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First AFirst A

Following an initial hard scattering in e+ e-,
collisions, high energetic partons will create a
l t f ti l i i lli t d dicluster of particles moving in a same collimated dir

In HIC, the scene of parton fragmentation is
vacuum to a QCD medium.

These partons will first travel through a dense
They are expected to lose energy through collision
and medium induced gluon radiation, “jet quenching

The magnitude of the energy loss dependsThe magnitude of the energy loss depends
density of the medium and on the path length

EΔ

T t l j t is s

Consequences…

Measurement of the par
i f ti b t th QCD

Total jet energy is conse
the jet shape and the frag
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information about the QCD

ALICE motivationALICE motivation

gluon radiatione- p, hadron
a high energy

ti j trection → jets

changed from

color medium.
nal energy loss
”.

on the gluonon the gluon

2ˆLqCE Rsα∝

d b t “ hi ” sh ld h

rton fragmentation products reveals 
D di

erved, but “quenching” should change
gmentation function
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…but also……but also…
At the LHC many physicists will work on quantumAt the LHC, many physicists will work on quantum
Many points still need to be understood in QCD in
ALICE is dedicated to the studies in medium howe
discussions to try to estimate to which extent th
pbar » will be accessible to ALICEpbar » will be accessible to ALICE. 

One more motivation to join this worshop !  

Jet physics motivation

Jet reconstruction in 
(full detector simulation

Background effect in 

3M.E. – ECT* Workshop - Trento                         

OutlineOutline

m chromodynamics in vacuum or in mediumm chromodynamics in vacuum or in medium.
n both cases
ever we have started some very preliminary 
e phenomenology à la « e+ e- », « e p » or « p 

ns and requirements

the ALICE experiment 
)

Heavy Ion Collisions 
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Jet Physics mJet Physics m
and requiand requiand requiand requi

motivations motivations 
uirementsuirementsuirementsuirements



First jet measFirst jet meas

First measurement of reconstructed 
jets at RHIC in p+p polarized collisions 
at √s = 200 GeVat √sNN = 200 GeV

- Charged particles: TPC - all φ, |η|<1.3
- Neutral particles: BEMC – all φ, 0 < η < 1
Lead-scintillator sampling calorimeter

Reconstruction using a mid-point jet 
cone algorithm with R = 0.4 

Still dominant incertainty on jet 
energy scale

Measured spectrum 
agrees with NLO pQCD

Note: Statistics out to pT=50 GeV/c !!!
… more being collected

STAR has demonstr
bi i f

4

combination of mom
and energy measure
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surement at RHICsurement at RHIC

STAR, hep-ex/0608030

rated that the study of jet using a 
f h d i lmentum measurement of charged particles 

ement of neutral particles is possible
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Motivations for jet studMotivations for jet stud

RHIC uses leading particle as a probe

Energy fraction carried by the leading charged particle in jets:

RHIC uses leading particle as a probe.
There are limitations at LHC…

Egener or Ereco (GeV

Leading Particle
The study of RAA at RHIC 

( ill) l i l b d
?

Reconstructed Jet

(will) only give a lower bound
transport parameter [surfac

Ideally the analysis ofReconstructed Jet Ideally, the analysis of
reconstructed jets should inc
the sensitivity to medium par
by reducing surface bias.

M.E. – ECT* Workshop - Trento                         5

dies in heavy ion collisionsdies in heavy ion collisions

E if h l di i l h i lEven if the leading particle has approximately 
the direction of the original parton, it carries (on 
average) only a small fraction (18%) of its energy. 

Due to the bias induced by the steeply falling Due to the b as nduced by the steeply fall ng
parton production spectrum the fraction 
increases to ~ 50% [trigger bias]

2 consequences2 consequences:

V)

2 consequences2 consequences:
=> strong bias to evaluate the FF
=> High-pT parton identified with 

very poor efficiency !

