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Motivation: gluons form the CGC

From atoms to the standard model
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Motivation: gluons form the CGC

QCD: the strong interaction
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Motivation

gluons form the CGC

physics viewed from UCT

l—» HERA ©@ DESY
™

LHC @ CERN

RHIC @ BNL . s Atlas, CMS, Alice
EIC @ BNL



Motivation: gluons form the CGC

The Quark Gluon Plasma at RHIC and LHC
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Motivation: gluons form the CGC

The Quark Gluon Plasma at RHIC and LHC

RHIC event (STAR), side view LHC event (ALICE)




Motivation: gluons form the CGC

Partic

e production at modern colliders

m Large amounts of energy available: 200-14000 mproton

= heavy ions @ RHIC & LHC: QGP

RHIC @ 200GeV /nucleon pair LHC @ 2.76TeV/nucleon pair LHC @ 4TeV/nucleon pair

m QCD drives particle production

m serious backgrounds for particle searches
m new physics phenomena

copious gluon ’ Color Glass Condensate
production CGC
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Motivation: gluons form the CGC

Energy dependence: from photons to gluons

u photon-like contributions
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dE do
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n=0
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Motivation: gluons form the CGC

Energy dependence: from photons to gluons

u photon-like contributions = QCD: charged gluons
Soee &
“,

dE do
= enhanced by phase space integrals ol = o ln Flnd

(oo}

m all orders calculation needed Z(asln E)yr...
n=0

m gluons charged == radiation nonlinear in QCD
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Motivation: gluons form the CGC JIMWLK evolution: properties of the CGC A sample experiment Getting quantitative Applications and outlook
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Example: ep at HERA
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Motivation: gluons form the CGC

Example: ep at HERA
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Motivation: gluons form the CGC

Large energies mean large densities
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Motivation: gluons form the CGC

Large energies mean large densities
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Motivation: gluons form the CGC

Large energies mean large densities
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Motivation: gluons form the CGC

Why the name?

Color

= QCD

= and QCD only!

quarks and gluons

é\ég

%
2

Glass Condensate

= phase space densitiy
~ i & saturates

m fields evolve slowly
compared to natural
time scales

= density
energy, gluons charged

= time scales
energy, time dilation

é\ég
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JIMWLK evolution: properties of the CGC

Outline

JIMWLK evolution: properties of the CGC
m Gluons in observables
m The evolution equation
m The saturation scale
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JIMWLK evolution: properties of the CGC

Total cross section (zeroeth order in o (o, In(1/x))")

w T T o

UDIS(Y7 Q2> = 2Im
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JIMWLK evolution: properties of the CGC

Total cross section (zeroeth order in o (o, In(1/x))")

photon wave functions/impact factor

P e e — Y

opis(Y, Q%) = 2Im :/dZ,. 1022 Q?)
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JIMWLK evolution: properties of the CGC

Total cross section (zeroeth order in o (o, In(1/x))")

photon wave functions/impact factor

O b e —— Y
S tr(1 — U,U)

opis(V, Q%) = 2Im = /d [*1(Q%) 2 /de (—— )

A

Odipole
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JIMWLK evolution: properties of the CGC

Total cross section (zeroeth order in o (o, In(1/x))")

photon wave functions/impact factor
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JIMWLK evolution: properties of the CGC

Total cross section (zeroeth order in o (o, In(1/x))")

photon wave functions/impact factor
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JIMWLK evolution: properties of the CGC

Total cross section (zeroeth order in o (o, In(1/x))")

photon wave functions/impact factor

P e — M
tr(1 — UzU})

oois(Y, Q2) = 2Im = [0 Wi 2 fan (ST

A

Odipole

B Odipole CONtains Uy,

(.. )(Y) difficult:

target wavefunction is
non-perturbative

m Bookkeeping device: (...)(Y) :/D[U]
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JIMWLK evolution: properties of the CGC

The JIMWLK evolution equation

——— ——" Hymwik "~ ———" Hjumwk
+ 1 gluon: U, i . + 1 gluon: U,
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JIMWLK evolution: properties of the CGC

The JIMWLK evolution equation

—+——1— Hyimwik

TR

—— ——  Hjmwik

+ 1 gluon: U, —al— + 1 gluon: Uz/. -

d
—/vIU| = —H Ul Zv|U
“ay 2=~ Hia(U) Z{0]
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JIMWLK evolution: properties of the CGC

The JIMWLK evolution equation

—— ——  Hjmwik —+——1— Hyimwik
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+ 1 gluon: U, —al— + 1 gluon: Uz/. -

d
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m resums all ~ [a; In(1/2)]" (at LO)
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JIMWLK evolution: properties of the CGC

