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Introduction




Introduction: The QCD phase space
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* Value of QCD’s coupling constant depends on conditions of
temperature and baryon density

 Low temperature and densities: hadronic phase (confinement and
spontaneously broken chiral symmetry)

* Lattice simulations indicate a transition at high temperature to a
deconfined, chiral-symmetric phase: The QUARK-GLUON PLASMA
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Introduction: The QCD phase space

* This state of matter can be accessed in particle colliders through
Heavy lon Collision experiments

.
P
a0

W

* Performed at Brookhaven National Laboratory’s Relativistic Heavy lon
Collider (RHIC) and CERN’s Large Hadron Collider (ALICE
experiment)
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Introduction: Stages of a heavy ion collision

Pre-equlibrium: GLASMA | |Quark Gluon Plasma| |Hadronic phase Finally observed particles
. : (hadrons)

Collision

1
Quasi-ideal relativistic F ;
hydrodynamics reeze ou

t=0 ~0.5 fm/c ~10 fm/c ~15 fm/c

FOR
o ! ’,"’g_, '
‘= TR

e Lo

Classical dynamics: CGC

\&» time

* After the collision, matter goes through different phases as it cools down

Cooling down

* [nthe last part, it reaches the hadronic phase, and this is how it appears in
the detectors
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Introduction: Stages of a heavy ion collision

Finally observed particles
(hadrons)

Final state correlations
* After the collision, matter goes through different phases as it cools down

* [nthe last part, it reaches the hadronic phase, and this is how it appears in
the detectors

* QGP can be studied through the non-trivial correlations between the
measured particles
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Introduction: Stages of a heavy ion collision

Pre-equlibrium: GLASMA I Finally observed particles
. (hadrons)

Collision

e

L7
b4

-

g

-

Classical dynamics: CGC

W_J

Initial state correlations Final state correlations
* After the collision, matter goes through different phases as it cools down

* [nthe last part, it reaches the hadronic phase, and this is how it appears in
the detectors

* QGP can be studied through the non-trivial correlations between the
measured particles

e BUT: Initial state fluctuations reflect in the final state correlations!

—» \We need robust theoretical description
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Introduction: Stages of a heavy ion collision

= THIS TALK

----"‘------I

~0.5 fm/c

AN '
% p time

* No theoretical agreement on the initial conditions of Glasma evolution
* Large degree of phenomenological modeling
* Source of uncertainty for parameters used in Hydro models
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Introduction: Stages of a heavy ion collision

e THIS TALK

----"‘------I

~0.5 fm/c

AN '
% p time

* No theoretical agreement on the initial conditions of Glasma evolution
* Large degree of phenomenological modeling
* Source of uncertainty for parameters used in Hydro models

 We provide a first-principles analytical calculation of:
(L (L))

(T ()T (y1))
In the classical approximation (Color Glass Condensate)
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Initial conditions: the Color-Glass Condensate




Highly Energetic Heavy lon Collisions

* At high energies (or equivalently, low x) the
partonic content of nucleons is vastly
dominated by a high density of gluons

H1 and ZEUS
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e
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H1 and ZEUS

Highly Energetic Heavy lon Collisions

* At high energies (or equivalently, low x) the
partonic content of nucleons is vastly
dominated by a high density of gluons

* Relativistic kinematics: at high energies,
the nuclel appear almost two-dimensional
in the laboratory frame due to Lorentz

contraction

Boost
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Highly Energetic Heavy lon Collisions

At high energies (or equivalently, low x) the
partonic content of nucleons is vastly
dominated by a high density of gluons

H1 and ZEUS

* Relativistic kinematics: at high energies,
the nuclel appear almost two-dimensional
in the laboratory frame due to Lorentz
contraction

==\
\V4
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Color Glass Condensate: MclLerran-Venugopalan model

* Perturbative technigues would require computing infinite diagrams

 We use an approximation of QCD for high gluon densities where we
replace the gluons with a classical field generated by the valence quarks

4

i
y
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Color Glass Condensate: MclLerran-Venugopalan model

* Perturbative technigues would require computing infinite diagrams

 We use an approximation of QCD for high gluon densities where we

replace the gluons with a classical field generated by the valence quarks

il @A)

* Dynamics of the field described by Yang-Mills classical equations:

(D, F*"] = J" « p*(x)t"

FH = 9P AY — 9 A — ig[AM, AY] —>

Pablo Guerrero Rodriguez (UGR) Initial correlations of the EMT of Glasma January 24, 2019

16/82



Color Glass Condensate: MclLerran-Venugopalan model

* Perturbative technigues would require computing infinite diagrams

 We use an approximation of QCD for high gluon densities where we
replace the gluons with a classical field generated by the valence quarks

& L

* Dynamics of the field described by Yang-Mills classical equations:
(D, F*"] = J" « p*(x)t"

* (Calculation of observables: average over background classical fields

(O [p]) = / dp] exp -

a )

—/da:Tr 2o

/

\
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Color Glass Condensate: MclLerran-Venugopalan model

* Perturbative technigues would require computing infinite diagrams

 We use an approximation of QCD for high gluon densities where we
replace the gluons with a classical field generated by the valence quarks

§ £ o b

* Dynamics of the field described by Yang-Mills classical equations:
(D, F*"] = J" « p*(x)t"
* (Calculation of observables: average over background classical fields

« Basic building block: 2-point correlator (McLerran-Venugopalan)

(p"(x7 2 )p"(y ,yL)) = p?* (27 )0 (z~ —y )P (z —y1)
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Color Glass Condensate: MclLerran-Venugopalan model

* Perturbative technigues would require computing infinite diagrams

 We use an approximation of QCD for high gluon densities where we
replace the gluons with a classical field generated by the valence quarks

§ £ o b

* Dynamics of the field described by Yang-Mills classical equations:
(D, F*"] = J" « p*(x)t"
* (Calculation of observables: average over background classical fields

e Basic building block: (generalized) 2-point correlator
(P (7,2 )p"(y ™ yn)) = p? (a7 )h(b1)d8(z™ —y7) flzr —yu)
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Steps for the calculation

1) Calculate the gluon fields at early times in a HIC
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Steps for the calculation

1) Calculate the gluon fields at early times in a HIC

2) Build the energy-momentum tensor

1
Ty (w,)=2Tr § 59" F* Fap— FWF'(;}

0
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Steps for the calculation

1) Calculate the gluon fields at early times in a HIC

2) Build the energy-momentum tensor

1
TH (x,)=2Tr {Z g FP g —FWF'(;}

0

3) Average over the color source distributions
T (@1) = [ o Walpi ldpa Walpal T 2.)lpn, o