A. Dainese, C. Loizides, G. Paic
and LHC 

√s = 5500 GeV
on 

ce bias]. 

crease 
rameters 
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In  Pb+Pb collisions: jetIn  Pb+Pb collisions: jet

M di ff t i t d d t tMedium effects introduced at parton s
Simple scheme: Jet(E) →Jet(E-ΔE) 

Decrease of the particles at high z 
(low ξ) [energy loss]

Increase of the particles at low z 
(high ξ) [radiated energy]

Jet broadening & out of cone radiations 
increase => reduction of jet rate

Increase of di-jet energy inbalance and 
acoplanarity

Fragmentation strongly modified at 
phadron~1-5 GeV/c even for the highest 
energy jets

ALICE should be well dedicate
to tracking down to 100 MeV/c a

Q ti t hi h t t E

M.E. – ECT* Workshop - Trento                         6

Question: to which extent Ejet

et structure modificationet structure modification

litti

ππ

splitting
+ soft gluons (ΔE)

N. Borghini & U. Wiedemann

Hump-backed plateau

z = Ez = Ehadhad/E/Ejetjet

ξξ = ln(1/z)= ln(1/z)
ππ

ππ

ππ

KK
g

Hep-ph/0506218

ξξ = ln(1/z)= ln(1/z)
q

g

q PbPb

ξ=ln(EJet/phadron)

ed to test this ξ range thanks 
and excellent PID !!!

b d ?
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Other contribution: bOther contribution: b

The picture is a bit more complicated:The picture is a bit more complicated: 
Jet(E) →Jet(E-ΔE) + soft gluons (ΔE) + soft h

The UE and its fluctuations in Pb+Pb induThe UE and its fluctuations in Pb Pb indu
- Jet identification / reconstruction
- Jet energy resolution
- Low-pT information for jet structure

At LHC, assuming dN/dη ~ 5000 and <pT>
- In R=1, EUE ~ 1.5-2 TeV (O(10) > highe
- Fluctuations ~ 40 GeVFluctuations  40 GeV
- BUT => High jet rates expected

=> Jets strongly collimated

M.E. – ECT* Workshop - Trento                         

Question: to which extent the coll

7

background from the UEbackground from the UE

hadrons from UE
ππ

KK
ππ

ππ
q

g

q

g

PbPb
uce important bias on:uce important bias on

 studies

> ~ 0.5 GeV/c:
est jet energy)
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imated nature of jets persists in HIC ?



Jet reconstrucJet reconstruc
ALICE expALICE expALICE expALICE exp

(full detector s(full detector s

uction in the uction in the 
perimentperimentperimentperiment

simulation)simulation)



ALIALI

Excellent tracking in a high 
d it i t !density environment !

- Central barrel: |η| < 0.9

- Optimized for high multiplicity (8000 
particles)

- Tracking down to 100 MeV/c, O(ΛQCD)

-- Excellent particle ID

Hi h h d h d- High pT charged hadrons 
identification up to 100 GeV/c

- Momentum resolution better than 10%Momentum resolut on better than 0%
up to 100 GeV/c

M.E. – ECT* Workshop - Trento                         8

CE central barrelCE central barrel
RICH

TOF
Central Pb–Pb

ITS

TPC

TRD pp

PHOS

p (G V/ )pT (GeV/c)

% 
Minimize out-of-cone radiation and 

unmeasured low-pt particles%
Improve the measurement of 

particles radiated from soft gluons
Reduce systematic of background 

subtraction

                                      February 28. 2008

subtraction



AA

Pb scintillator sampling calorimeter
- rM ~ 2cm
- 22 1 X022.1 X0
- Acc: 80 < φ < 190°, |η| < 0.7

Shashlik geometry – 11 SM
~13000 towers- ~13000 towers 

(Δη x Δφ = 0.014 x 0.014)

σE/E ~15%/√E(GeV)

Energy from neutral particles:
π0/γ discrimination to ~ 30 GeV/c

Trigger capabilities

Essential for the referenceEssential for the reference 
collisions and for p+p studies !

