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The expected change of phase of the nuclear matter into a deconfined state
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Stefan Boltzman: € ~ #degrees of freedom (DF) in the system

Phase transition (crossover)
Low T: Hadron gas-->DF=3 pions

—\—> High T: QGP -->quark and gluon constituents->DF=37

(depending on # flavours considered) 2




The “standard model” of Heavy Ion
Collisions
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Explore different phases of the system evolution:
Collective Motion:radial, elliptic (higher orders) flow
Critical fluctuations
Initial state conditions (prethermalization)
Thermalization?
Thermal electromagnetic radiation
Hard probes (focus here)



Experimental measurement of the energy density
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Towards precise characterization of the QGP:
2 examples: vn

Different initial state conditions generate different symmetry planes
--> different flow coefficients vn are present in the final particle distributions
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ALICE. Phys.Lett.B 708 (2012)



Towards precise characterization of the QGP
transport properties: 2 examples: vn
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Large v2 indicates early thermalization . .
centrality percentile

Great success of viscous

Hydrodynamics: : L .
Shear viscosity close to the Higher orders-->constrain initial conditions,

lower bound needed for hydro calculations
(AdSICFT lower bound=0.08) -->more precise determination of n/s

The system behaves as an
almost perfect liquid!



Towards precise characterization of the QGP
transport properties: 2 examples: Hard probes

1 T
P = fy(01,Q%) @ folra, @) ® (11, -E.?Q J-l-(@)
HHIC SPS

Early production of the hard scattering
t~1/Q:

Long distance terms in the factorized Xsection
above can be directly modified by the dense
medium created in HIC

The probe production rate is the same as in
vacuum -->well calibrated probes

¢ (quenched) jet Look for attenuation/absorption of the probe



The “standard” mechanisms of energy loss in medium

Medium-induced gluon radiation,
dominant mechanism of energy loss for
a high energy parton traversing a colored
medium.

. Medium

Energy loss & transverse broadening of the jet shower dynamically related by:
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Energy degradation and moderate broadening of the transverse jet shape



Start with the “easy” thing: high pT hadrons

Measures the suppression of the yiedl in

Nuclear Modification Factor (RAA): PbPb collisions with respect to the scaled
yield in pp.
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Continue with jets: to capture the full dynamics
of jet guenching, not only leading hadron suppression

How is a pp jet’s pc. modified by the HI background?

— pPP =

=|pA = (oA +>(+ p\/<A><
sus:':.ie:ptlblllt;wr

Backgmund (background contamination,
momentum density backgmund gain of UE particles)
(per unit area) fluctuations

jet area

—I—[Ap:tBR T O‘BR]

‘resiliency’
(backreaction, gain or
loss of hard particles)

Jet reco in heavy ion collisions is challenging 10




Ingredients
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ALICE INCLUSIVE CHARGED JET SPECTRA and RAA
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I: RAA for R=0.3 is not very different to RAA for single hadrons

Il:Energy distribution within a cone of R-0.3 is not very different (within large

systematic errors) from PYTHIA vacuum structure. 19



CMS results on RAA
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13
Where does the energy go? Are jets completely absorved by the medium?



ATLAS MEASUREMENTS of low pT JET STRUCTURE
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Evant Fraction

Event Fraction
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CMS momentum imbalance
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There is an excess of events (compared to vacuum fragmentation smeared
with background fluctuations) with large momentum imbalance between

the leading and subleading jets.
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CMS missing transverse momentum
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CMS accoplanarity
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ALICE RECOIL JET DISTRIBUTION

The hadron trigger imposes
maximum path length to
the recoill jets
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ALICE recoll jet distribution
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Some final comments

1.Different collaborations: different jet pT ranges, different minimum pT cut-off,
,different biases, different jet finding algorithms, different input to jet finding,
different background subtraction techniques,different interplay between the detector
and background response....

2.\What is observed so far:

-The jet energy is not recovered within R=0.5

-Mild modifications of fragmentation and jet
shapes for high

energy jets(pT>100 GeV)

-Excess of events with large momentum
Imbalance where

the energy is recovered at very large angle
(R>0.8) in the form

of very soft particles.

-Coplanarity of dijets: the subleading looses
energy but does

not change direction

-Hints for energy redistribution within R=0.5 for

low energy jets.

