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o Heavy— ion collisions:

o Production of the %ark—Gluon Plasma ™ Opportunity to study QCD in aregime that

is usually not accessible perturbatively;

"= Lifetime very short " Use of self generated
probes!

Freeze out

Hadrons in eq.

quarks and gluon in eq.

e o )
Very short hfe’ume
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o Heavy— ion collisions:

o Production of the %ark—Gluon Plasma ™ Opportunity to study QCD in aregime that

is usually not accessible perturbatively;

"= Lifetime very short " Use of self generated
probes!

. Describable on pQCD

- Initial state modiﬁcaﬁons under control

Hard Probes

/ A Well controlled ’oy experiment
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5 -/ Hadrons in eq.

quarks and gluon in eq.
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E quarks & gluons out of eq.
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Strong Fields
%

Quark-Gluon Plasma (QGP)
Very short lifetime
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Parton showering:
- Calculable through pQCD

- Known in vacuum
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Parton showering:

- Calculable through pQCD 3 OLL
- Known in vacuum e
- Not described by pQCD
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What are the main

; : : Parton showering:
mechanisms of in-medium 8

e Caloulblethrnghp0gD "o
Quenching)? X Know ”;1 ol - Universal/process independent
st - Not described by pQCD

- Assumed to be outside the medium
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o Energy loss processes in PbPb collisions?

o  Several observations @ RHIC and the LHC:

o  Suppression of the particle yle ld,
strong dije’c asymmetry, modiﬁed Jet
ﬁragmentaﬁon funcﬁons,...
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Energy loss processes in PbPb collisions?

o

Several observations @ RHIC and the LHC:

o

Motivakion

Suppression of the particle yle ld,

strong dij et asymmetry, modiﬁed Jet
ﬁagmentaﬁon ﬁmctions,...
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Motivakion

Energy loss processes in PbPb collisions?

o

Several observations @ RHIC and the LHC:

e PbPbVs,=276TeV

JLdt =150 ub’”
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Ldt=231nb"

Anti-k; (PFlow), R=0.3 -]
p,,> 120 GeV/c
p,,>30 GeV/c

o  Suppression of the particle yield, ENN\N rorw
strong dij et asymmetry, modiﬁed Jet o i

ﬁagmentaﬁon ﬁmctions,...

"= Important to have a good descrip‘cion of
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o Energy loss processes in PbPb collisions: What can we improve?
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o Energy loss processes in PbPb collisions: What can we improve?

[N. Armesto et aLJ. Casaldewey—Solana, 4

Color coheren ween ve emitters;
O or conerence eﬁjeds between successive emitte > Mehtar-Tani et al, M. Rodviguez—-Calvo et al]

[C. A. Salgado]
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o Energy loss processes in PbPb collisions: What can we improve?

[N. Armesto et aL]. Casaldewey—Solana, 4
Mehtar-Tani et al, M. Rodriguez-Calvo et al]

o Role of color correlations on the ﬁagmen‘caﬁon pattern;
[A. Beraudo et al, P. Aurenche et al] k
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o  Color coherence effects between successive emitters;
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o Energy loss processes in PbPb collisions: What can we improve?

[N. Armesto et aL]. Casaldewey—Solana, 4
Mehtar-Tani et al, M. Rodriguez-Calvo et al]

o  Role of color correlations on the fragmentation pattern; [A.Beraudo et al, P. Aurenche et al]

o  Color coherence effects between successive emitters;

o Kinematic constrains on the emission vertex;
[L.A. et al,).P. Blaizot et al, Ovanesyan et al]
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o Energy loss processes in PbPb collisions: What can we improve?

[N. Armesto et aL]. Casaldewey—Solana, 4
Mehtar-Tani et al, M. Rodriguez-Calvo et al]

o  Role of color correlations on the fragmentation pattern; [A.Beraudo et al, P. Aurenche et al]

o  Color coherence effects between successive emitters;

o Kinematic constrains on the emission vertex; [LA. et al, ).P. Blaizot et al, Ovanesyan et al]

o Focus on improvements of ﬁni‘ce energy corrections in the emission vertex:
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o Energy loss processes in PbPb collisions: What can we improve?

