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Hard probes of the hot Quark Gluon Plasma

@ Understand interactions between the hard partons (quarks, gluons) and the QGP
(‘microscopic’)

@ Use this to deduce properties of the QGP (degrees of freedom, viscosity, density,
temperature, etc, ‘macroscopic’)
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Hard probes of the hot Quark Gluon Plasma
@ Understand interactions between the hard partons (quarks, gluons) and the QGP
(‘microscopic’)
@ Use this to deduce properties of the QGP (degrees of freedom, viscosity, density,
temperature, etc, ‘macroscopic’)
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A few questions for this afternoon
@ How-to: constrain QGP properties?
@ Which process is dominant? (radiative, elastic)
@ Where does radiated energy go ?
@ What drives e-loss? Geometry or fluctuations?
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Hard probes of the hot Quark Gluon Plasma
@ Understand interactions between the hard partons (quarks, gluons) and the QGP
(‘microscopic’)
@ Use this to deduce properties of the QGP (degrees of freedom, viscosity, density,
temperature, etc, ‘macroscopic’)

27
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A few questions for this afternoon
@ How-to: constrain QGP properties?
@ Which process is dominant? (radiative, elastic)
@ Where does radiated energy go ?
@ What drives e-loss? Geometry or fluctuations?

Disclaimer: ... far from complete discussion ... Disclaimer2: ... I'm not a theorist
Disclaimer3: ... possible slight bias towards ALICE ...
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Hard probes
what and why



. . . i
Pb—Pb collisions in a nutshell £ Univerici e

Midrapidity

Participants

before collision after collision

The usual diagram ...
@ Collision, formation of dense system

@ Deconfined quarks and gluons
interact as fundamental degrees of
freedom (QGP)

@ Collective expansion a) without QGP

@ Chemical freeze-out to hadrons and
finally kinetic freeze-out

Preequlibrium phase (< T,),

z
b) with QGP
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Participants

before collision after collision

The usual diagram ...
@ Collision, formation of dense system

@ Deconfined quarks and gluons
interact as fundamental degrees of
freedom (QGP)

@ Collective expansion a) without QGP

@ Chemical freeze-out to hadrons and
finally kinetic freeze-out

Preequlibrium phase (< T,).

z
b) with QGP

General problem in determining QGP properties:
@ Medium dynamics as well as hadronization non-perturbative
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. . . i
Pb—Pb collisions in a nutshell £ Univerici e

Midrapidity

Participants

before collision after collision

The usual diagram ...
@ Collision, formation of dense system

@ Deconfined quarks and gluons
interact as fundamental degrees of
freedom (QGP)

@ Collective expansion a) without QGP

@ Chemical freeze-out to hadrons and
finally kinetic freeze-out

Preequlibrium phase (< T,).

z

b) with QGP

General problem in determining QGP properties:
@ Medium dynamics as well as hadronization non-perturbative
@ How do you look inside a ‘patient’ if you cannot open him up ?

— Tomography: imaging through modification of penetrating wave
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Tomography
‘imaging through modification of penetrating wave’

‘Motivation’ for hard probes similar:
o Use well-known (perturbative) probe (i.e. large @2 process)
@ Deduce medium properties from modification in medium vs. vacuum

nPDF i nPDF hard scattering - ;Q(D branching hadronization
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Chapter ].) Raa
‘nuclear modification factor'
single tracks



Nuclear modification factor Raa

\/
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N

‘Simplest’ probe: (high-pr) particle production in vacuum vs. in medium

d>N* /dprdn

_ QCD medium

Raa =

(Tan)- d?0pp/dprdn ~ QCD vacuum

(Taa) < {Neon) = no. of binary nucleon-nucleon collisions

Possible scenarios
@ Raa > 1 (enhancement)
@ Raa = 1 (no medium effect)
@ Raa < 1 (suppression)

Assumption
@ partons lose energy in the medium
@ Raa <1
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time
Ta

Preequlibrium phase (< T,).

>

z
b) with QGP

a) without QGP
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‘Convenient’ to measure ...

1N, 1/(2p)) (PN,) / (dn dp)) (GeV/c)?

102

S
>

0-5% (x10")
5-10% (x10')

¥20-30% (x10'*) 450-60% (x10%)
©30-40% (x10°)
410-20% (x10'?) ©40-50% (x10°)
- - pp reference (scaled by <T, >)

T T
ALICE, Pb-Pb, Sy, = 2.76 TeV ]
charged particles, n<0.8

hd
(NI M1

9 60-70% (x10%)
v70-80%

1

Phys.Lett. B720 (2013) 52-62
... from spectra to Raa ...
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T T T
norm. uncertainty @

o070 F s060% 3
T T T

Pb-Pb, |/5,=2.76 TeV

T T
charged particles, [<0.8

f 10-20% E:

S0% L F 0% 3

1
0 20 40
P, (GeVlc)

40
P, (GeV/c)

Phys.Lett. B720 (2013) 52-62

40
P, (GeV/c)
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.. and qualitatively understand £ Univerici e

5 T . .
o
| it
Suppression depends on centrality: *
stronger for more central collisions
@ Strongest suppression around 10"
L E 70-80% T 60-70% + 50-60% E
7 GeV/c for all centralities s H 090% PR T L S B T s L :

@ Suppression non-zero up to
high transverse momenta

} }
ALICE E $ Pb-Pb, |/5,=2.76 TeV charged particles, |n<0.8

More central collisions
@ longer average path length
@ denser medium

— stronger suppression

10"7 10-20% | 3 510% 3, 0-5% E

0 20 40 20
P, (GeVlc) P, (GeV/c) P, (GeV/c)
Phys.Lett. B720 (2013) 52-62
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Raa - from RHIC to LHC

1.5

T T L L T ‘ T T T ‘ L T T T T
™ ALICE  0-10% Pb-Pb
e (s, = 2.76 TeV .

7° PHENIX 0-10% Au-Au
o (5,=200GeV o Vs, =62.4GeV |
o Vs,=39GeV B

™ WA98  0-13% Pb-Pb .
¢ VSu=17.3GeV 1

i |
;}ijéééém}sﬁ% 0 o |

Eur. Phys. J. C (2014) 74-3108

0007“‘“"A“‘G‘“‘é“‘&)““]““#
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p. (GeV/c)
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Results from LHC and RHIC are
qualitatively similar

@ Shape of Raa and maximum
agrees, offset however is
different

High pt Raa is lower for LHC

@ Decrease of Raa with
increasing \/snn observed at
RHIC

@ Indicative of higher medium
density at the LHC
compared to RHIC
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... let’s be a little more precise ... & Universicic Usecht

ROALIGE ' 0-10% Po-PD|
3 (5, =2.76 TeV
7 PHENIX 0-10% Au-Au
o (5,=200GeV ¢ |5, =624 GeV
0 [5,=39GeV

7" WA98  0-13% Pb-Pb
% + [Su=17.3GeV

Statements up till now are very generic: ‘partons lose energy
in QGP, \/syn and density dependent’ 9

@ Comparison of Raa to theory necessary
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... let's be a little more precise ... 5 Universicei Utrecht

s
20— ROALICE " 0-10% Pb-Pb' =
[ =276 TeV b

7 PHENIX 0-10% Au-Au ]
o (5. 0GeV o |5, =624GeV |

b-Pb
Statements up till now are very generic: ‘partons lose energy
in QGP, \/syn and density dependent’

@ Comparison of Raa to theory necessary

Modeling Raa is not trivial
@ Initial state of HI collisions not fully understood (Glauber / CGC)
@ Medium geometry (density profile, path-length or parton through medium)
@ Energy loss is a distribution, not single valued
@ Energy loss is partonic, not hadronic

o Understanding of medium modified shower / hadronization
@ Quark/gluon fragmentation differences

. and there's a very large variety of models on the market ...
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Simplest (and most often used in analytical of MC calculations) ansatz is

dN dN
PT |hadrons jets ~—— ~—
—_ ~— energy loss distribution fragmentation function

final state pQCD, nPDF’s

@ Medium information is in P(AE)
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Simplest (and most often used in analytical of MC calculations) ansatz is

dN dN
PT |hadrons jets ~—— ~—
—_ ~— energy loss distribution fragmentation function

final state pQCD, nPDF’s

@ Medium information is in P(AE)