3. Interesting new pictures arising from theory:
[Salgado et al,arXiv:1210.7765v2]

4. Comparisons to theory ongoing: lot's of joint effort to define 20
strategies and observables



Theory-experiment comparisons
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Experimental observables should be

fully corrected. To extract
guantitative info of jet quenching.
-->The Aj is not corrected for

background fluctuations, so theorists

have to embedd their jet showers

into modelled backgrounds (see left

[Armesto-Apolinario-Cunqueiro])
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Summary and outlook
LHC measures a larger,denser,longer lived and more opaque source
than at RHIC
The measurements of bulk properties confirm the great success of

hydrodynamics in Heavy lon Collisions.
-->precision measurements of shear viscosity n/s

Towards a quantitative characterization of the fundamental
“transport” properties of the medium

-->Jets are great tools but there is a long road ahead

22



The ALICE experiment

r'HLEi
| | J
-G i e

"

g ) [Det ) (Pel )

23



The elliptic flow: early thermalization

_10l Au+Auatb=7 fm

-10 -h 0 5 10
X (fm)

Interactions

Almond shape ——» generate ~__» anisotropy in
overlapping region in pressure momentum space
coordinate space gradients

Fourier expansion to dN

describe — o 1+ 2vc082(¢0 — VR)| + ...

angular dependence of > dﬂp

P eton pane n = (cos2(p - Ym))
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The dependence on the jet R

op, measures the difference
between the measured jet p .
and the original parton p,

<hpp >=<dpp >+ < dpp >+ <dpy" >

9
Har radiation, UE and hadronization splash out . 8 Tevatron |
> quark jets
G Tr o2 D =50 GeV
. 3 L t'h
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-JII l 5 . c\_:l?i:_l 4 i
- 1 < 5l
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Tt @Ppen (3p3e
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R
Note that the UE (underlying event:energy in the pp event which
is not correlated with the hard scattering) enters as ~R?
In heavy ions, this constraints us to low-moderate jet R~0.4
In pp, no limit (except for acceptance) on maximum R.



Combinatorial background and unfolding

The unfolding is a linear method that conserves total number of jets.

If in your measured sample at a certain jet p. you have large contribution

from fake jets (soft particles clusterd by the algorithm, uncurrelated with
hard processes) and they enter the unfolding,
then the unfolded solution will be wrong.

| HIC we are interested on looking to low energy jets, which are
expected to be modified more by the medium, and we are interested on
large R to explore energy redistirbution at large angles.

-the unfolding of the inclusive spectrum is limited in min p_and R

Different approaches to the problem:
-Introduce biases: require a leading hadron of more than X GeV
(but this biases your jet fragmentation)
-consider correlation measurements to suppress
combinatorial background 13
-tagging on heavy flavour jets?



PID RAA
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Similar suppression at high p_for all particle species, including

charm.
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Experimental characterization of the System Il

Pion interferometry:. 2pi0n BE correlations: Great success of viscous hydrodynamics
larger and longer lasting system than at RHIC. Large v2->early thermalization
V~500 fm?3, 1~11 fm/c (from Bang to freezout)
=" - ALICE preliminary, Pb-Pb events at\ s, = 2.76 TeV
Phys. Lett. B 696 (2011) 328 (values scaled) - centrality 40%-50%
g~ 8000 ) 0.3
£ r 0.9, 3.0, 4 ] B @
€ bA Nawars 12517068V : [ @ V,{SP, jAnj>1}
2 S000F g GeRES 17.3 Gev + ] @K®, v_{SP, |An>1} it
. [ % STAR 624,200 GeV —
2 4000F O PHOBOS 624, 200 GoV ] =P, vEfSP, IAn|>1} { {{ $
& [ ®  ALICE 2760 GeV 0.2
%'I 3000} - ]
™ i 4 ] ]
L -: | o
Lz ] 0.1 (CGC initial conditions)
1000} % ] ] (n/s=0.2)
: —hydro LHC
0' il il imimitii il L 'h?de-PU]’QMD LHC E
0 500 1000 1500 2000 0 e by by e b e by ey
(@N /dn) 0 0.5 1 15 2 2.5 3 3.5
o P, (GeV/c)

: The system behaves as almost a

TN 8 ALICE. Pb-P 2.76 TeV
e CE, Pb-Pb,\'Syy =2.76 Te ALI-PREL-10622

perfect liquid: shear viscosity close
to ADS/CFT bound.

Curves: Hydro (arXiv:1105.3226)

Fits of hermal boosted models to

particle spectra:temperature at the kinetic
freezout and radial velocity of the system.
T,. =80 MeV & _=0.6¢c

' ALICE Preliminary
- 0-5% most central
-1 P N T N TR TN WA NN SN SN NN (N TN S S S N N TN NN NN A S S N 28
L (0] 0.5 1 1.5 2 2.5 3
o (GeV/c)

ALI-PREL—-&6358
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ATLAS RCP and R dependence

0—1|0% c?ntrali’fy _ 89 < pr <103 GeV

. i I I I
Pb+Pb fs,, =276 TeV | ATLAS Pb+Pb |5, = 276 TeV

'EEI-:pT-:HBGE‘u’

3 |
5ﬂ-r:pT-:EEGE‘U'

| ]

3 I
EB-t:pT-:MGEU

Some change in the suppression observed at larger R~0.5-->but also large systematics 30
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