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Factorization:

® The usual tool 77" = ¢ (0% @ f,(22.Q?) ® o(1. . Q
to
compute particle

T'l.

RHIC SPS

production is Marginal
colllngar | Qua

factorization (for

Q~Ecm>>AqcD): Spectators

® Nuclear corrections - no medium, ®e 59

QGP or not - to parton densities and .‘ O
fragmentation functions poorly known. O LK

Participants

® Nuclear effects usually discussed

through the ratio measured/expected: dNk
nuclear modification factor, =1 in R: (v, pr) = — 4T
AB Y, Pr) = j ANk
absence of nuclear effects. (Neotr) 22
dydpr
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Factorization: | -particle

44 -h 17—k

- [ 22 > auff e @Jaaf e @)Dy (i)

O

® xi: momentum fraction of hadron N (in A) taken by parton i.
® z: momentum fraction of parton i taken by hadron h.

® Scales: Q, Ur for factorization, Ur for renormalization.

e f’s and D’s evolved according to DGLAP.

® DGLAP evolution and partonic 0 computed at NLO (order
Os?%,...) for all observables of interest (h, H, Yy, DY, jets).

® Need of resummation of large logs (e.g. log(Ma/pT)).
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Radiation: dead cone, ang. ordering

Xn-1,KTn-
n-15%1,n- Xn-Z,kT,n-Z X ,|(T,|
X0, Qh / T Qo
da; d k’% i , k‘%z Q2> ki >k, > > kT > Qp
dP; = 2’, w; = 1; 1, 922 2
T, k7, W; T K Tyt K Tpog L ... K 21 K T
Ct vt ~ ct(1 — 98) = 93 = 772.2,.-"E2, 0% — 9% 1+ (-)g

0

Infrared (soft) and collinear (mass) divergencies.

vt
eg Angular ordering: |qgbarg> — |qgbar>+|g>
qu — eqqtcoha teoh ™ w’/l\%., Dg ~ J./AT
equar ,
qu: “ >DQ:>99<(9Q(7
kng
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Radiation: dead cone, ang. ordering

X”"/’Ig’”' | /Xn-z,kT,n-z X KT,

2

14F gqg=01 \+ Collinear divergence Dead cone i

121 Massless 0
D10
8 - Charm

3
© Tt Bottom
™~~~ 6F

— S 4 S,

3, -

OF

b o o Dead cone angle: 60 = m/E >

0.0t 0.1 1

0 (rad)
equar ;
_ Yqq
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Medium effects:

e Collinear factorization (for Q~Em>>/\qcp) is assumed to hold in
the medium, with nuclear pdf’s evolved using DGLAP and medium-
modified fragmentation functions:

1 dE T ‘
med vac 2
z h< Q ) [) 1 € (€> 1—h 1 ¢’ Q

® Fragmentation like in vacuum: outside the medium which should

be true for large energies (or ptfor N=0).

® P(&): probability to lose some energy (quenching weights) by any
kind of energy loss mechanism, either collisional through multiple
collisions, or radiative through multiple gluon emission. The latter is
suppose to be the dominant phenomenon at large energies.

Heavy-lon Collisions (ll): 1. Basic ideas.
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Qualitative arguments:
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medium

Consider the de-coherence process |qg> — |g>+|g> (P 1) and
define the transport coefficient ghat=p?/A.

.2 : AL We
O = AT Az ~ 1= w, ki < 1 suppressed ¢ ~ g ’ L= — l = w >w. suppressed
qw
= IRC safel!!! dteon = 7y = (p), - (k) = \/dw
dE 1 dl We q
= [0l ~aCr [y L= —AE x a,0pil?
dz Leon dw 1 scat
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Models:

Medium-modified gluon radiation through interference of production
and rescattering.

@ @ M= (k)
PU=(E .p,) (6666_\
: : : : ;?;l:(Ez.pj]
& & B
> 2
K “‘I A
B «6@6 N &&@6 % N
| | |
I‘fffI‘:lli_’{Liillll I_,(II"_“{""““:I e 1
T dwdk | T dwdk,; < \k3

Two parameters define the medium: one characterizing the density
and strength of interactions with the medium, plus the length
(geometry, dynamical expansion).
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Models:

" odI™Y[dodk?]
e
3.52— — o/ O)c=1 0-2
N - w/w,=1 01
2_52_ ............... (D/(Dc=
A W o/0,=10
1.5:—
0.52— ________________
p " ” ‘ ® k2 =[r2/(ghatl)
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Radiative eloss: light hadrons (1)
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Radiative eloss: light hadrons (1)
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Radiative eloss: non-photonic e’s

® Prediction from radiative energy loss: AE(8)>AE(q)>AE(Q).

® Non-photonic electrons not conclusive: benchmark,
hadronization, collisional, resonances dynamical medium ...

1.4_’

e Very difficult observable: disentangle *| s [NA etal

s : 09
[ 70}e
< 0.8[ . “ i
= L > L
¢, b, heavy mesons,... = i
0.6] s0fs
T T T T T I ' T T T [ i
§ i STAR charged hadrons p; > 6 GeV/c —— |Il: DGLV R+EL ] 0.4f i
oC | ------- :DVGLR —emo=-. IV:vanHees EL | [ -
. —— — |I: BDMPS c+b ---- V:BDMPSc a 0.2
O.III 40-_llll llllllllllllllllllllllll
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- "N 141 o
3 \@\N i n:
i S 10l Data STAR 20F
I S . - [ charm only FONLL 18F
1F 16F
: 14-:
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S R 12E
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Radiative eloss: limitations

® The extracted value of ghat depends on medium model
| <ghat<I5 GeV?*/fm = interface with realistic medium.

® Calculations done in the high-energy approximation: only soft
emissions energy-momentum conservation imposed a posteriori =

Monte Carlo.

® Multiple gluon emission: Quenching Weights independent
(Poissonian) gluon emission: assumption! = Monte Carlo (PQM,

PYQUEN,YaJEM, |EWEL, Q-PYTHIA).

® No role of virtuality in medium emissions; medium and vacuum
treated differently = modified DGLAP evolution.

Heavy-lon Collisions (ll): 2. Radiative energy loss.
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Radiative eloss: limitations

® Th{NEW: Mehtar-Tani et al 10-"1 |

I<q Leading Log (w- 0)

o Cq Amed —0 (Coherence)

emis
Amed — 1 (Decoherence)
Mon
ot _ @sCp dw sinf do B ) o
oM dN, 0 = —— T osd [©(cos @ — cosb,z) + Apeq O(cos b,z — cosb)] .
(Pois : :
Total decoherence in opaque media 1

—
-
RS [ —_") . —_—.

asCr dw sinf db

medium-induced
S\ [radiation

T~ 1 w1l—cosf’

b
® N . y

o 'w dN/dwd6
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Monte Carlo (l):

0
<0
\
O\
O\

® Assumption: hadronization is not affected by the medium: looks

OK at RHIC for pt>7-10 GeV.

® The splittings are modified: either radiatively (Q-PYTHIA) or
radiative+collisionally (JEWELL, PYQUEN); or the evolution is
enlarged due to momentum broadening (Ya]EM).

