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The Big Picture

 We know that strong interactions are well
described by the QCD Lagrangian:
Lacp = —5Fo, Fiv = 3,18, (§ — ig' # AGt, —my ) !
! Perturbative limit well studied

* Nuclear collisions provide a laboratory for
studying QCD outside the large Q2 regime:

— Deconfined matter (quark gluon plasma)
! “Emergent” physics not manifest in Laco
! Strong coupling = AdS/QCD (?)

— High gluon field strength, saturation
I Unitarity in fundamental field theory

* Only non-Abelian FT whose phase transition &
multi-particle behavior we can study in lab. 2



QCD Thermodynamics on Lattice

Energy Density or pressure Thermodynamic trace anomaly

100 150 200 250 300 350 400 450 500 550

 Lattice thermodynamics from hotQCD group
— Cross-over transition at~ 170 MeV
' to “quark-gluon plasma”
* Trace anomaly (e-3p)/T4 an interaction measure

— Strong coupling already evident near Tc.
I Confirmed experimentally (QGP = sQGP) 3



Jet Quenching

e Direct measurement
of interaction of
colored particle(s)
with sQGP

e Key questions:

—How do parton
showers in sQGP
differ from those
in vacuum?

[3 [‘ [5

— Do partons in the
shower have weakly
or strongly coupled

Opacity expansuon dlagram for interactions with the
medium induced gluon radiation sQGP?

1)




High pr @ RHIC in LHC era
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* The start of the Pb+Pb jet/high-pTt program @
LHC has dramatically altered the landscape of
RHIC high-pT physics program
— Demonstrates importance of full jet measurements
— Answers some important open questions

— Emphasizes need to focus on decisive measurements 5



High pr @ RHIC in LHC era
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* The start of the Pb+Pb jet/high-pTt program @
LHC has dramatically altered the landscape of
RHIC high-pT physics program
— Demonstrates importance of full jet measurements
— Answers some important open questions

— Emphasizes need to focus on decisive measurements 5



Signs of progress ...

L d e e
25<p "’ <3.0 GeVic 0<p®< 6.0<p] " <10.0 GeVic IndlreCt dljet

0.5<p;“* < 1.0 GeVic

measurement via
dihadron correlations

STAR,
Phys. Rev. C82
(2010) 024912

* Through very detailed measurements from STAR and
PHENIX we’ve learned that most of this has little to do
with high-pt physics, though it is very interesting
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Single hadron suppression

°|In absence of nuclear modifications
- dNA A = Than doP™P

— Taa is analogous to a per- bunch crossing
(integrated) luminosity @ LHC

1 dN A4
_ TAA doP —P

e Define Rax

— Characterizes initial & final state modifications

PHENIX Au+Au, \}'ﬂ = 200 GeV, 0-10% most central

[;ldirecty (prelim.)

§ ° (PRL101, 232301)
¥ (PRC82, 011902)




Single hadron suppression

*In absence of nuclear modifications
— dNA_A — TAA doP—P
— Taa is purely geometric factor analogous to a per-

bunch crossing (integrated) luminosity @ LHC

1 dN A4
_ TAA doP —P

e Define Rax

— Characterizes initial & final state modifications

PHENIX Au+Au, \fs, =200 GeV, 0-10% most central Si n g l e Tco a n d n

l{]directy (prelim.) o
e pp—— suppression but no

¥ (PRC82, 011902)

photon suppression:

Requires large
unscreened color
charge density

GLV: dNg/dy > 1000 (?)
0o, Gevio) £>10 (£?) GeV/fm3 9




Single hadron suppression

e But, modification depends
on nuclear geometry

— Characterized by “number of
participants”, Npart

* With increasing Npart:
— higher temperatures
— Longer path lengths . “participant”

Spectators

10



Single hadron suppression

e But, modification depends
on nuclear geometry

— Characterized by “number of
participants”, Npart

* With increasing Npart:
— higher temperatures Spectators
— Longer path lengths

1(d)
—

PHENIX Collaboration [l = RUN4T'R,, +1+. PHICENIX
1.

