Au-Aum=0.2 TeV), |y|<0.35, pT>0 (nucl-ex/0611020)
L m  Prompt Jiyp i H
1. | ‘ | - 1E%
i J? % AuAu \s,, =200 GeV i
08— +c STAR preliminary — 0.8
B + P, >5 GeV/e, lyl<1.0 ] -
0.6 - - 1]
+ : %: | o @@@ ig i
0.4 - 04 m EEB
B + ] B @ & B @
02— 00<lyl<24 - =02+ B — g—
- 6.5<p <30.0GeVlc ] - (")ALICE <N__ > is weighted by N_|
IIII|IIII‘IHI‘\I\I|IIII|II\I‘\I\I|\I|| _|||||||||||||||||||||||||||||||||||||||
00 50 100 150 200 250 300 350 400 00 50 100 150 200 250 300 350 400
Npart <Nparl*>

STAR (p>5 GeV) versus
CMS (6.5<p;<30 GeV)

Caveat: Different beam energy and rapidity coverage;

PHENIX (p>0 GeV) versus
ALICE (p>0 GeV)

chh/dn(Npart)LHC ~21x chh/dﬂ(Npan)RH'C




CMS: all the Y states separately.

Ny (2s)/Nr(1s)|pp = 0.56 £ 0.13 £+ 0.01
Ny sy /Nrs)lpp = 0.21 £ 0.11 £ 0.02

d

d

d

CMS-HIN-11-011

=)
=1

I
=
T T | T T

Events / (0.1 GeV/c”)
=

20—

101

%

Preliminary

ly| < 2.4

CMS pp ¥s =2.76 TeV

p =4 GeVic

int

L.=231nb’

data
total fit
background

— 800

-
=
=

Events / ( 0.1 GeV/c?
2
(o]

eyl NSRRI S RN NN NI N N NN O S T R B

8 9 10 11

myy (GeVic?)

12

14 7 8 9

PbPb

_fIIIIIIIIIIIIIIIIIIIIIIIIII1_
I I I I I I

CMS PbPb {s,,, = 2.76 TeV ]
Cent. 0-100%, |y < 2.4

- Preliminary

n

a\/fic

* dala
total fit
background

-

0 1 12 13
My, (GeVic?)

Ny (2s)/Nr(1s)|pbpb = 0.12 £ 0.03 = 0.01
Ny (3s)/Nras)|popb < 0.07

The data show that the 2s/3s are reduced compared to the 1s.
This is first strong indication of sequential melting in QGP.
Should yield screening length of our color conductor!



Upsilon Suppressuon

[ | [ B | [ | | [ | | o | T T | [ | [ I_ o T T 17T | T T T | TT 11 | T 11 | T 11 | T TT | T T | T
ﬂ: - -]
n:1.4_— CMS Preliminary, PbPb ys,,, = 2.76 TeV 1{1_4_— PbPb s, =276 TV AuAu ys, =200 GeV |
: = 150 ub" ] - % CM3:Y(1S) Lt STAR:T(15+28+38) [
12 +Y(15) b = 190K | 12 Iyl<24 (preliminary)  1yI<0.5 (preliminary} |-
B *T(23) ly| < 2.4 i N |_ §

X | s :

B 30-40% | C

0.8~ 10-50% 20-30% - 08— -
_50-100% i B i + -
[ ’ 10-20% _ - ]
0.6 + + T 510% 0-5% 0.6~ + +%, ]
0.4 \ t  o0aC {F §-
0.2 * + + 4 02 ~
B ||||||+||||||_ B 7

00||||||||||||||||||||||||| co b b b b e b o b
50 100 150 200 250 300 350 40 0(] 50 100 150 200 250 300 350 400
N

part Npart

o Upsilon system is “cleaner” than the J/Psi.
o 1s state suffers from feed-down (~50%).
o Consistent with melting all Y except feeddown.
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J/Psi as Bottom Suppression?

Inclusive Jhp
: Non-Prompt JAp
e from B decays

o CMS can separate out J/Psi which are
daughter states of decays from B mesons.

