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Heavy lon Collisions

0 Study QCD matter under extreme conditions; high energy and
particle densities, strong gauge fields, ...

o In cold nuclear matter: at high energy the nuclear wave
function is characterized by a large number of small x (soft)
gluons that might reach the point of saturation — DIS, proton-

Nucleus, initial state of nucleus-nucleus collisions
nucleus

The dipole rescatters ol
several times when
propagating through a
saturated nucleus

Boost

dipole

[Mueller, McLerran, Venugopalan, Balitsky, Kovchegov,
Kovner, Leonidov, Weigert, Jalilian-Marian, lancu (1992-2001)]



Heavy lon Collisions

O probe the properties of the QGP produced
in HIC, using bulk observables or hard probes such as:
guarkonia, high pt hadrons, and jets

CMS/ | cMs Experimen tat LHC, CERN

/ Data recorded: Sun Nov 14 19:31:39 2010 CEST
2~ _/\| Run/Event: 151076 / 1328520
Lumi section: 249

E, (GeV)

Leading jet
pr:205.1 GeVic

Dijet in: p-p...

The high energy jets
propagate in the QGP
and lose energy to the
medium




Extending pQCD Toolbox

L]

L]

Asymptotic Freedom: at short distances QCD is a weekly
coupled theory. Therefore, provided we have a large scale,
Q » Aaqcp, In the problem, one can use perturbation theory
to compute inclusive observables. exp: et e-total cross
section, |et event shapes , etc,

Factorization theorems: if hadrons are involved in the
initial state or measured in the final state one can factorize
short distance physics (calculable) from large distance non-
perturbative physics encoded in universal (process
independent) parton distributions (PDF’s, Fragmentation
functions). Exp: DIS, Drell-Yan, hadron production, etc.



Extending pQCD Toolbox
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In Heavy lon Collisions, standard perturbation techniques
break down because of (large
particle density)

hydrodynamization, jet-quenching, ...

Many scales in the problem: from the hard partons to the
soft constituents of the thermal bath

Standard approach in jet-quenching: treat jets as
perturbations on top of a

(QGP) ~
N
Y

P-P




cikonal trajectories
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kKinematics of high energy scatterings

0 We want to compute the amplitude for a high energy parton
passing through cold or hot nuclear matter

0 In the high energy limit (Regge limit), the projectile is barely
deflected from its trajectory

Vs ~p, >y v \A =
parton Pl
01 T :
pt St
Nucleus, QGP
light-cone variables: »*™ = (E £p.)/V?2 = (t+2)/V2



Wilson line trajectories

Let us compute the amplitude for high energy double scattering to
llustrate the simplifications that follow from the high energy limit

P+ qi
p ———1— Pta+te

q1 q2

(p+4,)
(p+q1)° + e

(ig)*u(p) A(q1) A(g)ulp + q1 + q2)
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Wilson line trajectories

Let us compute the amplitude for high energy double scattering to
llustrate the simplifications that follow from the high energy limit

P+ qi
p ———1— Pta+te

q1 q2

> sulp+aq)ulp + ¢1)
(p+ q1)° + ie

(ig)*u(p) Aq:) A(g)ulp + q1 + ¢2)



Wilson line trajectories

Let us compute the amplitude for high energy double scattering to
llustrate the simplifications that follow from the high energy limit

P+ q1
P P+ q1 1+ Qo
(ig)a(p) Alqr) 2==PIUP) 4 vup+ g1+ go)

(p 4 q1)° + i€
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Wilson line trajectories

Let us compute the amplitude for high energy double scattering to
llustrate the simplifications that follow from the high energy limit

pPTq1
p P+ q1+ Qg2
(ig)*u(p) A(q) 25 U(p)u(D) Alg2)ulp + q1 + ¢2)

(p 4 q1)° + i€

using the Gordon’s identity and neglecting spin flip:
w(p)A(qr)u(p) = 2p™ A™ (q1)
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Wilson line trajectories

Let us compute the amplitude for high energy double scattering to
llustrate the simplifications that follow from the high energy limit

p+aq
b=

q1 q2

_|_

2p
. \2

1 .
(i9) (p+q1)~ + e

P+ q1+ g

A7 (q1)A™ (q2)

we recognize the Fourier transform of the Heaviside distribution

1
(p‘I‘Q1)_ + 1€ — 00

+00
- / dat f(zt) et ra)”
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Wilson line trajectories

...and after some more algebra we obtain

i +00 m;
2p+/d2w (ig)Q/ dx;/

dzi A (a1, ®)A™ (23, @)

o~ (g1 +qz) @

summing over arbitrary numbers of path ordered scatterings
the quantity between brackets can be expressed as

U(x) = P,y exp

+00
ig/
— OO

deT A, (xF, )T
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Wilson line trajectories

i oo i
U(x) =Py exp z’g/ deT A (", 2)T"

_ — OO _

This Wilson line encodes the color precession of a high
energy parton along its straight line trajectory

L1
P77
vy @y T

it is the building block of high energy scattering processes:
DIS, hadron production in proton-nucleus, Jet-quenching...



