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Nuclear physics at high energies

[Gross, Wilczek, Politzer, Cabbibo, T.D. Lee, Bjorken, Shuryak...]

the goal is to create large region of
large energy density

® study of collective, dynamical
properties of QCD

® carly Universe on a short
timescale!
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® p-p: QCD vacuum

® p,d-A: cold nuclear
matter

® A-A:hot & dense QCD
matter

Plasma volume dialed
varying impact
parameter b
(“centrality”)
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® matter is hot

® almost transparent for baryons
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[Braun-Munzinger, Stachel Nature (2007)]
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The QCD phase diagram

[Braun-Munzinger, Stachel Nature (2007)]
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The QCD phase diagram

[Braun-Munzinger, Stachel Nature (2007)]
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New territories @ LHC
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® convolution

dominated by deconfined
Initial phase |
n—— “density effects

collectivity

multiple scattering

experiments start (really)
probing the relationship
between them!

Soft probes

® [Disclaimer: choice of
~ topic/framework/
\Q/ perspective Is highly
biased...
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Deep inelastic scattering

Target is probed with a highly energetic
electron that emits a virtual photon (-qy? = Q?).
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Deep inelastic scattering

Target is probed with a highly energetic
electron that emits a virtual photon (-qy? = Q?).
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Gluon saturation

Large gluon occupation number: n(z,k1) ~ 1/a;

Y =In 1/x} N(z,k,) m z g(z, Q%)

n(z, kL) = 7w R? ~ @ 8 mR?

N Q(Y) = g Y

Dilute system

DGLAP
 ———

> >
In Agp In Q

[Gribov, Levin, Ryskin,
Mueller, McLerran...]
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Gluon saturation

Large gluon occupation number: n(z,k1) ~ 1/a;
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Gluon saturation

Large gluon occupation number: n(z,k1) ~ 1/a;

Y = In 1/x4 N(LE,k‘J_) T xg(man)

: n(x, k) = ~ — X
Saturation , ( ) ) T R2 Qz T R2
In QS(Y) = Wg Y

Defining a saturation momentum:

Qg(x) ~ asxg(vaz) ~ CC_w

wR?

Dilute system

DGLAP
>

> >
In Agp In Q

[Gribov, Levin, Ryskin,
Mueller, McLerran...]
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Gluon saturation

Large gluon occupation number: n(z,k1) ~ 1/a;

Y = In 1/x4 chxakLL) T 339(15622)
Saturation n(x, kL) = o @ X TR2

) mR?
In QS(Y) = (DSY
Defining a saturation momentum:

Q?(ZE) ’:asxg(x’Qg) —w

> ~F
Dilute system ﬂ-R
There appears a new hard scale
T BFKL in the problem related to large
densities — allows for
DGLAP .
— perturbative treatment of soft
_ > processes!
" face no’ 2 1/3,12
[Griboy, Levin, Ryskin, QAs(:E) x A Qs (33)
Mueller, McLerran...]



High energy QCD

® collinear factorization | @ “saturation”

v’ well-known v unitarity
framework v high-energy

v precision physics factorization

v so far, so good! v’ quantitative results

v has its limitations are coming

V' up for the test!
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High energy QCD

® collinear factorization | @ “saturation”
v well-known v unitarity
framework v high-energy
v precision physics factorization
v so far, so good! v’ quantitative results
v has its limitations | are coming

V' up for the test!

rcBK equation: 5\(562) = /d2r1 K™ (r,re, 1) [N (11, Y) + N (1, Y)

—N(r,Y) = N(r,Y)N(rg, Y):

NLO: Balitksy, Kovchegov, Albacete, Weigert, Chirilli
non-linear term



Cold nuclear matter
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® forward rapidity means probing low-x gluons of the

nucleus

® a systematic depletion is observed

® we're close to kinematical phase space - energy loss/
large-x effects (related to projectile) can be involved!