Extend jet energy range
Improve the jet energy 

i d l i

M.E. – ECT* Workshop - Trento                         9

reconstruction and resolution

ALICE EMCalALICE EMCal
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Jet produJet produ

Whole spectrum of jet production fro
mini-jets ET > 2 GeV to high-ET jets of 
several hundred GeV studied:

- E < 20 GeV: domain of mini-jets (>> E H ) => several jet

(L(Pb+Pb) = 5.1026cm-2s-1 – 106s)

- ET < 20 GeV: domain of mini-jets (>> ERHIC) => several jet
overlap in 1 event in ALICE acceptance

- 20 < ET < 100 GeV: jet rate high enough so that even wi
limited read-out rate of TPC > 104 jets measurable. Goodj
FF and dependence of energy loss with L studies
=> 17% of the produced jet in the ALICE fiducial acceptanc
=> 8.5% of the accepted jet events contain back-to-back di

E > 100 GeV: triggering will be necessary to be able to- ET > 100 GeV: triggering will be necessary to be able to 
perform a fragmentation function analysis 
(>104 jets are needed to study a FF close to z > 0.8)
Single jet acceptance = 26%
Di-jet acceptance = 13.5%j p

- to perform FF analysis, statistics limit reached at ~ 250

M.E. – ECT* Workshop - Trento                         10

uction in ALICEuction in ALICE

m 

tt 

th the 
 for 

Jet Xsection in Pb-Pb collisions at LHC per binary collisions

ce
i-jets

0 GeV

J t X ti i Pb Pb lli i t LHC bi
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Jet Xsection in Pb-Pb collisions at LHC per binary 
collisions vs pseudo-rapidity

0



The ALICE tools fThe ALICE tools f
JETAN module in constant development in

First implementation: an iterative jet con
method. Optimised for heavy-ion environmp y

Uses combination of charged t
Analyses performed on a (η,φ)

acceptance and varius size outsid
Not infrared and collinear safe

Fast kT recently interfaced: kT algorithms
New kT algorithm (FASTJET) looks for nea
V i di t l

Not infrared and collinear safe 

Voronoi diagram tool. G. Salam & M. Cacciari

Project: SISCONE (Cone algorithm infra

Sub-methods extension of UA1-algorithm

Hadron correctionHadron correction
In progress: remove energy counted twi
Tools for background subtraction: 3 meth

BG subtraction (vs dN/dη) [see later]

M.E. – ECT* Workshop - Trento                         11

( η) [ ]

for jet reconstructionfor jet reconstruction
n AliRoot to include different jet finders:

ne finder algorithm based on the UA1 cone 
ment at LHC
tracks and neutral digits/clusters in EMCal
grid of size EMCal granularity in EMCal 

de (ex: 0.015x0.015).
yet !

s are very slow in a heavy ion environment. 
arest neighbours of each particle using the 

yet !

ared and collinear safe) G. Salam & M. Cacciari

:

ice from electrons
hods implemented for cone, statistical and ratio 
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File production: File production: 

3 mono-energetic jet samples in the 
EMC l t (50 75 d 100 G V)

Simulations for Jets:

EMCal acceptance (50, 75 and 100 GeV)
1 cross-section weighted sample (40 < 

pTHard < 240 GeV/c) – 11 energy ranges
ALICE strategy to simulate hard andALICE strategy to simulate hard and 

rare processes in Pb+Pb collisions:
=> embed p+p events in the UE of Pb+Pb
=> PYTHIA 6.214 + Central HIJING 1.36 (0 < 
b < 5 fm) & PYTHIA + Minbias HIJINGb < 5 fm) & PYTHIA + Minbias HIJING

PYTHIA 6.214

√sNN                               5.5TeV
Hard processes             MSEL=1
Structure function          CTEQ5L 
Jet quenching                  Off/On
ISR/FSR                          On
Multiple interactions         Off
R d O

M.E. – ECT* Workshop - Trento                         

Resonance decays          On

12

PYTHIA & HIJINGPYTHIA & HIJING
Detector simulation:

Full GEANT3 response of ALICE and 
EMC l i i i l t :EMCal in original geometry:

TPC: -0.9 < η < 0.9, 0 < φ < 2π
EMCal: -0.7 < η < 0.7, 80° < φ < 190°
Jet reconstructed in the ALICEJet reconstructed in the ALICE 

fiducial region

HIJING 1.36

√sNN                               5.5TeV
Jet quenching                  On
Nuclear effects on PDF   On
ISR/FSR                          On
Resonance decays          Off
Jet trigger                         Off
I t P t 0 5f
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Resolution improvemResolution improvem

R=1Jet energy R 1
R=0.4

No cuts
Cuts

gy

Cone energy
from MC

Cone energy
from full simulation and 
reconstruction procedur

21 7+/-0 616 9+/-0 5RMS (GeV)
75.9+/-0.743.0+/-0.6Emean (GeV)
TPC+EMCalTPC

28.6%*39.3%*Resolution
21.7+/ 0.616.9+/ 0.5RMS (GeV)

*Hadron correction not yet applied !
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ment with the EMCalment with the EMCal

Simulate 100 GeV @ 14TeV jets inside the 
EMCal acceptance (jets with R=0.4 totally 
i l d d i th d t t )included in the detector)

Reconstruct jets inside the EMCal acceptance

P

re

Parameters:
- R = 0.4
- Eseed = 4. GeV
- Emin = 10. GeV

0 G V/- pTcut = 0. GeV/c
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Cone energy and resoluCone energy and resolu

p+p collisions

Erec = mean energy inside a cone of radius R
Resolution = RMS/Erecrec

The increase of the size
the inclusion of neutral pa
⇒ improves the reconstru⇒ improves the reconstru
⇒ improves the resolution

Almost flat resolution w
~ 40% (charged only)

30% ( h d EMC l

M.E. – ECT* Workshop - Trento                         

~ 30% (charged + EMCal

14

ution systematics in p+pution systematics in p+p

p+p collisions

e of the jet cone radius or 
articles in jet finding:
ucted cone energyucted cone energy
n
with jet energy (R=0.4)

l)
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Acceptance effecAcceptance effec

Resolution behaviour with φmax (“leading”)

100 GeV jets simulated in TPC acceptance 
(Full simulation)(Full simulation)

Reconstruct jets with TPC+EMCal
Select center of jets of radius R=0.4 in a 

given η-φ window:
- In the following acceptance study η- In the following acceptance study, η

taken in [-0.3,0.3].
– Start with φcenter of jet in φcenter +/-0.3 

and then open the window 

⇒ Look at the resolution

Center of the jet taken inside the cCenter of the jet taken inside the c
⇒⇒ resolution still better than 33%resolution still better than 33%

M.E. – ECT* Workshop - Trento                         15

⇒⇒ resolution still better than 33%resolution still better than 33%

cts and limitationcts and limitation

TPC only case

EMCal edge in φ

TPC only case

TPC+EMCal

p+p collisions
PRELIMINARY
p p

φmax

calorimeter (until its edges): calorimeter (until its edges): 
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Smearing function fSmearing function f

Charged

Drop of Erec/Egen => artefact of theDrop of Erec/Egen  artefact of the 
input spectrum simulation

For ET jet > 40 GeV, no special 
behaviour of the correction factor f f
with the reconstructed jet energy.

The reconstructed cone energy has 
been corrected according to this 

M.E. – ECT* Workshop - Trento                         

g
factor.