Phys‘ Rev' Lett' 105 12% scale uncertainty for R
(2010) 142301 ”
Theory calculations
referenced on slide 16



http://inspirehep.net/search/?p=collaboration:%27PHENIX%27&ln=en
http://inspirehep.net/search/?p=collaboration:%27PHENIX%27&ln=en

Single hadron suppression

e How to disentangle two
contributions?
— Use spatial asymmetry

of medium @ non-zero
impact parameter

12



Single hadron suppression

e How to disentangle two
contributions?

— Use spatial asymmetry
of medium @ non-zero
impact parameter

— Measure orientation
(V) event-by event
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e How to disentangle two
contributions?

— Use spatial asymmetry
of medium @ non-zero
impact parameter

— Measure orientation
(V) event-by event

*Measure RaaA g 30<p,<as || as<p<dd [ 40<p <50 ||| 50<p <60
vs AP = Q-

PH-“ENIX




Single hadron suppression

e How to disentangle two
contributions?

— Use spatial asymmetry
of medium @ non-zero
impact parameter

— Measure orientation
(V) event-by event

e Measure Raa
vs A = @-Y

e Characterize by
amplitude of Ap

dN

do

4
0 05 1 1.5

modulation: v

PH--ENIX

= C[1 + 2v3 cos (2! ! )]

1.5

“jet”

0 0.5 1

A¢ (rad)

15 0 0.5 1 1.5
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Single hadron suppression

N\ CT: AdS/CFT

FA—

wWHDG A CT: ASW 7 ,
mwea-|ae, {F i1 |, Calculations:

amminb ol "” Pe ’ — — JR: 1~ j‘u oy

»Wicks et al.,
NPA784, 426

» Marquet, Renk,
PLB685, 270

—~—— “O - » Drees, Feng,
PH-“ENIX \\\‘ Jia, PRC71,
I 034909

»Jia, Wei, arXiv:
1005.0645

JR: T ~ 'dl pf’( .

L PO

-9 GeVic

PH-“ENIX

200 k 100 N 200
part part

 Two calculations: weak, strong coupling

— Npart dependence same for both

— But v2 (modulation vs Aw) prefers strong coupling
16



Single hadron suppression

/N CT: AdS/ICFT

_____ JR: I ~ J(‘” Ip‘ .

amminb ol "” Pe ’ — — JR: 1~ j‘u oy

WHDG A cTiASW
JR: T ~ ' dip,,

JR: T ~ 'dl pf’('( ,

L PO

- 6-9GeVic

PH-“ENIX

200 k 100 N 200
part part

 Two calculations: weak, strong coupling
— Npart dependence same for both

— But v2 (modulation vs Ag) prefers strong coupling .



ATLAS: Charged particle v2(pr)

@ ATLASh Pb+Pb\[s,,=2.76 TeV 40-50%

0 2
[ ALICE 0" Po+Pb \s,,=2.76 TeV 40-50% 7 WHDG LHC Extrapolation

Y7 STARN Au+Au\fs,, =200 GeV 40-60% . e h_ ATLAS (Preliminary)

/A PHENIX =° AusAu\[s. =200 GeV 40-50%

e Surprising agreement between RHIC and LHC
v2(pT), but beware “apples and oranges”

— Charged (ATLAS, STAR), ° (PHENIX)
e Weak coupling energy loss OK for pt>107?!

! Do we understand geometry of quenching?

Or is PHENIX measurement contaminated by
underlying event modulation? 18



| |
R,, : Minimum Bias , 8l R4 : 0-10 % Central
Au+Au @\/s,, =200 GeV - Py Au+Au @\[s,, = 200 GeV

&

p. [GeVic] P, [GeVic]

 Measure heavy quark production via semi-
leptonic decays (B+D) to electrons

— See suppression comparable to light mesons

I Unexpected due to mass suppression of radiative
contributions, especially for b quark.

* More evidence for strong coupling?
! Not clear.

