« What have we learned from RHIC? »
BNL, May 12, 2010




Before we start, a remark on names and things....

« But in reality, we took some pleasure tn this game, being
still close to the age where one believes that one creates what
onet Wames. »

Marcel Proust (A la recherche du temps perdu)

« Mais en réalité mous prenions un certain plaisiv a cejeu,
étant encore a L'lige ot on crolt qu’on créé ce qu’on nomme. »

Marcel Proust (A la recherche du temps perdu)



OUTLINE

What Ls the wave function of a nucleus at high energy ?
what Ls saturation, cGC, Glasma ?

caw one probe the CGC?

where do we stand?

Looking forward

Cconclustons






Nucleon
Valence quarks

Gluons, sea quarks and antiquarks

Relativity is tmportant: ‘wave-function’ depends on frame
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‘wave-function’ also depends on probe



radiation and mu.LtipLiaatiow of partons

?,\{,
dk? dx

- / 1P ~ g —
\QQ%&EQ dp “ ffi T
k

One can calculate the change of the wave-function (its
‘evolution’), not the wave-function itself -> Evolution
equations (with respect to directions of enhanced emission):
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Structure functions indeed grow with increasing Q and 1/x
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Growth of structure functions is tamed by
non-Lli

|Gribov,

For Lnstance,

0> xG(x, 0?%) 3
d01In(1/x)01n O?

302 [xG(x, Q%)]
2 R2 0>

xG(x, Q%) —

[Gribov, Levin, Ryskin,83’- Mueller, Qiu, 86|

Ewmergence of a stale: the saturation momentum
) (04

0y = —5 ¥G(x, 0?)

Move elaboyate equations have been derived (BK, JIMWLK, ..)

(More on these soon !)



The qualitative picture
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How do we see quarks or gluons in a hadron ?

. f dxidxs FACr, 00) FB(xa, 0F) 0(x1, x2, s(OP)



Seeing saturation in DIS

1-7 /\ v

- o(x, Q%) = f d’r f dz [y (z, ) &(x, r°)
)CZ\ o(x,r?) = o (1 — e_"'zQ-%/‘l)

(Golec-Biernat, Wiisthoff, 98”)
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The saturation front and tts ‘universal’ behavior

T= Scattering amplitude for dipole of size r p = In(1/(r*Qp))

2 2
ovT(p,Y) =T (p,Y) + T(p,Y) — T*(p, Y)
(similar to equation for reaction difffusion processes)

Traveling wave solutions (Meunier, Peschanski, 057)

T(p.Y)=T(p—-ps(Y)) = f(r°Q5(Y))  ps=I(Q5(V)/Qp)

‘Geometrical scaling’ naturally T)
emerges. !

(Iancu, Itakura, McLerran, 02”)
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general features of saturation

Saturation ts unavoidable (also at strong coupling - Iancu)

Saturation has generie, ‘universal’ properties

Plane (ln 1/x, ln @™ 2) has a single, dominant structure, the
saturatiow line separating dilute and dense partonic systems

Y =In 1/x4

A single scale, the saturation momentum W‘“”
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Focus on small x (or rapidity) evolution

2 K
T dipole = N fdzxLTr<l — U(xL + %) U' (-XJ_ — %»y

U(x,) = Pexp {igfdx_ A+(x_,xl)}

(o )y = f DA |Dy[A]l* (A]---|A)

During interaction process, the field A of the target 1s frozen
(separation of scales - adiabatic approximation)



More conventional notation (fields -> color charges)

Dy[A]]* & Wylp]

CGC evolution equations (JIMWLK, BK) are non linear equations
for  Wylp]

or correlators of Wilson lines:

O (tr(ULUy))r =

2
g r—1Yy T
~5 /sz v —(z)Q(y)— e <A’ct1‘(UlUy) — tr(Ule)tr(U;[Uy»T

A CGC calculation involves solving an equation of this type
in order to predict energy dependence of observables



‘Classical CGC’

McLerran Venugopalan Model

[D " F+ V] =J Y (frozen source)
JH =0 p(x,,x7)

Gqaussian average over color source

O (xL, X)P" (YL, y)) = g2u 6US(xL =y )S(x™ = y7)
) 2 2
capture some features of saturation Qs ~ g U

But no evolution. Often used as ‘initial condition’.