® Underlying ingredients: factorization no emission/emission/no
emission/... (Sudakov/splitting/Sudakov/...) holds in the medium, and

the evolution scale (t,kt,0) can be related with the medium length
— both to be proved (Jet Calculus in a medium).

Heavy-lon Collisions (ll): 2. Radiative energy loss. 13



Monte Carlo (ll):

® The MC’s generically reproduce the expectations:

— Particle spectrum softens (jet quenching).
— Emission angle enlarges (jet broadening).
— Intra-jet multiplicity enlarges.

Heavy-lon Collisions (ll): 2. Radiative energy loss.
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Monte Carlo (ll):

i PYTHIA :
Fragmentation fu nctiorg2 Angular distribution
3 | 3
2 | E ;=100 GeV 31
i T L=2fm
1 n 2 3 35
: q=5 GeV*lfm > L=2 fm
| b3 3=50 GeV’/fm T 30 450 GeV*/im
10 ‘ i 25 =5 GeV“/fm
- 10k 2
1025 i 15
[ 10 F
10°} 102} 5
[ 0 01 02 03 04 05 06 07 08 09 1
10’40 0.102030405060.70809 1 0 2 46 81012141618 20 0
(GeV)
5 Z k, PAN J

® |[ntense activity at RHIC and the
LHC: jet reconstruction in a large
background (small clustering
parameters versus out-of-'cone’

medium modification).
Heavy-lon Collisions (ll): 2. Radiative energy loss. 14
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Monte Carlo (ll):

(
Fragmentation functiorQ-PYTHIAAngular distribution
2N mewor | Eeh ]
\A‘ Missing items: e.g.
A
. W
Vacuum
\.
"
Medium-induced gluon radiation modifies
O] the color structure of the shower

|coh=2(1.)/|(T2 (t2,Z2)§

[not included yet]

parameters versus out-or- CONne

medium modification).
Heavy-lon Collisions (ll): 2. Radiative energy loss.
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Jets (l):

® Single-particle inclusive distributions suffer from several biases:
steep partonic spectrum which enhances small energy losses
(trigger bias), geometric bias towards the surface,...

® They come from our inability to reconstruct the energy of the
‘parton’: we cannot distinguish a low energy, little degraded one
from a high energy, highly degraded one.

Jets are the most direct of all hard probes of the medium.

As close as you can get to the original quark or gluon near its time of creation

® |ets come

with a
\ \ h quark e V definition:
quark quark jet? + gluon jet? hadron .

(LO) (NLO) (LO) [ jet(s?) cIuste in g or

o -- reconstruction
| Salam, 0906. | 83:3 : algorithm.

Heavy-lon Collisions (ll): 2. Radiative energy loss. 15




Jets (I):

® Single-particle inclusive distribut’
steep partonic spectrum which en
(trigger bias), geometric bias towal

10"
10° J/y
10°
First results appeared in HP2008! )
Au+Au 0-20% ple, ~21 GV [Putschke HPO8] D 1
STAR preliminary ) e :
T ,et--s@ RHIC ¢ 10

rc . e

Hard cross sections:
Pb-Pb, \s = 5.5 TeV
CMS, lyl<2.5

[mb/G eV]

T

do/dp
o

<" 2 10°
3 107
’g < 10*
-5
. 10 1 event (0.5 nb™ AN\ \f —\
g 10° i
. 3"56. : Il Iy +jet 7%ietl
$.§)'8-1() | 1 (b 107 | | IIIIII| | | IIIIIII | IIItIIIIII
A lot of work still needed 1 10° io 10°
N . e p, [GeV/c] orE ' [GeV]
quark quark jet? + .
‘ (LO) N (NLO) d})‘l (LO) A4 jet(s?) clusterlng or
W W W W reconstruction
| Salam, 0906.1833 . algorithm.
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Jets (ll):
® Techniques for background substraction (the underlying event),

designed to deal with the pileup at the LHC, can be applied in HI.
e Note: typically several 100 GeV are deposited per unit in Nx®.

R=0.4 [FastJet] |

An example hard event
pr ~ 100 GeV
Generated with Pythia

| k R=04 [Fastlet] |

Mixed into LHC HI environment
HydJet, dN,/dy ~ 1600

Heavy-lon Collisions (ll): 2. Radiative energy loss. 6



Jets (ll):
® Techniques for background substraction (the underlying event),

designed to deal with the pileup at the LHC, can be applied in HI.
e Note: typically several 100 GeV are deposited per unit in Nx®.

] scaledpp ———-
'L raw Pb-Pb - - - -

. __Pb-Pb with subtraction

X k, R=0.4 |
3 10 |
9 lyl <5 |
2f
2(
1
1(

LHC, Pb Pb, Vs = 5.5 TeV
Hydjet, dN/dy = 1600

o0 100 150 200

oOF—F———— - - ———

Heavy-lon Collisions (ll): 2. Radiative energy loss. 6
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DIS on nuclei:

FQA (xa Q2)

A /. 2y _
RFz (x, Q ) = Aanucleon (x, Q2)

® R=]| indicates the absence
of nuclear effects.

e R+ | discovered in the
early 70’s.

® Fach region demands a
different explanation.

® | will be mostly interested in
small x (<0.1) relevant for high
energies: isospin effects
neglected.

Heavy-lon Collisions (Il): 3. DIS on nuclei.
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RE (x, Q%) =

DIS on nuclei:

FQA (xa QQ)
A F;lucleon (x' Qz)

® R:
of njy

Olvl

(Lol

shadowing

= A (@, Q) "
1=4 T 46 b _
T.ns _-_ .................... [p Egéﬁg@ @ ?% o
1 fim Y
X

Fermi motion

antishadowing | +

EMC effect

smallx (<0.1) relevant for high
energies: isospin effects
neglected.

o NMCO9re 1| T § ® |
. O NMC 95 3 :
("'\.\- N MR | MRS T | N PR .i‘l PR e | PR ...-..._
1 105 1o | 1o 10! |
r
T S
perturbative
_ A =
4L AA
10 = A
A
102 | | IIIIIII | IIIIIIII | | IIIIIII | | IIIIIII | L
10° 107 1073 1072 107 1
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Global fits:

— Data in EPS09 (Q? M?>1.69 GeV?; pr>1.7 GeV): 92 from DY

(E-772 and 886), 20 from 11 (PHENIX), rest up to 929 from DIS
(E-135, EMC, NMC). Neutrino data under discussion.

~ Cross sections computed in collinear factorization
- Define sz (x,Qz)
(2, Q)
- Using a known set for free protons (CTEQ, MRST....)
- and DGLAP evolution of the nuclear and free proton PDFs

Find the minimum of y*

NO

vary{a;}
(fulfilling sum rules)

Final
answer

x* [{a:}]

Compute observables

{RA(z,Q?)} for {a;} at (z, Q?)

Heavy-lon Collisions (ll): 3. DIS on nuclei.
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Global fits:

— Eskola "94: DGLAP for nuclei.