19



Heavy quark: b contribution

e e-h correlation

o e-D° correlation
— FONLL
FONLL uncertainty

B ﬁ STA

D

N, /(N_+N, )

e (Unquenched) b contribution to electron
spectrum consistent with pQCD

— heavy quark suppression results cannot be
“explained” by small b contribution

STAR,
PRL 105
(2010)
202301

20



Heavy Q quenching: pQCD vs AdS/CFT

Gyulassy and Horowitz, J. Phys. G G35 (2008) 104152

—— pQCD Rad+EIl, PHOBOS
— — pQCD Rad+EIl, KLN
pQCD Rad, ¢ = 40
- pQCD Rad, ¢ =100
—— AdS Drag D = 3, PHOBOS
AdS Drag D = 3, KLN

— — AdS Drag D = 1, PHOBOS
-+ AdS Drag D=1, KLN
~- AdS Drag A = 5.5, PHOBOS
~ -~ AdS Drag A = 5.5, KLN

e Use c&b together to test strong/weak coupling.

* Motivation to push heavy quark measurements
at RHIC to higher pr & separate b, c.

— Goal of silicon detector upgrades for both PHENIX
(underway) and STAR (starting) 21



First step towards jets:

T ] T L Ll T

o~ B M;@; ENEN PHENIX,
- PHENIX 25y N Phys. Rev. D82
200 GeV p+p o (2010) 072001

|

T
|
l
; 5< p"“" <7 GeVic

7< pmg <9 GeV/c

RN
i1
L i1l

1/N,;, AN/

2

| | I]]I]Jl

trig

9< <p, < 12 GeV/c

12 < p‘T"‘-‘ <15 GeV/c

Ll Illllll

TASSO 14 GeV x 10"

TASSO 44 GeV x 10"
A B R
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g='|an
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* Measure jet fragmentation using y-jet events
but measuring “jet” via single hadrons

— Compare to measurements from TASSO

Good agreement



IIIIIIIIIIlllllllllll'lllllllll
PHENIX Au+Au 0-20% 5<pT mg<15 GeV/c x 0.5<pT <7 GeV/ic

T T

PHENIX p+p S<p, mg<15 GeV/c x 1<p_ <10 GeV/c PhysRevD.82.072001

MLLA in medium E, =7 GeV x 10" ,_i
f—— —f

Il III|
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* Observe suppression in yield of large z (small §)
fragments in (central) Au+Au collisions

— Red curve shows medium-modified MLLA
calculations by Borghini and Wiedemann.




jet measurements: STAR

Dijet Cross Section
Inclusive Jet Cross Section

pp @ 200 GeV
Cone Radius = 0.7
08<n<038

pp @ 200 GeV
Cone Radius = 0.7
maxip;) > 10 GeV, min(p;) > 7 GeV

0B<n<08 |JAnl <10

1 “4 ) 4
. ' Al > 2.0
STAR Preliminary . . STA
N i ! »TAR .
. Preliminary

- :
W [Ldt = 5.39 pb™'

- Midpoint cone
+ split merge

(pb/GeV)

| Ldt = 5.39pb '

oo Midpoint co
+ split merg

d‘o
2xdpydn

<

dMdnydn,

d°o/dMdnn.

-3 Compariso
{ IrwAarve ' e Sector
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-1 A « <0OA o
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-

01 Theory Theory

NLO pQCD » CTECEM

| 9.39 pb .
Al . ‘
refimmany Mad ard UE Folae e e ok ]
> |

30 40 50 60 70 80
M, [GeV]

y{ ¢ STARRun-6 ’ e STAR Runé
, \ 10 SES \
Systemanc Uncertarty - ) Systematic Uncertamty
+7.7% lum. uncertainty \ , = cwmn b +7.7% lum. uncertainty

Data - Theory) /' T

Hadronization and m AL Jet and di-jet
UE correction o e CTEom cross-section well
applied to theory oseseewe T 770 | described by NLO

M [GeV)

 From H. Caines Quark Matter 2011 plenary talk. ,




Au+Au jet measurements: STAR

Au+Au 0-20% p[, ~21 GeV

STARpreliminary ~__——1 Au+Au and p+p at\|s,,=200 GeV/c

Au+Au: 10% most central

T - kt R=0.4

pt per grid cell [GeV]