Classical Gluon Distribution

(Kovchegov)

A good object to plot
the classical gluon
distribution multiplie
the phase space k:
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know how to do physics here

= Most gluons in the nuclear wave function have transverse
momentum of the order of k; ~ Qgand Q; ~A4'"°

= We have a small coupling description of the whole wave
function in the classical approximation.




From the wave function to the initial stage of
nuceleus-nuceleus collistons : the glasma
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Energy-Momentum tensor at Leading Log accuracy
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Initial classical fields, Glasma
Lappi, McLerran (2006)

e Immediately after the collision, the chromo-E and B fields
are purely longitudinal and boost invariant :

('w)'le’]

e Glasma = intermediate stage between the CGC and the
quark-gluon plasma




b d*ky
dyd’pr ~ p* J Qny da(x1, kr)pp(x2, pr — kr







Geometrical scaling

a0, Q?) = [z [Er [0 @ 2 [#6 (1 5. 0)
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a"*(mb)

o C (E665)
e Ca (E665
* Pb (E665
*Li (NMC)
*C (NMC)

2 =

Ratio ¢™xR3/R: (mb)

o NMC—Q?

2
5.p

(

ATR;
TR’

1/8
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ATR;

(Armesto, Salgedo, Wiedemann, 04’)
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Numerical solution of the BK equation + DGLAP corrections
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(Gotsman, Levin, Lublinsky, Maor hep-ph/0209074)
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— CGC with Ny=0.7 and m,=140 MeV
- BFKL without saturation

(Iancu, Itakura, Munier hep-ph/0310338)



(H. Kowalski)

The rate of rise A
Fz ~ (1/x)

< 05

- @
I
m
-
N

0.45
0.4
0.35
0.3
0.25

0.2

0.15

IIIIIIIIIIIIIIIIII]IIIIIl]IIIIIIIIIIIII

0'1 1 Lol ] L o0oa sl 1 ] ]
10°

W  _4 /2
Q% (GeV?)

The first successful pure BFKL desciption of the i plot.

o

For many years it was claimed that BFKL analysis was not applicable to
HERA data because of the observed substantial variation of . with @’



SMALL & PHYSICS FROM THE PERTURBATIVE END
THE NNLO CORRECTIONS

THEORY PHENOMENOLOGY

THE COEFFICIENT FUNCTION (', THE BEST—FIT GLUON
(Moch, Vermaseren, Vogt 2005) (1 SRR Yoo
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Geometric scaling from DGLAP

" Theorefical prediction
mE — Dam
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From F. Caola, in arXiv 0901.2504









Total multiplicities

PHOBOS Central Au+Au (200 GeV)

TR
qm99 | HUING (dN_y/dn, b<3fm)

qm99 | HUING+ZPC+ART v
qm99 | RQMD (b=3fm)

qm99 | UrQMD (b<3fm)
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]
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99 | Hydro+UrQMD (=0
qm99 | Fireball (~5%)
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Multiplicities in RHIC Au+Au

(Albacete)

Fit parameters consistent with NLO-CGC analyses of other observables:

F2, FL and Fp in e+p HERA collisions

JLA-Armesto-Milhano-Salgado
Goncalves et al.
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Two-particle correlations in forward d+Au at RHIC (Cyrille Marquet’s talk)



(Dumitru)

Transverse density: AUCl-th/0605012
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(Dumitru)

ideal Hydro with CGC vs. Glauber
initial conditions

0.16
0.14

—— CGC, T, _=100MeV
........ BGK, T,_=100MeV
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= 0.08

Phys. Lett. B636 (2006) 299
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(Busza)

« Extended longitudinal scaling »
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(Stasto)
kr factorization and gluon saturation

k, factorization for gluon production at high energy s > pr :

dN LS AR dsz
—_— = ;L ’T — ;L

® S, ptotal transverse area for nuclei, S4p transverse area for an
overlap region.

® pr transverse momentum of the produced gluon.

® x = LoV Toeam yy = 2T oV Theam: Jongitudinal momentum fractions

I m

of the gluons probed in target and projectile.
® Functions ¢(x.kr) are unintegrated gluon distributions:

7 Qi 2
xg(x,0°) mf d“kr ¢ (x,kr)

® Experimentally measure hadrons, need to include the
fragmentation from gluons (quarks) to pions.