(T3 (e )T (yL)) = / [dp1 W1 |p1]|dp2]Wa | p2] T (2L )17 (yL) o1, p2]
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Calculation of the gluon fields




D, F"] =

1= p1(x

p2(x
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The gluon fields at T=0" in HICs [Kovner, McLerran, Weigert 1998]

D, FF | = J/ + J3 [1, 2] Single nucleus solution
1= p1(x1)o(x7)e"" SN T -
1 1 Al :9(513_)/ dz~ 21 é2 2L Ut (2=, )t = 0(z7 )’ (@ )t°

* 1

Uizb(gj_,ﬂjj_) =P exp{—ig/ dzwﬁl(z,au)}
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Calculation of the energy-momentum tensor T#” (7 = 0™)

D, FF | = J/ + J3 [1, 2] Single nucleus solution
2 —\ SV+ AT =0 ~ P
1= 1 (XJ")(S(X )5 Aiz@(x_)/_ dz_a pl(éQ’ZL)Ulab(z_,a:L)tb = H(x_)ai’b(au)tb
5 = p2(x1)0(x")0"" - 4 -

Ufb(g;_,au) =P exp {—ig/ dzwﬁl(z,:m)}
Lo

[3] Forward light cone 7= 07

Ai:j::cioz(T:OJ“,:lzL) a'(1=0"21)=aj(zL) + ay(zL)

Al :Oéi(T = O+,SUJ_) a(T = O+,$J_) = Y [@i(SUJ_%O‘é(xJ_)}

o1
 We can obtain the Ty =79

early-time energy- g% . y . |
momentum tensor as: == (078" 9™ ([0417 ozl Ozlz]) x diag(1,1,1, —1)

= ¢g xdiag(1,1,1,—1) = ¢g x t""

quozﬁ,aFgB . F,ua,aFI;,a
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Correlators of the energy-momentum tensor at 7= 07




REMINDER:

(T (1)) = (eo) "

* For the 1-point correlator of TH":
(o) =—g*(670" + e (Tr {[a], g [af, ab] } )
— g% (8 87 4 €9 RN <oz§a’oz% boz]f Cozgd> Tr { [t"’, tb} [tc, td] }

2 , .
L S el o) (el e)
Building block of
the calculation

; 9%z, 2 b
0ie)= [ ar A s )
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REMINDER:

(T (1)) = (eo) "

* For the 1-point correlator of TH":
(o) =—g*(670" + e (Tr {[a], g [af, ab] } )

= — g% (6§ 4 € R <oz?L a’oz% boz]f Cozgd> Tr { [t"’, tb} [tc, td] }
2 . .
= T (095M ek et pedm (it (2 Yol (w1) ) (" (a1)af (1))
* We momentarily take two different transverse positions:

; 9%z, 2 ubs
0ie)= [ ar A s )

. . o0 5’7’ ~a/ 2_733 / . aj ~b/ Z_/7 / _
<az’“(xL)oz‘7’b(yL)>:/ dzdz'< P (V2 L)UC"CL(Z 1) P (V2 yL)Ubb(Z " yl)

— OO
Nexp{/dx p} Nexp{z'/ dw,o}

(p“(x" 2 )p (Y yL)) = p?* (27 )0 (z~ —y )P (z —y1)
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REMINDER:

(T (x1)) = (eo) t"” N
&ﬁb($¢):/ 4T 7ZL)Ufb(Z_a£UL)

e For the 1-point correlator of TH: L %
(o) =—g*(670" + e (Tr {[a], g [af, ab] } )
=—g (5235kl 4+ 67,3 kl) <Oéfia&‘; ballc C()gl2d> Ty { [ta’ tb} [t07 td] }

2 . .
= T (095M ek et pedm (it (2 Yol (w1) ) (" (a1)af (1))
* We momentarily take two different transverse positions:

. > 015 (27, my) I (2~ ;o —
<&z,a T )aj, (y¢)> / dZ_dZ_/ < IO (vz J_) p éQ y_l_)> <Ua a(Z ,ZCJ_)Ub b(Z /,yJ_)>
— 00 1 1

Luckily, in this case Wilson lines and (external) color source densities factorize

(p“(x" 2 )p (Y yL)) = p?* (27 )0 (z~ —y )P (z —y1)
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(T (1)) = (eo) "

For the 1-point correlator of TH":

REMINDER:

o{ib(m):/ 4z=2 CICRETY

(c0) =—g?(07 8" + 7 (Tx {[af, ad][af, ad] | )
=—g (5235kl _|_€?,j kl) <a’iaa%ballc C()gl2d> Tr{[ta tb} [tc,td]}

2
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REMINDER:

(I (z 1)) = (€o) t" R
Oéib(m):/ 4T 7ZL)U{1b(Z_,:U¢)
e For the 1-point correlator of TH: L %
(o) =—g*(670" + e (Tr {[a], g [af, ab] } )
= — g% (6§ 4 € R <oz§a’oz% boz]f Cagd> Tr { [t“ tb} [tc, td] }
2
2
* We momentarily take two different transverse positions:

. 00 - L ~q’ 2T 7 ~b’ o
<&z,a T )&J, (y_]_)> / dz"dz /< P (Vz J_) P ég YL
1 1

— 0

xr,a Ti,a 5&()50/1)/
yJ_,b . yJ_ab/ N
A R S sabga'
o0 ©0@) =N

Where:
P(xi,y1)=2(L0L) — L(zyL —y1)),
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REMINDER:

(T (1)) = (eo) "

* For the 1-point correlator of TH":
(o) =—g*(670" + e (Tr {[a], g [af, ab] } )

— g% (8 87 4 €9 RN <o/fla’oz% boz]f Cozgd> Tr { [t“ tb} [tc, td]}
7

g s () ()

; oo _az'~a Z_, . 3
(o) = [ a AU )

2
= S folm pedm (51 gH ¢ ekt gacqih bl g 2 2 (97 L (0, ))?

g°CaCrp3i5(0°L(0L))? \ Notation:
~ CF 9 /OO

Rz Do (z1) 32(31)(47T(‘92L(0¢))2 He=

dz"p(27)

— OO

* Here we have introduced a momentum scale characterizing each nucleus:
32 -
Qs — aSNCM (CIZ'J_)
2,.2