— EKS98: first global analysis, LO, DIS+DY.

— Others non global analysis: Indumathi-Zhu, FGS.

— nDS (2003): Ist NLO, DIS.

— HKM, HKN (2001-07): NLO, X? minimization, DIS+DY.
— EKPSO7: LO, error analysis, Ist look at RHIC data.

— EPS08: LO, BRAHMS forward data (factorization check).

— EPS09: NLO, X2 minimization, error analysis.

Heavy-lon Collisions (ll): 3. DIS on nuclei.
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Global fits:

— Eskola '94: DGLAP for nuclei.
Rg Rg

Q°=1.69 GeV"

2

14
1.2
1.0 X | IRRRR—— .
038 / P
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04
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DGLAP/BFKL:
Xn-1,KTn-| Xn-2,KTn-2 X1, KT 1
Qe T %

dP; = S o wi= B, 0 1, L g K T L L 11 L T
xi kT,i wz'
A) DGLAP (DLA): Q2> k2, >k, o> >k > Q
Qn kT,n—l kT,Q -CYQN . 1"
/ AP, dP, ... / AP, o | 2eNe 1y @n
Qo Qo Qo - QO_

In —
n Ln

B) BFKL: [ Cap, / _ AP s | " ap, x

Tn L2

[ a. N, . xg ] "

® Both of them lead to a gluon distribution at small x behaving
like xg(x,Q?)«x™ at fixed Q2, A=0.2-0.3 in data.

Heavy-lon Collisions (ll): 4. Saturation. 22



“~._  Recombination:

® At small x (gluon dominated), with
the gluon increasing exponentially,
we go from a linear regime:

Axg « K®xg,

to a non-linear, recombination one
whose first correction reads:

Axg « K®xg - c(xg)>.

Heavy-lon Collisions (ll): 4. Saturation.

Y=In (1/%) High density

A o
: CGC: JIMWLK-BK QS(X)
: .
, & /
3 ¢ )
- e \eel ¥
2 (%
E: . Low
= KL density
A -_
SHCN o,
! =\ @ ®
. !—/ \./:*
lnAQCD an
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® Unitarity (probability conservation in QM) implies that the (Img
forward) scattering amplitude N<1| (optical theorem = 0«N). But

so xg(x,Q?2)«x at fixed Q2

is not compatible with N (1 Y0y — 1 ex [_ (,,,z 30)7]
unitarity. The most celebrated ’ P 4
dipole model is GBW, Qs2-x,

Heavy-lon Collisions (ll): 4. Saturation. 24



Unitarity:

N(r) - MV i.c. (dashed)

— GBW. i.c. (solid)
~ x=102, 5x10°®, 5x10°

—

0.8

0.6

04

0.2

"’
=%

o - | I-I-;’ o Irl I(IGI1(|;)V'1)
0 Xg(X,(Q%) =X at tixed (
is not compatible with

unitarity. The most celebr
dipole model is GBWY, Q;
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The ‘phase’ diagram:

Our aims:

Y =1In1/x4} .
understanding
INQ.(Y)=AY
® The implications of
%% unitarity in a QFT.

Dilute system ® The behavior of QCD at
From ep and eA to AA. Iarge energies.

®
GLAP The. hadron wave
— function at small x.

—— =

2
In A%, In Q2

® The initial conditions for
Origin in the early 80’s: GLR, Mueller et  the creation of a dense
al, McLerran-Venugopalan. medium in heavy-ion

Heavy-lon Collisions (ll): 4. Saturation. collisions. 25



Arguments:

e At small enough x for the projectile to

interact coherently with the whole hadron, 1 13
the CGC offers a description of the S ~0.14
hadron wave function.

-

oy o}‘
: fast partons
source i Nnew source

® The RG equation T g : .
radiated gluon -

for the slow/fast .
separation (JIMWWLK) energy
was derived for
scattering of a dilute slggspse:(r:';c:ns
projectile on a dense

target. Gluon # becomes as high as it can (0s"') be below Q:”.

® |[ts mean-field version (the Balitsky-Kovchegov equation, P2) is
used for phenomenology: numerically and analytically understood.

Heavy-lon Collisions (ll): 4. Saturation.
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ep:

® The key feature of data is geometric scaling
Q2 B Q2 B Q2 i M‘2/

-

@) P T @y M V= ey

1 3 —_— LA T T TTTTIT _— T T Yy - . ™~ -
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. L ”"....A ,tv tv lO -....I 1 L ....;I. Lol ; 1 L _::ul TR T 1 ||||;l. 1 Lol . 1
- 2, $=0.2 for Q" in (5—-90) GeV $=0.4 fog] Q% in (5-90) Gev
5 e T T3 s T T 3 o 3 ’
it it Eq02 L VM=¢ ] 202 L \/|\/|=J/w__ N C
1072 107" 1 10 10 0t © = -~ 3 © E . 3 B B (m]
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2 X :
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510 L mZEUS (97)
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® Geometric scaling also found in eA.
~T A ~ P [
a’ (,'A) o a I(_/A) -
2 2 -g. ;"—‘9‘—*{
ﬂ'RA Ter = 1(;-2?- “*.‘\
= - o C (E6B5)
% .o L e Ca (E665)
1 T 10 F oppb (E665)
5 . = _ 1 : - fLi (NMC)
Q% A *’4”]?;2) i TA NR‘E‘ 5 ° e (NMMC
' f— T — - C L
()? T R2 T AT R? = : NMC =0
Jb,p A p “hp c | A o NMC—4A
- 12 B |
0 = 0.79 =0.02 (= < 0.02 | {n
(@ < ) 1 : g bt
I I v
0.8 E |
0.6 | |
0% 10! 1 10
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pA at RHIC:

e Control experiment for initial state effects in AA: Cronin effect in
dAu at midrapidity ruled out initial state effects as the explanation
for' the suppression Qbser’ved in AA Non-LInear Evolution of Cronin Enhancement

. 1 S 1AL T " Q=2 GV
® Suppression at forward rapidities was « ) e — O =0.1 GeV?
predicted by small-x evolution (BK). b T e 0 =0

dN A - o
_ dydp L
Haa = Neoll gopors . a:

JLA-Armesto-Kovner-Salgado-Wiedemann

. 0.6
Rop Kharzeev-Kovchegov-Tuchin B
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ot
ae®
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.t
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.
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2 g N
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' - P; (GeV/ic)
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:;o: 77‘:22.23.,7,,.‘ B '50‘77:322 3..7..-‘ | RdAu _>y—>oo A_(l_v/é)/g(fC)
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AA at RHIC:

IIIIIlIllllllllllllll]llllllllllllllll

100

T

[l
etk

[

—

JLA

A Au-Au 0-6%,\[5,,,=200 GeV

= Au-Au 0-6%, \[S =130 GeV

Gol_d—_Go d collisions

Albacdte 07+

e Using factorization, multiplicities
(evolution with centrality and
pseudorapidity) can be computed.