Kharzeev, Levin, Nardi; Kovchegov, Tuchin; Czech, Szczurek . ..



Scaling in limiting fragmentation (Stasto)

dN
dY
scaling with ¥ — Y3, (recall x; ~ exp(Y — Ypeam))-

o /V.ﬂfﬂk’ﬂ = 33(}" — mem)..l’.l > X2

For comparison with data:

® Need to model ¢4(x1,k7) at large x;.
® Since x; f(x1) should obey x; scaling

o7 |
x1f(x1) =x1f(x1,05) = / dk~ga(x1,k)

the distribution ¢4 must be peaked at very low k7 and sharply fall
for large kr.

® 0O4(x1.k7) at large x; is the largest source of uncertainty when
comparing with the data.

Limutine frasmentation. Mawv 10. 2010 — 0.15/18



Proton-antiproton and AuAu(central) collisions

Gelis, Venugopalan, A.S.
proton-proton: Gold-Gold central:

4 _ruw 1g=0.15, h_=0.23 1 MV, A,=0.0, 3.=0.46

V, 4g=0.0, 1=0.46 V, 1,=0.15,4_=0.46
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® Small violations of limiting fragmentation scaling due to the fact that
In some models we do not have approximately scaling of x; /(x1).

® Additional uncertaintes due to v <~ n change and fragmentation
functions.

Limiting fragmentation, May 10, 2010 - p.16/13
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200 GeV Au-Au data (Ray)

Analyzed 1.2M minbias 200 GeV AutAu events;
mcluded all tracks with p, > 0.15 GeV/e, [n| < 1, full ¢

74-84% 55-64%

STAR Prellmlnary

We observe the evolution of several correlation
structures including the same-side low p, ridge

Similar analysis was done for minbias Au-Au at 62 GeV and Cu-Cu at 62 and 200 GeV ¢

From M. Daugherity’s Ph.D Thesis (2008)



Rapidity correlations are established at early times

S

Y, (Gelis)
ﬂ detection
freeze out

latest correlation

8

Y

The glasma has such correlations

(but other models also - Pajares/Milhano)




(Gavin)

Glasma + Blast Wave = Ridge Height

pair correlation function -- Cooper Frye freeze out

Ap = pairs — (singles)” o _” f(pl =x1)f(pz =x2)c(x1=xz)

freezeout surface
« blast wave — f(p,x)
STAR Data, J.Phys. G35 (2008) 104090
« scale factor to fit 200 GeV only SG, McLerran, Moschelli et al. PRC 79 (2009) 051902
» Glasma energy dependence 0.8E ot A 200 Cav
3 u+Au
1 0.6
BdN/dyoc(xS Q,) 0.4E
AP 0.2F T eeeiemmemomisoeeoeees
f 0E -
P oz _ Au+Au 62 GeV
0.6
0.4F
0.2
Glasma O_dependence: 200 GeV 0 E .
1

Au+Au = 62 GeV, Cu+Cu

wounded nucleon model (dashed) fails




First calculation of rapidity dependence

kr-factorized approximation Dusling, Gelis, T.L., Venugopalan, -09
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(Alver)
Correlations at large An

STAR inclusive PHOBOS clusive PHOBOSpt"g>2GeV
1.2<An<1.9 <4
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Long range correlations are well described by 3 Fourier Components.

9 BA, G.Roland, arXiv:1003.0194 (PRC in press)



(Dumitru)

i B
genuine B-JIMWLK terms g g
from THIS diagram: gxg,p -k @o,p— kz%
S VNS
S gflvkl b9 -’1?1.-?1?2%
A & 4, Yq S 22,4~ Ry
O00EPOOO0000000000000000EHO00
z1, ks § z1, kg
= <
B-JIMWLK four-point function (in Gaussian
approximation), incl. “Nc corrections”:
. 2 1 2
<pa.pbpcpd> — 5abOcd <p2> + ﬁf@b@fﬂd@f(ki) <p2> 4o
c A.D., ]. Jalilian-Marian,
arXiv:1001.4820
* ridge in pp @ LHC ?!
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(Albacete)

h m=2.2; BRAHMS NLO-CGC
h n=3.2; BRAHMS JLA & C. Marquet

° <n>=4; STAR




(Albacete)

CGC evolutionat NLO . —:.@ @ @ Dass

" v NLO corrections to BK-JIMWLK equations have been calculated recently. Balitsky-Chirilli;
Kovchegov-Weigert, Gardi et al.