* Inthe MV model the factor 9°L(0,) 2 1 mer
yields a logarithmic UV divergence: OLLO0L)mv = 47 }1—% n 4
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(T (x )T (yL)) = (e(xL)e(yr)) M 77

* For the 2-point correlator of TH": prepare for trouble and make it double
4

<€(£13¢)€(y¢)> _ 92(5235kl 4+ eijekl)(di/j/5k/l/ + Ei’j/ek’l/)fabnfcdnfa’b’mfc’d’m

ia ke i'a _K'¢\; . gb 1d j'b _U'd
X <ala:ala:a1y A1y ><a2xa2a}a2y A9y )

W_/

Building block of
the calculation

REMINDER:

; 9%z, 2 abr
ozl’b(au):/ dz pl(VQ L)Ulb(z X1 )

— OO
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(T (x )T (yL)) = (e(xL)e(yr)) M 77

* For the 2-point correlator of TH": prepare for trouble and make it double
4

<€(£E¢)€(y¢)> _ 92(5235kl 4+ Eijekl)(é‘i/j’dk'l’ + ei'j/ek’l/)fabnfcdnfa’b'mfc’d’m

ia kc i'a _Kk'c 7b 1d 7' U'd
X <ala:ala:a1y A1y ><042x042x052y A9y )

e The building block:

. Y, 3N o0 (9Z n°¢ Z_,ZU _
(0" (z )" (z )" (y ) C(yL)):/ dz‘dw‘dz"dw"< P (V2 L)U‘m(z , T )

8?:/ 5¢ Z_/a 1 A ak/ o/ w_la 1 ‘e’
p(v2y)U (Z,ny)p( Y1) |

akﬁf (w_a QZ'J_)
V2

Ufc(w_,mL)

[0z ) O (W) 95 (2 yu ) OF T (w )
#/Oodz dw~dz""dw ’< o2 o3 o2 o2

REMINDER:

; 0%z, 2 abr
ozl’b(au):/ dz 'Ol(v2 L)Ulb(z X1 )

— OO
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Correlator of n Wilson lines and m external sources
Based on [Fillion-Gourdeau & Jeon '09]

HQ,TL
({1,00i1} 5, {41, =1} 5, {4+ 1,...,m})

Frnb-a”) = GMHMY Y an?

1,7,0<]

ooyt —1,{i}i4+1,..,5—1,{5},5+1,....,m)

+ E: G i it Lo G LAY G Lo B LAY Koo DL AT} AT )
Za]ak7l77’<]<k<l

({1 Li—1Y,i{i41,. 5 —1Y5, {5+, ... . k—1}, k,{k+1,...,l—1},1,{l+1,....m})

+... Z G({l Si—=1}4,{i+1,...,5—1},5,{5+1,.. ’rn})H(l 7;—1,{@'},7;—{—1,...,j—l,{j},j—l—l,...,m)+Hm7n

$,J,4<J
Where: G?} 1J 1,{j},j41,...,m) — (P1--Pj—1Pj41---Pm) x
A e
Fim = Un)

({1, —1},J1,{J1+1,--->J2—1}>J2,{J2+1,---}---{Jj—1}a=]ja{<]j+1,...,m}):<:0J‘1&§2'U1/m'ncJ
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Correlator of n Wilson lines and m external sources

Pt pe P
b1 ’ ECLl
b2 ;CLQ O
: . m T 2,n
E T G H + Z G(17 ’,I' 1 { } ,I'+1 j_17{j}’j+1""7m)H({17"'77.'_1}71.’7{?:—'_17'"7j_1}7j7{j+17’°'7m})
E 4,3,4<J
b | an
b:_ a”

+ E: G i it Lo G LAY G Lo B LAY Koo DL AT} AT )
Za]ak7l77’<]<k<l

({1 Li—1Y,i{i41,. 5 —1Y5, {5+, ... . k—1}, k,{k+1,...,l—1},1,{l+1,....m})

+... Z G({l Si—=1}4,{i+1,...,5—1},5,{5+1,.. m})H(l 72—1,{@'},7;—{—1,...,j—l,{j},j—l—l,...,m)+Hm7n

$,J,4<J
Where: G’g 1J 1,{j},j41,...,m) — (P1--Pj—1Pj41---Pm) x
A e
Fim = Un)

({1 _1}7<]17{J1+]-77=]2_1}7J27{‘]2+17}{JJ_1}7‘]J7{JJ+17,m}) — <10J‘1&§J<j'(]1/"°'n c J
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Correlator of n Wilson lines and m external sources

pcm_l IOCm
pcl pCQ ...... pcm ( c1 \ ( c \ ( \ ( \
b1 5 a1 p b1 . a1 P bi| @ ()| @ . 41
: : €2 ; ; ch :
& ] . - . & . P 92 . b | @ ()| @ { 02
X 5 T g [ X : '
b ) . ; ; u E . " :
n ] i_ n pT:m by, . G, b, . . (a1)n . . Ea”
b “ u b~ a U: u
b™ cy a

+ E: G z—l{}z—l—l G G Gt k=1 Y L d—1 {1V 41, m)
Za]ak7l77’<]<k<l

><H({1 —1},i,{i4+1,..5—1},5.45+1,... . k—1} k. {k+1,... .l =1}, 1, {I+1,....m})

T T Z G({l Si—1}e{i+1,....5—1},5,{j+1,.. m})H(l 1,{’i},i+1,-.-,j—l,{j},jJrl,...,m)_I_Hm,n
1,7,0<J

Where: G(l 1Y m)5<p1...pj_1pj+1...pm>

HI" A~ 2 X

{1y o1 Ty A Ti AL o1V, Ja { Tt 1o b AT =11, T { T g1 seeym}) = <,0an>c ‘/
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Correlator of n Wilson lines and m external sources X

pcm_l pCm
: . —~  Ax Aw
— . 1 p by : X! P bi| @ -p ()| @ y Eal /
“ p. b2 . 2 p- bo ‘i (a1)2 .‘ §a2
X : -+ E X | : : N
i . pom==
| | — & . :
; 1 Un . b, } : . a - . - . :
P P Com " P bn| @ (a1)n| @ - ; n
b “ ) a \_/ \_/ ]
b~ cy a

E : (1,i=1,{3} it 1,0 =1, {5}, 41, =1 {kY 1, l—1, {1}, 1+ 1,...,m)
Za]ak7l77’<]<k<l

XH4,TL
({1,...i—1},5,{i+1,....5—1},5.45+1,....k—1} .k, {k+1,...,1—1},1,{I+1,...,m})

