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nuclear matter Quark -Gluon Plasma
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§CD Thermodynarics — calculation

QCD on the lattice (ugz=0)

Slow convergence to non-interacting Steffan-Boltzmann limit
Degrees of freedom? Note: In more recent calc. difference still persists.
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Cross-over, not sharp phase transition |
(like ionization of atomic plasma) 1
T [MeV]
O M | | | | ]
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“Lattice": rigorous calculations in non-perturbative regime of QCD - discretization on a space-time lattice

ultraviolet (large momentum scale) divergencies avoidable
Zero baryon density, 3 flavours: ¢ changes rapidly around T = 170 MeV: ¢ = 0.6 GeV/fm3 (at T~1.2 T.: ¢ settles at about
80% of the Stefan-Boltzmann value for an ideal gas of q,q9 g (ese))
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Strateqy: how to study §CD
maller eXper/‘MenZ‘a/ /) }/ 7’

Need to find those observables that:

— Are sensitive to crucial parameters of hot QCD
matter

— Can be modeled well — theoretical understanding
— Can be measured well — experimental control

— Can connect theory and data

=> Inclusive measurements; correlations;

compare with more elementary collisions (p-p,
p-A); compare different energy regimes
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The Relativistic Heavy lon Collider (BNL)
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Large Hadron Colllder at CERN
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Z.Y/C and ron rens
Defac/t /anS.. Aefel\SZ( PUNS ...

Collision system 5 : Run time (s/year)

pp . 107
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Most advarnced careras...

in streamer chamber (1954))
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25‘//3/7 enerqy particle detection - AT1AS

Muon
Spectrometer

Hadronic
Calorimeter

The dashed tracks
are invisible to
the detector
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Calorimeter

Solenoid magnet
[ Transition

Radiation
Tracking Tracker

s ATI AC

. - A?i . ‘ i g RN BmN AW
Pixel/SCT 2 rVDEDIMEMNT
detector e”

http://atlas.ch
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Compddi‘ Metor SpeCZromeZer

Primary sub-detectors: Silicon tracker, ECAL, HCAL, muon chambers

| | I I
Oom m 2m im
Key:
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Charged Hadron (e.g. Pion)
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Silicon
Tracker

‘ Electromagnetic
)l " Calorimeter

Hadron
Calorimeter

Transverse slice
through CMS

Superconducting
Solenocid

Iron return yoke interspersed
with Muon chambers

D Bamey, CERN, Februwary 2004
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only charged particles visible

Peripheral Collision
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6/ aaéer Moa/e/ — a/e\Scr/pZ‘/on of
/78@\/}/ —1ON CO/ / 1SI10oNS

Pb+Pb 160 GeV/A t= 1.6 fm/c

central collisions:
small impact parameler &
- /7/3/7 netmber of pczrz‘/‘c/pani§
— /7/3/7 enerqy a/enS/Z‘y
-/ Qrﬁe volire
- /drge naméer of” p/*odé(dec/
ﬁdﬁf/‘C/ esS

peh}?/?e/‘cz/ collisSions:
/arge Impact parameter 4

— Jowo né(méer of pCZrZ(/‘CI‘/’QnZ‘S
—‘> / oL Mé(/ Z(/p/ /C/‘Z(y

UrQMD FrankfurtM
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(7lactber node!/ — a des cr/pZ‘/on of
/]ea\/}/ —1ON CO/ / 1S10NS

Peripheral Collision Semi-Central Collision Central Collision

“ é é central collisions:

mall impact parameter &
SpeCZ‘QZ‘o/\S o st pevanes

- /7/3/7 netmiber of pdrf/‘CfpanZ‘ S
. . - /7/5/7 energy dens /‘fy
lp d" Z/ CIP an{\s - /drﬁe volirie
a,éa roounded 1t /eons - /arge number of produced
partic/es

per/phera/ collisSions:

IMPQCf Pdl‘d/)’lefel‘ b5 measSwred as: / arge 1mpact parameler 4
Fraction of cross section Cenf/‘a//fy i -/ O/“) ’7“”75/8’: 7’?? articipants
Netmber of participants =2 low multiplicity

Netmber of nuc/eon—nwcleon collisions
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£Xper/men2‘ a/ contro/ of collision geomefry

T T T T T T T T T T T T
- (b) CMS PbPb \ﬁ: 2.76 TeVv

J! 10°

>Z/oa.) Can e mMeasSure /‘Mpacz‘ leonoh
paramefer 17 /78&\/}/ —1 07 ;
collisions?