Models of nuclear PDFs
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Different pwodels
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pPb

Collinear factorization nPDFs
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Uncorrected Coincidence
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Breakdown of factorization
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collinear factorization so far!
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Soft probes




Multiplicity predictions

Charged multiplicity for n=0 in central Pb+Pb at \|sNN=5.5 TeV
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Multiplicity predictions

Charged multiplicity for n=0 in central Pb+Pb at \|sNN=5.5 TeV
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Multiplicity @ 2.76

ALICE Collaboration arxiv:1011.3916

® AA(0-5 %) ALICE
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N
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® constrains initial conditions, such as the energy density,

of the medium

® grows like DIS pomeron, (+/s)°3

® indicates strong screening in the hadronic wavefunction
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Geometrical scaling

due to appearance of Qs, there

should be a scaling of data

observed! (also for data
beyond saturation
application region..?)

scaling exists in “standard”
DGLAP too (although not so
explicit)

should tell the difference @
higher energies

ZEUS BPT 97

ZEUS BPC 95 %

H1 low Q* 95 A

ZEUS+H1 high Q°94-95 o©

E665 v
x<0.01 )
all Q

2
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should tell the difference @
higher energies 0
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[Forte, Caola, Rojo...]f
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Multiplicity from geometrical scaling

[Armesto, Salgado, Wiedemann PRL (2005)]

DIS data consistent with
QZ%.c~x\, where A=0.288

additional parameter
fitted to go to the
nuclear case

multiplicities are given
straightforwardly!

factorization of
geometry and saturation

2 0
2 — 2 ATFRP : |:> 1 dNAA
sat,A sat,p 7.‘.}2124 Npart d77

22
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*
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Collective properties

aN x 1+ 2vy cos(2¢)

de

do
o
e -
X
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Collective properties

dN

o x 1+ 2vy cos(2¢p)
® input:initial condition,
hadronization A5
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® |attice-QCD EOS
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Collective properties

e
% x 1+ 2wy cos(2¢p) n.
® input:initial condition, e
hadronization A G

® |attice-QCD EOS

[Luzum, Romatschke PRL (2009)]
® indications |

0.08 -

v early thermalization!

=006 F _
v most perfect fluid  J oo )
. . ~ 002 L CGC,1/s =0.16  m— |
v strongly interacting P Cioso e,
S)’Stem "0 50 100 150 200 250 300 350 200

Npart
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0.5 ep/eX (=v,le,)

0.25

=
bo

0.15

-
—

0.05

Predictions for v2

tLuzulm, Rclbmatgcf

\"“I

guananin

ke PRL (2009)]

RHIC Glauber
RHIC CGC
LHC Glauber
LHC CGC

~ PHOBOS/CGC
- PHIOBOSI/GlaubIer

88—

F——6—
I

e L |

20
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-0.08

0.04

i

y=0, mid-central

[Borghini,Wiedemann
JPG (2008)]
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JH%
-
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*

LHC
STAR

PHOBOS | 1

PHENIX
NA49
CERES
E8TT
E895
EOS
FOPI

10

100

mq (GeV)

1000

Generic expectation: v2 the smaller or the same at low pr

mean-pT increases — increase in pr-integrated v

strong decrease at low pt would signal an increase in the n/s ratio

initial conditions have to be settled
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Elliptic flow @ 2.76 GeV

ALICE Collaboration arXiv:1011.3914

0_3_....|....|....| ---------------------------- 0.08: fl””lll i i s ]
I ool [ﬁ v
0.25 [ | e 10-20% (STAR) N :E:( 2 .
L | & 20-30% (STAR) 0.04 — —
(@3 30-40% (STAR) -V 7]
0.2 0.02 ; - ® ALICE -
C C ¥ STAR -
B 4 ﬁ/ B -
§ 2 1)) P —— % PHOBOS —
0.15 i }fir X -y 4 [ PHENIX ]
C Vo ot .0.02 - B NA49 A
0.1 ;ﬂ/‘j/ 3 4 n CERES ’
N 1 1] 9--’6 .0.04 - + E877 _‘
- AN .4 N % EOS .
0.05F 4t : ]
- L i. -0.06 * A E895 i
- b - v FOPI .
PP PP PP PN P PP I P I B -0.08 L nl nl 1l :
0 05 1 15 2 2.5 3 3.5 4 45 5 1 10 10° 10° 10
GeV/c

P, ( ) \Syy (GeV)

® v; at small pt the same as at RHIC
v’ similar (small) viscosity

® since mean pt1 grows, total v; too

® probes ghat at large pr
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Long range correlations