Kharzeev-Levin

A A T
1 (1 NTg \/: hl ( \/: .\ part > Nard:
“TAA ~
\ 7 ~ Armesto-Salgado
J +'part an  lp=o0 Wiedemann

AT 1—48
\/: -\pa'l'f 30

® Now it has been done with the available NLO-BK machinery.

dNe/dn/Nyee/ 2
- N W
- ;N D w o s

o
o
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e = @ (Geometric scaling
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RHIC ) . .
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Contents:

|. Basic ideas about high-pt particle and heavy flavor production.

2. Radiative energy loss.

3. DIS on nuclei.
4. Linear and non-linear evolution equations: saturation; the CGC.

5. Heavy-ion collisions at the LHC.

Heavy-lon Collisions (1l).
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Present status:

Observable at RHIC Standard interpretation

Low multiplicity (~2/3 expectations| Strong coherence in particle production:
dNch/dNn|n=0~ 1000 for central CGC, collectivity, strong gluon
collisions) shadowing!?

v2 in agreement with ideal hydro [Almost ideal fluid, very fast thermalization/
(N/s~a few/(41T)) isotropization, strongly/weakly coupled!?

Strong jet quenching (Raa(10 GeV) Opaque partonic medium, radiative
~0.2 for 119, disappearance of back- (+elastic) energy loss, weak/strong
to-back correlations) interaction with the medium!?

All these observation have triggered new theoretical developments
(e.g. how to treat a strongly coupled system - AdS/CFT) to:

® Check our theoretical explanations of the probes.
® Constrain our understanding of medium properties.

Heavy-lon Collisions (ll):The picture from RHIC.



Open problems:

® Highlight: the medium created in the collisions is dense, ~10 GeV/
fm3, partonic and behaves very early like a quasi-ideal fluid; strong
collectivity: scQGP. New theoretical developments:

A) Why the medium gets thermalized so early (T<I| fm)?

Instabilities, perturbative HO processes, strong coupling phenomena
(studied in N=4 SYM using the AdS/CFT correspondence), CGC.

B) The value of ghat is? too large for pQCD: strong coupling?
C) Why the viscosity is so low? How to do viscous hydro!?
D) Differential observables; and jet-medium interactions?

Heavy-lon Collisions (ll):The picture from RHIC.
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HIC@LHC:

o LHC started accelerating iyt oty L e s 0
ion beams on 04.11.2010: " /_%)
276 ATeV. P g
e Ist collisions on 07.11.2010; 3 |- F |
now ~ 108 recorded eventsin ™, ="
ALICE+ATLAS+CMS. K

it o B R 360

Days in 2010 run

® First paper on arXiv on |7.11.2010: ALICE, multiplicities in central
collisions, arXiv: 101 1.3916 [nucl-ex].
® |2 papers until now:
* ALICE: 6 (2 on multiplicities, 2 on flow, | on jet quenching, | on
interferometry).
*ATLAS: 2 (I on jets, | on )J/P and Z).
*CMS:4 (1l on jets, I, onW/Z, | on correlations, | on quarkonia).

+ many new results in QM201 | (http://gm201 |.in2p3.fr/).
Heavy-lon Collisions (Il): 5. LHC. 34



http://qm2011.in2p3.fr
http://qm2011.in2p3.fr
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10

multiplicity
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Not shown: ZDC (at £116m)

35



ALICE data on multiplicities:

—
= [ @ AAOS%ALCE A ppNSD ALICE | on o TR Bl
810 = AA(0-5%)NA50 oppNSDcMs /| L e i Nt SO
< A AA(5%)BRAHMS * pp NSD CDF 1 e — HIJING 2.0 [5]
W [ * AA(5%)PHENIX ¢ pp NSD UA5 e I R e e __ DPwETH[E] |
o 8 O AA(5%)STAR % pp NSD UA1 R Albacete [7]
X [ VY AA(M6%)PHOBOS x ppNSDSTAR Levin et al. [8]
5 6 | ol Kharzeev et al. [9]
\'5 - ° Kharzeev et al. [9]
) 4— — e Armesto et al. [11]
- el e Eskolaetal[12] |
ol Bozek et al. [13]
B — e Sarkisyan et al. [14]
= I | 1 Humanic [15]
0 1000 1500 2000
dN/dn

e Multiplicity larger than expected in data-driven
extrapolations.

behavior of the small-x glue).

AA.

® |n agreement with saturation models (based on the

® Problems to reconcile the energy behavior of pp and

Heavy-lon Collisions (Il): 5. LHC.
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ALICE data on centrality:

® Behavior compatible

5 G/ NA et al.’04

B VE (GeV/A)
} 4 — ‘ % 13 8500 ° h f ° °
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- o L
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® Behavior compatible with
hydro extrapolations from

RHIC assuming that n is = or
slightly larger.
® The scQGP claims remain.
® Many things to be settled.
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Azimuthal asymmetries:
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Azimuthal asymmetries:

Schenke et al., .I |02:0575.
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Azimuthal asymmetries:

Schenke et al., .I |02:0575.
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Fourier decomposition shows interplay of even and odd contributions:
“ridge” and “cone” appear as consequences of global event properties

RHIC assuming that N is = or

slightly larger.
® The scQGP claims remain.
® Many things to be settled.
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Results for Raa:

Rua(pr) = (1/N5y)d°N§* /dndpr
. = T
(Neon) (1/Neay )d=Ng /dndpr

e 0-5%
o 70 -80%

Pb-Pb \[3,,, =276 TeV

01

1 11 1

T 'Yil 96 to 7
\ 0.9 to 7

Interpolations
using:

1 1 I 1 | 1 1 l 1 1 1 1 I 1 1
ALICE Pb-Pb \[a_ =276 TeV (0 - 5%)
STAR Au-Au \[3 =200 GeV (0 - 5%)
PHENIX Au-Au \[3,,, = 200 GeV (0 - 10%)

NLO QCD

P, (GeVic)

0.1

0

5 10 15

20

P, (GeVic)

® Behavior compatible with radiative eloss.

® Similar for charged hadrons
and for jets?!

e Reference crucial!!! (pp@2.76 TeV done).

Heavy-lon Collisions (Il): 5. LHC.
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Results for Raa:
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LHC-specific: dijets

A6 ATLAS

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

50

1

60 P, [GeV]

“ (I Tracks
30

anti-kt, D=0.4 ¥ g 3 Wearzrs ey 0%
= = = Pb+Pb]
A, — Er1— Er A>T 3‘2 g g §+ Lee=1.7 107
’ " Eri+ BEry’ 2 B ) t ]
K,
Ero=ETi/2 =

A= 1/3
o CMS got
similar results,

plus particles.
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LHC-spec

o oo
ITIC: dljets
. j
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Dijets (ll):

+=

........................ _ Casalderrey-Solana, Milhano,

I OO ey Data - 0% Wiedemann, 1012.0745;
5 | o g also Qin and Miiller, 1012.5280
~.2 o §é 2090 c-:
%01 §§ (DO 8§§... E‘|‘1
N &, 00
£0I40.60I81
x=E; /Eq

® Small kick to the gluons which go
‘out-of-cone’ may lead to this
additional jet-energy ‘degradation’.

