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Mclerran — Venugopalan model

L. D. McLerran and R. Venugopalan, (1994)

Sources at large-x, P
e Large nucleon number

A3 5 o

 Small Bjorken -x

Gluon field at small-x, AH

1
« High occupation number => Classical treatment of the fields; 7 = T
+ Weak coupling
g?A
: 2 _ Al/?)
Color charge squared per unit transverse area U - R2

p? > AQOD as = o, (p?) < 1

Saturation scale Q, ~ g%u ~ A'/3
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Field of a single nucleus

Solve classical Yang-Mills
equations of motion

Dy, F* ] = J”

Jv = vt :

Tt =

Sources at large-x

0

Gluon field at small-x

AH

) =gp(z~,21) ~gp(xr)d(z™)

The solution in light-cone gauge is a pure gauge

A

of =—U,0'U

p ,  0'a' = gpm .




Classical filed after the collision

Kovner, McLerran, Weigert (1995)
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Solution at proper time 7 = \/t2 — 22 =0 ’




Longitudinal chromo-electric and chromo-magnetic fields at

T=t2— 22 =

Kharzeev, Krasnitz, Venugopalan, 2002
R. Fries, J. Kapusta, Y. Li, 2006
Lappi, McLerran, 2006
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Non-Abelian Wilson loop in the classical field of a collision
M(R) = Pexp (igfda:ifli) — Pexp {z’g%dwi (o + ag)}

Calculate loop's expectation value:

Wir(R) = 5 (tr M(R)

Gaussian distribution of sources:

Wip| = exp {—/dzm 5abpa(3;;lpb(%)
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Abelian case, Wilson loop measures magnetic flux:

%dl_’fi’:/d&'ézé e:cp{igjgdl_’}ﬂ:emp[igcb]

Single valued A field, flux quantization: g}gd[’/f = 27N

Non-Abelian case, gauge fields transform as a representation of SU(N)/Zn

Iy = {ezmn/N]l,n:O...N—l}

Pexp {z’g f dl’ fT] — e2min/N7q 2mi(n1+natns) /N q

For completely uncorrelated magnetic vortices => area law behavior.

(W) ~ exp|—Area]
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Numerical results for W,

A. Dumitru, Y. Nara
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~ o< exp(-0.09 A”)
<
| —
BZ
A
N
| AAA&AAﬁ
ANy N .
0> 1 benp
04 b
0 0.5 1 1.5 2 23 3 3.5 4
A’ = AQ;
Area law behavior: Wy, (R) ~ exp (—opA)  on =~ 0.12Q2

— Uncorrelated magnetic flux vortices with radius:

thx ~ 1/@8




Numerical results for_ W, A. Dumitru, Y. Nara, E. P., 2013
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— Uncorrelated magnetic flux vortices with radius:

thx ~ 1/@8 0
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Perturbative calculation

Single nucleus: M (R) = P exp (z’g ]g da:iafn) =1

In a collision: M (R) = Pexp [’Lg%dﬂf (af + Oéz)] = Pexp [ X1 + X2

% dx’ oza“"ta

1
exp X exp Y—exp{X+Y—|—§[X,Y]—|—...}

Wty = - (o () o1 L (g

1 abc pabc va v a b
92h2:1—6f bf bX1X1X§X§

2N
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Perturbative calculation

Diagram representation of: . ) -

hz

abc pabc v-a va vbvb
162f foe XX XL X

1
exp X exp Y—exp{X+Y—|—§[j
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E.P. 2014

Perturbative result for the expectation value of the
magnetic Wilson loop:

71.2]\f6 41 Q42
~ 1 _ & S S AZ
Wi (B) 64(N2 — 1)3  AX
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Lattice calculations for small loops

6_3'5 <AQ§ <€—0.5

A. Dumitru, T. Lappi, Y. Nara, (2014)
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W(A) =exp[—(0cA)’]
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A. Dumitru, Y. Nara, E. P., 2013

A term proportional to the area of the loop: ~ A (0512

. . . 2 2
Gaussian contractions can give only powers of Qsl : QSQ

(% (%) po (y)) = 1,6%6(x — y) ~ Q3

Sm
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o A. Dumitru, T. Lappi, Y. Nara, 2014
Magnetic field correlator