~Y

v Phenomenological tool: The BK equation including only running coupling corrections in
Balitsky’s scheme grasps most of the NLO corrections (JLA-Kovchegov)

ON (r, x)
0 In(xg/x)

BK eqn. /d2T1 K(T T‘lj?"g) [ (Tlam) +N(T2:$) _N(T? :E) _N(lem)N(T21$)]

2 2
Running coupling kernel: K™*(r,rq,r2) = Neoalr’) [ 2,2t 2 (aaglg 1) + f-i? (ZSE:?&;
5 s

2
2 (] ?"2

}" k=05

NLO corrections are large:

AY) — dlnf}i(}’)

values compatible with data

0.2 =eesm==

MO~ 4.8an

Q_ = 0.5 GeV
- Oy =0.75 GeV
Q, =1 GeV

- Q,=1.25GeV
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(Albacete)

-Very good description of forward yields in d+Au collisions

- K=1 for h". K=0.4 for neutral pions (?)

2
0.01 <z <0.025 Q% = 0.4GeV? 20 gluon = 0.9GeV

2 ¢ 2
0.005 < 2 < 0.01 Q2 =0.5GeV? @50, gluon = 1.125 GeV

ST
L 10E d-Au ~ BRAHMS
o F = h (x20); 1=2.2; K=1
O g = h(x4);n=8.2; K=1
o L . STAR
= n =4, K=0.3
® !
5 10
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(Marquet)
Forward di-jet production

P q p > B B Law-saml

I b: quark in the amplitude
x: gluon in the amplitude
b’: quark in the conj. amplitude
x’: gluon in the conj. amplitude

Fourier transform k1. and g

collinear factorization of quark density in deuteron into transverse coordinates
2 2 2 2 - - R
d“x d<x’ d<b d<b / : /
— C N. : 2 / Zki_L.(X —X) qu_.(b —b)
Ph g dy, ST T [ o e omE (a2 ‘

dodAu—qgX

‘CDHQ(Z, X—b’X/—b/)‘Q {S(4) [b7 X, bla X/; ZCA] - S(32[b7 X, b/+Z(X/—b/); CUA]

¢ 9999 999
pQCD q — qg — S b+ 2(x=b), X, b; 4] + 53 [b+2(x—b), b+ 2(x'~b'); z.4] |

wavefunction e
interaction with hadron 2 / CGC

n-point functions that resums the powers of g5 A and the powers of ag In(1/x,)

[y |eVk
z =
|k o |eVk + |g i |evs

computed with JIMWLK evolution at NLO (in the large-Nc limit),
and MV initial conditions no parameters



(Marquet)
Monojets 1n central d+Au

* 1in central collisions where Qg is the biggest an offset is nesded to

account for the background
there is a very good agreement of the

saturation predictions with STAR data

Albacete and C.M., to appear d+AU = TR+, Vs = 200 GeY, 2000< T Qe < 4000
g o.os} P2 GeV/e, 1 GeV/d< prs<pr
o + < >=3.1)<ns>=3.2
§f§0-025 4“7(\ — CGCHolset
; e—o/ /
to calculate the near-side peak, one __——FE | ]
.. . . L > 0.02F .
needs di-pion fragmentation functions 8= iﬁmﬁ 1+ iﬁ '
23 0.015 ey
=yl
. . Peaks
e the focus is on the away-side peak 001} Ao o
C 0 0.484£0.02
. . . , 1.75£0.21
where non-linearities have the biggest effect gt "
[ Preliminary
. I e e e e a5
suppressed away-side peak Ay
hstdir2.20091004.2 20091120

standard (DGLAP-like) QCD calculations cannot reproduce this



(Strikman)

Independent of details - the observed effect is a strong evidence for breaking pQCD
approximation in the kinematics sensitive to strong gluon field in nuclei

New forward forward pion data qualitatively consistent with increase of the suppression for
this kinematics in 2 —2 scenario as the second jet is also in BDR. Stronger post selection effect
- enhanced effective energy losses.