[ SPS 17.3 GeV (PbPb) GLV: dN/dy = 400 1
2 o mmomy  Ovoymon |
F RHIC 200 GeV (AuAu) GLV:dN/dy = 20004000 |
F N — YaJEM-D 4
. R PHEND(O0%) elastic, small P,
Wealth of models available from 15 HESROT g wger. |
H | Ho27e TV bRy

low to high (200 GeV/c!) pr [ ssz el ]
@ Qualitatively similar outcome: I 7 ¢ AIGEOSN) PO -50-60Govin |
relative e-loss decreases with ! o ]
increasing pr ]
@ Jet’s look at this in a more 5 ]
systematic way E@ ]

1 é C;4 10 20 100 200 ‘

P, (GeVic)
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A systematic approach: transport coefficients %%

¢ Universiteit Utrecht
N

Not too fast: processes contributing to e-loss

Collisional Radiative
energy loss energy loss
E E-AE
N 4 E ¥ AE
l
+\e | EaE
|
X
(medium)
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A systematic approach: transport coefficients &g vnivericicrechs

Not too fast: processes contributing to e-loss

Collisional Radiative @ §: transverse momentum
energy loss energy loss diffusion (radiative energy loss)
E E-AE

A 4 E QEJ;S//AE
fae RN a:p/d2

2 do _ (a)
ququi - Y
X
(medium) e &: longitudinal drag (collisional
energy loss)

Ansatz: express model ‘predictions’ in a common parameter: transport
coefficient g
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A systematic approach: transport coefficients &g vnivericicrechs

Not too fast: processes contributing to e-loss

Collisional Radiative @ §: transverse momentum
energy loss energy loss diffusion (radiative energy loss)
E E-AE
A v i>_,_\99&%E
2 2
N PO 2 o do_ (q])
+\E i E-AE\\ q - p/ quqLE - T
X
(medium)

e &: longitudinal drag (collisional
energy loss)

Ansatz: express model ‘predictions’ in a common parameter: transport
coefficient g

Sidenote: relative importance of radiative vs. elastic e-loss can be

disentangeled by heavy-flavor e-loss (dead cone: radiative energy loss is
suppressed)
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systematic approach
(see Phys. Rev. C 90, 014909 (2014) )



systematic approach
(see Phys. Rev. C 90, 014909 (2014) )

tune parameters of model to best fit data



systematic approach
(see Phys. Rev. C 90, 014909 (2014) )

tune parameters of model to best fit data
repeat for many models
(MARTINI,HT-BW, HT-M, AMY,
CUJET)



systematic approach
(see Phys. Rev. C 90, 014909 (2014) )

tune parameters of model to best fit data
repeat for many models
(MARTINI,HT-BW, HT-M, AMY,
CUJET)

extract most probable g
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The tuning process cont.

CUJET 2.0

X%d.0.f.(p>8)
()]

T T T T T
e PHENIX 08+12 |
+ CMS+ALICE

CUJET:

0.22 0.24 0.26 0.28 0.3 0.32

umax

as is medium parameter
Lower at LHC
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—_

HT-BW
L I I L B B B
4 — PHENIX 08+12 |
e CMS+ALICE 1
- 3 7
o r ]
'D, .
&2 .
=T 1

- S - S B - S
g, GeV?/fm (LHO)

HT: g is direct parameter
Higher at LHC
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. A & A
... to arrive at a common q AT::% G B
7 _ ‘ § _f 46+1.2 (RHIC)
[aes MARTI — McGill'AMY] 73~ { 3.7+ 1.4 (LHC)
6 [E= HT-BW fk --- GLV-CUJET]
was HT-M ] ]
s F B AdS/CFT correspondence
s compatible using CUJET as:
mb 4 - - a
R i - = 2.27—3.64
2 | .
T Au+Au at RHIC 1 For a 10 GeV/c quark jet
/T DL Pb+Pb at LHC, |
0 o= . ! . ] GeV2
0 0.1 0.2 0.3 0.4 0.5 . 1.2+£0.3 - at T=370 MeV
T (GeV) q~ 2
1.940.7 C;;V at T=470 MeV

@ § determined with ~ 35% certainty

@ 2 needs input from heavy-flavor jet measurements (stay tuned for the next hard
probes seminar)
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... to arrive at a common q %ﬂ% Universiteit Utrecht

7 S § _f 46+1.2 (RHIC)
[aes MARTI — McGill'AMY] 73~ { 3.7+ 1.4 (LHC)
6 =3 HT-BW .- GLV—CUJET{
5 ;m HT-M 7 AdS/CFT correspondence
s compatible using CUJET as:
mb 4 - - a
T3 b 1 - = 2.27—3.64
2 | .
T Au+Au at RHIC 1 For a 10 GeV/c quark jet
/T DL Pb+Pb at LHC, |
0 o= . ! . ] GeV2
0 0.1 0.2 0.3 0.4 0.5 . 1.2+0.3 - at T=370 MeV
T (GeV) q~ 2
19407 Gf:/ at T=470 MeV

@ § determined with ~ 35% certainty

@ & needs input from heavy-flavor jet measurements (stay tuned for the next hard
probes seminar)
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And then there is the bulk & Universicic Usecht
What about the medium evolution?
T I T I T I
| b =7.49 fm, in plane |
15k — 2+1d ideal -
— 2+1d vCGC
NonBE — 2+1d vGIb 1
> 3+1d ideal
3 10[- .
o
<g L 4
5, —
% 2 4 6
Phys.Rev.C83:014910,2011 E.) [fm]
when does e-loss start ? when does e-loss stop?
what is the medium density profile ? initial conditions?
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. SO ... hard probes constrain g
connection to soft observables 7



: , ) Ay
Short intermezzo: ‘hydrodynamic’ flow £ Univerici e

In a nutshell ...
o Almond-shaped overlap region
@ Collective expansion of thermalized medium in vacuum

o Geometric anisotropy is converted to momentum anisotropy

dN/d¢

Hard probes of the hot plasma - slide 20 of 66
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Short intermezzo: ‘hydrodynamic’ flow £ Univerici e

In a nutshell ...
o Almond-shaped overlap region
@ Collective expansion of thermalized medium in vacuum
o Geometric anisotropy is converted to momentum anisotropy

0.1

T T
| = STAR
® ALICE 2
8

" L /,‘ —so Egéc: 1}/5;01. 1(,6 1
/I 8= :n s=0.
% */ MC-KLN -+ LHC: 1/5=0.20
L Reaction Plane -« LHC: n/s=0.24 1
I . I . I .
20 40 60 80
centrality

Result: low pt azimuthal modulation of tracks v, = (cos n[¢p — V,])
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Connecting g to viscosity

Shear viscosity 1(/s)

n o< p(p)A

can be related to g
see Phys.Rev.Lett.99:192301,2007

4 (M
T3 x (s)
for a QCD medium

3
~ 1.25TT
q

GRS

depending on coupling

| realize the font is too small, but take
away: a lot of progress has been made
for n/s via flow measurements—;
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LHC and RHIC beam energy scan.

= techniques
developed
2000
B | peoordono
8
H
identied partick fow
2002 ¥
g 3 HEE
s Momertami (6] § | covoncence
Eary success of hycrodynamics missing physics 3
ofattice QCD cquation of state and viscosty. 2004 | % | anaysisimproves
= | errors reduced
[ S ———
g [ a———— -~ fluctuations important
E 0f - eercecr — mawcmen [ 2006 fory,analysis in small systems
2
b T - first flow results from
- viscous fluid-dynarmics
2008
i e ~ state
v Momertam (GoV) from the latice included
Bounds on shear viscosity but large uncerlinties
rom iial conciions. v,
2010 =
Schente o s (2012 Pys R 8, 2190 vy
[ v,correlations
2012
[~ P@a)
< . 2014
TanstaseMomectam, (GoV)
Higher moments consirain viscosiy and fluctuating
of s s not yet determined. e
9 | - measure lower
£ | boundto~10%
g
g | - determine (voym
2 g
£ 3
5 | - measure bulk viscosity
2 | andrelaxaton imes
8
Q

- AdS/CFT lmit

= kinetic theory
* lattice QCD
= AdS/CFT limit
= viscous hydro
+flow data

2wy, ()