Qa = Au+Au
p — \gnw) — (1) (ny) B L. o
— 2 2 g 0% : : 4 g :
<nf> — (ny) s OSE 5 3 % pow
5 0'4;_ ZDC central
:IL-.) 03F ~ 0-10%
® indicates strong correlations S o2t
. . e el R =
in the initial state R N
. £ o0sE i 10-20%
® can extend up to |5 units of fok 0§ 0B g
d | ;2 0.32— i g o N N e
rapidity! g ' 3
% 0.2~ é A @ g @ é3°'4°°/
1.0- 5 o0a b @
pp{LH(g::14 i 8 O(E_ 50-80%@ @ E E @40-50%
0.8 - — =5=5.5TeV - - @
20.18;—| o
0.6 - ‘2;0.16;— p+p
8014
" o Sof B
%o.oa;— @
o SR
0.0 Eo.ozg—
0 2 4 6 8 10 12 14 16 18 20 e | S - —
A An

Bautista, De Deus, Pajares, arXiv: 101 |.1870 STAR Collaboration, PRL 103 (2009)
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T h e ° ri dge , ’PT“‘813'4’ presee 22 GeVie

STAR, J.Phys.G34:5679-684,2007

5 450_:,_,__....,.. .
430_;_....
4107
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T h e “ ri dge , ’PT“‘833'4’ et s 22 GeVie

STAR, J.Phys.G34:5679-684,2007

| N .

large An implies early times .

= 4607

a0l
4107
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STAR, J.Phys.G34:5679-684,2007

® Jarge AN implies early times
ge Aan imp Y g 0

o “rid ge” and “cone” have ve ry S 450_
different pT dependence and

hadrochemistry 20! Al
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T h e “ ri dge , ’PT“‘813'4’ et s 22 GeVie

STAR, J.Phys.G34:5679-684,2007

large An implies early times

O 4507

“ridge” and “cone” have very

different pT dependence and :iﬁé]..'
nadrochemistry

not jet-like? 3

convolution of intial state
correlations (longitudinal flux
tubes) and flow?
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T h e “ ri dge , ’PT“‘833'4’ et s 22 GeVie

STAR, J.Phys.G34:5679-684,2007

® Jarge An implies early times

[+}) 470:

® “ridge” and “cone” have very &

g 4 0_
=+ 50-

different pT dependence and % 4

hadrochemistry 20|

® not jet-like? 3

® convolution of intial state
correlations (longitudinal flux
tubes) and flow?
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N trigg dA¢ dAn

X [fm]

i & A P ON A O ©

What about the IC?

0.77
061 AR i \\\i\ Lz

. : R 7 \ 4—1"“’§§1 ......
023 2L [T IT QO LS
0.15. ISP FRRSS 2
03Y e, 0

. , ¥

28

NEXSPHERIO: uses IC

from NEXUS Gribov-
Regge model

non-smooth IC

generates ridge and
apparent “‘Mach” cones

could check IC??




Hard probes




Hard probes

® processes associated with

a large momentum transfer
® domain of perturbative
QCD!

v calculable
v well-tested (e*e, pp
e \ collisions)

M ®
o factorization

gPP—h — folr1,Q%) @ fp(22,Q°) ® (1, 72,Q%) ® D(2, Q%)

30



Hard probes

Z processes associated with
a large momentum transfer

® domain of perturbative

QCD!

v calculable

v well-tested (e*e, pp
collisions)

® factorization

0'(5131, L2, QQ) oY D(Z7 QQ)

nuclear parton distribution functions

30



Hard probes

Z processes associated with
a large momentum transfer

® domain of perturbative

QCD!

v calculable

v well-tested (e*e, pp
collisions)

® factorization

0'(21317 L2, QQ) |

medidm-modified

nuclear parton distribution functions . .
fragmentation function
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Leading particle suppression @ RHIC

>SS PHENIX Preliminary Au+Au, \'s, =200 GeV
@ 1.8- § directy 0-10% §in0-10%
- #§ 7° 0-10% (arXiv:0801.4020)
1.6_ Ry s | } (p+D)/20-10% § $0-10%
' . L AVAVAVAVAVAVAVAVAVAV, VAVAVAVAVAV,
1.4
8 |
1.2 2 ’ T