Relevant effects:

M second jet is mostly from gluons which have larger effective energy losses

m~ X2 is in the region where gluon shadowing is a factor of 2 - a factor of two
smaller relative contribution of forward- forward vs forward inclusive

m- forward- forward events correspond to larger x| than forward triggers (next slide) -
further enhancement of suppression due to fractional energy losses.






(Kopeliovich)

18

Nuclear eftects

3 Initial state saturation of gluons

Due to saturation gluons experience broadening Ap2 = 2C(s)Ta(b)
with the coefficient C(s) known from DIS data.

1.3
The Pt distribution of J/¥ has the form: -
i do - 3, len
1 I
‘\de ( 8 6<pT>) /J 1.4]
: ; 2 3 -
Broadening resulf:gm l.\{pT> = (pT) + ApT Se
dpZ | (p2.)+Ap?3 i
Rr(pt) = pTdf,pTH br 0.9}
dp7 |(p%) :
% This can be tested with the E866 data for 0'8:
J/W production in pA at 800 GeV: B L s R ARG
‘o D 3 4
Works amazingly well with no adjustment! pr (GeV)

B. Kopeliovich, BNL, May 10-12, 2010



(Qiu)

Broadening of heavy quarkonia

age Kang, Qiu, PRD77(2008)
A Initial-state only: 5 ’
8mla,
Agh)), = Ca (—Ng — N Alf’a) | :z »

870 15 4173 ™ | ! ;
Aarlox ~ Cr (Nz ) WL S, e/
€ ' _ A T(ETT2, 80 GeY) i/ _
O Experimental data from d+A: .~ So>=Dela2™] 2y
:'*INE:r i .// | i
Clear A2 dependence g 03F i/ -
But, wrong normalization! ,-;";u.z— - /E 4 )
£ ~
&@T .{Iﬂb /& | - CA/CF = 2.25 E 0.1 e /}f i
- ? - ¥ D=007
'[I) u.::.-”-':—-— — i
Alar)§)s /Alatioy|, = 0.133/0.027~ 49 ] i _
| |

1 7

Final-state effect — octet channel dominated! " \issnuveer

Only depend on observed quarkonia J.C.Peng, hep-ph/9912371
Johnson,et al, 2007
May 12, 2010 28 Jianwei Qiu, BNL



(Tuchin)

Production of J/W: pp vs PA e oo erd kt2000

A

B © e

Zm 2p2
hadron — hadron collisions hadron — nucleus collisions

3 41/: 2 41/: 142/ 2 41/3\2 -
a-'jfll/g —= Ct‘S(a*ﬁAlﬁ) ~ Qg atA /3 = (thfll”) ~ 1

This mechanism is
dominant for central
collisions






Saturation is a generic feature of the non linear evolution
equ.atiows. t LS a nown Per’curbati\/e phenomenon produced b Y
the large densities of gluons (in special kinematical regimes).

The cqC formalism is well established theoretically
(evolution equations are derived from controlled
weak coupling technicues).

The CGC can be improvcd, b5 caleulting evolution
equations beyond Leading order. wWhewn this has been done
carefully, this led to a better description of the data.



The cGqC (or CGC tnspired wmodels) have produced a systematic
and sucessful phenomenology, based own a few basie ingredients:
the saturation momentum and its variation with energ Y, sLze
of the systems, and simple (but not alwa Ys accurate)
approximations, such as the RT-factorization. Sowme features
are common to other models (and hence not discriminant),

but one may argue in most cases that the CGC provides a better
connection to RCD, and the overall picture Lt provides

LS more sgs’cematio.

The CGC has establihed itself as an extremely useful reference,
organizing principle, suggesting new ways to look at
the data and new experiments.



caC has become an essential step tn the building of a space-time
pieture of nucleus-nucleus collisions (‘cqe initial conditions’, or
‘Glasma tnitial conditions’ are now used tn many analysts).

New theoretical results have beewn obtained
(factorization theorems) that allow for controlled
caleulations of initial stages of heavy tow collisions.

The transition between the glasma and the thermalized
quark-gluon plasma remains an outstanding Lssue.

Recent progress have beew truly impressive: the cGC
ls becoming a reliable, predictive tool (and not only
a phenomenological guide).