Ty TCy v -+
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Wiy

Agreement from the hard and the soft side?  £g§ vniversicicuimecns

0.1 . ‘ i — . 7 R T T T
STAR e TN O GLV-CUJET
v o —e-- A ] 6 W HT-BW b
®ALICE 2 7 g--"T®TTome e HT—M
0.081- " . 7 5 LA McGil-amy E
s AN O MARTINI
0.06 : ] whE =
=0 T T3k 2
004 77 N ]
| /& s RHIC: /s=0.16", | 2 F z
/7 o--o LHC: 1/s=0.16 éu+Au at 0.2 TeV,
002*;/ MC-KLN o-« LHC: /s=020 | 1 F 1
L Reaction Plane  ,_ . 1 ycC: 1/s=0.24 | qN sfl' (DIS) EPb+Pb at 2 76 TeV
| Bvim) Il
0% B B — % i(12 025 03 035 04 045 03
centrality T (GeV)
. . n T3
Reasonable agreement with QGP expectation of — ~ 1.25—
S q

e 1)/s slightly larger at LHC vs. RHIC
e §/ T3 slightly lower at LHC vs. RHIC
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. SO In summary ... N

Raa is a valuable probe (§)

dN dN

- = —= ® P(AE)® D(p:/E)
dpr |hadrons dE jets ~— —
R ~—— e-loss  fragmentation function

final state pQCD, nPDF's
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Raa is a valuable probe (§)

N = dn ® P(AE)® D(p:/E)
dpr [hadrons dE Jjets ~— —
— ~— e-loss  fragmentation function

final state pQCD, nPDF’s

... bus has its limitations
@ ‘hadronic observable' (not parton spectrum)

@ sensitive to ill-understood hadronization
physics

@ ... and where does the lost energy go 7

‘Solutions’
@ Jets as a partonic probe
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Raa is a valuable probe (§)

N = dan ® P(AE)® D(p:/E)
dpr [hadrons dE Jjets ~— —
— ~— e-loss  fragmentation function

final state pQCD, nPDF’s

. bus has its limitations -
@ ‘hadronic observable' (not parton spectrum) 2

@ sensitive to ill-understood hadronization
physics

@ ... and where does the lost energy go 7

‘Solutions’
@ Jets as a partonic probe
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- Chapter 2



: : . Ay
Jets in heavy-ion collisions & Universicic Usecht

. ) ) dense QCD matter
Hard scattering (Q° > 1 (GeV/c)?)

o (induced) radiation of quarks and gluons
@ Hadronization into colorless spray: ‘jets’

@ Reconstructed jet: as close as one can
experimentally get to original parton
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Jets in heavy-ion collisions £ Univerici e
dense QCD matter
Hard scattering (Q® > 1 (GeV/c)?)
@ (induced) radiation of quarks and gluons \ i
@ Hadronization into colorless spray: ‘jets’

@ Reconstructed jet: as close as one can
experimentally get to original parton

mmmes  Let's try to answer
@ Are jets suppressed?
@ Where does the energy go ?

@ What determines e-loss?

.
(geometry or fluctuations?)
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but before going into results ...

.‘a-small experimental detour



Experimentally, jets are tricky £ Univerici e

/ Same pp collision event \

Need to define jet in experiment and theory
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JetS a n d Jet fl n d l ng %{T}é Universiteit Utrecht

For a rainy afternoon: (anti)-kr jet finding:
define for all protojets (tracks)

2
d,- :p—r’l.p .
\
. 2 2 i ;
d;j =min (PT,,P7PT7J p) RIQ Large R
AL =i =) + (o — ) SmallR
from Yen-Jie Lee
@ smallest dx = di; — merge tracks
@ smallest dv = di — d; is a jet R: resolution parameter (maximum
... go back to the beginning angular separation of tracks in 7, ¢)

Fast, infrared / collinear safe
... but all tracks get clustered
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- . . i
Jet reconstruction in Pb—Pb collisions £ Univerici e

. all tracks get clustered ’
@ Generally not so problematic in pp collisions ...

@ ... but in Pb—Pb this means including overwhelming energy from uncorrelated
emissions

anti-k, R=0.4 [FastJet]
b, [GeV] =

simulation y
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- . . i
Jet reconstruction in Pb—Pb collisions £ Univerici e

. all tracks get clustered ’
@ Generally not so problematic in pp collisions ...

@ ... but in Pb—Pb this means including overwhelming energy from uncorrelated
emissions

o, o [GoV]

simulation A y simulation ) y
Challenge: inclusive measurement of jets while removing UE

@ ‘Background’ (Underlying Event) large [1] compared to jet energy

@ UE is not uniform (e.g. flow [2]) and has large statistical fluctuations [3])
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To get a feeling

ALICE Pb-Pb \'s,,=2.76 TeV ALlCE Pb-Pb |s,,=2.76 TeV
. Inclusive Inclusive
+ Leading track p, >5 GeV/c + Leading track p, >5 GeV/e E
- Leading track p_ > 10 GeV/e ] Leading track p_ > 10 GeV/c 3
e ! El
- Centrality: 0-10% Centrality: 0-10%
>
- Charged Jets - %, Charged Jets
* Anti-ky R=0.2 - e Antik R=03 E
- In, | <05 + 1, l<05 E
++++. p‘:‘" > 0.15GeV/c - s, * pfc" >0.15GeVic
re e - +.. -
+ + +e E
- + E
.I I'_:' - '.“..: 3
- .- L :
5 *
+ = l..,. - .’. |
s, s, 3
- ey bl '" +3
m‘.|Hmuw..‘\Hmu.l.‘*$ 7.\".m‘.|.Hm.w..‘mu|.‘.|‘€
-20 0 20 40 60 80

£

% Universiteit Utrecht
AN

-40 100 20 0 20 40 60 80 100
= praw \V/ raw  _ v
pT,ch jet Tchjet let (GeVic) pT,ch jet ~ PT.chiet pch et (GeVic)

Leading hadron cut removes fake jets
At low pt contribution from fake clusters is overwhelming
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[1] UE energy (pch)

Event-by-event estimate of
energy density of UE

jet

T, ch
Alet

(pch) = median

Linear dependence of (pc,) on
multiplicity

Quick example: 0-10%
centrality

o (peh)~ 140 GeV/c A™!
o Ax TR?

x 70 GeV/c charged
background for R = 0.4

o (GeV/c)
N
S

100

\/
%ﬂ% Universiteit Utrecht
N

r FastJet k, (p;'“" =0.15 GeV/c)
I Fit: (-3.3+0.3) GeV/c + (0.0623+0.0002) GeV/c x N

==

2500
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L1
1000

ALICE, JHEP 1203 (2012) 053

P P s R U
2000 3000
raw

input
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[2] Jet-by-jet UE subtraction

Adjust jet-by-jet for UE energy

jet raw

T, ch — pT ch — Pch IocaIA

using jet area A and UE energy
den5ity Pch local

S

v é Universiteit Utrecht
N

~ 200

—_
[6)]
o

L

Pb-Pb sy, = 2.76 TeV
Single event

/A I

Bl (01012 SN Sy 1/ 4 BN 4 i U 57274 RN
L + N
50 ;0'15 < pT. wrack < 5 GeVie, mlrack‘ < O'Q-I- 7:
[ P (@) == py(1+2v,cosle-¥, ) ]
O-», - py(1+2v,cos(@lo-¥,, 1) 7
PO T T I T T T ST AT T AN
0

¢ (rad)

PLB 753 (2016) 511-525

UE flow (v2 and v3 and ...) can be accounted for in pch jocal

event-by-event

pen() = po (1 +2{va cos[2(p — VEp, 5)] + vs cos[3(¢ — Wip 3)] + ... })
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[3] F I u Ct u a t | O n S Of U E ‘&}ZL% Universiteit Utrecht

UE fluctuations in ¢, n around {pcn)
@ A jet of pr = x sitting on an upward fluctuation of magnitude a will be
reconstructed at pr =X+ a...
@ ... likewise a jet of pt = x sitting on a downward fluctuation of magnitude a will be
reconstructed at pr = x - a

Il6 <>\') Use e.g. random cone procedure to determine
8 magnitude of fluctuations
o

=14

11 o Spr = p%rack —  rR?

10 \/./-
cone pr  expectation

dpr distribution used to unfold jet spectra:

Frens(x) = / R(x]y) fwe(y)dy

oON b O O
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[3] Fluctuations of UE

UE fluctuations in ¢, n around {pcn)

”&
W

Universiteit Utrecht

@ A jet of pr = x sitting on an upward fluctuation of magnitude a will be

reconstructed at pr =X+ a...