The JIMWLK evolution equation

—+——1— Hyimwik

TR

+ 1 gluon: U, —

=T - W
+ 1 gluon: U,

d
—/vIU| = —H Ul Zv|U
“ay 2=~ Hia(U) Z{0]

m resums all ~ [a; In(1/2)]" (at LO)

= mmmp energy dependence of (...)(Y)
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JIMWLK evolution: properties of the CGC

Saturation scale and cross section

r(1 — UpU]
L) (UG
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JIMWLK evolution: properties of the CGC

Saturation scale and cross section

tr(1 — UzU})

= ()(Y) - (V) = Ny (r)

Ne
m qualitative expectation:
0.8
06 -~ RV 1
Ny ~—_—
. O~ am
Rs(Y) = correlation length
02 Qs(Y') = saturation scale
0
0 05 1 15 2

rQs(Yo)
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JIMWLK evolution: properties of the CGC

Saturation scale and cross section

(1 — U, UL
) - (O 0 )

m qualitative expectation:

correlation length shrinks:

1
0.8
w Ro(Y) ~ ——
Y towards small 2y S ~ Y
@)
Rs(Y) = correlation length
02 Qs(Y') = saturation scale
0
0 05 1 15 2

rQ5(Yo)
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JIMWLK evolution: properties of the CGC

JIMWLK: IR safety and scaling

m Activity (new gluon production) near Q,(Y")
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JIMWLK evolution: properties of the CGC

JIMWLK: IR safety and scaling

m Activity (new gluon production) near Q(Y)

m activity follows Q4 (Y)

m IR safety perturbative v
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JIMWLK evolution: properties of the CGC

JIMWLK: IR safety and scaling

m Activity (new gluon production) near Q,(Y")

Detailed analysis:

m activity follows Q4 (Y)
m IR safety perturbative v

scaling with Q4(Y)

[persists approximately @ NLO]
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JIMWLK evolution: properties of the CGC

JIMWLK: IR safety and scaling

m Activity (new gluon production) near Q,(Y")

i 0.15
0 6
4 Y [scale r by
L5™J/2 Qs(Y)
rQs(Y) T 2 Q.(77)

Detailed analysis:

m activity follows Q4 (Y)

m IR safety perturbative v/ scallng with QS(Y)
[persists approximately @ NLO]
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A sample experiment

Outline

A sample experiment
m Geometric scaling @ HERA
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A sample experiment

Geometric scaling @ HERA

Apply
07s
0 10
Ly =
4 Y [scale r by
Qs(Y)
TQS(YE)) 2 Qs(Yn)
to Hera
P e m—

oprs(V, Q%) = 2Im

Golec-Biernat, Wiisthoff; PRD 60 (1999) 114023 [hep-ph/9903358]
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A sample experiment

Geometric scaling @ HERA

Apply m scaling fit to HERA:
1 G(Y7Q2) ~ FQ(Yy QQ) ' Q2
N, O 10

x-evolution, A = 0.188, x = 5.5x10° - 0.025
R —

O' 2% = e i
8

to Hera N

w T T O

oprs(V, Q%) = 2Im

Golec-Biernat, Wiisthoff; PRD 60 (1999) 114023 [hep-ph/9903358]
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A sample experiment

Geometric scaling @ HERA

Apply u scaling fit to HERA:
o(V,Q%) = of ()yT—Q2 2 ))
1 Y)
0.75
Ny 05
} 0.25 BK with running a, A = 0.182
L
F t ]
i el ]
rQs(Y) I ]
1= E
to Hera j: ﬁ
}‘N V?ﬁ
 —— * ﬁ
opis(V, Q) = 2Im f
Y ]
L7 4
//
Y Y Y TR
10 10 10 10 10 10 10
Golec-Biernat, Wiisthoff; PRD 60 (1999) 114023 [hep-ph/9903358] T
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A sample experiment

Geometric scaling @ HERA

Apply & with nuclei:
2 (¥0))?
. (YQ)—U(Y T—Q(QA “)))))
0.75
Ny o2 e Bt T
r protons scaled up *5 *{»’ A
10 3
rQs(Y) 3 0 &
[} 1= ’f' E
12} E
to Hera < & /.
<, [ ¢ 2
o ¥ ‘j o He
P — — 0L S 4 e E
2 /4 « Ca(NMC)3
UDIS(Y»Q ) = 2Im r ; 2 Ca(E665)]
-3 LB
0.01~ o 5 x proton
Bod vl vl v el o
102 100 1 100 1 100 10
T
Golec-Biernat, Wiisthoff, PRD 60 (1999) 114023 [hep-ph,/9903358]
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Getting quantitative

