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Motivation and technical framework




The QCD phase space
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 QCD behaves ditterently depending 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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The QCD phase space

* This state of matter can be accessed in particle colliders through
Heavy lon Collision experiments
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* Performed at Brookhaven National Laboratory’s Relativistic Heavy lon
Collider (RHIC) and CERN’s Large Hadron Collider (ALICE
experiment)
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Stages of a heavy ion collision

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

Collision
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Quasi-ideal relativistic F ;
hydrodynamics reeze ou

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

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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Stages of a heavy ion collision

Pre-equlibrium: GLASMA

Collision

Classical dynamics: CGC

_W_J

Theoretical gap

Quasi-ideal relativistic
hydrodynamics

AN

» time

AN

* There is a theoretical gap between the description of the early phase and
the simulations of the expansion of the QGP

 Solid theoretical results are needed to mediate between both frameworks
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Stages of a heavy ion collision

wenee THIS TALK

----"‘------I

AN '
% p time

* There is a theoretical gap between the description of the early phase and
the simulations of the expansion of the QGP

 Solid theoretical results are needed to mediate between both frameworks
 We provide a first-principles analytical calculation of:
(T (x1))

(I ()T (y1))
In the classical approximation (MV model)
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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 protons and neutrons is
vastly dominated by a high density of

gluons
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H1 and ZEUS

Highly Energetic Heavy lon Collisions

* At high energies (or equivalently, low x) the
partonic content of protons and neutrons 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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H1 and ZEUS

Highly Energetic Heavy lon Collisions

* At high energies (or equivalently, low x) the
partonic content of protons and neutrons 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
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Color Glass Condensate: MclLerran-Venugopalan model

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

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

D, F'"| =J" « p(x)

_T-—"’ - < o
G ) «—— JV=5"px",z])
FIY =M A” — 0" Al —ig [AM, AY] — T | S, Sepq
rat;
% n o
fd o.f
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Color Glass Condensate: MclLerran-Venugopalan model

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

quarks

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

D, F'"| =J" « p(x)

* (Calculation of observables: average over background classical tields

(

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

\

. / 4z Tr [°]
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Color Glass Condensate: MclLerran-Venugopalan model

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

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

[D,uaF'uV] = J" o< p(x)
* (Calculation of observables: average over background classical tields

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

D, F* | = J/ + [1, 2] Single nucleus solution
AT =0 N
Al = (w_)/ dz_UlT(z_,:Ll)apl(é;xL)Ul(z_,xL —

_ [ 1 _
U(x ,z,)=P exp{—zg/ dz~ ﬁpl(z ,:cL)}
Lo
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Calculation of the energy-momentum tensor T#” (7 = 0™)

D, F* | = J/ + [1, 2] Single nucleus solution
AT =0

ov " o0
Al :6($_)/ dz"Ul(z7,2))

8i,51(z_, £CJ_)
v2

1= p1(x1)0(x")
5 = p2(x1)0(x")6"~

Ui(z7,2.) =0(x)at(z))

_ Y S R
U(x”,z2.)=P exp{—w/ dz ﬁm(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_)}

. w1
« \We can obtain the 1 =19

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




(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

4 o (ol o) (oo o)

2 2

Pablo Guerrero Rodriguez (UGR) Initial correlations of the EMT of Glasma July 2, 2018 22/39



(T (1)) = (eo) "

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

=—g (5235kl 4+ 6@3 kl) <Oéfia&‘% b&llc coél2d> Ty { [ta’ tb} [t07 td]}
2

= T (90M 4 ety g e (o (o )b () ) (ad (1) e )

* We momentarily take two different transverse coordinates:

| . > O'p% (2=, x _ 015" (27, by —
@@ )a ()= dzdz’< R Gt LA LLTE ',yL>>
o N eip N eip
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(T (1)) = (eo) "

* For the 1-point correlator of TH":
(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 .
_ %(52]5k’l + 62‘7 kl)fabmfcdm <Oéri’a(CCJ_)Oélf’c($J_)>
* We momentarily take two different transverse coordinates:

. > 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

(3" (@) (x1))

1 2

Luckily, Wilson lines and (external) color source densities factorize
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(T (1)) = (eo) "