. likewise a jet of pr = x sitting on a downward fluctuation of magnitude a will be

reconstructed at pr = x - a

S g T
% ALCE o Pb-Pb \$=2.76 TeV ]
c r Centrality: 0-10% A
S e S = pi**>015GeV/c
> - .-. Random Cones ]
£ r . en o R=02 1
Q0 E . s 0 =447 GeVic 3
« F R=0.3 1
F - } E

8 I . o o | o=T15Gevic |
= 10°E ° =
e S o= :
F - ]

104 ® = E|

F m . E

F . ]

10° * -
wsﬁ?*+
40 20 0 80

p°h (GeV/c)

JHEP 30 (2014) 013
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Use e.g. random cone procedure to determine
magnitude of fluctuations

Spr = p%rack p7rR2
——
cone pr expectation

dpr distribution used to unfold jet spectra:

Frens(x) = / R(x]y) fwe(y)dy
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and no jet talk without unfolding ... & Universicic Usecht

fmeas(X) = /R(X‘y)ﬁ'”e(y)dy

@ fiue(y): 'true’ jet pr
@ fmeas(X): ‘measured’ jet pr
@ R(x|y): response function
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and no jet talk without unfolding ...

Fress(x) = / R(x|y) firue(y )y

@ fiue(y): ‘'true’ jet pr
@ fmeas(x): ‘measured’ jet pr
@ R(x|y): response function

A particle level jet at 200 GeV ....

@ ... can end up between 20

and 100 GeV in the detector
.!

Unfolding spectra introduces a
systematic uncertainty
@ Unavoidable for meaningful
comparison to theory and
between experiments
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0

o~ (GeV/

{/
%ﬁ% Universiteit Utrecht
N

ALICE Preliminary Pb-Pb \ S = 2.76 TeV 10-30% Centrality

anti-k. R=02 p=™ .5GeVic
T T.charged

Combined Response Matrix
200

180 e
5160
= .
10

140
120 10
10"
10°
10°
107

p:?e( (GeV/c)

Hard probes of the hot plasma - slide 35 of 66



Jet analysis is tricky



Jet analysis is tricky
needs large statics data sample



Jet analysis is tricky
needs large statics data sample
UE is well-understood, but this comes at
the price of (large) systematic
uncertainties



Jet analysis is tricky
needs large statics data sample
UE is well-understood, but this comes at
the price of (large) systematic
uncertainties
unfolding 1!



Chapter 2 cont.)
Jets and physics



Are jets suppressed &
Where does the energy go?



Ay
Jets and parton energy loss £ Univerici e

Out-of-cone radiation
RAA<1

Incoming /

parton

In-cone radiation
Jet broadening

Two qualitative scenarios
1) Out-of-cone radiation: Raa <1
2) In-cone radiation: Rap = 1, fragmentation function changes
Of course, these are not exclusive ...
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. . . i
Out-of-cone radiation: Raa of jets £ Univerici e

- <12

= <

S ALICE {5y =276 TeV « ALICE Pb-Pb {Sp;=2.76 TeV Antid; R=02 || <05 [=9e%>5 Gevio

[0]

S ok Antik R=02 |1, | <05 T T S I
> gg [ P > 5 GeVie ¥ Data0-10% [JCorrelated uncertainty ¢ Data 10-30% []Comelated uncertainty
%5 E 08 £ Shape uncertainty [ £ Shape uncertainty

B S — JEWEL «ex JEWEL
= =]
—F 107 =" — YaJEM - - YaJEM
3 = =] 0.6 [
Sk L
4= pp 04
10%E "y 0-10%PbPb =]
¢ 10-30% Pb-Pb ES
] [_] Correlated uncertainty 0.2
B [ Shape uncertainly
10°F ! ‘ ol v
0 50 100 0 50 100 50 100
pTlie‘(GeV/c) pTM(GeV/c) pTie‘(GeV/c)
ALICE, PLB 746 1-14 ALICE, PLB 746, 1-14 ’ :
2 pjAA . .
R d“N** /dprdn __ QCD in medium
AA = 3 ~ -
<TAA>’d o'pp/dp-rdf/] QCD in vacuum

@ Strong suppression in central and semi-central colisions
@ Resonable model agreement (JEWEL', YaJEM?)
Indication of out-of-cone radiation

1K.C.Zapp et al. JHEP 1303 080 2T.Renk‘ PRC 78 034908
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. and what about inside the jet? %Z%%Universmwmcm

\

VAL Ui

&
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Sy
7 ¥ F Universiteit Utrecht
Where does the energy go? o5
CMS, 5,,=276 TeV pp, [Ldt=53pb" PbPb, L dt = 150 b’ Phys. Lett. B 730 (2014) 243
R TAT ekTTTTTTTp
P> 100 GeVic -opp reference
10_-.- TO_3<IHJE‘|<2- - 1 == i o 1 - i
= -C-p‘T’aCk >1 GeV/c == == == -
<l - 1 == i == 1 = 1 == ]
- == == == -
- - - == ==

L 70-100% 4, 50-7.0%
+ t t

L 1 2cselnm PT

r)=— : — fractional radial intrajet distribution
) = 5 N e jet pr
@ Ratio Pb—Pb to pp: distribution close to the jet axis approximately unmodifed

@ pr excess at large R for Pb—Pb jets: jet broadening

Redmer Alexander Bertens - January 21, 2016 Hard probes of the hot plasma - slide 42 of 66



Where does the energy go? - very fresh results# %Universiwiwmcht

A, Inclusive Leading Jet Shape anti-k; R =0.3, m \ <16
pp 5.3 pb™ (2.76 TeV) PbPb 166 ub ™ (2.76 TeV) 120 <p, <300, p ,> 50 GeVie, Ao, > 51/6
pp Refrence PbPb Cent. 50-100% PbPb Cent. 0-30%

CMS Preliminary

0 O 2 0. 4 0 6 08 ok E
[Jos< pass°°<1 GeV/c i —— PbPb/pp 3
) iepczeove <& PLB 730 (2014) &\
[ 2<p™=<3Gevic E{_ 4r R
B s << Gevic § 3F @
B - < <8 Gevic S 5
I o> 8 Gevic a )
SRR Total p°> 0.5 GeVie

/<24 02 04,06 0.8 02 04,086 08

Ar ’ TAr
Lower panels: energy recovered at very large angles and low pt?
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e-loss: strong out-of-cone radiation
moderate change in jet shape



e-loss: strong out-of-cone radiation
moderate change in jet shape
What is driving e-loss:
fluctuations or geometry?



o a blt Of history A %ﬁ% Universiteit Utrecht

CERN COURIER

Jan 25, 2011
ATLAS observes striking imbalance of jet
energies in heavy ion collisions

The ATLAS experiment has made .
the first observation of an =
unexpectedly large imbalance of ‘
energy in pairs of jets created in 2y oo
lead-ion collisions at the LHC (G Highly asymmetric dijet event
Aad et al. 2010). This striking

effect, which is not seen in proton—proton collisions, may be a sign
of strong interactions between jets and a hot, dense medium
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0 o R
Path-length dependence: di-jet systems L % Universiec Urrchs
dN dN
- = = ® P(AE) ® D(pt/E)
dpt |hadrons dE jets ~—— —
— ~—— energy loss distribution  fragmentation function

final state pQCD, nPDF'’s

P(AE) combines geometry and energy loss

Di-jet system: 2 — 2 process

@ Jets traveling in opposite direction with
equal transverse momentum

0 L1 <Ly
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0 o R
Path-length dependence: di-jet systems L % Universiec Urrchs
dN dN
- = = ® P(AE) ® D(pt/E)
dpt |hadrons dE jets ~—— —
— ~—— energy loss distribution  fragmentation function

final state pQCD, nPDF'’s

P(AE) combines geometry and energy loss

Di-jet system: 2 — 2 process

@ Jets traveling in opposite direction with
equal transverse momentum

0 [ <Ly ( 7)
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Path-length dependence: di-jet systems

\/
%U% Universiteit Utrecht

N

D(pr/E)
——

g
dpt |hadrons d jets ~——
~—— energy loss distribution  fragmentation function

final state pQCD, nPDF'’s

P(AE) combines geometry and energy loss

Di-jet system: 2 — 2 process

@ Jets traveling in opposite direction with
equal transverse momentum

0 [ <Ly ( 7)

In the lab, pr1 # pr2
@ pp: recoil, out-of-cone radiation

@ AA: energy loss fluctuations, different
path-lengths

Difference probes medium

Redmer Alexander Bertens - January 21, 2016 Hard probes of the hot plasma -

pT1 — P2

Ay =P PT2
pPT1+ pr2

Xj = pr1/pT2

E.