2 2,m m,n
Rt Z G({l,.--,i—l},i,{’H—l,--~,j—1}aja{j+1,---,m})H(l,...,i—l,{i},i—{—l,...,j—l,{j},j+1,...,m) +
1,7,0<J

: m—1 _
Where: G(l,...,j—l,{j},j+1,...,m) = <,01~-pj—1pj—|—1--°pm>

HIm KA ‘5 x

({1, i =1}, 0, { T2 41 Ja =1} T {Ta 41, } LTy =11, T { Ty 15 om}) — <Pan>c ‘/
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Correlator of n Wilson lines and m external sources

by .
by

pcm, —1 pc’nL

P Poeecee P ay pCl \ bl I @ p01 \ bl f . \ (041)1 . :al
= - i ; P i
a2 L ) bo : a . | @ ()| @ éag
L | X : T+ E | X ' : :
- : p07:7,72
; » : i : N : : .
: 4 n . b, i : : a : . : : =
P P Com " P bn| @ (a1)n| @ - ; On
b a Kp ) b™ a N—" —" _
b~ ¢ a
P P pem p
o I Y (as) | @ (a2):| @ ()| @
P Z
. b | @ (az)2| @ (a2)2] @ (a1)2| @ ag
_|_ g pc;ﬂ X
b | @ : (a3)n| @ : (a2)| @ : (01)n| @ - a,
— - N — ’
b~ C3 Cy o a

2 2,m m,n
Rt Z G({l,.--,i—l},i,{i—i—l,--~,j—1}7ja{j+1,--.,ﬂ1})H(l,...,i—1,{2’},7;—{—1,...,j—l,{j},j+1,...,m) +
1,7,0<J

Where: G?}:},j_lj{j}’ﬁl’”wm) = (P1.--Pj—1Pj+1---Pm)
{1, Ji—1},J1 {J1+1,... . Joa =1}, T2 {J2+1,...} .. {T; =1}, 05 {Jj41,...,m}) — <,0an>6 ‘/
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Correlator of n Wilson lines and m external sources

b1

ba

pCQ ...... pcm m

a1
5 c2
L A9

Cm,

Pablo Guerrero Rodriguez (UGR)

by
by |

ai

as

: Oy,

prL
(041)1 o
(041)2 o
(a1)n| @

i
(1 o bi| @
i pe
2 : | @
T+ E X ]
pom= :
g \_/ :
o, :
b~ a —
b'f
pcm,g P -2 pcm—l
P b1 o (043)1 o (042)1 o
pe
: by | @ : (a3)2| @ (a2)2| @
pc;H ><
b | @ : (as)| @ (as)n| @
\__/ u;i \__/
b~ C3 Co
P P
| @ (m-1)1| @ - (1)1
bo o (am—1)2 ® |- (041)2
| ® (O )n| @ Fo (1)
_ . \_
b~ Co—1 :

Initial correlations of the EMT of Glasma
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5(12
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Detail on “connected” correlators

m—2

H™™(b~,a” [{b}, {a}) = H" (07, ¢ b}, {ea}) | [ [ H"" (e, cp o} {apar ) | H  (cpy 0™ {am—1}, {a})
p=1
p p p0p+1 pCp+2 pcm
h| @ (1)1| @ p=- ()| @ (pt1)1| @ p=- (@m-1)1]| @ a1
by | @ (1)2| @ F (ap)2| @ (ps1)2 . s (@m-1)2 | @ az
bn, . : (a1)n . =" (ap)n . : (O‘p 1n ‘ " (Cm—1)n . : an

Building block
of connected
correlators
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Detail on “connected” correlators

m—2
H™™(b~,a” [{b}, {a}) = H"" (b7, ey [{b}, {aa D) | [ H "™ (cp s cpirl{ap}, {apia ) | HY (e 1507 {am—1}, {a})
p=1
g P o e pem
by . : ()2 @ = (ap)2 . : (apt1)2 . — (Qm—1)2 . : az
br, . : (a1)n . = (ap)n . : (O‘p 1n ‘ """ (m—1)n | @ an
_ _ _ O _
\ b ) cy Cp Cpt1 Crn—1 a
HY(b™,a” [{b},{a})" = Zﬁz (i =y )P PP (b, a” |{B}Ha}) s, =
71=1
(i)\ p° p p
bi| @ » 41 b1é v’ : : 1 by ay by ; ;41
by 0 as b2 as by b as by as
— + + (...) + :
b,| @ : i b | .  a, by, | : L, bn(@ b’ an
\_; E E P E E O i i
b~ a b~ a b~ a - b~ a-
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Detail on “connected” correlators

m—2
H™™(b™,a”[{b},{a}) = H"" (07, c; [{b}, {aa ) | || H"" (e, cpyil{ew}s {apin D) | H (e 1y 0™ [{am—1}, {a})
p=1
e pe pevi peva pem
b . (1)2] @ - (ap)2 . (Qpt1)2 . s (m—1)2 . : éaz
br, . (a1)n . =" (ap)n . (O‘p 1n ‘ """ (@m—1)n . an
U U u : u U
\ b ) 1 Cp Cpt1 Crn—1 a-
HY" (b7, a” |{b}, {a})" = Zaz (zjr =y ) fPY Fr (b, 0" [{BHa}) |, =
71=1
(f; o° o°
bi| @ : (1 blébli : 41 bli ; 41
by Q 5&2 bz; Eaz b2; Eag
b,| @ N bn an b (@ b’ an
/. i ) O g g
b~ a b~ a b~ a~
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NOTATION:
op

2
1

Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as: P

(p'TU*) = (p" ) U + (") (p°U e + (p'UY).
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:
(P U*) = (WU + (") (p*U%) e + (0 U,

Disconnected terms: | | . .

f' / dz~dw™dz"dw™ <ﬁ;€ﬁ§f pre B WU (2, 2 U (w2 U (2

(0 (a2 )P (s ys)) = 122 )05 — =)0 (s — 1)
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Correlator of 4 Wilson lines and 4 external sources

Applying the previous rules we can decompose this correlator as:
drrd\ __ 4 4 2 2174 47174
P U%) = (p)U) 4+ (") (p"U%) e + (07U )e
| / dz " dw dz""dw™’ <,5§;e ﬁf;f ,55’6/ ﬁ’;/’f/><Uea(z_, xL)Ufc(w_, :I:L)Ue/a/(z_', yL)Uf/C/(w_’, yL)> ;
E _ /_ e dwde™ ™ (5 Py A B A B T+ AT ) |
i a <U€a(2_>f’l)Ufc(w_7M)Ue/a/(z_’,yL)Uf/C/(w_/7?JL)>
(Wick’s theorem)
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Correlator of 4 Wilson lines and 4 external sources
 Applying the previous rules we can decompose this correlator as:
(P U*) = (p"WU*) + (0*)(p°U)e + (0" U").