® Ejuon<+/ghatL gives ghatL=50-100
GeV?,in rough agreement with RHIC
extrapolations.

® |[n pp there is already a lot of
degradation (<x> differs ~ 10 %).
Heavy-lon Collisions (Il): 5. LHC.
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Y dN/dx

(1/N

o E
GeV4/in‘rough agreement with RHIC

extrapolations.

® |n pp there is already a lot of
degradation (<x> differs ~ 10 %).

Dijets (ll):

Jets are involved observables...
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10 o o
S 2 25
Ao
1101.2878
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Quarkonia:

o 1 _5 T T T T 1 T | — g 1.2—
(1 ;) IS suppre[ssea ,,,,,,,,, S - ATLAS 1 inclusive J/y in Pb-Pb \[s, = 2.76 TeV, 2.5<y<4, p_>0
C 1.4F CMS Prellmlnary - | PD+PD\syy =2.76 TeV | 1
X PbPb \ /sy, = 2.76 TeV ] a i |
12 = Prompt J/y - fheeeses - .......... - 0.8
E * Non-prompt J/y . = E -
i ¢ Y(1S) ] . l 0.6/ H q
08t ] _ ] + | 0.4/~ 77 u +
0.6_— + . 0.5 + B
: + + + ] i 0.2 @I-
0.4 " + . - . - ALICE preliminary
L - - N ! ‘
] 0 20-80% 20-40%  10-20% 0-10%
0.2~ 0.0 < Iyl <24 » . | | | | centrality
- 65<p <3OOGeV/c 00<p <2OOGeV/c ot N
N TR TR T 0 20 40 60 80 100 ArrERERETE
Noart Z. Hu (TODAY), T. Dahm
Y(25+3S)/Y(1S)\ =0.787 +0.02 Y(2S+3S)/Y(1S)|pppp =0.24733£0.02  2g [T T T T T T T
rp ) -0.14 — ¥~ PbPb ) -0.12 — ¥+ E( 12+ ® RHIC data ._-

Y(2S+3S )/ Y(1S )’ PbPb
Y(25+38)/Y(1S),

=0.317,: £0.03

Andronic et al ’ 101

11—, _

.l‘. ‘. —
LN -
™ Y o -
08 H ) -mat -
’ - ". -
'
= \ -

® |/ results do not show enhancement.

® Higher BBbar states show larger
suppression (CMS): termometer?

06 -_ H HHH ‘
o
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Rapidity correlations (l):

(a) CMS MinBias, Pr>o-1 GeVic (b) CMS MinBias, 1. 0GeV/c<pT<3. 0GeV/c :%L%g\’/«p_rél\.:)s(;::)’/c 1.0GeV/c<p <2.0GeV/c T 2.0GeV/e<p <3.0GeV/e 1 3.0GeV/e<p, <4.0GeV ‘|
I e C] I
l._ - -
= I — PYTHIAS T .
21 T i
= = &
< < e :. I
>3 >3 Ik I I
< <] H t t =t
et - L + 4
& =4 [ 35 < N<90 I I
= I Joodl "
2 .p'!':'_'_,_ f o
=4
wee T T
-]'-_!‘ Il 1 l——:‘lllllllllllIllllT—l‘lllllIIIIIllllllllllllllll
90 < N<110
l_
(c) CMS N= 110, p1>0.1GeV/c (d) CMS N= 110, 1.0GeV/(:<pT<3.0GeV/c = [
< r Xk
- r ®
8— — . 00.0°. ]
< L
4 < g RSN, n
< 5 N> 110
= ~z - I
~ ~ = |
21
& o =
i "
g '0..
-1 1 1 1
0 1 2
Ao

® N-elongated structure in the two-
particle correlation in the near and away
side regions.

® Present in high multiplicity pp@LHC
(CMS, 7 TeV) and in central AuUAU@RHIC

and PbPb@LHC.
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Rapidity correlations (ll):
(d) N>110, 1.0GeV/c<p_<3.0GeV/c P H O BO§U A

Au+Au 0%-10% (a) cms de:=3.1pb" .
p— PbPb\[e,,, = 2.76 TeV. 0-5% centrality 6.6
3 z |
3 - 5 6.4
s 4 i i 5 |5 6o |
a2 ’:\“‘.‘:‘!’ 5 ~ % 8 6.6
47 s 4 &S g‘z‘
8.9 6 044 —16.2
~|l* 58%
> : 4
PP@7 TeV Similar “ridge” in high multiplicity pp —>

(even similar p; dependence)

PbPb@2.76 TeV/n

® | ong range rapidity correlations in particle production appear
naturally in several models: string models with a varying number

of them, CGC,...

® Origin of the elongation in N for the ridge unsettled yet:
coupling fragmentation < flowing medium, ISR, flow itself (v3),...
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Summary:

Observable at RHIC | Standard interpretation | Prediction for the LHC
i —0<
Low multiplicity Strorlg coherenc.e in dNch/dN|n=0 I.7.00 fo‘}
particle production central collisions
v2 in agreement with . . -
ideal hydro Almost ideal fluid Similar or smaller vz(pT)‘/
Strong jet quenching Opaque medium Raa(20 GeV)~O0. | -&2 for TT9

® Quite a bit for less than 7 weeks of data taking!!!

® The very first data seem, at first sight, not to be in dispute with
the claims at RHIC - the problems remain too.

e | HC offers new opportunities, both enlarging the lever arm (in
energy, in pT,...) for existing observables and offering new ones
(identified heavy quarks, jets, correlations,...). Fun has just begun!!!

Heavy-lon Collisions (Il): 5. LHC.



Summary:

Plans (tentative!?):
* PbPb @ 2.76 ATeV: four weeks at the end of 201 |;
at least 3 times the luminosity in 2010. End of 2012?
* pPb @ 4.4 ATeV: studies during the PbPb run in
2011, run at the end of 2012?

| o R

® Quite a bit for less than 7 weeks of data taking!!!

® The very first data seem, at first sight, not to be in dispute with
the claims at RHIC - the problems remain too.

e | HC offers new opportunities, both enlarging the lever arm (in
energy, in pT,...) for existing observables and offering new ones
(identified heavy quarks, jets, correlations,...). Fun has just begun!!!
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Heavy-lon Physics (1l).

Backup:

46



Model list:

Model

Diagrams

Ingredients

Parameter

ASW

GLV /

ok 8

WHDG(elastic)

Static
scattering
centers,

Poissonian
QW

ghat

dNg/dy, T /
X, T

L7 all RO o
2.9 o [ s q.5*
& < - bt ot p 5 L
Al = o < [
P " S | 1 b= | ey P o=
o ! P
n'_-lﬁ L'IL*
o C
G I IW xp = > Ye.p
= o)
Ap i-,h J Ap

FF in eA,
modified
DGLAP

<FF> or
ghat, T

Physical

AMY (elastic)

k>>T y / — Soft oT AN
l/g::‘((((((f(ﬁ A\() $A
Pl R |
. Uji})lﬁ
¥ ‘: T

10T . &

Process

Any number of gluon lines can attach like this.