—=— anti-kt R=0.4

ﬁRAAofplons 0.2 b

STAR Prellmmary

70 15 50 25 80 35 40 45 50
plet (GeV/c)

107

Au+Au and p+p at\/s,,=200 GeV/c

e STAR central Aut+Au
Raa~0.4

— but consistent with 1
within syst. errors

eRatioof R=0.2,0.4
yields differs between L
pP-p, Au+Au. Physics? I 5

Au+Au: 10% most central —e— Au+Au kt
< Au+Au anti-kt

6 STAR Preliminary —  pwk

p+p anti-kt

Yield Ratio: R=0.2/R=0.4




Au+Au jet measurements: STAR

PYTHIA

9- 04— ~— 1
- R=04AntiKtp = =2 GeVic : PP

 No broadening of
di-jet A distribution

— After accounting
for broadening
due to Au+Au
underlying event

* Di-jet yield obtained
using high-tower
trigger shows x5
reduced rate

ot
w
o

recoil
Prew ~0-2 GeVic S PYTHIA + AuAu HT 0-20%

‘ p, (trig)>20 GeV/c AuAu HT 0-20%

e
N

STAR preliminary

<]
©
~—~
pd
© 03
o
Z
\
<

et
N

STAR v AntiKt R=0.4, p"*>10 GeV
. - trig,
Preliminary AntiKt R=0.4, P, >20 GeV
Background uncertainty Cpug = 1 GeV

Trigger jet energy uncertainity

AuAu(0-20%)/pp

— Evaluation of UE
effects on this
measurement not
yet available

Inclusive Raa




- Filter Jet: seedless, infrared and collinearly safe algorithm
with angular weighting (Lai and Cole arXiv:0806:1499) Filter output

° Calculate (contour)

pr(n.9) = [[d d'p, (0,0)h (.6, .¢")

where

prM®= Y, p.. M9

ieparticles

and
h (77 ’ ¢ ’ 77' ’ (p,) = 2 /,,-/-“"JIV.'ego\rF(cha rged/neutral)

— Run5 p + p at /s =200 GeV

13.5, 8.69 GeV/c dijet

e Gaussian filter jet finder Run-5p 45 300 eVt
Gaussian filter,! =0.3

S u ited to P H E N lx width not ap_ uncertainty

~—

acceptance, large UE ., PHENIX

— Filter output analogous to
energy flow variable

e For maximain pr (’l’], Qb) : o STARHT,R=0.4 (PRL 97, 252001)

— good proxy for jet energy P el




32 PHENIX Preliminary v 60-80%

Run-5 Cu + Cu\s,,, = 200 GeV/c 40-60%
Gaussian filter,oc = 0.3 = 20-40%
symmetric jet-jet e -900
7.5 <pr<11.5GeV/c w 0-20%

PHENIX jet measurements, p-p, Cu-Cu

PHENIX Preliminary pH\/E—NIX

1.8 -+ 60-80%
40—-60%
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0.2 Run-5 Cu + CS_NN: 200 GeV
Gaussian filter,o0 = 0.3

% 11.5-: ‘:4 )
200 25 30 3.8
Ad
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* PHENIX observes significant jet suppression
in lighter ion collisions
— But no modification of the dijet Ay distribution
! Consistent story @ RHIC and LHC

e The amount of jet suppression is expected to
depend on the jet definition (size)
28



Jet Suppression: theory

. . Vitev and Zhang, Phys. Rev. Lett. 104
* Calculation of jet Raa at (2010) 132001 S

NLO including medium- _
induced gluon radiation o5l s L mp — neenos

R=0.4
R=0.6

— Medium parameters &t R-0.8
matched to single hadron ‘
suppression

e For radiative
quenching,

— Raa depends on jet

®  PHENIX x° R=0.6/R=0.8

size due to out of “cone” . R-02 g2 Reosm08

R=0.4

radiation. | R=0.6

R=0.8
R=1.0

e With final data from
PHENIX, STAR
quantitative test of
radiative qguenching
possible