»

Ero<Ery
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s
2l T
sl3

= 3.5F E

New observable x; = pr1/pT2

T
100 < p, < 126 GeV

4Pb+PD

3b E
2.5F E

of SESE
1.5 E

1+

0.5

T IV VT
B,Z 0.3 0.4 05 06 0.7 08 09 1

X

- 4 7
] EA]ELAS‘F'reHI;HnaWI 10 2‘0%5
"|2 3-5;_ anti-k, A= 04 jets {5,=276TeV 3
F 2011 Po+Pbdata, 0.14nb" E|
3F 2013 pp data, 4.0pb " B
25F 3
E ==
2= |
i E
0sE E
L. L I L L L Il L 3
8.2 03 04 0.5 06 0.7 08 0.9

8

1T T TS POV T
20304050607 0809 1

X
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I/
‘&U% Universiteit Utrecht
N

n

Asymmetry quantified as

Xj = pr1/pt2

Fully unfolded
@ Direct comparison to theory

@ ... and (eventually) other
experiments

In pp

@ most probable dijet
configuration: x; ~ 1

In Pb—Pb

@ most probable configuration:
subleading jet has half as
much energy as leading jet

Strong centrality dependence
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New observable x; =

%lg oo |ﬂlﬂ<ptl<126IGeV
+|=> 3.5 3
k= +Pb+Pb
3 o E
E ==
2.5F E
E 4 =4=
2F E
na Eﬁ!‘!
0.5F
.2 03 04 05 06 07 OB 09 1
Xy
3l ' D> 20086V
= 35F
3F
25F
ofF
1.5
W
0.5

L L L L L 1
.2 03 04 05 0.6 07 08 09 1

PT1/PT2

Asymmetry: x; =

pri/pr2

\/
%ﬂ% Universiteit Utrecht
N

@ With increasing pr — x; goes towards 1
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New observable x;

ZI"
sks

v—|2 3.

T T
0-10%

100 < pT'< 128 Gav
) E
400 e
==

i

03 04 05 06 07 OB 09 1

Xy

3l
= 35

T
p,>200GeV

L L L L L 1
03 04 05 0.6 07 0.8 09 1

Xy

= PT1/PT2

Asymmetry: x; = pr1/pr2
@ With increasing pr — x; goes towards 1

\/
%ﬂ% Universiteit Utrecht
N

T i
SPS 17.3 GeV (PbPb)
O x° WA9B (0-7%)

RHIC 200 GeV (AuAu)

% h* STAR (0-5%)
LHG 2.76 TeV (PbPb)
®  CMS (0-5%)
% ¢ ALICE (0-5%)
|

O #° PHENIX (0-10%)

mEaES —
GLV: dN/dy = 400
GLV: dN/dy = 1400
GLV: dN/dy = 2000-4000
— YaJEM-D
- elastic, small P,
-~ elastic, large P

-+ YaJEM

— Asw
PQM: <G> = 30 - 80 GeV¥/fm -|

20

(GeV/c)

Prog. Part. Nucl. Phys. 70 (77) 2014
confirms sl. 16 ‘Relative loss decreases with pt’
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\/
NeW Obse rva ble )<J — p‘rl /p‘r2 %ﬂ% Universiteit Utrecht

%Ig 4 oo |ﬂlﬂ<ptl<126IGeV
'_IZ &9 4 Pb+Pb E
ke == Let's back up a bit ...
2'2 == : @ ... doesn't this raise more
. questions than it answers ? (at
1 ﬁm least, for me it does)
g

82 03 04 05 06 07 08 09 1
Xy

2 4 T T
1,-,|1= p,>200GeV

L L L L L 1
8.2 03 04 05 0.6 07 0.8 09 1
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Wy
New observable x; = pr1/pT2 £ Univorsiic s

le
sks

f|2 3

Zl <
3k

= 35F E

5|

2.5

1.5

]

o P A I e

T T T T T
0-10% 100 < p, < 126 GeV

%

b+Pb

w
+4
2

[N

L I L L L 1
.2 03 04 05 0.6 07 0.8 09 1

Xy

!

Let's back up a bit ...

@ ... doesn't this raise more
questions than it answers ? (at
least, for me it does)

We have
@ Raa: moderate average energy loss

@ di-jets: wide variation in possible energy loss

What is the balance between

@ per-jet energy loss fluctuations? (analogous to
fluctuations in vacuum radiation)

@ average energy loss from kinematics, medium
compisition and geometry?

Remember that e-by-e fluctuations turn out to be crucial
in explaining hydro flow phenomena
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How can we disentangle
geometry and fluctuations?



How can we disentangle
geometry and fluctuations?
Theory: fix path-lengths



How can we disentangle
geometry and fluctuations?
Theory: fix path-lengths
Experiment: try also fixing
path-lengths



Theory: fix path-lengths



Briefly introducing the model: JEWEL £U% niversicic e

JEWEL (Jet Evolution With Energy Loss)

@ Radiative energy loss and elastic scatterings (plus momentum exchange [recoil]
with medium)

@ Radiation: LPM interference (matches multiple soft scattering)
@ Longitudinally expanding Glauber overlap
@ Very succesful in describing RHIC and LHC data
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o 5 o N
Briefly introducing the model: JEWEL ) nivsiei U

JEWEL (Jet Evolution With Energy Loss)

@ Radiative energy loss and elastic scatterings (plus momentum exchange [recoil]
with medium)

@ Radiation: LPM interference (matches multiple soft scattering)
@ Longitudinally expanding Glauber overlap
@ Very succesful in describing RHIC and LHC data

divjet asymmetry in PbPb 0-10%, p ; > 120 GeV

p T T [

g o= —— CMSPbPbdata

. . t\« oot I —— JEWEL+PYTHIA PbPby

In earlier slides (42) we saw that JEWEL - —— JEWEL:PYTHIA pp

gives good description of Raa of jets 7 0008 |- .

0.006 |

Also reasonable agreement with CMS di-jet b ]

imbalance (slide 47) oot E
o pr1 > 120 GeV/c oo0a |

S S N A I B Hwan ‘

OpT2>30GeV/C 14?”‘ T RN RN R \u%

® Apiz >27/3 £ E

Folded with detector resolution € ost E

o E TP IE

o o1 02 03 04 05 06 07 o

» o
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F |Xi n g pa t h— Ie n gt h s %ﬂ 4 Universiteit Utrecht

‘Origins of the di-jet asymmetry in heavy ion collisions’
(26/12/2015, arXiv:1512.08107)

di-jet production points di-jet production points
0.016

0.014

0.012 %

°
2

y [fm]

0.008 =

y [fm]

0.006

1/Ngijot d2N/(dx dy) [fm?]

0.004

0.002

x [fm] x [fm]

Study original of imbalance by using random (left) or fixed (right) di-jet production
points
@ Fixed points: both jets ‘see’ same medium distance L
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FIXi ng path— Ienghts %ﬂ% Universiteit Utrecht

‘Origins of the di-jet asymmetry in heavy ion collisions’
(26/12/2015, arXiv:1512.08107)

ot production points Gt producton points

di-jet asymmetry in PbPb

& LT T T T E .
z C —— JEWEL+PYTHIA full geometry 1 2 _
z E —— JEWEL+PYTHIA central production 1 <o £
":A 2 O — 2
z 0 ] .
S 15 -
E E x(im) xfim)
1E - (= verbatim) from the paper
o5 E- E @ Path-length difference plays no
E ] significant role in generating di-jet
T e i i e asymmetry
1.4 [~ — .
12 b 3 @ Increase w.r.t. pp due to fluctuations
$ e e - E in vacuum-like fragmentation and
® s E 3 medium related fluctuations
06 — T e E @ Amount of energy lost is determined
o 1
A

strongly by ratio of m/pr of original
parton
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Path-lenghts dissected £X3 vnivescs e

‘Origins of the di-jet asymmetry in heavy ion collisions’
(26/12/2015, arXiv:1512.08107)

distribution of path-length differences Aj dependence of path-lengh differences in JEWEL+PYTHIA

