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- ALICE apparatus
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dentification in ALICE

Particle
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Charged jet at ALICE
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Full jet at ALICE
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Jet reconstruction in ALIC

* There is no unambiguous jet definition
» Algorithms must be IR and collinear safe

 Fluctuating background and combinatorial jets require care
In HI analyses

 Input to the jet finder
- Charged tracks (ITS+TPC) with p. > 150 MeV/c

- EMCal clusters corrected for charged particle contamination

- FastJet package: Anti-k_ (k. used for background)
*R=0.2-0.6
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Jets In pp
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Jets Cross Section in pp
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Hadronization needed for
theory-data agreement
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» Important reference for Pb-
Pb collisions

- Good agreement between
data and NLO calculations

—=Jets are a well calibrated
probe for the QGP




Jets Cross Section in pp
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Jet cross section ratio
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- Hadronization necessary for theory-data agreement
- Jet structure
- Jet broadening due to medium effects could change this ratio
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Fragmentation spectrum
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Jet constituent analyses are more differential
structure measurements than cross-section ratio
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Jets in p-Pb
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Jet cross section in pp and p-

me
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= binary scaling holds
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Jet structure in pp and p-
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Sensitive to the profile of the jet energy density

Compatible in p-Pb and pp (and PYTHIA)
No indication of jet structure modification due to CNM effects

Note: comparison between different CMS
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op and p-Pb jets

* We have established a good baseline for heavy ion jet
measurements by quantifying observables in both pp and p-Pb

* pp jets observables agree well with models
» Jets do not appear to be greatly modified in p-Pb compared to pp
 more differential analyses are on-going.
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Jets in Pb-Pb



RPb-Pb fOr single particles
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heavy ion collisions
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| @ suppression
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’ =Jet spectra and
structure
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ALICE-arxiv:1210.4520, 1208.2711
CMS-arxiv:1205.6334, 1102.5435, 1201.3093
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Heavy ion challenge

« Jet finding algorithms will cluster “jets” from soft background
 Combinatorial jets (fake)
« Depend on R and jet constituent p_

2 methods to remove fake jets
* L eading track bias, h-jet correlations
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Leading track bias removes combinatorial jets but biases the fragmentation
ALICE uses a leading track bias of p_. ., > 5 GeV/c
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Jet Raa and Rcp
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Raa MOdels and comparison
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- Direct connection between charged hadron and jet R, ,
requires theory interpretation
» Understanding jet quenching requires well developed models
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Ratio of jet spectra

—~ 2F T ] T T 1 T T 1 ]
™) 18 ALICE ® Pb-Pb0-10% —
C? 1.65 iﬁif/? |S=276 TeV + Pb-Pb 50-80%
OC 145 p*>0.15Gevic v PYTHIA =
D 1o Leading track p_>5 GeV/c E
= 1 | ‘
N of L _
o %8 —O—EE%EI??EE :
I 0.6 =
9:./ 0'4;_ correlated uncertainty C h d _;
© 0.2~ shape uncertainty d rge e
T T T T T e T T

OO 20 40 60 80 100
GeV/c
p T,ch jet ( )

* No evidence of jet structure modification in jet core
» Charged jet ratio 0(R=0.2)/0(R=0.3) consistent
with vacuum jets (PYTHIA) no centrality dependence
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Intermediate pr in the bulk in the jet

a) Correlation
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Intermediate pr in the bulk in the jet

a) Correlation Pb-Pb, \'s,, = 2.76TeV, 0-10% central
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Intermediate pr in the bulk in the jet

a) Correlation Pb-Pb, \'s, = 2.76TeV, 0-10% central

4 GeV/c < pTtrig < 8 GeVic
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:;.‘ ................................................................... Iﬂl <0.9 T\S_)-\ : - Peak - Bulk Ratio (-0.52 <A < 0.52, -0.4 <An < 0.4)
E 40.00 "~ ol == o 1.2 ereurminery . .
; Y = : Pythia (Peak - Bulk Ratio)
S I N - y
3 39.047 /£ N\t | s 1— 5.0< Priig < 10.0 GeV/c
Toosi [mallNidiild, |
T 38.04 L 0.8
zg 37.54351 \ E -
®537.03 0.6F-
z" —
= 15 B
2,10 0.4~ LI
. v :
3 L
o2 02] /-—/
-1.5 -1 0 :| | | | | | | |
0 1.5 2 2.5 3 3.5 4 4.5
pT,assoc (GGV/C)
Jet = Peak — Bulk Near-side peak (after bulk subtraction): p/m ratio

compatible with that of pp (PYTHIA)
Bulk region: p/m ratio strongly enhanced —

compatible with overall baryon enhancement
The “baryon anomaly” is a bulk effect!