=2 Correlate obS er\/aé/ eSS

cConnecled on/ y A}/ 330/)7@2‘/‘}/

:—5102
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0 l.l | I |
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Sum HF Energy (TeV)

pe%;‘ CenZ‘l‘d/
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{/arﬂon-’ “NZ post central’)



ZZA/A(C/ear 330»7&2‘/‘}/ — 6/ aaéer Moa/e/
and Ahard ( /7{9%—-@2 ) processes

— @ aom. — Normalized nuclear density r(b,z):
X @ [dzdbp(b,z) =1

Nuclear thickness function T A( b) = f dz p( b, Z)

Inelastic cross section for p+A: (); ’fl = f dl; (1 - [1 -1 A(b) OJ]\]’Q;I :IA)

1\

'a . p+A 1S incoherent superposition of N+N collisions

Ozjrd 4 O,ham’ f de ( ) A had *J
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6/ aaéer sca/ "’75 of’ hard prOCeS SesS

Glauber scaling:L UpA

0., for 7 GeV muons on nuclei

M.May et al, Phys Rev Lett 35, 407 (1975) Opyrel Yan/A in p+A at SPS
r -
3 PRELIMINARY

° p#-p Inelastic 3 0.16
O°3<q2<3-5 . A!m E |
Ein = 7 2 GeV » - . .o |
S04 - qq = u u ]
£ |
A1 .00 P 0 ‘
i o S S 012 - 1
Yield [Nucteus '/" Phatoabsorption B [ {

’ %QI‘O/ Cross— 0.1 - . . ; B
' ; ] 1 ¢
Section , ‘
104 . 0.08
scales 1»r [
P( M A as A 0.06 - NA50 Phys Lett B553, 167"
A . |
D. : l 0.04 e A A A A A 2 A hhod ad
10 o 1 10 10 "

Experimental control in heaty—ron collisions?
=2 direct photons, Z s y MeASULre /94 collisions (discussed /ater...



o4 Central /‘fy measSurenent: wse of Che G/ aaéer mode/

//7 an eXper/“MenZ‘

e Fraction of cross section, 2 approaches:
e it with Glauber Monte Carlo

e Correct: subtract BG, efficiency and
integrate multiplicity distributions

® Nparts Neois Npect: r€quire Glauber fit
(computed using cuts on impact parameter)

e Estimators:
VO, SPD clusters, TPC tracks, ZDCs, ...

e /DC measures N ;

spect- t€8t of Glauber picture

m 3 L] T L 1] 1] ‘ 1 1] L L L L] 1 1] T ' 1] T L T T
=19 E Pb-Pb at\ s, = 2.76 TeV k FaGE: pertormance
4 + Data [
w —— Glauber fit L 3 ALICE
102 NBD x f Ncoll + (1-f)N [ PERFORMANCE ]
\ 1=0.194, 1=29.003, k=1.202 P31t 2
10 g .
10 0 1000
1 =
IR 8 2 2 o .
o o o o =3 =
o | < ™ Y - H °
1 1 I 1 1 1 I 1 1 1 1 1 1 I 1 1 l 1 1 1 I 1 1 1 I L 1 1 I 1 1 1 l 1 1 1 l 1
0 2000 4000 6000 8000 1000012000 1400016000 18000 20000

VZERO Amplitude (a.u.)

ALI-PERF-400

| N

e Glauber fit ingredients

e \Woods-Saxon (constrained by low
energy electron-nucleus scattering)

* Inelastic pp cross section
(measured by ALICE)

e Nucleons follow straight line trajectories,
interact based on their distance

==

. Com»pute (fit) observables assurﬁ’in:
=N,y +(1-a)'N

Several detectors

ancestors coll

= B Sk TR A N
P - o ZDCvsZEM (4.8<n<5.7) ]
- - v VOA (2.8<1<5.1) .
g 2.5¢ VOC (-3.7< 1<-1.7) —
= " TPC (In|<0.8) ALICE :
2 - + SPD (I'l]|<1.4) PERFORMANCE g
S 2F o VoA+VOC 4
° ' .
o 19F ' E
o 1= =
3] n .
Q o5f ““‘._‘ ALICE Performance -
> ¥ _ _ 13/05/2011 ]
_ Normalized to N,,, in detector agceptance

v T
0 10 20 30 40 50 60 70 80
centrality percentile

= centralit

I-PERF-2196
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Energy dens /‘fy in AA

colliSions - (Y/IC edep/e

® ( calorimelers > MeasSLUre energy

@ =S5limdale Voltme of collision

%'or,éen enerqy dens /Zy-‘

AE, 1 1 dE,
€5 = 2
AV wmR T, dy
/ \
R~6.5 fm Time it takes to

thermalize system
(to ~ 1 fm/C)

