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What is a Jet?

“A collimated and energetic bunch of hadrons
produced in a hard process”

z-y plane

[2-jet event at LEP]



What is a Jet? A

* Originally a jet is born as a hard parton (quark/gluon)
which fragments into many partons when the time goes
by with decreasing virtuality down to a non-perturbative

scale where hadronization ta
* Parton shower is well descri

kes place

ped within pQCD

| PHD: Hadronization does not affect exclusive
observables: Jet shape, energy distribution, etc.



How about jets in HIC?

e Jetsin vacuum is a “fine tuned technology”.
Once the hard parton is produced it fragments
in vacuum without any further interaction in
the final state as an independent object :
energy and charge conservation, etc.

* With HIC, a new chapter in jet physics is being
written: Jets do not propagate in vacuum but
instead traverse a hot and colored (partonic)
medium produced after the collision.



Jets in vacuum (basics)

Dynamics of an energetic parton produced in a
hard collision

* QCD bremsstrahlung : an accelerated charge radiates
soft gluons

Double logarithmic divergence (DLA): collinear and soft
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QCD coherence

DLA: Successive gluon emissions are ordered in
energies and angles

01> 0> ..>0xN

Wi

f\ W2 WN
01 05 e M
o >

Ejet

MLLA: energy conservation, running of the
coupling, etc.

A. Basseto, M. Ciafaloni, G. Marchesini, A. H. Mueller (1982) V. S. Fadin (1983)]



DLA: Let’s have a closer look...

QCD coherence leads to the depletion of soft gluons!
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The “Hump-backed” plateau



QCD coherence

Successive gluon emissions are ordered in
energy and angle
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From Jet-Quenching to Jets?

e Radiative parton energy loss: inclusive 1-gluon
spectrum

e Remember! Need 2 gluon emissions to see
QCD coherence (angular-ordering)

W The hard quark loses
energy by medium-
induced gluon radiation
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From Jet-Quenching to Jets?

* Radiative parton energy loss: 1-gluon inclusive

spectrum.
* The emitted gluon undergoes multiple scattering in
the medium (BDMPS-ZW-GLV picture (1997-2001)
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Collinear and infrared finite spectrum!



QCD coherence in medium
A missing piece...

* On the market: in-medium jet calculus are performed

by enhancing the vacuum emission by the BDMPS/GLV

spectrum: No coherence!
[QPYTHIA, QHERWIG,JEWEL...]

* Are medium modified jets mainly determined by the
BDMPS/GLV radiation pattern?

* We know from studying the gluon cascade in vacuum
that the 1-gluon emission spectrum is not enough to
build up the N-gluon cascade: Interferences, angular
ordering, etc, play a role at higher orders



A simple exercise: QCD coherence from the
guark-antiquark antenna
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* Probabilistic interpretation dN = qu —+ qu—

dw dtgpk
0.-—0
B Hpk @( pp pk)v

AN, X o

* Quantum interferences lead to a probabilistic picture!



A simple exercise: QCD coherence from the
guark-antiquark antenna

e Radiation off the quark (qu)
* No radiation outside the cone
e Why?

gluons emitted at larger angles
than the pair opening angle can
not resolve the internal
structure of the pair and thus

are suppressed (t form = w/k2)
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Angular ordering in vacuum



A simple exercise: QCD coherence from the
guark-antiquark antenna
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A simple exercise: QCD coherence from the
guark-antiquark antenna
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e Let’s switch on the medium
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* Let’s switch on the medium
* single interaction: one gluon exchange
the medium

with
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A simple exercise: QCD coherence from the
guark-antiquark antenna

I

* Let’s switch on the medium
* single interaction: one gluon exchange with

the medium
» QGP: classical background field A ()



Classical picture: Yang-Mills equations

* Input: the cIassicaI current Jpai’r — Jq + J(i
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* The gluon radiation amplitude off the quark

J“—g

; d2QJ_ b2 I/i DU Iﬁ',i ;DU
vL,a - 2 rabcpoc b L _ it 1L i1t
My =g fC / (22 /t1 dtA)(t,q ) [p-v (1 e ) " ]
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Classical picture: Yang-Mills equations