0 It Ae  Jet particle ratios not modified in medium?
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Particle flow: Collective motion of particles

At the beginning of the collision: the nuclear

Initial spatial anisotropy
Z overlap region is an ellipsoid.

The gradient of pressure is largest in the shortest
direction of the ellipsoid

The initial spatial anisotropy evolves
—Momentum-space anisotropy

Fourier expansion of azimuthal distributions
Z—N o]+ 2vlcos[cp -¥ ]+ 2vzcos[2(cp -, )]+ 2v3cos[3(cp -, )]+ .
¢

v, =(cos(p)) "directed flow" v, ={(cos(2p)) “elliptic flow"

Isotropic (radial) flow  Not a smooth aimond
Final momeTtte-aniSotropy

reflected in azimuthal distributions
(P;)=(P)

ST ()
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Anatomy of flow harmonics (vn)

dN

2o o« ]+2vy,
| 0-5% ATLAS @0 —*n=2 |
- »/’ _ -
[ Pb-Pbys,=276Tev = "=S |

0.2__ 1 = n=4 -

| Liy=8ub" <25 4 n=5
| full FCal EP ~#-n=6
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cos[cp -, ]+ 2v2cos[2(cp -, )]+ 2v3cos[3(cp -W, )]+ ..

vo dominates for non-central collisions
- “Elliptic Flow”

Higher harmonics: vn studies
 Fluctuations, transport

v3 ~ Vo for central collisions
 Fluctuations

Transverse Momentum Regions

« Low pr (s 3 GeV/c):
collective hydrodynamic expansion

* Intermediate pr (= 8 GeV/c):
soft-hard interplay, recombination

* High pr: jet suppression vs path length

ATLAS, PRC86 014907 (2012)
ALICE, PRL107 032301 (2011), CMS, PRC 87 014902 (2013)
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—lliptic flow In Au and Pb collisions

PRL 105 (2010) 252302 centrality 20-30%
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hydrodynamic behavior continues at LHC energies
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—lliptic flow of identitfied hadrons
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Additional constraints on collective evolution

vo for mt, p, K%, K%, A, ¢ (not shown for =, Q)
¢ at low pt (<3 GeV/c) follows mass hierarchy — at higher pr joins mesons
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—lliptic flow of identified hadrons
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= 0121 NN 0121 - “ ++ N
- ALICE - ALICE #w ++
0_1_—PREL1MINRRY 0_1_—PRELIMINHRY
B B ° °
- B o o +
0.08— 0.08— A \
- - o o
0.06— 0.06— +
B * b - +
0.04/~  wgiieé  iSPanb1} VEP [An>2) ] 0.04[— V{SP, Isl>1}  V,{EP, Anj>2}
- - !t" ! %; %;p arXiv:1205.5761 B %’;m arXiv:1205.5761
0.02r~ a f ¢ [=]K v,{SP} 002" =K V,{SP}
- ol l%i | o l | : %is -
0 ! L L I ! | | 0 | I | ! | | | | |
0 0.5 1 1.5 2 2.5 3 0 1.5 2 2.5 3
p1jnq (GeV/c) PT/“q (GeV/c)
V,{SP, |An[>1} V,{EP, |An|>2}
W o7 X 20 6
arXiv:1205.5761
=P ® | p+p
+ WO — m K
vo for mt, p, K%, KY%, A, ¢ (not shown for 2, Q) =1 KO V,{SP}
. S
¢ at low pt (<3 GeV/c) follows mass hierarchy o A ®/0

— at higher pr joins mesons

NCQ scaling: violation ~ 10% at low pt
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V2, V3, V4 VEISUS PT

Vn

- e v (EP IAnI>2. - _ — -10% c

L 05Y% . vﬁ IAni>2.0} ] ALICE Pb-Pb | s = 2.76 TeV 5-10% > o2 e V,{EPIAN>2.0} ALICE Pb-Pb \ s =2.76 TeV
0.15 0 = v.{EP IAN>2.0) - 0 NN

- v, {EPIAN>2.0} | 5-10% o o Vv,{4}

A Vo BRINBZO} 2 10<p._<20GeV/c
04 v Vi (EP1AN>2.0) i m  V,{EP, IAn>2.0} T

- H { sV, (EP1ANI>2.0}
0.05F - B vV, {EP 1AN>2.0} %

- L 4 ++H : tt 1 " n° v, WHDG LHC

S B I + ] 0.1— Extrapolation #D T

- L ST LU0 Y T N !