[N. Armesto et al, ). Casalderrey-Solana, Y.
Mehtar-Tani et al, M. Rodriguez-Calvo et al]

o  Role of color correlations on the fragmentation pattern; [A.Beraudo et al, P. Aurenche et al]

o  Color coherence effects between successive emitters;

o Kinematic constrains on the emission vertex; [LA. et al, ).P. Blaizot et al, Ovanesyan et al]

o Focuson improvements of ﬁni‘ce ener%y corrections in the emission vertex:
ﬁ Path{n‘ceqal_ fov i o OCET. A
o  Previous works: [arXiv: 1204.2929 , 1209.4585)1109.5619 )

Interpolation function between soft Gluon branching beyond eikonal
and hard gluon radiation limits approximation but small formaﬁon times

Appvoximation may not hold for the partons

Most energetic pavticle still
radiated near the edge of the medium

constrained in the transverse plane
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o Energy loss processes in PbPb collisions: What can we improve?

[N. Armesto et al, ). Casalderrey-Solana, Y.
Mehtar-Tani et al, M. Rodriguez-Calvo et al]

o  Role of color correlations on the fragmentation pattern; [A.Beraudo et al, P. Aurenche et al]

o  Color coherence effects between successive emitters;

o Kinematic constrains on the emission vertex; [LA. et al, ).P. Blaizot et al, Ovanesyan et al]

o Focuson improvements of ﬁni‘ce ener%y corrections in the emission vertex:
ﬁ Path{n‘ceqal_ fov i o OCET. A
o  Previous works: [arXiv: 1204.2929 , 1209.4585)1109.5619 )

Interpolation function between soft Gluon branching beyond eikonal
and hard gluon radiation limits approximation but small formaﬁon times

Appvoximation may not hold for the partons

Most energetic pavticle still
radiated near the edge of the medium

constrained in the transverse plane

o Thiswork: gluon radiation without constrains on the fovmaﬁon time (ﬁnite medium)
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o Approx imations:

o  Propagation timescale of energetic partons << Characteristic time of changes in the
conﬁgwaﬁon of the medium;

= Calculation of parton—medium interaction pelfovmed for a ﬁxed, but arb itrary,
medium conﬁgwaﬁon
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o Approx imations:

o  Propagation timescale of energetic partons << Characteristic time of changes in the
conﬁgwaﬁon of the medium;

= Calculation of parton—medium interaction pevfovmed for a ﬁxed, but arb itrary,
medium conﬁgwaﬁon

o Mulﬂp le scatterings mediated on gluons of small energy and only transverse momenta:
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o Approx imations:

o  Propagation timescale of energetic partons << Characteristic time of c’nanges in the
conﬁguraﬂon of the medium;

= Calculation of parton—medium interaction pevfovmed fov a ﬁxed, but arb itrary,
medium conﬁgwaﬂon

o Mulﬂp le scatterings mediated on gluons of small energy and only transverse momenta:

o Propaga’cor described on a Green’s Function: W/
*

Initial/Final transverse coordinates Path-Integral Longitudinal particle momentum

Wilson Line

\ \ r<L+>:x\ 2ol o5 2
G(zo+,%0; Ly, X|py) = /( o Dr(f)exp{”;/ dg§ (d2> }W($o+»L+;1‘(f))

Medium [ongitud'ma[

boundaries
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o Approx imations:

o  Propagation timescale of energetic partons << Characteristic time Of c’aanges in the
conﬁguraﬂon of the medium;

= Calculation of parton—medium interaction pevfovmed for a ﬁxed, but arb itrary,
medium conﬁgwaﬂon

o Mulﬂp le scatterings mediated on gluons of small energy and only ‘E!fsen:

o Propagator described on a Green’s Function: W/
*

Initial/Final transverse coordinates Path-Integral Longitudinal particle momentum