‘\
Sm
&

lr/ger

p-k>>

-
7 - ) \
yel ve \& T
was// Thesepinch& |
These pinch 2

X

HTL
medium,
rate egs.

Ks, T
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Embedding in a medium:

® Calculation of eloss has to be embedded in a geometry:

* Homogeneous piece of fixed
length = ghat~| GeV?/fm.

* Density diluting as |/T =

ghat~1 GeV?/fm.

* Medium as overlap (Ncol),
Ta(s)Te(b-s) = ghat~ 10 GeV2/fm.

* Hydrodynamical medium = K~2-4.

i(&) = Kjoap ~ K - 2e%/*(&)

Note: production points sampled as
Neoll or Npart-
Heavy-lon Collisions (Il): Backup.
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Radiative eloss: light hadrons (ll)

NA et al ‘09
1.2_— ' 1+
- PHENIX inclusive r° | STAR - dihadron correlations
1 0.8 \\____ o
0.8F '
< | ———— | coff S~
& ool —
0.6 S
_ - N \ ~
I 0.4 ——
A7 _ “‘j; —il; .
- 02 1 —;:Mé
- — et | B—
‘ =
I i :...::—_=__-— —_—
0 lllIlllllllIl IIIIllllllllllllllllllllllll olllIlllllllllIlllllllllllllllllll llllllll.
0 2 4 6 8 101214 16 18 20 2 0304 0506 07 0809 1
Py [GeV] Zy
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Radiative eloss: light hadrons (ll)

NA et al ‘09

40
35—
30—
25—
= F
20—
15— I Small-t extrapolation
10 i AA (LT Case 1)
= m— (Case 11)
St =rmeme Case 111)
o : 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I
0 2 4 6 8 10 12 14

KEa/[ZZ':3/4]
ollllllllllllllllllllIllllllllllllllllllllllll
0 2 4 6 8 101214 1618 20 2

p, [GeV]
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Raa O
Laa O
Total e Ot Case 1): q(t)=0 for <1,
Rus
IAA — =
B Case i): §(0)=i(zy) for Tty
Rua
I, .
ey A qT
Total Case iii): q(1)= 1312) for T<t,

llllllllllllllllllllllllllllllllllllllllllllllll
3 4 5 6 7 8 9 10 11 12

K= (’i /[283/4]

ollllllllllllllllllllllllllllllllllllllllllll

0304050607 0809 1

Zp
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Radiative eloss: limitations

® The extracted value of ghat depends on medium model
| <ghat<I5 GeV?*/fm = interface with realistic medium.

® Calculations done in the high-energy approximation: only soft
emissions energy-momentum conservation imposed a posteriori =

Monte Carlo.

® Multiple gluon emission: Quenching Weights independent
(Poissonian) gluon emission: assumption! = Monte Carlo (PQM,

PYQUEN,YaJEM, |EWEL, Q-PYTHIA).

® No role of virtuality in medium emissions; medium and vacuum
treated differently = modified DGLAP evolution.

Heavy-lon Collisions (Il): Backup.
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Radiative eloss: limitations

® The extracted value of ghat depends on medium model
| <ghat<I5 GeV?*/fm = interface with realistic medium.

dl kT dI dI
( — ILZ W 5 AE / dw w
® Calcula W= /O ANT R Ily soft
emissions ysteriori =
Monte Ca dI k2;maz dI dI
P(AE —w—:/T h2w—"  AE= / it
(AE) dw 0 T dwdk? dw

e Multip'- -~

" 11 (w dI
Poisson /uf s(AE—S w, | ex _/w QM,
( oIsSon P(AE) 2 n‘ 211 dw; 0 AFE ; i | exp d T Q
PYQU |

Pirunc(AE) = pod(AE) + Popi(AE)O(E — AE) + 6(E — AE) /E  deP(e)

. NO IUIC Ul Vil LUCLIIL] 111 1TINGNAdIULI 1] CIIIIOQIUIID, TTIGAUIIULLTL Al I va\_dum

treated differently = modified DGLAP evolution.

Heavy-lon Collisions (Il): Backup.
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DIS:

0% (1 —x)

A, 2
F2 ('x ? Q ) — ) o)
47‘["0(EM

Oy*-A

Q?Z is the transverse resolution.

X is the momentum fraction (IMF).

F2(x, Q?)=> eq*xq(x, Q?) at LO.
[(k) + A(Ap) — 1(K') + X (Ap)), Q°=—¢*>0
_qz _qz

g =k —k', W? = (q + p)°. X = =
7 7+ p)* a —Wisa—m

nucleon
o Fy)(x, Q%)= F2(1)(x) at large Q*: Bjorken scaling, point-like
partons.

® F(x)=2xF|(x): Callan-Gross relation, spin 1/2 quarks.

® | will be interested in small x i.e. large energies WV.
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At LO /Pqiqj' (%) 0

. P,

| (li(l% Qz) v (Qz) 1 d€ o

Qzan (@((%8;))) — o . ? 0 F, qiq; (%) F qig
g\, Pg

= =

qj(x, Q%)
((Z’i (‘177 QZ))
) 9(z, Q%)

52
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DGLAP:

Diagram Splitting

Py =CF [(ﬁf;r +36(1 — ;17)]

Py, =Cr [.1+(1$—x>2]

T T

qu = TR [l"2 + (1 — .’1?)2]

, : _ _ ' 11C 4 —4nTg .
P,y =2C4 [(l_Lx)Jr +(1—x)(z+ %)] + 2R (1—w)

fae) O L (Fe ()0 B (R)) e
%2 qz((;gzz)) =222 0 R (g) P (2) | 2 ((; gj))
e P (2) Pu(E) Pu(f)) M
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Data on the proton:

1
: Q? = 10 GeV?
09 E=——— H1 PDF 2000
B ZFEUS-S PDF

0.8 \ E2222 CTEQS.1

® HERA provides most of the
available information, covering
a large part of what is
required for the LHC.

Heavy-lon Collisions (Il): Backup.

Fgrﬂogm(x)

x=6.32 10>
¢ x=0.000102

x=0.000161 HERA F2
x=0.000253

x=0.0004 = ZEUS NLO QCD fit
x=0.0005

x=0.000632 —— H1 PDF 2000 fit
x=0.0008

e H194-00
x=0.0013
s H1 (prel.) 99/00

x=0.0021 = ZEUS 96/97

& BCDMS
x=0.0032

x=0.005 $ NMC

A ""Qif x=0.008

’ )
o / x=0.013
g0~ o
b x=0.021

T
L or®
[ et anpetireb iyl 002
Akl -
e Mﬂm x=0.05

| ¢ 3 \T’H‘ﬂ -

. 4y By P oal 553 x=0.08
| ¢ © B e S
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i =0.25
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Data on the proton:

= ﬁJ\ 1 IllT]lll I TTII[”] | ]IIITIT] 1 llTllITl I TTlTlTI] I ITT'T]TI 1 I IIIIII—:
- 2 0 ot 1
09 | 41 PDF 2000 Qh= b“.’. 108 LHC Experiments:
. — =~ [] Atlas and CMS
' 1 ZEUS-S PDF NO’ [[]1 Atlas and CMS rapidity plateau
08 |\ EZZ2 CTEGe! 07l =1