For the 1-point correlator of TH":

(o) =—g*(875" + M) (Tr {[af, ad][af, ab] } )

=—g (5235kl _|_€?,j kl) <Oéfia&% ballc C()gl2d> Tr{[ta tb} [tc,td]}

2

5V 12 (27 )0 (2™ —y )L Lz —yu)
Where:

L(CUJ_ —yJ_):/dZZJ_G(QfJ_ —ZJ_)G(:(/J_ _ZJ_).
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(T (1)) = (eo) "
* For the 1-point correlator of TH":
(o) =—g*(875" + M) (Tr {[af, ad][af, ab] } )
=—g (5235kl 4+ Ezg kl) <a’iaa% ballc C()él2d> Ty { [ta, tb} [tc7 td] }
2

2
* We momentarily take two different transverse coordinates:

. 00 i~a'(.— g =b (=1 /
(oo )a)) = [ dzdzf<ap () 97 ()
VJ_ VJ_

— 0

rl,Q

- T, a’ 5ab5a’b’

yJ_ab

06 ®6)
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(T (1)) = (€0) ¢
* For the 1-point correlator of TH":
(o) =—g*(670" + e (Tr {[a], g [af, ab] } )

—g (5235“ 4 67"7 kl) <CV;LLGJOK; ballc COél2d> Ty { [ta tb} [t07 td] }

2 : :
= L 0vat g ey e et (o1 (@ ot () (of (@ )ab"(w1),
2
= S folm pedm (51 gH ¢ ekt gacqih bl g 2 2 (97 L (0, ))?
= ¢°CACrRifi3(0°L(01))’ \ roaton
C 2 i it
95 1 (21)Qea (1) (4w 9°L(0L)) g _/—oodz )

* Here we have introduced a momentum scale characterizing each nucleus:

Qg — ach /_L2 (xJ_)

* Inthe MV model the factor 9°L(0,) yields a logarithmic IR divergence.
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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(w)e(ys)) = T (8758 + €M) (§79 MY 4 &0 1) pobm pedn paltm peld'm

ke i'a’ _K'c gb 1d 3'b" _U'd
X <ala:ala:a1y CV1y ><042a;042a;042y A9y )
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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

(e(w)e(ys)) = T (8758 + €M) (§79 MY 4 &0 1) pobm pedn paltm peld'm
C k/C/ b ld b/ ld/
X <C\51 xalfxaly CVly ><a%xa2a}a%y a2y >
e The building block:

©.@)

aiﬁe(’z_a xJ_)

(o' (2 )ak(z 1)’ (y)a? ¢ (y1)) /_ dZ—dw—dZ_ldw_l< o2 U (2" ,21)
8kﬁf w T Cl,,— ai/ﬁe, Z_/7yJ_ e'a’ [ _— 6k/ﬁf, (w_,ayJ_) 't —
(vg )Uf (w 733J_) (vz )U (Z /7yJ_) \VE Uf (’LU /7yJ_) .
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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

le(z ) )e(y L)) = gz(yjcgkz X eijékl)(di’j’(sk’l’ X Ei’j’ek’l’)fabnfcdnfa’b’mfc’d’m
k k' ¢’ b 1d 3'b" U'd
X <a1wa1§:a1y O‘1yc ><04%a;042a;04%y A9y )
e Technical difficulties: | |
- The expansion of the correlator (o' “(z 1 )a"“(z 1 )a’* (y1)a" ° (y1)) is far more

difficult than that of (&' *(z1)a"“(yL1)). Schematically: [Fillion-Gourdeau & Jeon '09]

(@' (21 )ak e (z)a" " (y1)ak < (y1)) = (WU + (p*) (p*U*).
3 terms 4 terms
(Wick’s theorem)
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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(w)e(ys)) = T (8758 + €M) (§79 MY 4 &0 1) pobm pedn paltm peld'm

kc kK'¢!\/ 3b 1d 3'b" U'd
X <ala:ala:a1y A1y ><042x042a;042y A9y )

e Technical ditficulties: | o -
- The expansion of the correlator (o’ *(z)a*“(z1)a" * (y1)a" ° (y1)) is far more

difficult than that of (&' *(z1)a"“(yL1)). Schematically: [Fillion-Gourdeau & Jeon '09]
(@ *(z ) (z)a” * (yL )™ (yr)) = (") U + (0 ) (p*U?).