Wilson Line

\ \ r<L+>:x\ > j RS v /
‘/:EO%XO‘,/LJM X|py) = /(ww):xo Dr(f)eXP{ 5 / df( €> }W($0+7L+;1‘(5))
Medium longitudinal
boundaries
Brocorian
Motion
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o Approx imations:

o  Propagation timescale of energetic partons << Characteristic time Of c’aanges in the
conﬁguraﬂon of the medium;

= Calculation of parton—medium interaction pevfovmed for a ﬁxed, but arb itrary,
medium conﬁgwaﬂon

o Mulﬂp le scatterings mediated on gluons ,Of small energy and only ‘E!fsen:

o Propagator described on a Green’s Function: W/
*

Initial/Final transverse coordinates Path-Integral Longitudinal particle momentum

Wilson Line

\ \ r(Ly)=x \ > j RS v Z
‘/5130+,X0‘7/L+7 X|py) = /( | Dr(¢) exp 5 / d§ ( €> Wl = dmaar G
To+ )=Xo
Medium [ongitud'ma[ i Color
boundaries where W (zoy, L+; X‘);P exp {ig / de A (x4, X)} Kotation
To+
frengs Path-ordering Medium color field

Mot ion
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o  Finite medium ™ 2 conﬁgwa‘dons

Kinematics:

k+=zp+ kr = k

q+ = (1_Z> P+ qr= q

|| = Average over initial spin, color and
gluon polarizaﬁon

< ...>= Medium averages

o Emission cross section:

d*o
a0 A, = (|Tit1*) | where U = i e e DN {7;”7:;2“}
k
e dk dk
(27T)3 2]€+
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o High energy limit " Medium averages can be pevformed loca“y

L=, Decomposmon into Vegtons where the number of Wilson lines is

fixed



Medium averages
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o High energy limit " Medium averages can be pevformed loca“y

L=, Decomposmon into Vegtons where the number of Wilson lines is

fixed

o Large N, limit > 000000 = -------- e

2-point :4—po'm’c: 6-point 8

ﬁmcﬁon ﬁmcﬁon ﬁmcﬁon
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o High energy limit " Medium averages can be pevformed loca“y

L=, Decomposmon into Vegtons where the number of Wilson lines is

fixed

0]

2-point :4—po'm’c: 6-point 8 Correlators calculated by doing an infinitesimal

ﬁmcﬁon funcﬁon ﬁmcﬂon expansion up to ond order of the ﬁelds:

@
Wis (L 245 %) = Via(Lg, ;%) [5@- (1 e >) TR A% (¢, %)

with 6Bz ,x—y) = <A“($+7X)Ab($+a}’)>



Medium averages
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o High energy limit " Medium averages can be pevformed loca“y

L=, Decomposmon into Vegtons where the number of Wilson lines is

fixed

o Large N, limit > 000000 = -------- e

2-point :4—po'm’c: 6-point 8 Correlators calculated by doing an infinitesimal

expansion up to ond order of the ﬁelds:

C
Wz'j (L—|—7 L5 X) :@a(L-H C; X%aj (1 = TFB(C7 O)) Ay ZToCclegzg (C? X)D

—_— = —>

with 6Bz ,x—y) = <Aa($+7X)Ab(fE‘+aY)>

ﬁmcﬁon ﬁmcﬁon ﬁmcﬁon
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o  Out-out term: | Tous|*

d2 Iout 1L d2 Oout

quQk S Oel qudQ]{;

4z(1 — 2)po
=9 O Tk — s 7o

(2)P(Po — k+q)d(k+q—po)+

Mh(p()) O p7A R pfaAl
where el = % g Brownian motion of the initial quark

2
P(po — py) = ; exp {_( (Ps — Po) } Transverse momentum broadening

(L — Tot )qF Ly — xo4)dF

(k*)