TEVATRON Experiments:
[--]1 DO Central+Fwd. Jets

10 6 CDF/DO Central Jets ‘;.i_"
HERA Experiments: Ly atvre

s~ [0 H1 and ZEUS 1994-2000 et e
10 - Fixed Target Experiments: o e
4 BCDMS , . e
10 [ E665 M =100 CeV 2 e e
[] SLAC ; e

3 B

M

Ll e

l 11 lllllll

e HERA provides most of th

el

. . . . T T S T T BRI SRR . RETTY BT
avallable mformatlon, COVGFIH@” 10 ° 10 10" 10" 10 ~ 10" 1
. X

a large part of what is | S
. 0 vl IR RRT v vl ol vl
required for the LHC. om0 o w0
Q*(GeV?)
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Global fits:

— All experimental data where you rely on collinear factorization.
— Several groups: MSTW, CTEQ, NNPDF, ZEUS, HI, Alekhin.
— Error analysis using variants of the Hessian method.

— Analysis at LO, NLO and even NNLO (MSTW).

— Initial conditions for several pdf’s: CTEQ, MSTW [fi(x,Qo?)=Aix"
(1-x)<l,...As many restrictions as possible (e.g. ubar=,#dbar): around
40 parameters in MSTW and CTEQ (ZEUS, HI smaller number).

NNPDF: around 400 parameters.
Final
answer

Compute x° [{a;}]

NO

vary{a;}
(fulfilling sum rules)

Compute observables
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Global fits:

3 A 2
09 F H1 PDF 2000 Q" =10 GeV

E==== ZFUS-S PDF
0.8 K74 CTEQS6.1

Sea
decomposition

at small x
difficult.

( = e e i r—
107 107 107 107 1

X
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Global fits:

i

Uncertanty of pluon from Heszian method

=) b3 v 27 ‘

’j ] LI llllll ] LI llllll ] L) llllll

14 |-\ Ratio ofxpx.Q Vap(x.Q" MRST2001C) 2 Q’=5 GeV’

I CTEQS.1
[ MmRsTO2
B ALEO2
[ NNPDF

OIlIllllllllllllllllllll_lllllllll

0.1 02 03
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Two scattering case (Pl):

ijd4k[(2n)4 (k2+ie)]"

1t (g = 0) = tforw = —O P . P’ D | / | o
— u k ™~
17,(g =0) = —O'X
q=p —p .\ o B
X X, X,
+00
TA (XT) — / dx+ PA (_X_H XT) _o.(p++p,+)J‘d4pr(x+,xT)elx(p‘-p)
—00

c(pss POITI(G) = itiorwe(py, PL)A f d*xp Talxp) e TP — g1 = Ag

c(pes PL)ITa(q) = ¢(pay PLA(A — 1) (itfory )

d*k .
X / o )T2 doxyy dxoy 27 d2xo7 exp (—ik7 (x4 — x14) /(2p4))

x exp(—ilxir - (kp — pr) +xar - (p7 — k7)1pa (X14, X17)
X pA(X24, X271 )0 (X24 — X14), )
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Two scattering case (Pl):

in4k[(2n)4 (k%+ie)]"
it (g = 0) = forw = —0 P = p’ P _ / . P’
Foan . k s
17,(g =0) = —O’X
q=p —p .\ o B
X X, X,
+00
TA (-X:T) — / d.x_*. pA (_.x.{_, .XCT) _G(p++p’+)J‘d4pr(x+,XT)elx(p'-p)
—00

c(ps, POIT1(q) = itgorwe( Py, PL)A/dz-’CT Ty(xy)e Wr-Pr=pr)  — O'/lx = Ao

c(per PL)ITa(q) = ¢(Pay PLA(A — 1) (itfory )

d%k |
x / : 271)72 dxiy dxgy iy dzxz@(xz+ —x14)/ (2p4))

x exp(—ilxir - (kp — pr) +xar - (p7 — k7)1pa (X14, X17)
X A (X24, X217 )0 (X204 — X14), )
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Coherence length, shadowing (P1l):

CXp [_ik% (X24 — x1+)/(2p+)] = exp [—1(xpy —x14)/ ). with [, = 2p+/k%

A pr — 0 i’]'z(q)' — ()

B) P+ — O0,€Xp [—1(x24 — x141) /L] = 1

A(A -1 o
17'2(Q) — ( D )(itforw)zfdsz e—le-(.DT—,DT)Tj(xT),

A(A — 1
o3 =12 > ) f d*x7[Ta(x7)o ]’

The lifetime of the ggbar fluctuation
is >Ra for x<0.1A"!73,

1 Eup W2 ]

TN_ ~ Y

Q Q B 2M pucleon Q2 B 2M yucleonX
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Global fits:

2 0 2
X ~ Xo + Z 5aiHij5aj Hz’j —

1J

1 0*y?
2 0a;0a;

X RXG+ Y %

a:ao

So = (0,0,0,...,0)
A\QEZAXQ( ).+A\ (2 ) %Z (~j—)2j‘_\v(:z—)2 i_ — ::5Zi: (1’ O’ O’ L. 70)
é" p— ::52;‘3: (O, ]., O, ¢ o o ,O)

(AX‘*‘)Q ~ Z [ma.x {X(SZ’) _ X(SO), X(SI:) B X(SO), O}]‘z
k
) (AX™)? = Z [ma.x {X(SO) — X(SZ._L),X(GO O}]

k

0X
(AX)extremum ~ AXZ Z (82
J

Note:any error analysis is linked to a functional form for the

i.c. (NNPDF implies more flexibility); pdf’s errors to be used, too.
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Global fits:

EPSOONLO

EPSOONLO

Q*=100 GeV*

|1I1|1

—— -

croonnd oo ool 3o

ool oo o ood 1 o

3

™ 14
% 10|
2 121
3 10
— 0.8
R ‘S 06
/ \ i . B
& 041
oZ 02 ¢
o 14
Zz 12 F
2 i
1.0
% 0.8 H
'Q 06 -
j 04 ~
(AX  £_.02F
= o0l
1

Nvuc. al II Wil 1 WVl Ql ICI.IIOIQ 19 1IININGAU LW QA 1TJUlILIVIIATL TIVETETD 1IVIE LT

0

10° 100 100 107 100 107 107 10
XL T

3

10

3

£

10

14

12

410

1

1408
M 06
404
=402

14

112
10
08
06
404
=02

0.0

i.c. (NNPDF implies more flexibility); pdf’s errors to be used, too.
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The BK equation:

q o q - q , ® Neglecting the
—_— & —y "t vy difference between
q 4 a <WtWWHW>,.

Y 7 and
large N_ q_/L h <W'|' W>ta,.<W W>,.:
T \< BK equation.

