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Outline

0 The partonic “phase diagram” and saturation

0 High energy scattering and Wilson lines

0 Dihadron production in forward region in pA collisions
0 JIMWLK evolution of dipoles, quadrupoles, ...
0 The Gaussian approximation

0 Production at different rapidities




Partonic “phase diagram”
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The process

1 Large-x quark from proton splits into quark-gluon pair
0 Interacts with soft components of nucleus

0 Quark-gluon pair “measured” in forward region
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The outgoing state
0 Mixed representation: transverse momenta — coordinates

0 Nucleus viewed as large classical color field
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0 Eikonal interaction — Wilson lines: V4 = Pexp [ig / dz ™t AL a(w_)]
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The cross section

0 From (Wout|Ng(q)Ng (k)| Wout) calculate cross section
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Di-hadron azimuthal correlations

P+Dp,3 <y, Yy <3.8,0.5GeV < p%ss < 0.75GeV d+ Au, 24 < Y1, Yo < 4, 1CGeV < p%ss < pgfig7 pgfig > 2GeV

t

o 11GeV <pl" <1.6GeV - STAR
s L6GeV <pp'? <2.0GeV | 0.022} } ]

Ay [rad]
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0 For pit por > Qs , width in Ap ~ Qs / pir

0 For pit por << Qs , IR divergent:
subtracted and added as DPS in a collinear treatment




Wilson line correlators

Ne
0 At large-N, can factorize <Q§>y = <Q>y<§>y

A 1 - 1 -
0 Dipole S12 = —tr(VlTVZ), quadrupole Q1234 = ﬁtr(vlTVZV;VZL) B

0 S not enough for at least two particles measured.
But S and Q is all we need for any number of particles.
Kovner, Lublinsky "06 / Dominguez, Marquet, Stasto, Xiao "12




Color Glass Condensate

0 QCD, frozen sources, occupation numbers of order 1/a;

0 All ordersin a,In1/x and classical field AY ~ O(1/g)

First idea : McLerran, Venugopalan "93




JIMWLK evolution of correlators

0 QCD dynamics encoded in JIMWLK Hamiltonian
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0 Evolution of expectation value of arbitrary correlator

8Wy [Oz]
oY

= HWy[CV] —

0 Easy to work out: act on end-point, use Fierz identities.

Jalilian-Marian, Iancu, McLerran, Kovner, Leonidov, Weigert "97-"00
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The Dipole =
Balitsky '96 / Kovchegov 99
0(S Q A oA A
- 0 Well-known eqn: | 61;>Y =5~ | M122(512522 — S12)y
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- 0 Weak scattering: linearin T =1 - S << 1, BFKL, easy to solve

- O Strong scattering, assume large N.: linear in S

‘ a<;§12>y = 7“%2 dZZ = S . -
J e /1/Q§ 7<S12>Y = —a; In(r{,Q5) (S12)y

0 Local in S, trivially solved if we know Qs(Y)
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The Quadrupole
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(Mi2z + Mgy — M2y ){51,Q2034)y

)(S22Q1234)y
— M24,){S3.Q1224)y
— Mi132){524Q1232)y
—(Migz + Migz + Mazs + Miaz){Q1234)y
— Mizs — Maa,){(S12554)y
)

— Mis, — Moy, ){514593)y

Jalilian-Marian, Kovchegov '04 (in factorized form)

.
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Quadrupole in limiting cases

0 Weak scattering, expand Wilson lines, 2-gluon exchange
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0 Evolving like “six BFKL's”

0 Strong scattering, assume large N, keep quadratic terms, local
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0(Q1234)y S

oY = <Q1234>Y

In(r7,Q7) + In(r5,Q7) + In(ri4Q2) + In(r35Q7)
In(r{,Q3) + In(r3,Q7) — In(r{5Q3) — In(r3,Q?)