Cp =29°Tr (B, (x 1)Uy, —y, B.(y1)U] )

6F T —mv,gito T -
h oo MV, 0.1 =2 (x 20)

e MV, 0 1= 10 (x 100)
— cJIMWLK, 01=0 .
oo 1¢ IMWLK, Q7 =2 (x 20)
% ~—= 1c JIMWLK, O 7 =10 (x 100)
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Thank you



Back up
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Before the collision

Initial conditions

After the collision

Forward light
cone

Projectile

Backward light

Projectile
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Energy evolution

T = Longitudinal momentum fraction

k-
P,
Linear BFKL equation ----> Fast growth of the gluon densities with

decreasing X: Balitsky, Fadin, Kuraev, Lipatov 1975-1978

A
4as N,
gb(a;,ki)N(l) A= 289

£ 7

20
Violates Froissart bound



Small-x limit

>

1
In —
€T

Saturation of parton distributions

\
2 1 (1
Qs ~ A3 (5) Saturation scale

Gribov, Levin, Ryskin (1983)
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The Wilson loop measures magnetic flux:
/dl_’}f — /d&' B=d

Area law indicates uncorrelated domains.

For N, =2 w2 (R) = (sgn tr M(R))
2min
1
o

M(R) = exp |

thx ~ 08/@8
Uncorrelated magnetic flux vortices with radius:
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Gaussian distribution of sources

[ Dp W[pOlp]
Calculation of observables Olp]) =
il | Dp Wlp]
5% (1 ) pb(x
Wip| = exp {fdza;l il LZP( L)
24
gz
,uz = ——75 Color charge squared per unit transverse area
s

Valid for a large nucleus: A'/3 — oo
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Diagram representation:
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ar, = —0'®,, 29 (5” a’bv—283> D, @y, | +0O (D))

X, = igfda?zamta

The lowest order does not contribute. Use the term ~ ®2

Xy, = =5 f f da' ®F,0' Py,
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Diagram representation of:

fabCfa,cha,XaXbXb

h2

162

X — _ﬁf&defdaji (Dgnazcbfn

P2
Correction diagram 26




Calculate <<I>fn,(k) Dy, (p— k) Py, (k) @5, (P — 1_{)>pm

b (k) = —%pa(k) (p"(k) p°(p)) = 1?6 (2m)?6(k + p)

Extended action:

5ab a b dabc a b .c 5ab5cd 5a05bd 5adébc
S[p(x)]:/de[ PP ppp—|— - + a b _c d

242 K3 K4

PP p°p°]

Cubic term does not contribute.
Quartic term correction to the four-point function:

fadef&cfé (5d65Jé 4+ 5d356€3 4 5déé‘e(f) — 0 27




Wn(AY)
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Time evolution

1.1 |
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o< exp(-0.12 A”) O .
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1 . B _
<92h2> _ 1_6fabc2fabc <Xinl>pl <X§X§>

P2

7392 d o wd A
Xy = _Tfa “3fdmZ o0 D

- 2
a (3¢} ade 2 2 . d €
X = —5omr "R [ ol (Rip]) sin(a — 0)0% k)25, (b ~ k)
4 de rade p2
<XaXa>pm (Tr)6fa efa eRX

[ ¢k & &k & KK 1 (Rlp|) (RIB)

sin(a — 0) sin(a — 0) <<I>g,b(k) - (p — k) (I)g@(l_{) o7, (P — 1_<)>pm



With Gaussian action:

8, .4 -
<Xa Xa > _ %65:-?’)21 fadefadeRZ <

k||k|(p — k)*(P — k)

sin{a — 6) sin(a — 0) x

Sk+k)d(p—k+p—k)—dk+p—k)i(p—k+k)
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/ ds/Da:“ <exp i/d'r (m:i:z +gA“x'“)> ~
0

0
S

/ ds/Da:“ exp i/dTm:iZQ exp(—opA)
0

0
[/

2 | G,
p* T oMo,
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Area law Is due to screening of magnetic fields.

G(x) =9gU(0 — x) Fppy(x) U(x — 0)
C®)(r) = (tr G(0) G(x))
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“Naive” perturbation theory cannot capture the presence of
screening corrections. 34
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