Disconnected terms: | | — .

1 2

(©. @)
= / dz~dw™dz"'dw™ (<ﬁ§f PRIV By e Pl ) (e By Wk BT )+ (phe T ) (Bt e

(U (2™, @)U (™, 2 )0,y )0 (w ™, y1))

- ox§dsd <U€“(Z_,M)Ufc(w_,xL)U‘f/“/(z_’,yL)Uf/C/(w_’7yL)> = §°6e'c

2- o 56 (U (a0 YU (w5 )US (7, y )U T (w y0) )

3- x 6¢f §7¢ <U€a’(z_, x U (w™, :L'L)Ue/a’/(z_’, yL)Uf’C/(w_’, yL)>
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| / dz_dw_dz_’dw_’<ﬁ§;eﬁ§’fﬁg’elﬁ’;/’f/><U€“(z_,xL)UfC(w_,xL)Ue/a/(z_',yL)Uf/C/(w_layL)> ]

|
|
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(p*U*) = (p"NU*) + (0°) (p°U™) e + (p*U*)e
3 terms
Pisconnected terms
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(p'TU*) = (p" ) U + (") (p°U e + (p'UY).

3 terms

Dlsconnected terms - o . R
| X 566 5ff (Uea(xL)Ufc(?JL)Ue a ( - |

Connectedv terms

g x05d3< w-;m,um([@’f(Lm—m)—L(u—umcédi(w w™iuy ), v))

Xaf)/ (fAeDfCBeL(ij_ _uJ_)_I_fACefDBeL(Ul . u/J_) —|—fABefeCDL(’Uj_ —’UJ_))
[ <— k

| QAP o) + | ed )

‘ V| <>V}

With vy =v); =2, and u'| =0 | =y, :

522928"8”; xL—yL/ dz/ dw/ dw_’ () (w ) (w™)

i Cidi( Wz, YL )08 ( SUL - L Jedr e T=T7T))C 5;(® —:;{1? \a‘?ﬂ,wﬂ
X%( (yL_ ?JU—L(yL— T ) CefBDlebggD(w y L1, YL, L1, y) ! ! !

—

;‘5 . _ e e e i""l“‘r — = T e = B :’ T e S e T /
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(p'U*) = ("W U + (p*) (0 U e + (p'U")e
3 terms 4 terms
Dlsconnected terms

5 ST U U U GO )y

Connected terms

Y i TV T
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(p'U*) = ("W U + (p*) (0 U e + (p'U")e
3 terms 4 terms
Dlsconnected terms

A AT —

Connected terms

PRSI AN

x "C€'€<Ua< DUP U @)U (y) ]

FuIIy connected terms:

/ dz—dw—dz—’dw—’<ﬁ;€ﬁ§fﬁ;€~’f’fU€“( e U (w™
— O
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(p'U*) = ("W U + (p*) (0 U e + (p'U")e
3 terms 4 terms
Dlsconnected terms

5 S U ) )0 )0 )

,,, T AR Sy,

Ce PP @)U U @)U () )

Connected terms

FuIIy connected terms

" / dz"dw dz "dw™’ <,5fceﬁ§ fﬁzy € ~k/ S Uea( a:L)UfC(w_,:EL)Ue/“,(z_’,yL)Uf/C/ (w",yL)>

B HAYA (27, —oole, £ €, f a,c, a’,C'):L( \6 o )1H12( e, f a2, B1)"
L et - H13( |0é2,51, ; g, 52,’71)

. /
XHlA(w ,-OO|O&3,52,"}/1,f/ , a, C,CL y C )k

Hl’l(z_,w_|€ 3 Oél)i — g)\(z_
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(p*U*) = (") (U + (0*)(p°U")e + (22,

3 terms 4 terms

Dlsconnected terms

< 36T (U (2 U (y )U™ (2 , (o))

Conted trm‘
AUt @ U )y “ G

Fully connected terms:
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

(0*U*) = (") (U*) + (o) (U ") + 3T,

3 terms 4 terms

Dlsconnected terms

A AT —

TS A AN

B 'fe"f€<Ua< DUP (U (2.)U

Fully connected terms:

Connected terms

 These terms contain specific projections in color space of the correlator of
four Wilson lines In the adjoint representation.

 We will calculate them via a discretization of space in the x  -direction:
/daj_—b Z Ax~
1=0
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* Discretization of Wilson line: (U(z ™, 21 )i = (U™(z,, 2 ) U N, 1, 21)... U (2], 21))s




Wilson line correlators

Discretization of Wilson line: [U(CC_,ZUJ_)Z']' = (U™(z,,z ) U (z,_{,21)... Ul(xf,au))@

Discretization of two-point correlator: (A**(x~, 2 ) AT (y ", yL)) = 6oy 0“°Bay(z7,b1)
with Bey(z7,b1)=g° Az~ M@ ™, b1 )Lz —y1).

2
We expand one of the n factors to order g :

i C .
[U(ZE, :EJ_)ij ~ <5zk =+ igA+a($¢_uxJ_>t?kAx— _ TF(Sszm(ZC;, CEJ_)) U}EJ 1}
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Wilson line correlators

* Discretization of Wilson line: [U(CC_,ZUJ_)Z']' = (U™(z,,z ) U (z,_{,21)... Ul(xf,au))@

» Discretization of two-point correlator: (A% (x~, 2 )A™ (y ", yL)) = 6oy 0“°Bay(z7,b1)
with Bey(z7,b1)=g° Az~ M@ ™, b1 )Lz —y1).

2
* We expand one of the n factors to order g :

i C -
[U(ZC,CIZJ_)M =~ (&ik +igAT (., 2 S AT — TF(SikBm(x;,xLO U,Ej ﬂ

Correlator of 2 Wilson lines in the fundamental representation

(Tr {U(z)U N (y1)})

= (Tr {U(M)UT(?JL)H(R_U(l — %CFAIE_A(@“E, b )Tz — ?JL))

We will neglect terms of order (Az~)”or higher
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Wilson line correlators

* Discretization of Wilson line: [U(CE_,ZUJ_)@'J' = (U™(z,,z ) U (z,_{,21)... Ul(:cl_,au))@

» Discretization of two-point correlator: (A% (x~, 2 )A™ (y ", yL)) = 6oy 0“°Bay(z7,b1)
with By, (x7,b1) =¢°Az " Na,b)L(zx, —y1).