16

for jet energy correctionfor jet energy correction

Line = mean reconstructed energy

Charged + neutral

~ 0 8 0.8

Charged + neutral
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Full jet spectrum oFull jet spectrum o

simulation wsimulation wsimulation wsimulation w

Reconstructed energy dominated 

To be done: comparis

M.E. – ECT* Workshop - Trento                         17

obtained from full obtained from full 

with GEANT3with GEANT3with GEANT3with GEANT3

PRELIMINARYPRELIMINARYPRELIMINARYPRELIMINARY

by the smearing of the spectrum

son to input PYTHIA
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BackgrounBackgroun
in heavy ionin heavy ionin heavy ionin heavy ion

und effectsund effects
n collisionsn collisionsn collisionsn collisions



The true story about jeThe true story about je

A large background energy:
Multiple nucleon-nucleon interactions pr
In a cone of radius R = 1In a cone of radius R = 1
- RHIC: 300 GeV
- LHC: 1.5-2 TeV 
…but large rate up to ~ 250 GeV !!! And jets
energy so that they « emerge » from the ba

eV
]

Ideas:
- look at domains in which Emean>>ΔEbg

reduce the cone size
E(

R)
 [G

e
- reduce the cone size. 
Typically at LHC, 80% of the jet energy is 
included in a cone of Rc ~ 0.3 whereas BG and 
fluctuation of BG scale as Rc

2 and Rc reducing 
them to 170 GeV and 12 GeV.
- apply a low pT cut

M.E. – ECT* Workshop - Trento                         18

jet reconstruction in A+Ajet reconstruction in A+A

roduce many particles of low energy

s are more collimated with increasing 
ackground more easily.

Background α R2

— no pT cut

— pT > 1 GeV/c

2 G V/
ET

jet

— pT > 2 GeV/c

100 GeV

150 GeV

50 GeV

30 GeV
R
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R
Jet reconstructed from charged particles

8



Characteristics of the bCharacteristics of the b

Background fluctuations limit t

Fluctuations α R2 & RFluctuations α R & R

HIJING simulations indicate that the 
optimal cone size is R = 0.4 and pT cut =
1 or 2 GeV/c [lower poissonian limit reached]

M.E. – ECT* Workshop - Trento                         

=> Leads to signal fluctuations !

19

background fluctuationsbackground fluctuations

the energy resolution

Fluctuations caused by event-
by-event variations of the 
impact parameter for a given p p g
centrality class (~R2)
[Strong correlation between different regions in η−φ
plane

C b li i t d si i t t d d tCan be eliminated using impact parameter dependent 
background subtraction]

Poissonian fluctuations ofPoissonian fluctuations of 
uncorrelated particles (~ R)
[dominate region-to-region fluctuations if no pT cut]

C l t d ti l fCorrelated particles from 
common source (low-ET jets) (~R)
[increase the fluctuation level to about 30% above the 
poissonian limit if pT cut ]

= 
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BackgroBackgro
The main jet finding modification consists in deter
outside a jet cone. It is recalculated after each it
inside the jet area

Statistical method: (from N jet-free events
different centrality) => limited by impact param
fluctuations

C h d ( b

K=Aje

Cone method: (event-by-event – Assump
background energy uncorrelated with the jet)

Ratio method: (event by event except for F)

M.E. – ECT* Workshop - Trento                         20

ound subtractionound subtraction
rmining the mean cell energy from cells 
teration and subtracted from the energy 

s for
meter

Ajet= jet 
area η

i
φ

Abg = background areaet/Abg

ption:

r.m.s. of difference between 
estimated and real energy BG gy

in jet cone.
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Background subtraBackground subtra

energeenergegg

EEtt
insideinside

randorando
EEtt

bgRecbgRec

hhwith twith t
EEtt

recrec ==
EEpppp = t= t

UnderUnder--estimation of the estimation of the 
backgroundbackground

Over estimation of theOver-estimation of the 
reconstructed energy !

M.E. – ECT* Workshop - Trento                         21

action bias on monoaction bias on mono--

etic jetsetic jetsjj
ee = Background energy summed in a cone taken = Background energy summed in a cone taken 
omly in omly in ηηxxφφ gridgrid
cc = energy of the BG in the same cone but evaluate = energy of the BG in the same cone but evaluate 
h h dh h dthe cone method the cone method 

= E= Econecone –– EEbgrec bgrec 
true jet energytrue jet energy
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Resolution fromResolution from
in in 

Energy

p+p
Pb+Pbb b

Worth resolution than p+p alone
ΔE/E (Charged+neutral) 30-35% ( g )