* The gluon radiation amplitude off the quark

v,a - 2 prabcpc b 1 it 1 15t
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Classical picture: Yang-Mills equations

* The gluon radiation amplitude off the quark

Mi,a 2 abccc d2qJ— thA
i(q) =97/ (27)2 t

t1

gluon interaction with
the medium

antiquark



Classical picture: Yang-Mills equations

* The gluon radiation amplitude off the quark

2 t2 ?
M = ingabccc/ d7qL / dtA(t,q,) 7. (1 — ei%t)
H9) (2m)* Ji, p-v

gluon bremsstrahlung

antiquark antiquark



Classical picture: Yang-Mills equations

* The gluon radiation amplitude off the quark

ia g pabene [ APqL [ V' Py Ry e
Ml,(q)zzng beC /(QW)Q /t1 thg(@QL)l - (1_6 Et)"’ =e

p-v p-k

Similarly for the antiquark

antiquark antiquark



Induced gluon radiation spectrum

e Squaring the amplitude
|~/\/l|2 = M, + M@‘Q = ‘Mq|2 + ‘MQ‘Q + 2R6MQM:;



Induced gluon radiation spectrum

e Squaring the ampI itude
IM|* = M, + Mg|* H{| M, |2 + >+ 2Re M M7

/\

BDMPS/GLV (1-scattering)

T




Induced gluon radiation spectrum

e Squaring the ampI itude
M® =M, +Mq>/\12 + >+2

BDMPS/GLV (1-scattering)

Interference term

<>



The spectrum
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.'“I- The spectrum
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.. The spectrum S
quar
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.. The spectrum S
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Interferences



«“- The spectrum W cuark
quar

AN d’ -
(2m)*E 7 = 8mC4Craj (2:;2 / dt n(t) V(g.)
0 | |
GLV (antiquark)
ui V] K| :
(G o) 0o | .
_2 - ry- !
Vi ViI'RL _ ‘ * '
+((p~v22 (ﬁ-v)@-k))(l cos 2l
0515~ 5y (L+ c0s Quzt — cos Dt — cos W) |
i S e~ gy (00t~ eos )

K| K1 '

|
Bremsstrahlung interference

(soft divergence)

Interferences



The soft limit and anti-angular ordering

w —0, the quark on the z axis

dINsott K| R d?
9 1-Kk1 q1 P-4,
(2 e x / dt/  Vig,)(1 — cos P 0Ly

antiquark
1 —

quark
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The soft limit and anti-angular ordering

w >0, the quark on the z axis

quark 7

L



The soft limit and anti-angular ordering

w >0, the quark on the z axis

dINsoft K| K d?
9 1-Kk1 q1 P-4,
(2m)“w peyaies D / dt/ 5 V(g )(1— cos I t)

* Integrating over the azimuth

dN 1 sinf6
dwdod > w1l —cost

O(cos O,5 — cos 0) Amed (0p5)



The soft limit and anti-angular ordering

w >0, the quark on the z axis

dINsoft K| K d?
9 1-Kk1 q1 P-4,
(2m)“w peyaies D / dt/ 5 V(g )(1— cos I t)

* Integrating over the azimuth

dN 1 sinf6
dwdod > w1l —cost

O(cos O,5 — cos 0) Amed (0p5)

—> No emissions inside the pair!



The soft limit and anti-angular ordering

* Soft divergence and anti-angular ordering

* vacuum+medium: (w - 0)

1 dw sin 6do

dN, = %%CF T cosf [©(cosd — cosbyz) + Amed(8,5)0(cosb,5 — cos )]

Vacuum emission:
inside the cone

Medium
emissions:
Outside the cone Angular ordering in vacuum Anti-angular ordering

in the medium




Full spectrum (some numerics)

L=20 GeV1=4 fm

:

 w=1GeV T w=5GeV
L i Quark bre:ms. Interf.

GLV

w dN/dwd9

0_

0.01 0.1 1 01 0.1 1 GLV interf.



Toward medium modified jets?

v’ Coherence (neglected so far) plays an
important role in medium-jet modification
v’ Geometrical separation between vacuum
radiation and medium induced one. Total
decoherence in opaque media.

v’ Logarithmic soft divergence: resummation
of LL — QCD evolution egs. in medium