Transport coeﬂ{cient: = )
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o  Out-out term: | Tous|*

d2 Iout 1L d2 Oout

quQk a Oel qudQ]{; 3

— O ((lez_(lz)—kzzpzz;y Py (2)P(po > k+q)d(k+q—po)+

Mh(p()) O p7A R pfaAl
where el = % g Brownian motion of the initial quark

1
P(po — — =
Py w<L+—xo+>aFeXp{<

(Pf — Po)”
Ly —xoy)dr

} Transverse momentum Ioroadening

(k*)

Transport coeﬂ{cient: = ;

o Taking the limit L4 — 0 (no medium) and integrating over qu:

d2[0ut 2 dQIvac o s 1
dz dk ~ dzdk 272 k2

Py q(2)

Gy

L g Comp lete vacuum radiation spec’cmm is recovered!
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o ‘“Medium” term: in-out contribution

M
I
M ————————
2-point '4—po'm’c: ..... 8
Vacuum
ﬁmcﬁon ﬁmcﬁon
. > q : > 4
z ;< e
E g
: L i
q -< » : - )I q
g ’
: » 8
5[54 :

10
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o ‘“Medium” term: in-out contribution

M
I
MT ) T ielon e
2-point :4—po'm’c: ...... & Quark and gluon are correlated
Vacuum [ e
function  function (gluon formation time)
r > ( : > ] M
£ R e
; > q e MT < ;
C_[ < s £ 0[ .
N l
: . g Random walk of initial quavk l
* ' Vacuum propagation
q-
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o ‘“Medium” term: in-in contribution

M
I
Ml ——————————
2-point '4—po'm’c: 6-point 8
ﬁmcﬁon ﬁmcﬁon ﬁmcﬁon
= » 4
; 0[,4_:
g
P =
: 25
e ’
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o ‘“Medium” term: in-in contribution

M
I
MT < oo
2-point '4—po'm’c: 6-point 8
ﬁmcﬁon ﬁmcﬁon ﬁmcﬁon
| / .
[ 3 . q\ 4 :
YA Xl > g
_,. g \ g ‘¢ :
& '« 5 = +
: S = » 8
g P
: o
g <
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o ‘“Medium” term: in-in contribution

M
I
HiEss e
2-point :4—po'm’c: 6-point 8
ﬁmcﬁon ﬁmcﬁon ﬁmcﬁon
r L / .
(s SR DY L (Tr (W)W ()W (xg) W (xg)) )
s IR : > 8 { T : ’
L : : = LSl a e (S PRI SRS SRR S | } Amed
PIEEECH SR 1
g < : J = +
> — » 8 where
; : ] : C
& 2 ‘ > q Am,eal — e exp {_TFC]A(L-F i wZ-l-)(ch = Xg) : (Xq = Xg)}
g ' '
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o ‘“Medium” term: in-in contribution

M
I
A ed controls the decoherence of color sources:
MT < 5 !
. o s i L M) g QFL+%OO:>Amed—>1
2-point -point’ 6-point
k Ele P rong uadmpole factorizes into two
unction unction unction
fi (} independent dipoles!
o i = =]
éa _ Z Gﬁ 4 : <Tr (WT(xg)W(xg)WT(xq)W(xq))>
5[,4_- : > 8 Cr .
el \ g < : = IV exp {—TQ(LJF — Toy) [(x5 — %4)° + (x4 — Xq)°] } N
g < : >3 = +
: > g — » 8 where
'« : 4 : G
g . S A (8548 —TCI(LJF — Toy)(Xg — Xg) - (X4 — Xg)
g e '
= Generalized A, parameter to account for the transverse
I lk of both particl
Transport coeﬁicient: = < > I Of s ey o
A [1109.2965, 1102.4317, 1205.5739, 1110.4343]
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o ‘“Medium” term: in-in contribution

12



Kesulks

mmmmm'n‘fﬂﬁ oo ; -35-18!0-‘--~“*""1’w*-'4& > 'u"a&AA”'QﬂmMmW:M

o ‘“Medium” term: in-in contribution

M M
I I
MT < MT <
Random walk of initial quark Random walk of initial quark
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o ‘“Medium” term: in-in contribution