(Charged only) ~ 45%
Better resolution with smaller pT

cut on charged particles 
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g p

22

om Full Simulation om Full Simulation 
n Pb+Pbn Pb+Pb

Direction (η,φ)

Accurate jet direction 
recontruction in both p+p p p
and Pb+Pb collisions
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Background subtracBackground subtrac

spectspectpp

N
/d

E)

Background or Signal 
fluctuates down

lo
g(

dN

Background or Signal 

Jet input spectrum

g g
fluctuates up

Bias towards higher Bg

log(E/GeV)

<Et
input>        <Et

rec/Et
input>

p-p 120.0±17.23 0.856±0.0815

Pb-Pb 116 2±19 21 0 894±0 1169Pb Pb 116.2±19.21 0.894±0.1169

For a realistic input spectrum this effect is

M.E. – ECT* Workshop - Trento                         

For a realistic input spectrum this effect is
jet with Et+dEt is lower than for Et-dEt

23

ction bias on full jet ction bias on full jet 

trumtrum

In Pb-Pb there are additional 
contributions from low energy jets 

l i ith b k d fl t tioverlapping with background fluctuations.

s enhanced since the production rate for a
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s enhanced since the production rate for a 

3



Full Simulation anFull Simulation an

SpSp

Charged Jets

Statistics for 1 month of Pb+Pb run

g

R < 0.4
cent. PbPb

Reconstruction efficiency dominate
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and Reconstruction Jet and Reconstruction Jet 

pectrapectra

Charged + EMCal

nning (106 s)

ed by smearing of the spectrum
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HumpHump--backed plateaubacked plateau

<Ejet> = 90 GeV

Extract the same 1/Njets.dN/dξ for
and then subtract to obtain a direct coand then subtract to obtain a direct co
1/Njets.dN/dξ]PbPb − 1/Njets.dN/dξ]PUR

M.E. – ECT* Workshop - Trento                         25

au au –– no BG subtractionno BG subtraction

Understand background 
subtraction and relative 
energy calibration pp (14 
TeV)/PbPb (5 5 TeV)!TeV)/PbPb (5.5 TeV)!

r the background only 
omparison to p+p data: => in progressomparison to p p data:
RE HIJING
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=> in progress



In a quenchiIn a quenchi

Ratio: FF(pp quenched)/FF(pp unque

M.E. – ECT* Workshop - Trento                         26

ing scenario…ing scenario…

Energy loss:

enched) vs ξ

Energy loss: 
PQM model

Many softMany soft 
gluons emitted 
out-of-cone

Full simulation !Full simulation !

Comparison for 
different quenching 
scenarii under study

                                      February 28. 20086

scenarii under study



CC

Copious rates of jets at LHC
- Reconstruction will be possible over th

L ibl f- Large energy range accessible from > 

Quite good background substraction c
G d nst u ti n f j t ith R 0 4Good reconstruction of jet with R = 0.4 a

Algorithms initially written for pp syst
application (not shown in this talk) : coneapplication (not shown in this talk) : cone

Jet structure observables will be mea
- In AA high-p (calorimetry) and low-p- In AA, high-pT (calorimetry) and low-p
measurement  of parton energy.
- Strength of ALICE:

- Excellent low-pT capabilities to measure parE w pT p m u p
- PID to measure the particle composition of
- Dedicated pp experiments have larger ET re

- Background contribution and bias with
s th sm in f th j t sp t nd itas the smearing of the jet spectra and it
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ConclusionConclusion

he background from underlying event 
2 t 250 G V/2. to ~ 250. GeV/c

controlled (ongoing activity)
nd p cut 2 G V/and pT

cut = 2 GeV/c

tems are intensively tested for HIC
e k fast ke, kT, fast kT, …

surable
p capabilities needed for unbiasedpT capabilities needed for unbiased 

rticles from medium induced radiation.f m m um u .
f quenched jets  
reach
h neutrals still need to be studied as well 
ts ns qu n s n n lib ti nts consequences on energy calibration.
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