1:.... U PR T. Sl o *...+...+...+...l....l ...... -
- . o P4
0.8F ¢ |
L] N ’
0.6/ ° - O

o
0.4f ™M@ i1

§
0.2 ’ - ‘ ‘o ve -i- Ve oo o _—

lllllllllllllll | I | N
% 1 2 3 4 5 6 7 8 9 10
pT(GeV/c)

® matter is opaque for colored objects!
® suppression of heavy quarks!
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Leading particle suppression @ RHIC

< - PHENIX Preliminary Au+Au, \'s,, =200 GeV :tt C lSTAF?c'hargedIl1adrons'pr>6(;I‘|eV/c ' l ' "
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p_(GeV/c) P (GeV/c)

® matter is opaque for colored objects!

® suppression of heavy quarks!
PP y q dNAA/dpJ_

Raa —
A4 Neou x dNPP [dp
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Radiative energy-loss in QGP

asCR AT 2
J ~
Energy loss: AFE ~ o qL y dI 20,Cg 2o for w < we,
im w— o~ 2
AE R—oo dw T % (ﬂﬂ) for w > w,
° o 2 ~ A d
Broadening: k1 ~¢L o —

N F
S 05 § ]

3 > ~ st BOMPS (w,L= o)
© 0.4 kt/q L O i
N ) $.75 :

D 0.3 L 1 5 [ w.L=40000
3 .
0.2 1.25 -
1k wL=1000
0.1 :
k 0.75 a
0} 0.5 |
: ; w.L=1000
o1 | 0.25 ¢
| 0 F - " | s . L
10° 10> 1072 10~ ]
2 C‘)/("Jc

[Baier, Dokshitzer, Mueller, Peigné, Schiff, Gyulassy Wang, Levai,Vitev, Wiedemann, Salgado, Armesto...]
32



Radiative energy-loss in QGP

asCR A

. ~ 2
Energy loss: AFE ~ o qL . wﬂ _2a,Cr { Ve forw <we,
AE R—oo dw T % (%9)2 for w > w,

L

Broadening: k7 ~GL o —
| _LPM suppression

~N
_504 0.5 3 ;
3 2 2 ~ 2L BDOMPS (w,L= )
O 0.4 k‘=ki/q L 2
N 1 3.75 -
—_ _* ALQ
8 0.3 We = 2q 15 |-w.L=40000
0.2 125 |
1 _ w¢L=1000
0.1 :
: 0.75 F
Ol 0.5 F
i I w.L=1000
01 L w/w.=0.4 0.25
ol S 7 e 0‘- e s a2l R .. -~
102 10 1 10 10° 10> 1072 10" 1
K2 w/wc

[Baier, Dokshitzer, Mueller, Peigné, Schiff, Gyulassy Wang, Levai,Vitev, Wiedemann, Salgado, Armesto...]
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Radiative energy-loss in QGP

asCr
Enersy loss: AE ~ —=—=§4L? o
gY 9 q - wﬂ _20,Cr { Ve forw < we,

% (%9)2 for w > w,

AE R—oo dw T

ing: k2 ~ gL ox —
Broadening: k1 ~gLx —

_LPM suppression
3 -

v
'D 0.5 3 :
3 2 2 — 2 F BOMPS (w,L= )
O 0.4 k‘=ki/qL O
N 1 " 3.75 - . .
O 0.3 We = §qL s LwL=40000\ Collinear & infrared
3 25 | finite spectrum!
0.2 b
1 b w,L=1000
0.1 :
- 0.75 F
Ol 0.5 F
i : w.L=1000
0.1 b w/w.=0.4 0.25
ol ———————————— 0‘- il el PP o — ~
102 107" 1 10 10° 107 1072 107" :
2 W/ We

[Baier, Dokshitzer, Mueller, Peigné, Schiff, Gyulassy Wang, Levai,Vitev, Wiedemann, Salgado, Armesto...]
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Extracted medium properties