T 025 T T T - L B L B R
E L —— JEWEL+PYTHIA input distribution ] ‘é 2 ——o0< A; <02 -
= o[ —— JEWEL+PYTHIA leading jets i = P —— 02<A;<04 1
5 f —— JEWEL+PYTHIA diqets 1 =5 [ —o04<a;<06 ]
< E 1 S o ——o06<a< b
S 015 — — = = i
z r ] zZ F 1
° r f ] F 4
2 E 3 g 01— ]
ZJ; 01 |~ — 26 r ]
< r b < r b
= F i = = 4
0.05 [— - 005 [~ B
Py s | P | | ol A——
-10 5 o 10 -10 5 o 10

5
AL, =L, =Ly [fm

>
=
I
‘r-
I
~
g

~ 35% of cases L1 > L, (density weighted path-length)
Dependence of A; on AL, small compared to width (strong fluctuations)

experimental answers ?7
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Experiment: try also fixing
path-length

event-plane dependence



- Ay
Event-plane dependence of di-jets £ Univerici e

Distance traveled by di-jet depends
on orientation w.r.t. Wep »

@ (A;) smaller for dij-ets in
direction of Wgp, »
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- Ay
Event-plane dependence of di-jets £ Univerici e

0.304- ATLAS  Preliminary E|
0.302F Pb+Pb 5,=2.76 TeV E| 0.29F 1 ozssf 3
- .. F R=0.2 Centrality (0-10)% J Centrality (10-20)% Centrality (20-30)%:
Distance traveled by di-jet depends o3 oze 1
. . o 0208 1o o 028 E|
on orientation w.r.t. Wep » <o 17 =
ot 1% oo 1% oot 1
0.27F B
0.29F | o0.28F E|
0.288F E;"s:»D 0047+ 0.0024 4 cg"s:-ﬂ 0030+ 0.0028 cghS:-O 0083+ 0.0035
05 1 15 2 25 3 05 1 15 2 25 3 o 05 1 15 2 25 3
¢ 2w 2w,

(A)) = A (1 +2¢ cos(2(<p|ead — Wep 2)))

@ (A;) smaller for dij-ets in
direction of Wgp, »

@ Reasonably described by
cosine modulation

@ Anti-correlation is signficant
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Event-plane dependence of di-jets %:3% Universteit Urecht

0.304- ATLAS  Preliminary E|
0.302F Pb+Pb 5,=2.76 TeV E 0.29F 4 0.285 ]
- . F R=0.2 Centrality (0-10)% J Centrality (10-20)% Centrality (20-30)%:
Distance traveled by di-jet depends o3 oze 1
. . o 0208 1o [ Jo o2 E|
on orientation w.r.t. Wep » <o 30 =
M C C C
0.204F E 0.254/ 0275 1
0.27F B
0.29F | o0.28F E|
0.288F cg"s:-D 0047+ 0.0024 4 Cgbs:_g 0030+ 0.0028 c;“S:-O.DOESi 0.0035
05 1 15 2 25 3 05 1 15 2 25 3 o 05 1 15 2 25 3
¢ 2w 2w,

(A)) = A (1 +2¢ cos(2(<p|ead — Wep 2)))

|

0.02]

0.2 K: R=03
3-0.010£0.004 &2 ¢,3-0013+0.004

5% 0
S50
SRR

5

@ (A;) smaller for dij-ets in
direction of Wgp, »

@ Reasonably described by s
cosine modulation ATLAS Preliminary z%g
vV

-0.04F

@ Anti-correlation is signficant $

Pe
5
s ssss sty o0

. ARG

Pb+Pb |/5,=2.76 Te'

20 40 60 80 20 40 60 80 20 40 60 80
Centrality [%]

Points at small but significant(?) contribution to asymmetry from geometry
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ch Jet Y
Vs ‘fixing’ the medium geometry %: Universiteic Utreche

Different theoretical predictions on path-length (L)
dependence of parton energy loss (AE)*'*'°

AEox L <3 AE x>+ AE 37
—— N—_—— —_——
collisional  radiative ~ AdS/CFT

h jet . . - .
vs" % comparing short to long L at fixed medium density
<Lin> ~ out ‘ ‘ <Lin> < <Lout>
hjet h jet
vshie v > 07
3R Baier et al. NPB484 265-282 (o< L) 5C Marquet, T. Renk, PLB685 270-276 (o L3)

4R Baier et al. NPB483 201-320 (o< L2)
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; &
Benefit: fully unfolded U8 Universicc Ve

N

ch jet
Vo

is measured using the ‘in-plane’ and ‘out-of-plane’ pr-differential jet yields Nin, Noyt

Vch jet Il Nin - Nout
2 N 4R Nin + Nout

resolution R corrects for the finite precision of symmetry
plane estimate Wep, »

V5" is the second coefficient of a Fourier series
dIVJet ch jet
x 14 E 2v5" % cos[n(pjer — Vs
d(pjer — Wa) [n((ese )

dN'et h jet
Nin :/ 7J (71' + 4VC Je)
in d(SOjet - W?E/g, 2)

dN'et ch jet
Nout:/ — = 23(71'—4V J)
out d(épj‘Et - W\E/g, 2) ’
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V; et | n 30—50% a nd J EWE |_ %ﬁ% Universiteit Utrecht

— | IR I IR HELELL L B L L LR B
%N 02 i —)— v;fie‘ 30-50%, JEWEL ALICE
> U ® J"¥30-50%, Stat unc. Pb-Pb Vs, = 2.76 TeV
| [ systunc. (shape) R =0.2anti-ky, <07 |
+ - Syst unc. (correlated) B ‘

<Lin> < <Lout>

ch jet
Vy >7?

() P
k\\\\‘\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\l

20 30 40 50 60 70 80 90 100
p_crh ® (GeV/c)

>0.15 GeV/c, p*> 3 GeVic ]

T, track

PLB 753 (2016) 511-525

h
Non-zero v Jt over full pr range

Good agreement with JEWEL
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What about central collisions 7

B [ T T T e
S [ = v 0-5%, JEWEL ALICE 4
> 0.2 ¢ o059 statunc. Pb-Pb Vs, =2.76 TeV

| I:I Syst unc. (shape) R = 0.2 anti-ky, Inie[|<0.7

- - Syst unc. (correlated)

r(a) Py 1o > 015 GeVic, p> 3 GeVic |
| N B IR AR S S BRI B
20 30 40 50 60 70 80 90 100
" (GeV/c)
PLB 753 (2016) 511-525 T

\/
%ﬂ% Universiteit Utrecht
N

Strong effect of fluctuations in the participant distribution ?
... but beware the large and correlated systematic uncertainties
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NS
I n a broa d e r CO n text %ﬂ% Universiteit Utrecht

t h jet
Different energy scales for )", v;"* and v.

comparison only

°h+em’et , qualitative

5 R 5 — Lo o
N - ALICE h B o ALICE -
> [ ® v "*0-5%, Stat unc. 7 > ® v 30-50%, Statunc. |
~ 0.3 Po-Pb V5, =276 Tev 04 < o (ahape) ] 0.3~ Po-Pb V5, =276 TeV — Stume chape) ]
g [ R=02anti-ky, I _|<0.7 4 . ] E R=02anti-ky, In_|<0.7 4 . ]
Q. L et Syst unc. (correlated) i O et Syst unc. (correlated) i
> F B ATLAS VR 510% > B ATLAS vS°®30-50%
0.2 O ¢ CMms vpan(\Aan) 0-10% | 0.2 ®  CMS vf*{|an|>3} 30-50% |
r ‘ ALICE v{*Y{jAn|>2} 0-5% 5"’ . ALICE v§*'{|An|>2} 30-50%]
[ 1 % 1
0.1 ? - 0. 1 - @ -
R0 - - - ] - - ]
0 |- . .
L (a ‘ pT‘lack >0.15 GeV/c pT s’ >3GeV/c ] pT o >0.15 GeV/c pT it >3 GeV/c ]

0 50 1 00 1 50 0 1 OO 1 50

Py, p;'e‘ (GeV/c) Py, pf‘ (GeV/c)

PLB 753 (2016) 511-525 PLB 753 (2016) 511-525

()

Non-zero v, indicative of dependence on (effective) path-length

Needs high-precision follow-up

Redmer Alexander Bertens - January 21, 2016 Hard probes of the hot plasma - slide 62 of 66



. CO n CI u d i n g - %ﬁ% Universiteit Utrecht

< AusAu V= 130 GeV
central 0-10%
u (h'+h7)2
2t " Pb+Pb(AU) CERN-SPS

first ‘hard probe’
measurement
' 15 years ago

4
pr (GeVic)

Coral Stage Anglerfish Stage

but the field * f # Q
I
has I ‘ é
e.volved. ‘Q * atn Q;
quite a bit prey Stose

dra Sta
o e Urchin Stage ‘Humanoid Stage

Clam Stage Cuttlefish Stage
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How-to: constrain QGP properties ?
Which processes is dominant?
(radiative, elastic)

Where does radiated energy go 7
What drives e-loss? Geometry or
fluctuations?
#questions > Fanswers



techniques

o
priGevs]
axf W g ¢ arTcioon ]
© o s
o1 1
g LT ,
Bos i tas
g + Mo
S g
'CMS Proiminary L, = 140 10"
3F=2010,0-30°%, Loading jt
= 2011,0-100%, Incusive et
25fEE
o
& 4
T4
£
|
osE
Jetp, >100GeVie

Fulljet reconstruction
measurements and comparison
totheory over a wide range of

collision and jet energies.