2
* We expand one of the n factors to order g :

- C n—
[U(ZE, :CJ—)Z']' ~ (5116 T igA+a($;7xl)t?kAx_ - TF(Sszazcc(xr_m xJ_)) Ulgj 1}

Correlator of 2 Wilson lines in the fundamental representation
(Tr {U(z1)U"(y1)}) ;
= (T {U(JJ‘L)UT(M)H(WDO - %CFAfE_A(fEE, b )'(z1 — yL))

 We iterate the process:

2

— (1 - g(]p Dz —y1)h(bL) ZACEMQ(%)) = (1 - %CF Iz — yQA(w,M))
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Wilson line correlators

* Discretization of Wilson line: [U(a:_,:m)ij = (U™(z,,z ) U (z,_{,21).. Ul(arl_,au))@

» Discretization of two-point correlator: (A% (x~, 2 )A™ (y ", yL)) = 6oy 0“°Bay(z7,b1)
with Bgy(z7,b1)=g*Ax~ Ma ™, by )L(xy —y1).

2
* We expand one of the n factors to order g :

~ ', —
[U(:E’:Ei)ij ~ (5Zk T igA+a($7;7$J_)t?kA$ — _F(Ssza::c( CUJ.)) Ulgj 1}

Correlator of 2 Wilson lines in the fundamental representation

(Tr {U(z)UM(y1)}) ,
= (Tr{U(z1 UT(yL)}>(”_1)(1 _ %CFAm_)\(xT_L,bJ_>F($J_ — yL))

 We iterate the Process:

(1 . —CF (z1 —y1)h(byL) ZA:E,LF(Q’;Z-)) <1 — —CF (z1 —y )Nz, bL))

 Reexponentiation: e ~
We assume that the neglected higher order EXp {—701? Pz —yi)Az™, bL)}J
terms add up to an exponential expression:
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(U (2 ) Uz YU (2 ) U (y1))




Correlator of 4 Wilson lines in the adjoint representation
(U () U )0 (@)U 1)) = (U (U (20U @)U (1))
x(d“’b(sc’dae’f 59" (1 = N7 (2B, + B, + By)> + 9@ d peml pa'mh g
+5a’b56’ffc’mdfg’thzy 4 5a’b59’hfe’mf fc’mdBw X 5e’f5c’dfa’mbfg’thzy

_|_59'h(Sc’dfe’mffa,’mbBwj 4 5e'f5g'hfa’mbfc’mde>
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Correlator of 4 Wilson lines in the adjoint representation
(U (20U )0 (@)U (1) = (U U U @)U (1))
><<5a’65°"d5€’f 59" (1 ~ N7 (2B + B, + By)) +g@bged peml pa'mh g
+5a/b5e’ffc’mdfg’thzy X 5a’b(5g’hfe’mffc’mdBw X 5e’f5c’dfa’mbfg’thzy

_|_59/h5c’dfe’mffa’mszx 4 5e/f5g’hfa’mbfc’mde>

 We express the previous lines as a matrix equation:

SN AN A |

ace ace n—1 a ce
Ubdff?:(U . )( )defh ’

alcle/g/
using the following color vector basis:
U = 66&596 Uy = 56&596 Uz = 5ga5ec
wl — deamdgcm w2 — dcamdgem wg — dgamdecm

N AN A AN AN A

* Inthisbase, T}, 7 canbe written as (1 + M(x;))g;;f/g/ with M(x;)gd;f g

of order Az~
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Correlator of 4 Wilson lines in the adjoint representation
(U (e U )0 (0 U 1)) = (U2 ()0 ()0 ()0 ()
><<5a’b5°"d5€’f 59" (1 ~ N7 (2B + B, + By)) +g@bged peml pa'mh g
+5a/b5e’ffc’mdfg’thzy X 5a’b(5g’hfe’mffc’mdBw X 5e’f5c’dfa’mbfg’thzy

_I_é*g/hé‘c/dfe/mffa/mszx + 5e/f5g’hfa/mbfc/mde>

 We express the previous lines as a matrix equation:
AN AN AN

ace ace n—1 a ce
Ubdff?:(U . )( )defh ’

a/c/e/g/

using the following color vector basis:
U = 56&596 Uy = 56&596 Uz = 5ga5ec

Wy = JEaT J9Cmm Wo = Jcem Jgem w3 = qgam qecm
BN, BN

* Inthisbase, T}, 7 canbe written as (1 + M(x;))g;;f/g/ with M(x;)gd}cp}f g

of order Az
e |terating the expansion process we get:

Upiit =143 Mygiy? (a7) = 1+ / Az~ My 9 (27) = 1+ M(a")
1=1
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Correlator of 4 Wilson lines in the adjoint representation

 Reexponentiation: we need to diagonalize M. We get (using Mathematica):

‘N.R, 0 0 0 0 0
0 N.R, 0 0 0
) 0 0  2(Rs+ Ry)N. 0 0
Ma=1" 0 0 2(Rq + Ry)N, 0 0
0 0 0 0 NcRo— Ry 0

0 0 0 0 N.Ry+ Ry
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Correlator of 4 Wilson lines in the adjoint representation

 Reexponentiation: we need to diagonalize M. We get (using Mathematica):

'N.R, 0 0 0 0 0
0 N.Ry 0 0 0 0
) 0 0  2(Rs+ Ry)N. 0 0 0
Ma=1" 0 0 2(Rq + Ry)N, 0 0
0 0 0 0 N.R,— R4 0

0 0 0 0 N.R,+ Ry

and thus (Ui = (0 M)t — Ugiit = (M55t )

‘N.R, 0 0 0 0 ]

0 0 0 0 0

2| =T | B 0 0 %NCRCL 0 0

> M= 1

T =y, =y, 0 0 0 5NcR, 0 0

0 0 0 0 (N. +1)R, 0
0 0 0 0 0 (Ne = 1)Rq
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Correlator of 4 Wilson lines in the adjoint representation

elNefa 0 0 0 0
0 0 0 0 0 0
) . ) N | ) 0 0 ezNeRa 0 0 0
U @)U @)U @)U ) =exp{Ma}= | o _in.R. 0 0
O O O O e(Nc‘|‘1)Ra O