Au+Au jet measurements: STAR

Au+Au 0-20%
High Tower Trigger

Tri er 'et 1 tower
geer) 0.05x0.05 (nxd)

Ad) with E> 5.4 GeV
. Recoil jet

Jet trigger:
Anti-kT,

R=0.4,

pt rec(jet) using
pt(particle)>2 GeV

D 4a(p3°°°) = Yaa(po°%) - p35505 — Yop(p555°°) - pi330°
AB = ‘/dpf}'JSSOCDAA(prL-.SSOC)
Near-side:

+1.9+0.5

AB =086 ;.04

Away-side:

(sys) GeV/c

AB = 1 5+1.7+0.5

D y4.04 (8ys)GeVic

In balance jet, energy
shifted to softer hadrons

Awayside D ‘
AA
~N
2

o
W O

-
m N
IYTYYIYY'T T'T'm" IYY"]'TT'ITYTY]TYYTTYYYYIY1

.

o
[

10 <p, jet<20 GeVl/c
4 <pT:assoc<6 GeVic

STAR Preliminary

A AuAu, 0-20%, 10 < p" <20 GeVic
D v2 & detector uncertainties
- AE (spectrum) shift

[] 48 shift
Away-side

STAR preliminary

PR T S S S

8 10
p;““ (GeVic)




Initial-state effects: forward dijets

\'Snn = 200 GeV, d+Au, p+p — Cluster + 1% 3.0 < Moo Moo < 3.8

i B BN DS ULAE LA LR B I BRI LRSS RS AR
[ 11 16®05075 GeV/c' 1.6-2 ® 0.5-0.75 GeV/ec 2-5® 0.5-0.75 GeV/c ]
_ Op+p bgp =0.079 bp?

A d+Au 60-88 | bgA 6088 _ () 127 bgA 60-88
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e
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I by by

2
o
T a ™T
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2
o
T A ™T

e

/N, AN/d(AG) X 1/(Ap

d+Au = 1°n°+X, vs = 200 GeV, 0<L0pe<500 d+Au = n°n®+X, Vs = 200 GeV, 2000 <IQpe <4000
0.016- Pu>2GeV/c, 1GeV/c<pis<py, 0.03F p..>2GeV/c, 1GeV/c<ps<pr
<N >=3.2, <Ng>=3.2 - <n>=3.1, <ng>=3.2

wee CGCH+offset

p+p = nn’+X, vs = 200 GeV
E p>2GeV/e, 1GeV/c<ps<py
a <N >=3.2, <ng>=3.1
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0.004
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Dy ©
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| |

-1 0

i

My ©

2 0 0.4410.02
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1 1

* Suppressed forward dijet yield

N




di-hadron forward correlations: theory

e Calculation using 2= b s26eve STAR PRELIMINARY
o S 1 GeV/c < p_ <p p+p (-0.0045)
BFKL evolution to | ek contal (-0.0149

small x

— But with non-linear
term describing
gluon recombination

ON (z,r)

0ln(zy/x)

gi:; szjltc,x1 GeV/c < PP
* Properly:
— Running coupling
“BK”evolution

— Approximation to full
set of non-linear
evolution egn’s.




Initial-state effects: forward dijets

\'s =200 GeV p+p,d+Au > h + 7 + X PH.”ENIX Preliminary

Forward-Forward Mid-Forward PHENIX ’
' ’ Phys. Rev.
% Lett. 107,
cee B ] - - peripheral - - - il 172301
<:> %}53 (2011)

Di-hadron suppression factor

*See x10 suppression in forward di-jet yield for
small impact parameters, x <103
— Strongly suggestive of high parton density effect
! Also known as “saturation”

— Very important for understanding initial conditions of
heavy ion collisions

! Interesting QCD physics in its own right 33


http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301
http://link.aps.org/doi/10.1103/PhysRevLett.107.172301

Summary, conclusions

e Jet quenching, observed indirectly, is well
established at RHIC

— But, unique quantitative explanation not available.

— Still don’t know (for sure) if guenching is weak or
strong coupling phenomena.