1 T T T T T T
08- e PHENIXO0 5% | | | | . » o
8H —— AMY,b=24fm, 0 =033 A .
06H—— HT,b=24fm,§ =19 GeV’/fm,c,, =02 N BrICk PrObIem
SVl = ASW,b=24fm,K=36 ]
m 04_ ® =
02fa it L I — (7, 7) ASW HT AMY
o———+—+—+—+—+——++ 31 scales as do do do
[ m  PHENIX 20 - 30%
0.8 —— AMY.b=75m.a =033 . i T(7,7) | 10 GeV?/fm |2.3 GeV?/fm|4.1 GeV?/fm
06H — — HT,b=75fm,§, = 1.9 GeV'/fm, ¢ i 3/4 5 2
MZE Tl = AsWb=75mK =36 . - (7,7) [18.5 GeV</fm|4.5 GeV~/fm
04 ;iiiﬂ.ﬂéi%ﬂ%—ﬂ— .ﬂ-%-ﬂ--‘: S(7,7) 4.3 GeV? /fm
0.2 -
O 1 1 1 | 1 | 1 ]
6 8 10 12 14 16 18 20

p; (GeV/e)

In principle has also time dep: §(7)

|deal gas:

qr ~

A

Eﬁ(iﬂ)agTS ~ 2¢3/4

T())a
-

Should be consistent with bulk observables!

Still a lot of uncertainties in the calculations...
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0.8 —— AMY.b=75m.a =033 . ] T(7,7) | 10 GeV?/fm [2.3 GeV?/fm{4.1 GeV?/fm
06 — — HT,b=75fm,§, = 1.9 GeV'/fm, ¢ i 3/4 5 : 2
MZE L= ASW.b=756m.K =36 . - (fr 7) 118.5 GeV~/fm 4.5 GeV*/fm
0.2 - -
O 1 1 1 | 1 | 1 ]
6 8 10 12 14 16 18 20

p; (GeV/e)

In principle has also time dep: §(7)

|deal gas:

qr ~

A

Eﬁ(i&)aiTS ~ 2¢3/4

T())O‘
-

Should be consistent with bulk observables!

Still a lot of uncertainties in the calculations...
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Extracted medium properties

1 — T T 1T T+ — T T — 1 Tt T T 1
0.8H 2 AMY.b~24 fim, o 03 - “Brick” bl
06H—— HT,b=24fm,§ =19 GeV’/fm,c,, =02 N FICK Pro €m
SVl = ASW,b=24fm,K=36 ]
~ 04_ e £
02fa it L I — () | ASW  § HT AMY
0pF—— :20 3:00/ — ——t——F—+— scales as qdo | do qo |
| ® PHENIX 20 - 4
0807 — AMzb ;Sffz“ o . } T(7,7) | 10 GeV?/fm [2.3 GeV?/fm}4.1 GeV?/fm|
— — HT 7.5 fm 1 V /fm, . ;
OO = aswp=rsmk =36 } 1 | /47, 7) |18.5 GeV?/fm[4.5 GeV? /fm |
2.421 ME{H;L :‘%‘%'“"‘"E s(r,T) | 3.3 GeV? /fm
O " " " ] " ] "
6 8 10 12 14 16 18 20 72
. A 23 3/4
py (GeV/c) ldeal gas: (r ?5(3)aST ~ 263/

In principle has also time dep: §(7) = do (?)

Should be consistent with bulk observables!
Still a lot of uncertainties in the calculations...
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et quenching predictions

Pbe(p _20 50 GeV,)=0) in central Pb+Pb at \| =2-5 TeV

T+ 7

Wang et al., °, 5 % (§~3.36, "), WW eloss+1d exp., shadowing

RHIC

Vitev, 7°, 10 %, GLV+g-feedb.+cold eloss, dN’/dy~1.7-3.3(dN */dy)

RHIC
QGP QGP

I
1
:
e O Lokhtin et al., charged, 10 % (dN° /dn~2700), rad.+coll. eloss in MC

1

1

:

. Pantuev, charged, N =350, 1°M=1.2 fm~0.5(t°™)
1

:

' Kopeliovich et al., n°, 10 %, early hadronization
1

PY Liu et al., =%, phighe5t=40, 10 %, 2<->2 w. conv., transv. exp.