< T | T '| L | rrr |' 1T | TTTT I 1T | L | | | | |
< L - | T T I | I T T T | I | T T I
cC 14— [ — — - T, uncertainty |
! CMS PbPb \ /s, =2.76 TeV ] ol SN FoeetcTev = b J w20 |
L w = 25 GaV/ ‘le24 4
o Non-promptJiy - [ 010%, [ Lat=7-150 1b” e lnololed photon. <144
T ==— Charged particles n<1.0 -
B BB b-guarks (0-20%) |n/<2.4 |
1. : 1.5 _— } (via secondary J/y) __
0.8 - < T i
- 20-100% 0-20% ] 1 + _____________________ Jr ________ B
0.6 . I + ]
i ’ i + 6 I
0.4~ + + 7] 0.5 0 ° v
B bﬂi
| Fo [a]
02— Iyl<24 ] - G
-~ 6.5<p <30GeVic i o) E I I R
_I L1 | | L1 11 | L1 11 | | I | 1111 | 11 1 1 | 111 | 11 I_
% 50 100 150 200 250 300 350 400 9 2040 Gﬁif 80 100
My [GeV]

Noar

o These are a surrogate for a bottom quark.
o Suppression same or less than t/charm?

Stony Brook University
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Backup Slides



Suppression.

n s state should be too Y Raa
large to meltin the

p | asma (] T[1S+2$+3$)lyl<n_5ﬁ e'e

n 2s/3s could be melted. 16 & 1 o

o Data are above blue- ji == Tk
consistent with only 1s . (+ I —
survival and removal of o pre.imi,.i, | ;
nearly all 2s/3s. 02- \gp=a0Gev 1

% *“50 100 150 200 250 300 350 400 450
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Fragmentation Function at LHC

Fragmentation Functions

1IN, 1, dN/d]_ [(GeVic)?]

;. Ero=75-100 GeV
e o.. o Anlik; R=02, 0-10%, p > GeV
E gg . Anti-k . R=0.2, 40-80%, pT>2 GeV
r .
1 ;— i.e
£ 3
L .
107 93%*
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10° Ebn=7 ub —qs—‘*
E|1|n|||1|||‘\||||||\\||||4‘\1\\[| i 1 1 "
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pr cut to suppress underlying event,
and background subtracted
using region outside jet cone

Yellow bands represent uncertainties
from background subtraction

1/N,,, dN/dz

Pr

pp

PbPb, 30 - 100%

™~

PbPb 0 - 30%
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antik (R=0.3) PFlow Jats
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.
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IL dt =260 nb"

racks 1 con (AR < 0. 3)

p,>4 Gevie

B S = A

\E, =276 TV ]
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E o Subleading Jet _[ T
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0-30%

i

Jet
Pr

Track

*+ Compare PbPb to pp

%% e Not modified!
v - ® Need to be more
10" Eggfi%ﬂ?ﬁrﬁe\f —— quantitatiVe to
T TS S T 0T 805 really understand

No strong modification of
fragmentation functions

differences from

between peripheral and central:

surprising in a radiative
energy loss scenario?

RHIC.

26

o] Leading Jet
» Subleading Jet

el

J%

Bl hrnl el bl lrore e ol e T
533544,500511522,533544,5
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Final-state effects:

medium-induced
parton energy l0ss:

Initial-state effects:
STONY
BR‘\\\\‘K p; broadening:

STATE UNIVERSITY OF NEW YORK (“Cr()n”’] enhance mentu)
Soft & semi-hard extra k;

gluon bremsstrahlung
(“jet quenching”)

[Experimental handle: p,d+A]

[Experimental handle: A+A]
Leading-twist shadowing
(modified nuclear PDF)
OR
Gluon saturation in the

highly non-linear regime - possible hadronic
of small-x — rescattering
- . (after/before
[Experimental handle: e+A, p,d+A] u hadronization ?)
o Color Glass Condensate probe rest frame

o Gluon fusion reduces number of scattering
centers in initial state.

o Theoretically attractive; limits DGLAP
evolution/restores unitarity

(\
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= 0.21 = 0.11 = 0.02

Ny (3s)/Nras)|popb < 0.07
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