- Instead of having to calculate the adjoint Wilson line dipole, we need the much
more complex adjoint Wilson line quadrupole [Kovner & Wiedemann 01]

(U™ (27,2 ) U2,y ) U (27, 2" YU (27, y)))
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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(w)e(ys)) = T (8758 + €M) (§79 MY 4 &0 1) pobm pedn paltm peld'm

kc kK'¢!\/ 3b 1d 3'b" U'd
X <ala:ala:a1y A1y ><042a;042a;042y A9y )

e Technical ditficulties: | |
- The expansion of the correlator (o’ *(z)a*“(z1)a" * (y1)a" ° (y1)) is far more

difficult than that of (o' *(z1)a"“(y1)). Schematically: [Fillion-Gourdeau & Jeon ‘09]

(@' (z )t (er)a’ * (yr)ah < (o)) = (p")U*) + () (°U*)e
- Instead of having to calculate the adjoint Wilson line dipole, we need the much
more complex adjoint Wilson line quadrupole [Kovner & Wiedemann 01]

(U™ (27,2 ) U2,y ) U (27, 2" YU (27, y)))

- 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)
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Covleo](z1,y1) = (eo(z1)eo(yL)) — (€o(zL))(€0(yL))

QTOT(NZ — 1)A(4A% — B?)
16 N2T5 g4

(N2 —1)(16A% + B4)f ft (BLTIT)*(NZ — 1) A?
N2 g4 t2 641N 216 g

([1 21Q%1° +4Q%e”

Covle](t=0";2,,y,) = — (fig2 + fag1)

g192

2 .2

Q% r i
o aQh | o)

(442 + B?)*r?
NC2F4g4
(N2 —1)(4A% 4 B?)
2N2F2 4
(442 + B2
+F4 4N2(N2

Q2,r?

(4#82L(0L))2([ Q%% — 4+ de” % )_ —I—[lHQ])

Q3 r?
7]

[ 4(N? — 1)(N? — 4)(NS — 3N? — 26N? + 16)e”

r?(NeQ2)+2(Ne—1)Q2,)

—2(N — 1)) e~ e

Q§1T2

(N = 3)(No + 1)P(N, + 22N ((N 2

2 2 2
Q2,2 r2(NeQ?2)+2(Ne+1)Q%,) )

+(N,. + 3)(N, — 1)3(N, — 2)*N? ((N +2)e" 4 —2(N + 1)) e iNe

FA(N? — 8)(N2 — 1)3(N2 4 4)e~ 17 (@0 +Q%)

(Ne+1)r2(Q2,+Q2,))

1 _
+5(Ne = 2)°(Ne = 1)*(Ne + 3)Nie 2N
1 (Ne-1)r2(Q%+Q%,)
5 (Ne = 3)(Ne + 1) (Ne +2)°Nle™ 2N +[1 ¢ 2]

+2 (N2 — 4)* (NS + 2N — 19N? +8) )
with:

2 2
Qs12

Ji2=e€" (Q§1 2T +4)—4

2 2
Q51,27

Glp=e€ 4 (Q§1,27“4 + 8Q§1,27"2 +32) - 32.
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Pocket formulae

* Omitting for the moment the issues with the r->0 divergencies (GBW-model)

r->0

f

3CF

"f .

\ }%Cov[e](OJr;;cL,yL):gLLQNC 1@
o Covle](0T521),y1) 3
0 (eo@ ) (eolyr)) (N2 1)

\—

2(N? —1) (Q4Q% + Q% QL)
_ 4 o C sl s2 sl s2
rli{go COV[E](O s L], y_l_) - 94N62T2

. Covle](0T521,y1) 1 1 1
R (eo(wi))(eo(yr))  2(N2—1)r2 ( o1 ieE )
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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

0.4} | | | Full MV
0375k, Glasma graph approx. -------- *
035 % Large dipole limit *
0.3

0.25

Cov/ T

0.2
0.15/
0.1}

0.05}

0 > 4 6 g 10 12
r[GeV]
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Nc expansion