M M
I I
MT < MT <
Random walk of initial quark Random walk of initial quark
%ark and g[uon are correlated %ark and gluon are correlated
( g[uon formaﬁon time) ( gluon formaﬁon time)
Q/}ark and g[uon act co heren’dy ]ndependent broadening of ﬁnal partons

(coherent propagation controlled on dipole distance)
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o  Parton showeris modiﬁed in the presence of a medium:

o

Energy loss phenomena (Jet quenchmg).

o Study of Jet quenching can provide informaﬁon about the dynamical properties of the quark—g[uon
p(asma:

o

Several eﬂ?orts up to now: medium-induced gluon radiation beyond the eikonal approximation

(Massive) Medium antenna, Soft Conformal Effective Theory, lattice QCD..

In this work we provide acomp lete calculation of the medium-induced single gluon radiation
spectrum oﬂ a quark in the limit of static sca’ctering centers and small angle emissLons:

o  Extend our previous results of [1204.2929] by allowing Brownian motion for all vertex
pavticles.

o  Results beyond [1209.4585] loy consideving ﬁnite size medium.
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o  Resulting picture:

o Opaque media: parton bvanehing can be understood as a faetovizaﬁon of single gluon emissions
(but suppressed on vacuum inteUCeVences);

o  Dilute medium: coherence eﬂ?ects start to become timportant "= spectrum (s addi’cionaﬂy
suppressed = Most of the energy loss on a jet happens very eaﬂy n its development!
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CMS *PRELIMINARY PbPb \[sTN =2.76 TeV fL dt =7-150 ub’t
E=a— *Z (0-100%) lyl <2

g W (0-100%) p: > 25 GeV/c, In'l < 2.1
—w» Isolated photon (0-10%) Inl <1.44
E—e— Charged particles (0-5%) Inl <1
e *B — JAp (0-100%) Inl <2.4
E=a— ‘Inclusive jet (0-5%) Inl <2

@ *b-jet (0-10%) Inl <2
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RAA(pT) =3 ( / evt) / napr

< Neon > (1/NEL)dA2NPP /dndpr

Ratio of the particle yield in AA collisions over

pp collisions
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o Energy loss processes in PbPb collisions?

o  Several observations @ RHIC and the LHC: >

o  Suppression of the particle yield, strong
dyetasymmetry,mod'gﬁedjet e — I

0.3 cms T e PbPbvs, =276TeV I Anti-k; (PFlow), R=0.3 -]

[ [ g - 150 ut" i GeV/ ]
fragmenta’uon ﬁmc‘aons, b oost Jacow i ot
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2 o1 E
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70-100% T

Event Fraction

Increasing centrality

Transverse momentum of the J ets
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Energy loss processes in PbPb collisions?
o  Several observations @ RHIC and the LHC:
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Medium averages
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o 2-point ﬁmcﬁon:
o Result depends only on the transverse separation between the partons:
1 ; Cr
- (Weowi ) =exp {~F [ desotx-yn(es) }
1
i Yo e 5(}1'2 + O(r*Inr?) "= Valid for opaque media and small r
k2
Transport coeﬁqcien’c: e < X >
o 4-point fumction:
i (N
<[W(X1)WT(X2)L]' [W(X2)WT(X3)L€1> = 0;0k1 €XP {ﬁv(ﬁ — X3) 12 lv(x1 — x2) + v(x2 — x3) }
1 5.5 C 1 5.5, | N
& N Y5k eXp{— FU(Xl T X3)} =3 N il0jk €XP ﬁv(xl o X3) = ? _U(Xl = XQ) =t U<X2 it X3)]
Ly i large Nc, factorizes into a d'qooles
o 6-point fumcﬁon:

<Tr (WT <X1)W(X2)) 1r (WT(XQ)W(Xl)WT (X3)W<X4))> g large Nc, factovizaﬁon into a
= (00 (WT(Xl)W(X2))> (it (WT(X2)W(X1)WT(X3)W(X4))> dipole E quadmpo[e

N — o0
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