E,RHIC

Oe Jeon et al., 7, ph'ghes‘_40 10 % (A=1 fm), BH eIoss+QW ( E

RHIC

—O— Wicks et al., °, 10 %, rad.+coll. eloss, dN /dy~1.75-2.9(dN /dy)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
®

Qin et al., charged, 10 % (chh/dn~2500), AMY+hydro, as=0.25-0.33

° Renk et al., 7°, 10 % (dNCh/d 1~2500), BDMPS QW with hydro evol.

« RHIC

—lg—O—1— Dainese et al., 7°, 10 %, BDMPS QW with WS, q~2-7q

° Cunqueiro et al., 7°, 10 % (chh/dn~1 500), percolation

Capellaetal., 7% 10 % (chh/d 1~1800), comovers, kinematics

_________________'_'__________O

F.k)
| : | | | | | | | | | | I | | |

0 0 2 0 4 0.6 0.8 1
Proceedings from “Heavy lon Collisions at the LHC - Last Call

for LHC predictions” workshop, CERN 2007, arXiv:0711.0974
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ack-to-back correlations

[Zhang et al.]

0.4 (@) 3-4®0.4-1GeV/ic J(b) 34®1-2 GeV/e
200GeV AuAu—x° b=5fm (p=ﬂf/2 B —— Au + Au 0_200/0 - b
5&\ ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T : :
4§ 110 18345.38.9 .............. —_
3E .
2 ®
g o
—~ 1t 2
E A
< o y (fm) o
> _13 200 No Quench. I_\.,
g a
-2r " Q
_3§ 1:: Quench <
-4; 6 4 2 0 2 4 6 L1
MG ‘\5 H-\4HH\3 \2 ll T J _:
i x10 E
200GeV AuAu—hh b=5fm ¢=0 ' ]
5&\ ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ T 8 ] __"'
ab 1101727#);9 ............................. . 3 g Q¢:}¢L‘JC E
3 T - % . E .
. Trig 7 g f——— ‘\'1/ t ———+— 1
20 =4 A - - - ]
- imBmEms SEmEEE: | o 0.06f (9 >-10®5-10 GeVvic ;
- 1 S EEEEEEEN EEEEEEEE . - Q) * L J
[= = | [ [ [ [T [] EEEEEEEEN ) - 2 5
« o+ HNNEEENNE < L X Z.
= y (fm) 0.04+
x C .. No Quench. ® =
-1 =f N g .."." = g -
2 ] D 0.02F
£ 10f 3 A L. N
-3; 5 Quench : % TSO ﬁ 0' ) 4
Foobd e A N R 2 I " .
-43\\ .S\.4 .\2 0\ 2\’\\\4\\\\6\\ \ ----- | | | H‘HH‘HH‘E _|-°§ PHENIXO‘O7
6 5 4 3 2 1 0 1 2 3 4 5 6

jet in opposite direction is o &
strongly suppressed &=
complicated structures Sl
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Jets in HIC

- _ | Kk /R=0.4[Fastlet] |

p, [GeV] _

[Cacciari, Rojo, Salam,
Soyez 2010]

An example hard event

pr ~ 100 GeV
Generated with Pythia

Mixed into LHC HI environment
HydJet, dNcp/dy ~ 1600
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Jets in HIC

b, [GoV] . [wFedTwue )
asjff_f___— T ' [Cacciari, Rojo, Salam,
i 305 ) ' N S Oy ez 20 I O]
First results appeared in HP2008!
An example hard event
Au+Au 0-20% p™® ~21GeV [Putschke HPO8] pr ~ 100 GeV
STAR preliminary e Generated with Pythia

R=0.4 [FastJet]

P per grid cell [GeV]
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First jet measurements in HIC!

<
T 0-10% Au+Au at\[s, =200 GeV
STAR Preliminary © Anti-k. R=0.4
« k; R=0.4
J_Ei
1 L o o o o o o e e e e e e e e e e e e e e e e e e e e e e e e e = ]
L e —_—
——t —— S~
AT
7 S
“;A
- | 1| 1| | | 1| | | | | | | | | | |
0 10 20 30 40 50
p#e‘ (GeV/c)

Out of cone emissions!
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First jet measurements in HIC!