First orders of the Nc expansion: Ng and NC_2

0.8 LO
LO+NLO --------
ont Large dipole limit
06| —
- r=|r, —y1
2 0.5
>
)
O o4
>
& 03|
02|
oE ‘ ‘ ‘ ‘
0 2 4 6 8 10

r [GeV'1]

Sum of the first two orders of the N-
expansion of the energy density
covariance for N=3 in the classical MV
model.
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1.001

Ratio

0.999

0.998

0 2 4 6 8 10 12
r[GeV'1]
Ratio between the full result and the
sum of the first two orders of the N-
expansion, which turns out to be a
very good approximation.
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Conclusions

 We have performed an exact analytical calculation of the covariance of the
energy momentum tensor of the Glasma at 7 = 07, in the framework of the
Color Glass Condensate.

* We expect to be able to generalize this framework by introducing an
impact parameter dependence and relaxing some of the original
assumptions, which could potentially open the door to phenomenological
applications.

* The following steps are computing the time evolution of our result towards
thermalization time 7 ~ 1/Qs , where it can serve as input for hydro QGP
simulations.

TH =T + T + TH 2 + ...
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Conclusions

 We have performed an exact analytical calculation of the covariance of the
energy momentum tensor of the Glasma at 7 = 07, in the framework of the
Color Glass Condensate.

* We expect to be able to generalize this framework by introducing an
impact parameter dependence and relaxing some of the original
assumptions, which could potentially open the door to phenomenological
applications.

* The following steps are computing the time evolution of our result towards
thermalization time 7 ~ 1/Qs , where it can serve as input for hydro QGP
simulations.

Thanks for your attention
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Back-up: Expressions of two first orders of Nc expansion

* |Leading order:

1 _r2 (02 2 Qe r? QSor?
[Covlesn(0F5 21, 1)] o = e (@3 +Q%) (128+ 128 <e = e )

— 25661 + 16T (2Q5 Q%) (Q5ar® +8Q%5,r° — 2Q5 " + 48)] —[1 <+ 2]

2

—e (@ T9R) [ Qlyr® + 402, Q%° Q% + Q%)
+ 1282 (Q2 + Q%) +16r* (Q4 + Q) +1024]

—|—86§(Q§1+Q§2) —4r* Q1 + Q) + Q1 Q3or® (QF + Q%) + 80})

 First correction:

1 _r2 (A2 2 2
[COV[EMV](O+; x|, yL)] N2 = INZgi 8 e~ 7 (Q4 Q%) (16 (Q81r2 + Q%% + 8)
2 7,,2 Qz2r2 7]

+[16@§1r2<s+cz§1r2>e 39(8+ QL) (4 + QL) E | 4o 2

+ {16 r2eir (@+2Q%) <7“2 ( a1 Qng) +8 ( ot 2Q§2)) +[1 2
_8e2" (@ +Q%),2 ( s1 +Q ) ( 1Q 27“ — 47 ( ?1 +Q§2) +32)

1,.2

+ei (Q+Q5) [ 1 Qeor® +4Q2, Q7" (Qz1 + Qs2) + 1287 <Q§1 T Q§2)
F16r* (Q2 +Q%)” — 1024])
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Color Glass Condensate: Mclerran-Venugopalan model (modified)

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

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

* (Calculation of observables: average over background classical fields

» Basic building block: (generalized) 2-point correlator Non\Ga“SSian,-r

(p*(z,z1)p" (v, y1)) = w2 (a7 (b )06 (™ —y ) f(zL —yo)
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Back-up: More about the Color Glass Condensate

* Separation of ‘slow’ and ‘fast’ degrees of freedom

/__,_ ™ v.,a __ SV+ a —
(& D) 0 =45"Tp% (22 )

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

* Dynamic relation given by solution to classical Yang-Mills equations:
[D,ua F,uu,a,] — JI/,CL

* (alculation of observable quantities: average over color sources
)= [DAW[IOl

e Scale (in)dependence: JIMWLK equations

o, w, ... s fields sources —»
p— W ﬁ k-
0log A s A D

* McLerran-Venugopalan model: W, is a Gaussian distribution

(p*(z™,z1)p"(y ", y1)) = w2 (z7)06* (zL —y1)d(z~ —y~)
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