ON(r,Y

( (g} ) / )+ N(r.Y) — N(r,Y C ID
r? a, N, Y, k., b) ’13 N(Y,

(7 7 ) = A v = —0 € T b

K(7r,7m,72) = as 27 fap - ¢( 27T7“2

® Neglecting the dependence on impact parameter:

8¢E§’y§ D Hprrr @ ¢(y, k) — o*(y, k), y=asY
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pA at RHIC:

® This suppression is compatible

with ugd+factorization (dilute-
dense): [IM, DHJ, in agreement with e ot e
ep + A!”3 prescription for Q2. Itis "¢ -

also compatible with the ratio of PR

geometric ep/eA scaling functions. =™ S

- '65— I | I I :_E.—j
T e s ® \Warning: <xa> > 0.02,

~> | and such suppression also
happens at SPS/FNAL
energies: finite energy
corrections, eloss?
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pA at RHIC:

® Azimuthal correlations may also 0 e
. . . <1072 el ? from Knp +--cr-< ]
indicate small-x dynamics: tale of the o ., v
- 3 =  — D* scaked to D +—4— _

two-particle inclusive distributions S o \Qjﬁg opess ]
N \{p‘] I _ I I ]

(Baier et al, Kovchegov et al, Marquet). § 0t e y-_OI .
N R

de 5 10¢ e ——

dyy dya d*p1 d*pa dAD 08 I R S

2 4 6 8 10 12

: 0 2
Gelis, Venugopalan, Fuji1 p, (GeV/c)
STAR: PRL 97 152302

03 ——; — ~ P> HhT X dtAu—> o +hT+X
oos | Azimuthal Correlations i 509040013
E W =200 GeV 0
0.25 1), = 3.8, 1, = 0, central

0.225

E_pl =15 GeV, pP,=02-15GeV

® Charm production
described (also Kharzeev et

o

Proton - Proton
Deuteron - Gold

0.2
0.175 |

0.15 [

o . 0.
0.125 ; Kharzeev-Levin-McLerran
: PO T T I | 1 1l + 1
01, 1 2 3 4 5 6
" ®
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Reaction
Plane ™ N

%@3

AA at RHIC:

Q

| Hydromodel ~ PHENIXData  STARData |

_____ T O T A K
0.3 ....K o K'+K o A+A a
P 2 p+p o
; A a2

o
N

e
w—

| o CYMm=02GeV]'
0

Ol « CYM.m=05GeV
Glauber. Np‘m

0.5] - — Glauber,N_,
Al N 7
0.4] =" KIN.Q/ ~N,, 7’

Lappi-Venugopalan -

0 > 4 6 8
b [fm]
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Anisotropy Parameter v,

o
|

Transverse Momentum p ; (GeV/c)

e |nitial conditions for
hydrodynamical evolution are a key
ingredient in those calculations. CGC
gives larger eccentricity: room for
viscosity or larger equilibration times.

® Uncertainties at the nuclear
periphery (NP region).
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AA at RHIC:

o CGC may offer initial
conditions for QGP
formation: transverse
fields transform into
longitudinal (Glasma)

Figure 4: Glasma flux tubes. The transverse size of the flux tubes is of order

e QCD basis for good |}’
old string models.

— oy

(ng)r =a+bng, b= DZFB/D%F,

N

1
b - ].+C‘O’g.

® Correlations in rapidity are a place to look for such origin of
particle production
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20

15

10

Multiplicities:

dN_,/dnl _in PbPb at\s=2.76 TeV for N =350

| ASW-like (L=0.26) . g I ' I geom. scaling
Levin et al. Y ALI C E I corr., saturation
_HIJING 2.0 i ! ! ! strongR%Iuon shad.
_Wolschin et al, ! ! ! ! corr., M
_Sarkisyan et al. L@ I I I CQM + Landau hydro
 Sa et al. ° : : : corr., PACIAE
 Porteboeufetal. ! ! ! EPOS
_Mitrovski et al. i ® i i | corr., UrQMD
_Lokhtin et al. I , ° I I corr., HYDJET++
' Kharzeev et al. — O —— ! ! ! saturation
_Jeon et al. ¢ ! ! ! data driven, limiting frag
_Humanic. ® i | | corr., NN superposition
_Fujii et al. .y I I I fcBK evolution
_Eskola et al. : ® : : corr., EKS98+geom. sat.
_Fl et al. L °o—. ! ! corr., BAMPS
Dias de Deus etal. ' o | | ! percolation
_Chen et al. | ¥ o— | corr., AMPT+gluon shad.
_Capella et al. : ® : : : DPM+Gribov shad.
_Chaudhuri PO ! ! ! log. extrap.
Bzdak | ° | | | corr., wounded diq. mod
- Busza @ | | | data driven, limiting frag
Bopp et al. : o I : corr., DPMJET lll
_Topor Pop et al. ! ' e ! corr., HIJING/BB v2.0
- Armesto et al. ! °' ! ! PSM
 Armesto et al. Y | | | geom. scaling
_Arleo et al. P : : : corr., log. extrap.
_Albacete '@ ! ! ! corr., rcBK evolution
_Abreu et IaI. I. I I I corr., logistic evol. eq.
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WI/Z (LHC-specific):

-
-
o

@) CMSPbPb72ub’at\[5_=276TeV

O
o

[30-1001%

S OO N @
o O O O O

—— POWHEG + PYTHIA 6.4

------ — Paukkunen et al., CT10+isospin
HEikiiHE Paukkunen et al., idem+EPS09
———— Neufeld et al., MSTW+izospin
——— Neufeld et al_, idem+eloss

N W
o O

dN/dy (lyl<2.0) /T,  (pb

0

0O 50 100 150 200 250 300 350 400

N

e First Z/IW
measurement in
heavy-ion
collisions!!!
Benchmark (npdfs)
for future.

Heavy-lon Collisions (Il): Backup.

part

x10°

llllllllllllllllllllllllllllllll LN )
[ D)  CMSPbPb72ub"anE =278 TeV

. e . L I B
...............................

[ ® cCMms

20 —— POWHEG + PYTHIA 6.4

[ - - Paukkunen et al., CT10+iso2pin
" {i=== Paukkunen et al., idem+EPS09
| — Neufeld st al, MSTW+isospin
[ -.—-.- Neufeld et al_, idem+eloss

o) U IS PN PP PPN PP PR IUPUPY PP PO

NN NN

0 02040608 1 12141618 2

Rapidi
8 2.5_| TT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT ] LI | TTTT I T l_ p ty

o - ATLAS Preliminary g
- 4 Data 2010 W’ -
of | S -
-[]Total uncertainty i
1_E’Z_J.|_z5ub‘1 \Su=2.76 TeV -
0.5F .

i ®
O_l 11 l 11 I 11 I 11 I 111 I 11 l—

020304 0506070809 1
1

-centrality

65



LHC an

10 8 LHC Experiments:
[1 Atlas and CMS
[[1 Atlas and CMS rapidity plateau

10/ L1
TEVATRON Experiments:
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HERA Experiments:
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10 Fixed Target Experiments:
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d beyond:

LHeC, HERA and EIC

Colliders:
LHeC

Fixed Target Experiments:

BCDMS
SLAC




LHC and beyond:
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LHC and beyond:
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