0 0 0 0 0 elNerDi

 We need to calculate the following projections:
4 O)
fAREFPEUAN @ DU (2 YU (Y )U P (yL))

§A0EL (U (@ UPH (21 ) Uy UL (y1))

&
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Correlator of 4 Wilson lines in the adjoint representation

elNefa 0 0 0 0
0 0 0 0 0 0
) . ) N | ) 0 0 ezNeRa 0 0 0
U @)U @)U @)U ) =exp{Ma}= | o _in.R. 0 0
O O O O e(Nc‘|‘1)Ra O

0 0 0 0 0 elNerDi

«  We need to calculate the following projections:

- )
fFABe R (U4 (2 Y UPP (2 ) U (y  )UP(yL))
| AP (U4 (Y UP (2 Uy ) U (y1))

- The first projection corresponds to the trivial propagation of an eigenvector by exp{Mg}:

(v (O

0 0
_ 1
5 ABe rDCe — abe pdce _
aBegpce _ | TN | - |1 FT eiMat = £ eXp{QNCRa}
AR A N N,
= [0 9 exp {_927‘31“(@— yi))‘@_’bl)}
0 0

\ -1/ \o/
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Correlator of 4 Wilson lines in the adjoint representation

elNefa 0 0 0 0
0 0 0 0 0 0
) . ) N | ) 0 0 ezNeRa 0 0 0
U @)U @)U @)U ) =exp{Ma}= | o _in.R. 0 0
O O O O e(Nc‘|‘1)Ra O

0 0 0 0 0 elNerDi

 We need to calculate the following projections:
4 O)
fAREFPEUAN @ DU (2 YU (Y )U P (yL))

§A0EL (U (@ UPH (21 ) Uy UL (y1))

\_
 The second projection is remarkably more difficult:

AW

0 1/(N2 —1)
5AC5BD _ 0 - _1/NC
0 1/4

\o/ \ 14 )
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Correlator of 4 Wilson lines in the adjoint representation

* After propagation we obtain:

ACSEP(UA (2 YU (2 YU (y 1)U Py 1)) = 64677 exp{Ma} =

2 _ _ _ _
sacsbd (N;N—24692Ncr>\ n ]\?2 9> e n ]\;c]\—;— 26_92(Nc+1)1“>\ n ]\ilc]\; 2692(N61)F>\)
_|_5abécd 1 - N +2 6—92(NC—|—1)F5\ 4+ Ne —2 6—92(NC—1)F5\
N2 1 2N.(N,+1) IN.(N, — 1)
NZ—4 _2yrn 2 _oenNeps  Ne+2 2 v Ne—2 _ - 5
_|_5ad5bc (_ c e 9 N.T'XA e 9 =<' + C e 9 (Ne.4+1)TA + e 9 (Nc—l)F)\)
ON? N2 AN, AN,
1 2 A7 T'X 1 2Nepy 1 2 v 1 2 X
_I_dacndbdn (-—6_9 N.T'\ 4 e Y 2T 4 Ze 9 (N.+1)I'x e 9 (Nc—l)F)\>
NC NC 4 4
_|_dabndcdn N, e—gQ%FS\ o Ne+4 e—gQ(Nc—i—l)F;\ + Ne—4 6—92(NC—1)F5\
N2 _4 4(N, + 2) 4(N, — 2)
1 2 A7 T 1 2 Nepy 1 2 1 2 3
adn jgben [ =~ _—g“N.I'X & —g” =T - —g°(N.+1)I'A = —g°(N.—1)T'A
+d""d (Nce Nce : —|—4€ 1€ )

A remarkably complicated contribution.
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Correlator of 4 Wilson lines and 4 external sources

Applying the previous rules we can decompose this correlator as:
() =(p'U") = (") (U*) + (p*)(p°U")e
3 terms 4 terms

This expression can be written in terms of the following functions:

Disconnected terms:
SRUIEN, 1 . /7.1
Dzk,z /k,(CEJ_, T,y yJ_) _ E(Vké‘z k (82[/( )) 5ac(sa c )\Q(bJ_

Dzjblzld(:vL,yL,xL,yL)—28;8§L(xL—yL)8’;8l (L — yL/ dz/ dw A(z7, b )A(w™,b)

5AC’5BD <UAa UBc )UCb(yL)UDd(yL»
Connected terms:

Covi(wy,yr, @, yr)= ffr0L07 Lz — y. )OrT (w1 —y1)0LT (yr — x1)

4 5‘2(bJ-) 4 QS\(bJ_) (2)
X (F394N§ N ( QFNC T F394N§ + F2§]2N02 Cadj($J_7yJ_)
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Correlator of 4 Wilson lines and 4 external sources

 Applying the previous rules we can decompose this correlator as:

() =(p'U") = (") (U*) + (p*)(p°U")e
3 terms 4 terms
e This expression can be written in terms of the following functions:
Disconnected terms:

Y 1 . YN
Dzk,z ,k,(CEJ_,QTJ_,yJ_,yJ_): 15’&]{62 k (aQL( )) 5@05a C )\Q(bJ_

Dzjblzld(:vL,yL,xL,yL)—28;6§L(xL—yL)8’;8l (L — yL/ dz/ dw A(z7, b )A(w™,b)

X5AC’5BD <UAa UBc )UCb(yL)UDd(yL»
Connected terms:
Covi(wy,yr, @, yr)= ffr0L07 Lz — y. )OrT (w1 —y1)0LT (yr — x1)
4 A2(b,) 4 2A(b1) \ 2
: (F394N§> - ( TN, T TogiNs T T2gznz ) Caai(@Lo L)
-~

. -1 /I ‘1...7 1.7 ol / \
<aza($l)akc(xl)az ! (yJ-)ak - (yJ—)> — D;lf;zkc (ij_, Ll,Yl1, yJ_) + Dz,za;?ckc’ (ij_,yj_,xj_,yj_)
)
)

ik’ ki it kK’ ik’ ki’
—I_Dac’;ca’ (ZBJJ Yi,L1, yJ—) T Caa -cc’ (ij_, Yyi,Ll, yJ_) =+ Cac’;ca’ (xJ_a Yi1,T1,Y1

kk':ii ki’
g +CCC a:LZ; (xJ"yJ"xJ—’yJ—) + Ccci -ac’ (CUJ_,yJ_,CUJ_,yJ_
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(T (2 )T7P(yL)) = (e(wr)e(yL)) 7 77