Outline

Getting quantitative

= NLO corrections
= HERA fits
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Getting quantitative

NLO-corrections

LO: [as In(1/2)]™; NLO: [og]™[In(1/z)]"*
Corrections to evolution:

Corrections to wave functions/impact factors
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m Corrections to evolution:

® running coupling
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Weigert, Kovchegov
+ Balitsky
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Getting quantitative

NLO-corrections

LO: [as In(1/2)]™; NLO: [og]™[In(1/z)]"*
Corrections to evolution:

running coupling

Gardi, Kuokkanen, Rummukainen, Weigert
Weigert, Kovchegov
+ Balitsky

new channels: quark/gluon-pair production (“conformal”)
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- + ... Weigert, Kovchegov

Corrections to wave functions/impact factors
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Getting quantitative

NLO-corrections

LO: [as In(1/2)]™; NLO: [og]™[In(1/z)]"*
Corrections to evolution:

running coupling

Gardi, Kuokkanen, Rummukainen, Weigert
Weigert, Kovchegov
+ Balitsky

new channels: quark/gluon-pair production (“conformal”)

Gardi, Kuokkanen, Rummukainen, Weigert
- + ... Weigert, Kovchegov

Corrections to wave functions/impact factors

LO JIMWLK evolution (~ [as In(1/z)]') ~ 1 v

s e ——

T == Balitsky, Chiril
> (2011)

NLO impact factor (~ al[ln(1/2)]") not yet included




Getting quantitative

Effects of NLO-corrections

d
m NLO evolution: speed reduced AY) = v QA(Y)

e 4
A =const+ a
sl 4
o8- B
—RN= 5@ N
04| R A= 185 |\ (AR 7
S RA= 088 [T \
o = 0087| F—
10° 10° 10* 10° 10"
RA
LO JIMWLK
= too fast
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Getting quantitative

Effects of NLO-corrections

d
m NLO evolution: speed reduced AY) = v QA(Y)

T T
Iterated; R A\ = 5.02
sof
AN i oL |— Rap=502 i
A= const « a - R = 185
- - R A= 068
0sl” J osk R A= 0087 i
oal-| R\ =502 RN i
[|-- R =185 |\ (S 7 04r ' 7
Ao AR I i
- RoA= 0087|Sliccasiili \ ~, | Siiccesstil
o2 T fangeford, * 0217 L bt gefor
10° 10° 10* 10° 10" 10° 10° 10" 10° 10!
RA RA
LO JIMWLK + running coupling
= too fast = remarkable
slowdown

u fits become possible

22/36
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Effects of NLO-corrections

Getting quantitative

d
NLO evolution: speed reduced AY) = v QA(Y)

T T T T T T
Iterated; R A = 5.02 Iterated; R, A\ = 5.02
L ] ol | Rar=502 ] ol \é\f:;\\zw;g%mnﬂvm\m ]
A=cont» a, Rt =18 — RA=502
N = - R A= 068 X
o8l i 08l R /A= 0087 i 0l i
< < < /
o6 - 06 B osl- / i
— R =502 SN
04| RA= 185 [\ (Y B 04 4 04l B
S RA= 088 |1 i
- R\ = 0.087| " Successfuli Y \ 5 | Successtul I ‘Successful
oz[- n fangeforA, a 02 L I rangeford 7 R L rapgefor A
10° 10° 10* 10° 10" 10° 10° 10" 10° 10! 10° 107 10" 10°
RA RA RA
LO JIMWLK + running coupling + energy cons. corr.
too fast remarkable asymptotic fits
slowdown preferred

fits become possible




Getting quantitative

Effects of NLO-corrections

d
NLO evolution: speed reduced AY) = v QA(Y)

T i r :
Tteraled, R\ = 502 Tteraed; R A = 502

— RA=502 With energy conservation

A 4 b | T e ] 1ol [~ RA=502 4
A=consts a - R L — RA=502

LES

—RN=502 NN

04| RA= 185 [\ (Y — 04 ; B 04 -
S RA=088 T \ 1
- R A= 0.087| Siiocassil ; | Sticcesstul e T ‘Siccessfi
oz[- n fangeforA, a 02 L I rangeford 7 02~ L L rapgefor A
10° 10° 10* 10° 10" 10° 10° 10" 10° 10! 10° 107 10" 10° 10"
RA RA RA
LO JIMWLK + running coupling + energy cons. corr.
too fast remarkable asymptotic fits
slowdown preferred

fits become possible

Effect of NLO impact factors? yet unknown




Getting quantitative

Fit to HERA data

m Total cross section:

= Rapidity gap events (diffractive events):
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Fit to HERA data

Getting quantitative

m Total cross section:

CGC

InQ?

parton gas

il T T T T
Diff. ZEUS 1999-2000 Iterated; R A = 5.02
Diff, Hi and ZEUS With energy conservation
10F |7 RA=502 i
151 —
o8 | _ B
10~ -
06| Asymptotic -
fit possible
Pre-asymptotic
fit il
s 0.4/ fit possible B
02 S Y -
Cvd vl vl vl
10° 10° 10% 10"

[Gev’]

= Rapidity gap events (diffractive events):

RA

10*

Heribert W

eigert CGC

QCD @ mode
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Getting quantitative

Fit to HERA data

= Total cross section: x?/dof ~ .8
§ T T T T AL A AW . UM
N N _ L » | 16f 5\
ik CEE] R
—GTE) || 14 14

02

Q2 =35, 90, 250, 800, 3000, 20000
I I

10° 10* 10
Xy

= Rapidity gap events (diffractive events):
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Fit to

Getting quantitative

HERA data

Total cross section: x?/dof ~ .8

T T T T
= Zeus1997|-{ 16 ©Zeus1995| oK .\
- BK(c,) - Zeus1996) | J

— GT(c) | 14

ARAN\mARUI

Q2 =35, 90, 250, 800, 3000, 20000
I I

10° 10* 10
Xy

Rapidity gap events (diffractive events): x?/dof ~ 1.3
ratios diffractive/total cross sections (sample only):

028<M, <2  2<M <4  4<M <8  B<M <15 15<M, <25 25<M, <35

o—o Q2=25
e--oQf=35

m Lack of NLO impact factors: predictive power down!

C: QCD @ modern colliders
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Motivation: gluons form the CGC JIMWLK evolution: properties of the CGC A sample experiment Getting quantitative Applications and outlook

Outline

Applications and outlook
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Applications and outlook

Applications

Geometric scaling in v*p & y*A
Golec-Biernat Wiisthoff, Kwieczinski; Kuokkanen, Rummukainen, Weigert;
Albacete, Salgado, Wiedemann

Precision fits to HERA ootal

Kuokkanen, Rummukainen, Weigert

almost precision fits for HERA oitfractive

Kuokkanen, Rummukainen, Weigert

Sets the initial conditions of heavy ion collisions

Kovner, Weigert, McLerran; Venugopalan, Krasnitz; Lappi

qualitative only: BRAHMS (RHIC)

Suppression of the Cronin peak at forward rapidi-

P~ QuY)

ties (large Y') Kovchegov; Kovner, Wiedemann

Fit multiplicities at RHIC, predict LHC

Albacete, partial NLO

Monojets at RHIC

Albacete, Marquet, partial NLO

Forward (exclusive) particle production at RHIC
(predict LHC?)

Albacete, Marquet, partial NLO




Applications and outlook

The Color Glass Condensate, a birds eye view

—— CGC in experiments @:
Tevatron @ Fermiléb’ - < H‘ERA © DESY RHIC, HERA
! LHC © CERN Tevatron (new!)
L RHIC @ BNL ' L3 Atlas, CMS, Alice LHC
> EIC@BNL £ LHeC @ CERN
- —_— EIC & LHeC
all (dedicated!)

Main characteristic:

correlation length

5 1
Color Glass Condensate (CGC) <~J¥/ Ry(Y) ~ Qs(Y)

Qs-scaling: Y dependence

“Qs(Y)
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The JIMWLK Hamiltonian

1 as —a - Sa e b S S
Hymwik = —5% W [ZVZZVZ +iVgiVy + U;b(zvgzv’; —HVZZVZ)]J

(z—2)-(2-y) ) . )
Kazy = ———5 & [integration convention for x, z, y]
(@ —2)2(z — v)?

iV2 and iV% are functional derivatives:

0 = 0

’Lv; = —[Umta]]zﬁ Zv; = [taUz]JZW
x,ij x,i]
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The JIMWLK Hamiltonian

1 as —a - Sa e b S S
Hymwik = —5% W [ZVZZVZ +iVgiVy + U;b(zvgzv’; —HVZZVZ)]J

(z—2)-(2-y)
(@ —2)2(z — v)?