Precision RHIC data
are essential
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2000

2002

2004

2006

2008 [~

2010

2012

2014

developed

— x5 suppression in hadron R,
— Away-side disappearance

d+Au “NullExperiment’:
— Jet.quenching unambiguously
afinal-state/QGP effect

|_ Strong modification of an
away-side jet: “Mach-Cone’ ?

— No direct photon suppression

| Near-side modification:
“The Ridge”

Feasbility measurementsistudies|
of full jet reconstruction at RHIG

Ridge and Mach-Cone structure
— consistently explained by v,,
(initial state fluctuations)

LHC data: Increase of charged
[~ hadron R, at high momentum;
full jet measurements.

L Modification injet fragmentation/
jet structures at the LHC (QM12)
suggests radiative energy loss
picture at high jet energies

 reduce § uncertainties

+ determine §(T) dependence

 characterize quasi particle
nature over a wide range
injet energy

 constrain importance of

BES-Il and detector

collisional vs. radiative

Hl\ll\l I\Il\ll\l I\Il\ll\l TTT]
H 2 | 2000
g g
x a
g g
2 s
=§ 2 | 2002
3 H
& &
3 3
2004
2
S | 2006
g
g
g
5 | 2008
2
S
z
8
2 |2010
=
3
g
B | 2012
5
<
2014
S e

"RAA” “x+Jet”’

[ 1000
[ o orets| | DPets
‘Hadrons
Double
L b-tag
y+jets
L Z0+jets 4
{'e 100

= s RHIC tomorrow—| 10

— LHG tomorrow |

filiiFLHC today |

[C—JRHIC today

p;[GeV]

‘Hot and Dense QCD matter, Unraveling
the Mysteries of the Strongly Interacting

QGP’ & ‘The Hot QCD White Paper’
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h et . .. . "
V; Jet in 0_5% and 30_50% CO”ISIO” Centrallty %T%UniversiteitUtreCht

vs" It is measured in 0-5% (left) and 30-50% (right) collision centrality
@ [0-5%] = 2 o deviation from 0
@ [30-50%] = 3 - 4 o deviation from 0

— i T T T T T ] — o T T T T T ]
o F —4— V" 0506, Stat unc. ALICE ) b —$— v 30-50%, Statunc. ~ ALICE
o ~ Pb-Pb s, =2.76 TeV — Q ~ Pb-Pb Vs, =2.76 TeV —
L:_— 0.2 [ D Syst unc. (shape) R= Ozanrg‘kT In, <07 L: 02 L D Syst unc. (shape) R= OzanNtylvkr In,, <07 4
< r - Syst unc. (correlated) b < r - Syst unc. (correlated) b
o [ ] o L ]
= 0.1 = 0.1 -
2 2 .
= 5 B
S S
> > r B
of - of- -
[ (@ P ey~ 015 GeVie, p >3 Gevie r (b) Py > 015 GeVIC, p >3 GeVie ]
I T D A Bt i e
30 40 50 60 70 80 90 lOO 20 30 40 50 60 70 80 90
" (GeVic) psh  (GeVic)
arXiv:1509.07334 [nucl-ex] T jet arXiv:1509.07334 [nucl-ex] T.jet

p-value is derived from minimizing a modified6X -function w.r.t. €corr, €shape

n 2
~2 (V2i + €corrTcorr,i + Eshape) shape
X (Ecorm €shape) = § > : + €Co,, —|— E

i=1 O; i=1 Ushape i

6Phys.Re\/. C77, 064907 (2008), 0801.1665
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o
UE flow under control? £ Univesvic e

Expected dpr width without flow from charged particles from Na (multiplicity in a cone)
(pr) (mean pr of particle spectrum) o(pr) (width of particle spectrum)

a(6py™") = V/Nao?(pr) + Na(pr)?

Adding v, by introducing non-Poissonian fluctuations 0’/2\/p(NA) = 2Nf\(v22 + v32)

o(6p%) = /Nao(pr) + (Na + e (Na)){pr)?

= ©

= f ]

& 008 < Expected ]

= - Measured @ ‘expected’ as above: from N4 and
< 0.08F 3 (pr), etc.

;Q\F r ] . . .
2 0040 ——— B @ ‘measured’: from dpr distributions
= = o o(3pt") from (pey)

o~ 0.0217 ALICE = o 0'(5 Vn:()) from

= I Pb-Pb Vs =2.76 TeV P Pch local
- % 020 3070 50

Centrality percentile
arXiv:1509.07334 [nucl-ex]

Peh local gives expected reduction of flow contribution to the dpr width
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Fluctuations quantified by dpt %j%%umversnewmm

=

ALICE 30-50% Pb-Pb VENN =276 TeV 10 ALICE 30-50% Pb-Pb VENN =276 TeV 10
@ Pr o > 015 GeVie n,, | <09 ® P, ras > 015 GeVie. I, |<0-9
) T U S 1 _ PR T e EE R A S B
%05 1 15 2 25 02 I R - Y- 02 '
¢ - P .-
arXiv:1509.07334 [nucl-ex] RC CER2 arXiv:1509.07334 [nucl-ex] RC CER2
dpr distribution built using (pch) dpr distribution built using pch iocal

UE subtraction technique succesfully removes flow bias from UE
@ Modulation of mean dpr decreases strongly
@ Width of dpr in-plane is larger than out-of-plane
@ In-plane and out-of-plane jet spectra need to be unfolded independently to properly
treat UE fluctuations

Redmer Alexander Bertens - January 21, 2016 Hard probes of the hot plasma - slide 69 of 66



a o o o ([
(Qprp and centrality in p—Pb collisions %:%Unmrmwvtrecht

(Nconr) not easy to determine in - -
i > o
p—Pb collisions £ Glauber-MC B20000- Glauber-MC 1
S 6001 p-Pb {/sy, = 5.02 TeV s Pb-Pb {s, =2.76 TeV I’
2 S o g15000 i
pPb
N ent/dp-r 400
QPPb(PT7cent) = NCO” dNP /d 0000 10
PP
(Ncent)- /dpr w00
10° 5000 10°
‘Pb—Pb approach’(a) is biased g .
PP ( ) % 10° %00 200 300 400 10
. . N, ar N art
Hybrid centrality method (b): figures on this slide: arXiv 1412.6828 (submitted to Phys. Rev. C)

@ Estimate centrality from Zero Degree Calorimeter
] (Ncerl-,lt) scales with charged particle multiplicity in mid-rapidity or Pb-going side

1.8

40-60% g LICE p-Pb ys,, =5.02 TeV o 0s% . a060% § Syston(T,,)
s0-80% | O 1.6 ) o 510% . goaom 1 Syst. on normaizaton
« 80-100% 14 Charged pamcles\r]koa LT [ Srst.on N
. 2040%
12 =
1 %gfﬁﬁ et —i o J‘::ﬁ#?—*:%
0.8
0.6/ |
ZN + N Jhside v ZN+ N
0.4
118
i
163
i
085
0 5 10 15 20 25 30 O%0 5 10 15 20 25 80 ) 5 10 15 20 25 30
P, (GeVric) p; (GeV/c) p; (GeV/c) b
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’lm\\?