Beyond elkonal
IN-medaium
poropagation



Non-eikonal propagation

o The scattering remains eikonal: neglect power corrections of the
q+ <4 p+

eikonal vertex ~ d(¢")pt & A (2,2 ))

0 but allow the gluon to explore the transverse
plan between two scatterings
2
+ 41
<p ’ 2p_|_ ’ QJ_>

r] ~ 1/Q¢

p LT~ (p1/p") LT ~ 1

(p+70_7OJ_) i
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Gluon propagator in light-cone gauge

We are interested in the propagation of small fluctuations on top

of the

AP = AF 4t

In the light-cone gauge, AT = 0 , the linearized Yang-Mills

equation [DWFW] — () Vvields
a*(0) a’(L)
a'(L) = / Gr(z,y) 0" a'(0) T
YL,y
where the retarded propagator (diagonal in helicity) U L

|

: +2ig (A -T)0F | Gr(w,y) =0

19



Gluon propagator in light-cone gauge

The background field explicitly breaks boost invariance. Therefore,
It IS more convenient to work In a mixed representation

(p_l_ap_apJ_) — (p+7 33+,p¢)

As a result the dynamics is equivalent to a
The relevant Green’s function reads

i(e—y)  pT —ix
gp+(pJ_7t|p/J_7t/) E/ GR<337y) e ( y) p T-p
Xr. T

)

which obeys a Schrodinger-like equation, with ¢ = T

— 2 =
0 , Pl _
10 2pt Fg AT ® ngr(pL,t‘pl,t/)—l
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Gluon propagator in light-cone gauge

The solution can be written formally as a path integral

Gy (ot 1) = [ Dt SO UAG ri©))

— the free propagator in Fourier space IS simply

g&(lhat—t) = e.2p+(t .

= inthelimit L —0 or pJr — OO one recovers the

straight-line trajectory

/
I I

AVAVA VAN o VAV

1
Goolx |, t|x|, 1) = 55(:13 — ') U(x)




Medium average

1 Owing to large number of medium DOF, a great simplification
comes from a statistical treatment

0 Moreover, in weakly coupled plasmas for which the

IS much smaller than the mean free path: . 1
mp ~ (g1)"

binfp ™~ (QQT)_l

1 Hence, the medium field can be treated as a Gaussian random
variable:

(A" (p,t)A°(p',t")) = 6"°6(t — t")o(p — p')v(p)

my <K lup < L

related to the (2 to 2)

|
|
: b elastic cross-section
aVa\ aVaV . VaVaVaVaVaV Vo VoV Vo ¥t
: | :
E : do o>
| d=q q
|
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pt-broadening

0 As an application one could compute the pt broadening
probability for a high energy quark (gluon) passing through a

medium
|

pL,

W AW“\’UW\/\/\/\/\

0 I, L 0

amplitude c.c. amplitude
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pt-broadening

o As an application one could compute the pt broadening

probability for a high energy quark (gluon) passing through a
medium

1 One finds that the broadening probability is related to the 2-point
function correlator (forward dipole scattering amplitude)

P(p) = jﬁi _ [ U U (@) e =P

£

0 Recall the path ordered Wilson-line reads

L
U(x) =Ty exp ig/ dt A(t,x) - T
0

24



pt-broadening (medium average)

0 Because of the equal time correlation function it is convenient to
fold the amplitude and the complex conjugate amplitude

amplitude c.c. amplitude

25



pt-broadening (medium average)

0 Because of the equal time correlation function it is convenient to
fold the amplitude and the complex conjugate amplitude

amplitude
W

Y

%

c.c. amplitude

Pl

1 Color algebra is
trivial: each vertical
line yields an N,
color factor

a4 NN a4 "N

||: INC

(TCTC)ab _ 5ab Nc
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pt-broadening

The average over the medium configurations yields the

OP(p,t) = — / L2qr(q)Pp—aq,t) + / 2q~(q) P(p,t)

which, to gain more insight, can be reduced to a Fokker-Planck
equation (diffusion in momentum space) in the regime of
multiple soft scattering: ¢ < p

1.
XP(p.t) = 70V4P(p,1)

where the diffusion coefficient, g , is the so-called jet-quenching
parameter, which encodes medium properties

X <pi> / 5 g*N.n Q?
— — — 1 v
q L q q"7(q) ATt H m%

27




pt-broadening

1 The broadening probability in the regime p1 S ¢L

- typical transverse
4w _ P31 momentum squared

<p2¢>typ = qL

_|_

P D1
W
p—l-

28



IN-medium gluon
cascade and
jet-quenching



Medium-induced splittings

0 Multiple scattering can trigger gluon radiation

= during the splitting time
many scattering centers act coherently as a single one and thus,
suppressing the radiation rate

w w W
Leoh = k_2 ™~ 5 1 = tcoh ™~ 4| =
1 ( lcoh q

Pl

I Z'

|Baier, Dokshitzer, Mueller, Peigne, Schiff (1995-2000) Zakharov (1996)]
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Medium-induced splittings