L e s R

: Exvapolaion 30-40%

20-30% |

1 11 1 1 l | I N | l 11 1 | l | I I | l 1 1 1 1 l | I I | l 111 1

0 5 10 15 200 5 10 15 20
p, (GeVic) P, (GeVic) 0 10 20 30 40 50 - 60 . 70
centrality percentile

van measurements up to 20 GeV/c — where dominated by jet quenching
Non-flow effects suppressed by rapidity gap or using higher cumulants
Non-zero value of v2 at high pt both for An > 2 and 4-particle cumulant

v3 and va4 diminish above 10 GeV/c — indication of disappearance of fluctuations at high pr

* V, is not related to reaction plane

o V, only weakly depends on centrality
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Higher harmonics of flow

PRL 107 (2011) 032301

— : I I I I I I I I I I | I I I I | I I I I | I I I I | I I I:
3 1.01F Centrality 0-1%, Inl < 0.8 -
O i ° ANl > 1 ]
1.008 - Va g sl 1A > 1} g
1.006 - g
1.002F. [ ¢ -

T

Lo v by v by

0 1 2 3 4
A¢ (rad.)

* the azimuthal correlations at high pr fully described by the flow coefficients
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Two particle correlation in n

CMS N =110, 1.0GeV/c<p <3.0GeV/c CMS PbPb 5, = 2.76 TeV, 220 < K™= < 260
T
1<p " <3 GeVic il
1= p%m < 3 GeVic # 1 % , " P b P b
7 | . .

Near-side ridges
apparent in high
multiplicity events
at LHC energies

R(AN,A0)

CMS, arXiv:1305.0609
CMS, JHEP 1009 (2010) 91

2< meg <4 GeVic
1<p.  ..< 2 GeV/e

p-Pb s, =5.02TeV
0-20%

p/Pb \5,,=5.02 TeV

CMS pPb \/s, = 5.02 TeV, N''"* > 110
0.5<p2"<4 GeV

LET°>80 GeV
1<p, <3GeVlc _

1

A 2 -
CMS, PLB 718 (2012) 795 ATLAS, arXiv:1212.5198 ALICE, PLB 719 (2013) 29

%N1*@305[2(@—%)]*'@05[3(cp—w3)]
+05[4(CP—‘P4)]+®OS[5 (@—1ps)]+...

trigger particle
associated particle

PRL 107 (2011) 032301

T .
Centrality 0-1%, Inl < 0.8 ]

LSS L L o

ANl >1
Vog4s(2, 1ANI > 1}

In PbPDb, long-range correlations can be explained by flow harmonics (v,)

In high-multiplicity p-Pb, a ridge develops
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Double ridge (two twin long range) structure

ALICE, PLB 719 (2013) 29 2<p, . <4GeVic
Difference between central and peripheral

p-Pb\s,, =5.02 TeV
17\ (0-20%) - (60-100%)

12 < Pryig < 4"I2GGe‘»":"r 7 p-Pb\s,, =502 TeV 2< Pig < 4 GeV/c p-Pb\s,, =5.02TeV
= )
E 14]- g 0.851
E 8 <
%“g— bl 23 0.80{
dr ] SRR
! B0 075
2 1—2.2 5
3
2 -1 l@ \‘im K o 4 0 ;LQ k‘i‘“
0-20% 60-100%
Extract double ridge structure by subtracting the 2
jet-like correlations

(0-20%) - (60-100%), Multiplici ___ctaéeé"f VoA
(e from c,b)-h correlatiop”.-~" ] o

It has been verified that the 60-100% class is
similar to pp

The near-side ridge is accompanied by an
almost identical ridge structure on the away-side

(1/N) (N, / dAndag) (rad™)

decay electrons with hadrons
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Property of double ridge

arXiv:1212.2001

« 0.20
> B v v p-Pb | s\, = 5.02 TeV
- — 2 3
" - @ O 05<p, <10;05<p _ <1.0GeVic
| A A 1.0< thrig <20;10< P accoc < 2.0 GeV/c
0.15- ¢ O 20<p, <40;20<p__ <4.0GeVic
- ¢
0.10- + + |
I ; ___< + i
0.05- . A o
. ? A
0.00 ; g !
0-20% 20-40% 40-60%

Event class

Fourier analysis of the ridge—v2 and vs like flow: increase with pr
unlike flow: increase with centrality
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Summary

* In Pb-PDb collisions ALICE has shown that

- Jets are suppressed Ry, Rgp <1

- Ratio of jet cross-sections in HI collisions consistent with vacuum
case

- Hadron-jet analysis allows for a larger R
- Compatible with no energy redistribution within R=0.5

- CNM do not play a large role for jet observables = Rypy, =
- kg is in agreement with the vacuum case
- Good baseline for future 5.5 TeV Pb-Pb collisions!

New insight into the reaction dynamics from LHC
* ridges In high-multiplicity pp and p-Pb collisions
- mass-splitting of v2
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