Kazy = [integration convention for x, z, y]

iV2 and iV% are functional derivatives:

0 = 0

’Lv; = —[Umta]]zﬁ Zv; = [taUz]JZW
x,ij T,

generate |. & r. inv vector fields, r & | rotations:

e—iwa(iva)U _ Ueiuata e—iwa(iﬁa)U _ e—iwataU

reps of the algebras:

[iV?,iV®] = i f*Pv° [iV?,iV®] = i f*Pe Ve [iV®,iV’] =0
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The JIMWLK Hamiltonian

The JIMWLK Hamiltonian

1 as —a - Sa e b S S
Hymwik = —5% W [ZVZZVZ +iVgiVy + U;b(zvgzv’; —HV‘;ZVZ)]J

(z—2)-(2-y) ) . )
Kazy = ———5 & [integration convention for x, z, y]
(@ —2)2(z — v)?

iV& and iV are functional derivatives:
0 = 0

’Lv; = —[Umta]]zﬁ Zv; = [taUz]JZW
x,ij x,i]

| N\

physics content:
m ULP(iV3iVh +iV5ivh) real emission

n iV§ivy +iVeive virt. correction

= real emission term # nonlinear evolution
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Outline

i Running coupling
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Running coupling is essential: Q2 vs small

u DGLAP: @Q? evolution

lines of constant a,(Q?)
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Running coupling is essential: Q2 vs small

u DGLAP: @Q? evolution

lines of constant a,(Q?)
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Running coupling is essential: Q2 vs small

= JIMWLK, BK: small =

.02 ;
u DGLAP: Q¢ evolution evolution

lines of constant a,(Q?)
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From CGC to QGP

Cronin effect BRAHMS
Multiplicities

Monojets RHIC

Forward particle production RHIC
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From Colored Glass to Quark Gluon Plasma

10%
Melting color glass
McLerran, Ludlam
:’—g Quark-gluon plasma Physics TOday
§ (unthermalized) Oct 2003
g 10!
7 Quark-gluon plasma
E (thermalized)
a
-
g
[o=1
2100
& Qb <@ core of neutron star
plus hadron gas
<@ nuclear matter
1 1 1
0.1 1 10

TIME (fm/c)
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Experiments

Erasing the Cronin effect on the parton level

[BRAHMS]

a_ d;r”A @5
pA __ _d?kdY
R A do’PP

d2kdy P~ QS(Y)

F =0 ‘h' n=1 h‘;h n=22 h

¥ = *ﬁ tim + i 4‘ disappears at
; e
,/w Y ¥ * :»e‘.‘“++ forward rapidities

py [GeVie] py [GeVic] pr [GeVic] pr [GeVic]
n=0 *" n=1 h‘;h n=22 W[ on=32 h
S Wﬂ et | disappears faster
o Bs* bosesstt wﬁ.ﬁ I
g
*3F @ o0es0s0t F b pacs centrally
Py [GeVie] Py [GeVie] py [GeVic] py [GeVic]

m qualitative only: no hadronization of partons, simulation only LO

Heribe er CGC: QCD @ moder




Experiments

Multiplicities at RHIC and LHC(?)

m Fit multiplicities at RHIC, predict LHC

1600
dN,, [
A 3 400]
1200
I Pb-Pb\[§,y=5.5 TeV
1000
800
600
400(—
L SR
+ A AU-AU 0-6%, 57200 GeV X
2001~ = AU-AU 0-6%, =130 GeV
n L [ Ll | Ll

J. L. Albacete, Phys. Rev. Lett. 99 (2007) 262301 [arXiv:0707.2545 [hep-ph]]
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Experiments

Monojets at RHIC

light nuclei: back to back jets
not quantitative: energy too low centrally, see Cronin

heavy nuclei: Monojets; back to back correlation is broken

S 00z~ p, >2 GeVic STAR PRELIMINARY
o L : « p+p (-0.0045)
© r 1Gevic < PP, . d+Au central (-0.0145)
0.015—
1
21
0.01—*
0.005—
o;‘
0

J. L. Albacete and C. Marquet, arXiv:1005.4065 [hep-ph].

partial NLO: running coupling only!




Experiments

Forward particle production RHIC

BRAHMS T _ BRAHMS
2,K=1 > « h(x200); 1=
o « h(x50);N=3.2;
- STAR
& 4 T0(x20); N=3.3; K=0.4
2 4 T0(x10); N=3.8; K=0.4
§ L 10;0=4; K=0.4
Z
o I

AT T TN ST
05 1 15 2 25

A R B
35 45

J. L. Albacete and C. Marquet, Phys. Lett. B 687 (2010) 174 [arXiv:1001.1378 [hep-ph]]

m partial NLO: running coupling only!
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