5 <
& [ 0-10% Au+Au at\/s, =200 GeV
STAR Preliminary © Anti-k. R=0.4
e k; R=0.4
J_Ci
1 L o o o o o o e e e e e e e e e e e e e e e e e e e e e e e e e = ]
L — —_
- —.— ——
! -
Ty e
“;A
- | L1 L1 | | L1 | | | L1 | | L1 L1 | | L1 | | L1
0 10 20 30 40 50

pf‘ (GeV/c)

Out of cone emissions!

Yield Ratio: R=0.2/R=0.4

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

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

| . p+p kt
Au+Au: 10% most central p+p anti-kt

o . . Au+Au kt
STAR Preliminary . au.auantik

15 20 25 30 35 40 45 50
J&1
p;’ (GeV/c)

Jet doesn’t get as
collimated!




Dljet asymmetry @ 2 76 GeV

\/ _2 76 TeV 0-10% ]
ATLAS ]

Pb+Pb ]
int=1-7 ub™ 4 1]

@ Pb+Pb Data
Op+p Data
[JHUING+PYTHIA

Run: 169045
Event: 1914004

Date: 2010-11-12
Time: 04:11:44 CET

so—; P, [GeV]

Signals strong medium effect!
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A missing ingredient
v Previous calculations treat |-gluon emission.

v Know that we need at least 2 gluons to see
QCD coherence!

. p P

O(no') @ % + oo
Ny U .

\/j S~
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A missing ingredient
v Previous calculations treat |-gluon emission.

v Know that we need at least 2 gluons to see
QCD coherence!

- P P
/"'f \ e
@,,,-, | ®,,.‘.
Ono') @ % ' + @ %
.‘\‘\ \___‘\ e
™~ /7 ~. \ - /7

Laboratory to study color coherence in medium...
* fixed opening angle — small angle approximation

* eikonal approximation — color rotation
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Anti-angular ordering of
medium-induced radiation

Mehtar-Tani, Salgado, KT, arXiv:1009.2965

a;Cr dw db

T w 6

O(no®+no')

AN, =

(© (cos@ — cosb,5) + A(O45, L)O (cos b, — cos b))
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Anti-angular ordering of
medium-induced radiation

Mehtar-Tani, Salgado, KT, arXiv:1009.2965

dN, = asCF dw dHH (© (cosf — cosb,5) + A(045, L)O (cosb,; — cosh))
T W
O(no®+no')

Angular ordering in vacuum Anti-angular ordering

40 in the medium



Anti-angular ordering of
medium-induced radiation

Mehtar-Tani, Salgado, KT, arXiv:1009.2965

O (cosf — };.

O(no®+no')

AN, =

+ A(0,5,L)O (cos b, — cosh))

€08 Ugq

Angular ordering in vacuum Anti-angular ordering

40 in the medium



Anti-angular ordering of
medium-induced radiation

Mehtar-Tani, Salgado, KT, arXiv:1009.2965

— 7 1 (cost — cosyq)]

O(no®+no')

AN, =

+ A(0,4, L)O (cos b,; — cos b))

Geometrical separation!

Angular ordering in vacuum Anti-angular ordering

40 in the medium



Anti-angular ordering of
medium-induced radiation

Mehtar-Tani, Salgado, KT, arXiv:1009.2965

! T w 0 %
O(no®+no')
Angular ordering in vacuum Anti-angular ordering

40 in the medium



' CMS Experiment at LHC, CERN
Data recorded: Tue Nov 9 23:51:56 2010 CEST
Run/Event: 150590 / 776435

Muon 0, pt: 29.7 GeV

Muon 1, pt: 33.8 GeV

First ever Z observed in HIC!!
- fuewre present is exciting!
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summary

® RHIC results suggest strong “collective” effects
V' screening of initial w.f. (cold)

v early thermalization and low viscosity (hot)

V' strong effect on hard probes (dense)

® | HC gives access to a huge, hithe
unexplored kinematical regime:

v small-x and large pT (jets!!)
® \We will learn a lot....



y'

® “ridge’ structures

. ~® |C and n/s linked
® classical color fields

- Initial ® non-smooth IC & v3

® “cold” suppression conditions | .
® mechanism for

thermalization?

Soft probes

® Vv at high pT%