* For the 2-point correlator of TH": prepare for trouble and make it double
4
<€(Q;J_)€(yJ_)> — %(5”5“ € G@Jekl)(é"b J 5k l 4 et €k ! )fabnfcdnfa b mfc

Yol Ky gb 1d ' TaN
) (0 0500, Qg y )J

 And finally:

» The color structure of this object is frustratingly complex. Even with all parts
analytically calculated, the contraction of the color indices demands a
computational treatment (via FeynCalc or FORM)

f i a kc i'a’ k' ¢’ ik;i' k' it kK’ N
(@' “(z)a"(z )" (y)o” “ (W) = Dyegrer (@1, 210,Y1,Y1) + Dygrewr (0,910, 21,Y1)
A VY Y,

_|_DZIZ/7;IZ;, (xJ_7 Yyi1,x], yJ_) - CZL/”?CIZ/ (xJ_a Yl1,x], yJ_) + CZLIZ/;ZLL/ (xJ_a Yi,2, yJ_)
Y YRETN,
. +O (21, y1,T1,YL) + Ot (x1, Y1, 20, yL))
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Covleo](z1,y1) = (eo(z1)eo(yL)) — (€o(zL))(€0(yL))

O'TO!T(N? —1)A(4A4% —
z ( Al (p1g2 + p2¢1)

Covlel(r =0T521,y1) =

16 N 215 g4
(N2 —1)(16A4% + BY) N (OLTO;T)? (NG — 1) A®

ON2T4gA p1p2 64N2T6 g4 4142
N? —1)(4A2 + B? 2 ([ Q2yr?

+ e I P (4022 0.)? (@@ — 1455|411 0 2)
(4A% + B?)? [ | NS + 2N2 — 19N? + 8 4N§— 3Ng— 26N7 +16 _ 03,2
— (&
g*TANg (Ng —1)? (N& = 1)(NZ —4)
(Ne = 1)(Ne +3)N (N, _ (Net1)r203, _Q5r\ _ (NetDrPag,
< c N, +2)—2(N,+1 2Ne

(Ve + 2N, +22 \ 2 ¢ t(Ne+2) = 2Ne e 2 e

QN
N
2
o)

_I_

=

=
|

>

3 _1)+202 2 .2 c—1)r2Q2,
((];fvc+11))(2]zfjcv—3)2];f; (]\27C | (Ne—1D)r2Q2, C 9N, — 1)e- P )6_(N 2113% Q2

r @22 N2 — 8)(N2 — 1)(N2 +4) _(eh+ad)’
+ §Q§1Q32 —4r*Q% (1 —e ) + 4( )((N2 — 4))2( )6 )

2 2 2 2
Qsl o7 Qsl,Qr

With: piea=e — 1 ( 212?“ +4)—4, qro=e "+ | 4127“ + 8Q)? 1,27 —|—32)—32

2 4
And some model-dependent parameters: I'(ri)mv = g— In (mgrz)

7
. 1 4
And the saturation scale: AlrL)vv ~ o 1n<m2r2)
r20)?
Qs 2 Ne 3 1
AT (rL)A(DL) B(rp)mv = pp
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* Omitting (for the moment) the issues with logarithmic divergencies (GBW model):

rﬁ()

lim Cov[e](0+; T),Y)) = 3Ck

4 4
r—0 g42NC SlQSQ

Usual suppression factor
characteristic of non-trivial
color correlators

o Covl(0%say),y) 3
r—0 <€0(£UJ_)><€O(yJ_>




Pocket formulae

* Omitting (for the moment) the issues with logarithmic divergencies (GBW model):

Tﬁ()

3CF

| lim Covld (07520, y1) = TN 1@
o Covle](0T521),y1) 3
r—0 (eo(wL))(eo(yr))  (NZ—1)

\—

Power law:
Remarkably slow decay!

2(N2_1)( 4@2 ‘|‘Q4Q2)
. + . L C s1¥ s2 s2¥ sl
r@191§1 Covle|(0T;z1,y1) = g4N027,.2 - '
+. 1 1
' lim Covie](0T5z 1 ,y1) S— 3 : ( = )
rQs>1 (eo(wL))(eo(yr))  (NZ2—-1)r 51
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Comparison with the ‘Glasma Graph’ approximation

* Glasma Graph approximation [Lappi & Schlichting 2018, Muller & Schaefer 2012]. Assume
Gaussian distribution of the produced gluon fields:
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Comparison with the ‘Glasma Graph’ approximation

* Glasma Graph approximation [Lappi & Schlichting 2018, Muller & Schaefer 2012]. Assume
Gaussian distribution of the produced gluon fields:

* Agreement with full result in the r->0 limit. Strong discrepancies in the r-> oo [imit

0.30%2\ Glasma graph apprggilmgﬁgg — * This S|.OW|y decaying .
— 05 W Asymptotic IR behavior | behavior could potentially
3 ooal f have an impact in both
5 el " | physical interpretations and
= ) numerical results for any
< % | observable built from this
= 015 g * quantity.

0.05 ‘;\J‘l/r ~1/r?

0 2 4 T 6 8 10 12
rQs
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An application: eccentricity fluctuations

* |n the picture proposed by Blaizot et al. (/Blaizot, Broniowski & Ollitrault '14]), €n fluctuations can be
characterized in terms of n-point correlators of the energy density distribution by assuming

that, for a given impact parameter we have:

e(x1) = (e(xy)) + de(xy) with

(e(xy)) > de(z)

* Toleading order in de(x ), we have the following expression for the mean squared

eccentricities:

(Aer,) =

0.6

f2122 2728 Covle(z1, 22)]

0.5 Pb+Pb, Vs =5.02 TeV

0.4 -
0.3 o
- 0.2 1 «

N - ‘.“‘
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0.0 u . .

b [fm]
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Conclusions




Conclusions

We have performed an exact analytical calculation of the covariance of the

energy momentum tensor of the Glasma at 7 = 0™, in the framework of the
Color Glass Condensate.

o We find remarkably long-range correlations in comparison to naive
expectations and previous calculations (such as the one performed in the
Glasma Graph approximation).

o The modifications introduced in the MV model will prove useful in subsequent

phenomenological applications of our results.

o Computation of time evolution of our result towards thermalization time
T ~ 1/Qs , where it can serve as input for hydro QGP simulations.

This work presents a wide variety of applications and potential
follow-up projects:

TH =T + T + T8 2 4 ...
o Analytical calculation of eccentricity fluctuations (directly related to
experimentally measured anisotropic flow coefficients).

o Computation of dilute-dense limit, appropriate for p-A processes.
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