In(r{,Q7) + In(r33Q7) — In(ri;Q35) — In(rz,Q2)

w|$'w|$'w|c§§'

0 Given Qs(Y) and dipole, can solve for quadrupole, but better ...
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Look for functional form
0 Write logs in terms of log-derivative of dipole

* [ eads to functional form: Quadrupole in terms of dipole

e Better than log-accuracy
e Extends to running coupling

* An, a priori, unexpected result

0 Ordinary 1st order inhomogeneous differential equation




Solution to the quadrupole

(Q1234)y = \/<§12>Y<§32>Y<§34>Y<§14>Y = §Q1234>f/0 :
_\/<512>Y0 (S32) v, (S34) v, (S14) v4

R (S15)y(Saa)y 0 (S12)y(Saaby + (S14)y(Sa)y
' Ui aa e Y (S13)y (S24)
- \/<Sl2>y<532>y<s34>y<514>y e

- 0 Expanding solution for small T: correct result.
- Linear Hamiltonian, Q linear in T for small T

e s

0 Valid in two limits, not exact at transition but cannot be bad

- -

- 0 Can integrate over y for simple configurations

" ,'v,l l,l‘n‘o
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0 Local in Y under reasonable assumptions

lancu, DNT "11 &
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The Gaussian approximation

0 Same approximation at the level of the Hamiltonian:

At saturation, dropping real terms, cutoff z-integration
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Modify the “Sudakov” kernel to extend at low density
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- The solution is a Gaussian wavefunction




FA 1arge—N
Factorized N. = 3
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JIMWLK

Iancu, DNT "11
with data from Dumitru, Jalilian-Marian, Lappi, Schenke, Venugopalan "11
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Gaussian average quadrupole equation for given configuration

Solve for S, compare to BK
Various running coupling scenarios

(Verified Levin-Tuchin law at saturation and extracted Q)

Alvioli, Soyez, DNT "12
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Without extra gluon: Scattering of gluonic quadrupole

- Figl: Easy to systematize : “real” JIMWLK evolution of G1

- Fig2: Complicated: “real”evolution of source of G1

Virtual terms: without source evolution, G1 evolution IR-divergent
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Two particle production with Y;>> Y5

0 Need to describe wavefunction squared of projectile:
two types of Wilson lines

0 Physical quark is math. dipole: Si2(xZ) = N%tl"(‘_/;ﬁ Al )

H, = = Yoot o gD RE(WyWh)PeRA+LELE —REWEA LS —LEWibe RS |

— And Juw (y—u)? (g-v)?2 LT

0 Solution?

Kovner, Lublinsky "06



Langevin form of IMWLK

Blaizot, Iancu, Weigert ’02

.....
..........

.....

Vi (ne + €) = exp(ieaf, 1)V (ne) exp(—icaf,t*)
- lancu, DNT 11
 of, =Y [dzKL i af, = Y22 [d2 Kl vibUb

€Xr L=z Z o

Lappi, Mantysaari ‘12 *

- Kis WW kernel, v random color charge, U leads to cascade

- | Gaussian noise (Vi (me)riP(ne)) = +0mnlayd® 6







Langevin form of WEFS

As before for V. In complex conjugate amplitude:

VI(ne +¢) = exp(ica¢ t*)V] (ne) exp(—icad t*)

ol = \/a_sfdz/sz 7%

T

Single noise, same as before

How to treat functional derivatives?




Conclusion

0 Justity Gaussian approximation at finite Ne:
An analytical solution to JIMWLK (as function of S)

0 Particle production at same rapidity needs only S and Q at
large N. (good enough)

o Particle production at different rapidities is more involved:
color charge sources of softest gluons also scatter

0 Set-up a Langevin approach
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Constituents of a hadron

0 Proton, or generic hadron, is complicated in rest frame

0 Hadronic and vacuum fluctuations

o Non-perturbative with same lifetime Atrr ~ 1/Aqcp




Infinite momentum frame and DIS

0 IMF: Hadronic fluctuations live longer Ativyr ~ v/Aqcp
0 Longer than vacuum fluctuations

0 Longer than collision time, e.g. in DIS Aty ~ 22 P/ o

0 Quark with Atguct ~ 20P/k7 2 Ateon seen by photon




Soft and collinear gluons

A

g &f ~&a w2 ko

0 Emission of soft and collinear gluons is favored

0 Large logs can overcome smallness of coupling

0 Source lives longer than emitted parton: frozen

0 Gluons dominate at small-x

P,




Cascades and evolution

0 Successive emissions: DGLAP or BFKL cascade

/ dxn/ dz, = /1 dx1 s 1
R T R RNy Q{S ln_
Ln—1 ro 41 n! W5

G |
0 Resum all diagrams jf; = v d.ZQ - L 12 exp(wasY)
St T

o Evolution equation diY e
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Kinematic regimes s

Y

0 BFKL and DGLAP: linear, incoherent emissions

A F e (kg
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10 DGLAP: smaller and smaller partons of size 1/Q? =

’

’
¥ » 1
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......