! Likely a mixture depending on virtuality of probe
— Theoretical approximations still not under control

e But, much recent progress

— Understanding the role of azimuthal modulation of
the underlying event.

— Photon-hadron measurements (luminosity!).
— heavy quark measurements = upgrade program

— Full jet measurements, but still all preliminary.
— Insight from LHC measurements.

34



Summary, conclusions (2)

e May be observing high parton density effects in
d+Au collisions via (e.g.) forward jets

— Within 2 days will have first p+A (p+Pb) data @ LHC

! Expect to probe higher parton densities -- test!

* More Generally: TrHic (T =1fm) _

—If we are to do
quantitative science,
need to be able to
answer questions like:

— “can we see difference
between interaction
strength at RHIC and
LHC QGP temperatures”

I Jet quenching still
best hope for
answering IMHO. 35
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PHENIX upgrade

(F)VTX
Tracker

PreShower PreShower

Solenoid

GEM-Tracker

Figure 1. A strawman sketch of the sSPHENIX detector. Some features of the detector
are discussed in the text.

 Both STAR and PHENIX are pursing A+A jet
measurements @ RHIC

— But, PHENIX detector is not optimal for jets

! So, PHENIX has proposed major upgrade
(sPHENIX) with goal of performing jet
measurements a la ATLAS & CMS

36
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Heavy quark suppression

S. Wicks et al., Nucl. Phys. A 784, 426 (2007), A. Adil and I. Vitev, Phys. Lett. B 649,

0-10% central

Radiative

Rad.ia_tive +
collisional

“ Hadronic

dissociation

e Wicks et al:

— Radiative or radiative + collisional matched to light quark
quenching cannot explain heavy quark data.

 Adil and Vitev:

— Formation of hadron-like states (short formation time) +
dissociation? 38



Medium modified parton shower

* Described quenching
Via enhanced g|uon Raalpr) Au—Au—>7r°, 0-10% centrality
emission in MLLA

s PHENIX Vsny =200 GeV

— Included in splitting
function “by hand”

—---MLLA, f, .4=0.6, n=n(p7)

pt (GeV)

— Fit to PHENIX data
e Clearly naive L

dé
— Doesn’t “know” about IR

medium scales, path — i vaouum, Eu=100 Gev
*But, implemented
consistent with
pQCD




m ALICE (Pb-Pb\[s,, =2.76 TeV), 2.5<y<4, pT>0 (preliminary)
o PHENIX (Au-Auy/s, = 0.2 TeV), 1.2<lyl<2.2, pT>0 (arXiv:1103.6269
o PHENIX (Au-Au\[s, = 0.2 TeV), lyl<0.35, pT>0 (nucl-ex/0611020,

Jhy 200 GeV Au+Au | © NA38/50/60

m PHENIX 1.2<lyl<2.2 |4

@ PHENIX lyl0.35 ||
NA38/50/60 syst 11% |
lyl<0.35 syst 12% §
1.2<lyl<2.2 syst 9.2%

- J/U suppression almost
same at all energies
@@@ I @ - Stronger at forward rapidity!
e g E?f b Regeneration?

: s B
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200 GeV —e— Y(15+25+438) > 'K, Iyl e [1:22.21]

H
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‘]I'TII[

.\,.m—( —— D —

I

i PHENIX
A

4 Y(1S)

AuAuU \[sm =200 GeV
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Shamelessly borrowed from excellent talk by S. Bathe
at RIKEN QCD workshop 40
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“Saturation” @ low x

@ High energy nuclei are
highly Lorentz contracted
— Except for low-momentum

gluons which have spatial
spread Az > h/p.

! Gluons from many
nucleons overlap
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“Saturation” @ low x

@ High energy nuclei are
highly Lorentz contracted

— Except for soft gluons
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— Which overlap longitudinally
— And recombine

— Broadening k; distribution

! Generates a new scale: Q |

 Naively, for Q,>> # 4¢p,

perturbative calculations

! Large occupation #s for

k:<Q,! classical fields

e Saturation a result of
unitarity in QCD