N

Raa, Ropp of identified particles and jets %Z

¢ Universiteit Utrecht

Raa of identified particles gives deeper insight into energy loss mechanisms in the plasma
and hadron production

Light flavor hadrons

@ Medium modification of hadronization process
Jets

@ Energy loss of hard partons

@ High Q? process: perturbative probes of the QGP

Open charm mesons (DO, D", D*") Raa and quarkonium
@ Heavy quarks probe the full evolution of the medium
@ Quark vs gluon energy loss, dead cone effect
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PLB 736 (2014) 196-207

Light flavor hadron Rpa

@ Mass ordering at

intermediate pr: less

suppression of
protons

@ At large pt no
difference between
species

\/
%U% Universiteit Utrecht
N

ALICE 0-5% Pb-Pb

ALICE 60-80% Pb-Pb

o T4
vp+P+K + K
+ Charged

0.27 é
s F o
“F I

0.8 FJ E

06 =e

0.4;— I_|:;

0.2 E

PLB 736 (2014) 196-207

D+B_ ALICE {5,=2.76 TeV
TR

© 0-5%Pb-Pb
o PP

T T
0-5% Pb-Pb

KK

ek
— Krakéw
-+=+ Fries et al.

bl T
6 8 10 12 14 16

|
1% 0 2
p, (Gevie)

T T TP TN
6 8 10 12 14 16 18
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0O 2 4 6 8

0 12 14 16 18 0 2 4 6 8 10 12 14 16 18
pT(GeV/c)

Peak at 3 GeV/c for p/m and K /7 ratios
@ More pronounced for p/ ratio

@ Indicative of radial flow? What about
e.g. the ¢-meson (next slide)?

@ High pr suggests hadronization
through fragmentation
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. R
nght flavor hadron RAA AT}% Universiteit Utrecht
L R L R R L R R LN RS RN AR RS EAN EARNRAAN RARE RARE RRRS R

b ﬁ ALICE \5,,=2.76 TeV
* 0-5% Pb-Pb
o PP

==+ Fries et al.

@ Mass ordering at

1]
L LK 0-5% Pb-Pb
T T+ T
[ — Krakdéw
intermediate pr: less r

suppression of Los
protons 4 ‘
@ At large pr no 04
difference between o
species P00, r

o

AN I NI ST IS IS IS I P I [ S I I S Sl NS Rl Nl FEw R

0O 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
p. (GeVic)
PLB 736 (2014) 196-207 T

at 3 GeV/c for p/m and K /7 ratios
More pronounced for p/7 ratio

Indicative of radial flow? What about
e.g. the ¢-meson (next slide)?

High pr suggests hadronization
through fragmentation

02 46 870 12 14 16 18 0 2 4 6 8 10 12 14 16 18

PLB 736 (2014) 196-207 p, (Gevic)
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1.

Baryon/Meson Ratio

0.5

o

cle production - more ratios

| Pb-Pb |5, = 2.76 TeV AKS
- Centrality 0-10% S

+ e
o .
. +
. ¢
+
- +
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. *********
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I \M\ oo b e b b l
4 5
P, (GeV/c)

”&
W

Universiteit Utrecht

¢-meson and p have similar mass

@ Ratio ¢/p flat for central
collisions

Shape of pr distributions
determined by particle mass, not
recombination

Phys. Rev. Lett. 111 222301 (2013)
Phys. Lett. B 736 196-207 (2014)

Phys. Rev. C 91 (2015) 024609

Hard probes of the hot plasma - slide 73 of 66



: N
Rpr model com pa rison %ﬂ% Universiteit Utrecht
1.8F p-Pb |5, = 5.02 TeV
1.6? @ ALICE, NSD, charged particles, |r]cms| <0.3 Several models describe Rpr
T4 @ Gluon saturation models
1.2 @ﬁ (color glass condensate) agree
1 % ———————————— with the data, however only
0.85 small effects are expected
£ Saturation (CGC), rcBK-MC .
0.614 Saturation (CGC), rcBK @ NLO PQ.CD with EPS09s
0.4 Saturation (CGC), IP-Sat ] agrees with data for
1.8[- 1 Shadowing, EPS09s (1€) ga\n/sverse momenta > 6
1.6i LO pQCD + cold nuclear matter € /C
14; @ LO pQCD + cold nuclear
o = matter under-predicts data at
s 12p high pr
o 1!
0.8 .
0.6k Known potential nuclear effects
04E (CGC/saturation and nPDF) are
02 3 1079274 76 18 20 small at mid-rapidity/high pr:

8
p. (GeV/c) consistent with measurement
-

PRL 110, 082302 (2013)
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Qpr of Jets %‘ % Universiteit Utrecht

2 2....|....|....,....,....,....,....|....|.-: L B L L B L
=& E ALICE charged jets p-Pb 5.02 TeV E ALICE charged jets p-Pb 5.02 TeV 3
$s18
[«] FastJet anti-k; jets R=0.2, |7 | <0.5 ] FastJet anti-k; jets R=0.4,[7_|<0.5
1.6 | Reference: Scaled pp jets 7 TeV =1 [ Reference: Scaled pp jets 7 TeV -1
14F  ALice prefimi E imi 3
preliminary 1 ALICE preliminary
1.2 4 F 7
—— E 5 .
| S— e —— HE. ————— til'
—Q—*’*i’ijgjj —9———o—— 1] ¢ 7077’77‘77‘77”7
0.8F ‘ 1F t 3
0.6 Centrality classes (ZN + NTu') E Centrality classes (ZN + NI 7
0.4F EEEE o020% 1 F = oo20% E
e 20-40% W Normalization uncertainty e 20-40% WNormalization uncertainty
0.2F % 60-80% Q1 F 4 60-80%
NI I U D I DU P I B ....|....|....|....|....|....|....|....|.
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 920
T chjet (GeVic) T chjet (GeV/c)

R = 0.2 (left) and R = 0.4 (right) charged jets, anti-kt
@ Qppp following hybrid centrality estimation
@ Results compatible with no final state effect on jet spectra

See also arXiv:1503.00681
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. . i
s this really a medium vs. vacuum effect? £ Univerici e

Ropy in p—Pb collisions

2 T T T T T T T T T
(p—nucleus) [J:Q ish - hf' Pb-Pb (ALICE) e h¥ p-Pb \(s_NNis.oz TeV, N?DE(ALICE) ]
. A h% Pb-Pb (CMS) * Y, Pb-Pb W =2.76 TeV, 0-10% (CMS)
@ expected to be sensitive to (S =276 TeV, 0-5% | | & W Pb-Pb 5 = 2.76 TeV, 0-10% (CMS)
initial state, but not final F ¥ 2%, Pb-Pb (5, = 2.76 TeV, 0-10% (CMS) ]
state (QGP) effects

@ Compound system

Pb

Regeo »

Ropy is consistent with unity for
pr > 2 GeV/c
@ Small Cronin-like
enhancement visible at low pr
@ Consistent with Raa of
particles which are not
sensitive to QGP dynamics

+ -0
(77W ’Z) 0lllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0O 10 20 30 40 50 60 70 80 90 100
Suppression of hadron production P, (GeV/c) or mass (GeV/c?)
in Pb—Pb collisions is final state  pRL 110, 082302 (2013)

effect

Redmer Alexander Bertens - January 21, 2016 Hard probes of the hot plasma - slide 76 of 66



vs EP

£

%m

Universiteit Utrecht

T T T T T T T T T T T T i T T T T T T
1 e PHENIX in plane o | 1 e PHENIX in plane o
e PHENIX out of plane 20 -30 %, AdS e PHENIX out of plane 20-30 %, AdS
[ [— 2+1d ideal il — 2+1d ideal il
0.8-|— 2+1d vCGC B 0.8-|— 2+1d vCGC -
| |— 2+1d vGlb | — 2+1d vGlb |
3+1 d ideal 3+1 dideal
<0.61 4 <0.6 =
< <
o~ L -4 ]
04 = = 3 04 - = 3
E S SN -]
02 4 02 * R
[ (a) (a)
0 1 n 1 n 1 n | n | n 0 1 n 1 n 1 n | n | n
5 6 7 8 9 10 5 6 7 8 9 10
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T T T T T T T T T T T T T T T T T T
1.21{ ® PHENIXin plane 4 12 e PHENIX in plane
e PHENIX out of plane 5060 %. AdS f e PHENIX out of plane 40-30%, AdS |
w— %ﬂﬁidc%lc T 4 1e— %+1dideal J
— Vv 5
— 2+1dvGlb * - 1 r— 2113 Xgﬁ’f 1
0.8 = T = 0.8 E = - B!
S R S S
o6 g 206 * = .
: | ?‘7 ’ ______J;__ ———--;---
L . . I
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0 < A 7 Q Q 1N 0 < A 7 Q ] 1n
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