0 Going back to folding the complex conjugate amplitude on the
amplitude we see that one has to integrate over the ditference
between the radiation time in the amplitude and complex
conjugate

arrfnplitude

TG iamplitudé

0 £ to L

31



Medium-induced splittings

0 It follows that the splitting kernel depends on the correlator of 3
Wilson lines

Kty —to) ~ (Tr GG, TP G T )

arr*;nplitude
' 1

0

TG iamplitudé

0 t1 to L

32



In-medium gluon cascade

0 Probabilistic picture: large probabillity for soft, rapid and
independent multiple gluon branching

tcol < t* < L |

_ -
7
/
/ \
/ \
| \
| |
— - |
/s > - —
// \
| - \ /
. I -7 /
// //// h 7
e - - ---X
4 &«
// S / \ ;
\ |
IF" ; /\

\
~

l
[Baier, Dokshitzer, Schiff, Mueller (2001)

— t*_. Jeon, Moore (2003)
Blaizot, Dominguez, lancu, MT (2013-2014)]

—— leoh —
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In-medium gluon cascade

o Hence, in addition to momentum broadening, a high
energy parton undergoes

—T

6 & ©C

0 For large media, multiple soft gluon radiation is the dominant
mechanism for energy loss and causes jet guenching

34



Jet-quenching: where does energy go”

L]

L]

E;(GeV)

100

80
60
40
20

Strong suppression of jets

have been observe at the LHC

(and previously at RIHC)
CMS collaboration recently

recovered the missing energy

at very large angles

CMS Experiment at LHC, CERN

/\| Run/Event: 151076 / 1328520
Lumi section: 249

Leading jet
p;:205.1 GeVic

Data recorded: Sun Nov 14 19:31:39 2010 CEST

7 Nuclear modification factor
about 0.5 for 300 GeV jets
oo 1 dNag
AA
Neon ANy
| | " W, =60 GeV, wpy = 0.5 GeV w7
w, = 50 GeV, wpy ~ 0 GeV
I CMS data (preliminary) e -
ALICE data (preliminary) m
1
0.8 F ]
T3
= o6l |
0.0 .
O ] ] ] ] ] ] ] ]

o0 100 150 200 250 300 350 400
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Jet-quenching: where does energy go”

0 Initially we have a single g

dN

Dw)=w—=FEd(w— F)

dw

uon with energy F

o In-medium cascade — time evolution of the energy distribution

1000

10
N

3
N—"

0.0001

0.001

100 E

decay of
the leading
aluon

decay time:

1 E
"""""""""""""""" Uy (E) — -
Energy Flow s\ g
| : w/E
[Blaizot, lancu, MT (2013)]
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Jet-quenching: where does energy go”

0 Multiple branchings occur at parametrically large angle

1
0, =

a?y\/qL>

o Constant energy flow from jet energy scale £ down
to the medium temperature scale T ~ O(1GeV)

> Oi

AE ~ a2 qL?

|
_ec
T ‘ o2
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Q& A



Q&A

Q1: In most high energy calculation the light-cone gauge is
used. Why is it a better choice than covariant gauge?

In the light cone gauge certain Feynman diagrams vanish
identically. In the gauge A" =0, for instance, the
coupling of a high energy parton moving inthe —z
direction is strongly suppressed:

J AT =0

39



Q&A

Q2: How does the in-medium cascade compare to the
vacuum cascade?

The vacuum cascade Is characterized by collinear splittings
which are triggered by a single hard event. Moreover, because
of color coherence of the jet large angle soft gluon radiation are
strongly suppressed, hence, the collimation of QCD |ets.

In-medium cascade exhibits an opposite behavior since small
angle radiation is suppressed due to the LPM effect and

coherence is destroyed along the cascade die to rapid In-
medium color randomization

I

 _———
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Q&A

Q3: What is a Monte Carlo Event Eenerator? and why is it
useful for jet observables?

An event generator (such as PYTHIA, HERWIG, SHERPA, JEWEL,
MARTINI, etc), is a numerical implementation, using Monte Carlo
techniques, of a probabilistic picture, in which a parton cascade

IS described by independent elementary branching processes

It is a flexible tool that allows to compute any type of jet
observables by accounting for experimental cuts for instance,
and therefore, it iIs complementary to analytical techniques

— Of course, event generators have the limitations of their
underlying theoretical assumptions

41



Q&A

Q4: The medium modifies the jet structure but what about
medium response?

Back reaction such as the recoil of medium partons
might play a role in jet observables that are sensitive to
soft particles, such as fragmentation functions

42



Q&A

Q5: Can one tell a medium parton from a jet parton?

The short answer to this question is no, owing to the fact that
there is a continuum of scales between the hard jet scale and
the characteristic medium scale and the importance of

fluctuations. Nevertheless, if one is interested in hard enough

partons produced In a jet event they are most likely not the
result of background fluctuation

43