. 0 BFKL: typically same size partons

-0 Partons will “overlap”, coherent, non-linear evolution
Sy




Single particle production

1 Large-x quark from proton: eikonal trajectory

0 Interacts with soft components of nucleus

A

0 Quark “measured” in forward region




Wilson lines
0 Mixed representation: transverse momenta — coordinates

0 Nucleus viewed as large classical color field

0 Eikonal interaction — Wilson lines: V| = Pexp [ig / dz ™t AL a(@‘_)]




The cross section

0 Multiply by c.c. and E.T. to calculate cross section

dO.qA—>qX 1

o —ahyenp?) [ (alV @V + )

=

0 Summing over final color, average initial: 1/Nc tr ...

1 QCD dynamicsin (...)y = /DA+WY g

_ |ple”?

.

— I < 1 in forward region, x1 =




A
e e
e

Comparing with data

= 1 th/d"'?d2p|pA
— A th/dndZP‘pp

RpA("?»P)
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JIMWLK evolution

0 Evolution for functional of color sources

oWy |p)
oY

= Hyivwrx Wy |p)]

0 Average over color sources

(O[A])y = / DpWy [ O[A(p)]

0 Solve classical Yang-Mills equations to get the field

DR St )
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Other special configurations

X1 T

F I

L9

Ly € ® I3

A A

(Q1234)y = (S12)y (S34)y

0 Factorization violations at finite Nc (at saturation)
1
s N2 1 e
= 512> -

N2 > =S N2 <§13>Y<§32>Y

<‘§13S32 =




The right-derivatives

0 Functional derivatives act on upper endpoint: L-derivative

0

s e gy !

~ 0
(VT)QCW Vig — lgému Va;ftc

0 Wilson lines expand symmetricaly in longitudinal direction

VI, (@) = expligean+1(2)] V)l (x) expligea_ (1) ()]




An even simpler expression

0 Deep at saturation solve for dipole (fixed coupling)

. 1
(95 y 2 exp [— S5 1112(7“@'23'623)]

Jalilian-Marian, Kovchegov ’04 i
Dominguez, Marquet, Xiao, Yuan ‘11 =

o Still correct for small T, symmetric under exchange of 2 and 4

40



The Gaussian approximation

0 Expression for Q first derived in MV model = special Gaussian

<pa(aj1_,il31),0b($2_,$2)> = 5ab@( 5 S |331_‘)5(£E1_ = 372_)5:131:32)\(

0 Virtual terms arise from Gaussian part of H

0 All correlators in terms of 2-point function — Gaussian kernel
0 Valid at finite Nc
0 At saturation drop last two terms of gluon emission

0 At weak scattering only 2-point function and products




vs numerical solution

= L1 Lo

L1 r Lo ® -
®
L3 T4
=
®

(a) Iy L3

(b)

JIMWLK, Y=0 e
Gaussian, Y=0 ST
JIMWLK, Y=5.18
Gaussian, Y=5.18 — — =

JIMWLK, Y=0 AT
Gaussian, Y=0 SRS
JIMWLK, Y=5.18
Gaussian, Y=5.18 — — -
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0 At large Nc for example:
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“Internal check”

Solve BK and MFA from averaging JIMWLK kernel

T(r,Y)

T(r,Y)
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Scaling

0 Qs(Y) sets the scale: dependence only on rQs(Y) around Qs
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H1 low Q2 95

ZEUS+HT1 high Q* 94-95

E665
x<0.01
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- Gluon distribution and gluon production in AA =

0 Distribution C(Y,p) =p? [ e "P—{t:[V(2)VT(y)] + ... i

..

- .
‘ SO
T =
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: S
= =

0 Production: collide two “color glasses” =

.......




Multiplicities in AA

0 Multiplicities should not be affected by final state

)/2)

part

part

9:— e O Pb-Pb 2.76 TeV ALICE
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