> TR 2

1

STAR preliminary

10° Au+Au @ 200 GeV

1l

[

min. bias
4—-/_/

5% central

| IllllTlll LT

I

o FIIIIII‘ VT

100

50 150
EX" (GeV)
l | | | | | | | | | | | l | | | A 1 1 l 1 | 1 J
0 200 400 600 800 1000 1200
dE./d (GeV)

€27 = 5.0 63\//-/’»73 (%IC

~30 Cimes normal rnuclear density
~ 5 Cines 7 E it (latdice 4@>

Loil] see later: LYC ~ 3 x AYTC
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ﬁréi‘ : contro/ )
LUndersST ana//ng

— éef’ ore measSwutresrrents. ..
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2.76 ATeV

Pb+Pb @ sqrt(s)

2010-11-08 11:30:46

Fill

: 1482
Event : 0x00000000D3BBE693

Run : 137124
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Col/ 1 S1OM eVolLl Z1on

T, K, p, ...

\ m, K, p, ... tiTe f
St

—
Mid Rapidity

Hydrodynamic

Evolution Pre-Equilibrium

Phase (< 1)

b) with QGP

Note: Ahard 56@2‘5@/‘//735 occur earh }/ ( at Z‘~0> !
>f//3/7 enerﬁy parfoné ’ oIt hess ) the evolidion
and jets “testify” aboud their fate/CV

7 coo ,éey Z‘h/ngé Zo Follow —p g Cﬁe/y//ca/ Freeze—ouwl
Kinetic freeze—-out




89 7 herria/ e?a// L\ OFUAT ...
C/]e/)?/‘ca/ ard ,é/‘nez(/c freeze—owt
Chem/ca/ e?a// /‘A/‘/Z(M . v g pz dp

— : ‘ 7 n-=
correct relative partic/e abindances: i zfe(E—ﬂBBi—ﬂsSi—ﬂ313 )/T <1

27T
- /arﬁe Syéz‘em —> (arand Canonical
enSeMA/ e many /Oarf/c/ es ) conservalion /aeos

7T he ratios of proa’é(cesa’

on average - cherncal potentials PQ/‘Z(I‘C/ e y/‘e/ ds beleoeen

— Smal/ 5}/55&/)7 —~2 conservation /lacwos E- ——éy - Variods S peC/‘eS Can Ae

£ -> " canoncal suppression” (strangeness) fitted 2o determine T |
, M.

Kinetdic e?é(/ /i A)‘/ Ur — Fadi d/ £/oww:
- For any inderacting system of particles expanding into vacuum, radial #low i1s a nalural

Cons e?dende .
Dar/ng Zhe cascade process, an o/‘a/er/nﬂ of’ particles with Che /7/3/7855 Cormon L(na’er/y/ng
ve/ ociiy at the owler ea/ge deve/. ors natural. /y
‘//aa/ronS are released in Zhe £ina/ 65&3& arnd Cherefore measure ‘ FA ( EEZE-0U 74 ﬁmp. -
InSTructive 5/‘/)7// e paramei‘ rzatlion — radiall % boosted sowrce it A velocit % B and at V=0

3 E 3 3 E my cosh(y 1 I h h

d ]:] o e_/T;Ed ];[ 4N, Ee =m, cosh(y)e " ——dN < m,l, Py SNO(0) K, my COSh(P)

dp dp”  mydm;dgdy m, dm,; T T
Simple asswumptlion: wrtorm 1 anN Jﬂrz am. 1 (P sinh( ) ) % (mT cosh(p)) = tanh" (/))boast)

,‘ T 1

Sphere of /‘6‘20/ us ( and m. dm, Jo T T B/d St Wave rode/

boost \/e/oC/iy varies A vy T

linearly eo/ r p(r) = tanh” (ﬁT R =2 common 7 and B




Collision

e\/o/ LT 1OM

Hydrodynamic

Evolution . Pre-Equilibrium
Phase (< 1)

a) without QGP// \\ b) with QGP z
B

A

Feco notes:

We are interested in properties of §GP (/ifet/mes ~ few £r1/c ! )

Need Zo dféenfdng/e effecls Fror different phases

- not a Simple proé/e/yz Ay Principle’ detectors do NO7 measure these
Zime —-peﬁoo’é / /9/7@586 SepdraZ‘ e/y (detector: pa/‘Z‘/c/ es afler hadronzation! >
=2 npeed For deta/ é(na’erSfana//ng of Che ph/Sics processes, partic/e
production, dynanncs of The systenr in each p/mSe( ) , eZc

=2 pode/ /ng , Various as Sé(/y/pf/‘oné “«<% p/ a/ arn /hmporfdnf role in 7/7}/5 1CS5
1nlerprelation

Need £or control/ of Che intial conditions ) Seomez(/‘y of the collision ) ZA e
inConrnng parton distribetions (nwclear—PDF vis nucleon—PDF) ...
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Meas renents. ..
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Lhat 15 Aot and whatd 15 not: Thernrial radicdion Frosr a Sowrce

Remote Temperature Sensing

Y
i

Red Hot White Hot

e Hot Objects produce thermal RED
spectrum of EM radiation. HOT

e Red clothes are NOT red hot,
reflected light is not thermal. SB Stores

Photon measurements must distinguish Not Red Hot!
thermal radiation from other sources: ’

HADRONS!!!

Ttomas K Hemmeck
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10

—
e
—_

1072

Number of Photons

Ed®N/dp
=

107

Photons — K ITC

T, = 4-8 trillion Kelvin

Gold-Gold

Photons

Proton-Proton

|
-
N
w

2x105m  0.5x1015m Pr(CeVic)

Photon Wavelength

4 5 6 7

- ® D.d’Enterria & D. Peressounko
',t'_roo — o S. Rasanen et al.
- E A D.K. Srivastava et al.
600— L™ I S. Turbide et al.
- * F.Liuetal.
S00E T @ J.Alametal
400 .
300 b
200
100
: 1 1 1 1 l 1 1 1 1
% 0.1 0.2 0.3 0.4 05 0.6 0.7
T, (fmic)

Ennssion rate arnd
distribection
consistent coith
e?é(// /‘A/‘Qfea/ maller

7~300-600 MeV




= [/ C —& 7P Shines Al‘/:g/’lz(
— Zherma/ p/}oZ‘onS

Production cross-section&; P

| | I | ! | I | | | I | | ! | | | !

Lol

L S

of photons in central Pb-3 * 0-40% PD-Pb, Sy = 276 TeV E
Pb collisions s S B

Dl 3, T e

Photons shining from the§1o-2§ o .
plasma (thermal emission) Ej E
the LHC Quark-Gluon &
Plasma is the hottest ‘°’7OE"£ T LT
man-made matter pr (GeV/c)

Inverse slope of the exponential fit (p;<2 GeV/c): 304 +/- 51 MeV
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Ccz/ /‘AI‘QZ(I‘Oh

measSerer1ernts ...



4

#I colliSions: Parz‘/c/ e proa/acf/on

Energy dependence Comparison to predictions
¥ | @ PbPb(0-5%)ALICE pp NSD ALICE e O AL el
810/~ ® PbPb(0-5 %) NA50 oppNSDCMs /| —— Buszafd) |
< A AuAu(0-5 %) BRAHMS + pp NSD CDF | 227 HIJING 2.0 [5]
.3 | * AuAu(0-5%) PHENIX ¢ pp NSD UAS5 /< §015 ° DPMJET Ill [6)
o 8| [] AuAu(0-5%)STAR * pp NSD UA1 . uaMD([7] |
g - ¥V AuAu(0-6 %) PHOBOS x pp NSD STAR —o— Albacete [8)
—_—
= - Levin et al. [9]
O 6 1l ot Kharzeev et al. [10)
'cc: — Kharzeev et al. [10]
Z 4 - - Kharzeev et al. [11]
E . - Armesto et al. [12]
i ° Eskola et al. [13]
2} e Bozeketal[14] |
s — e Sarkisyan et al. [15]
0 | ) Il L1l ! Il 1 Ll N 1 —_’— L N N L N N Humanic [1 6]
3 1000 1500 2000
10° 100 \[s (GeV) dN,,/dn

PRL 105, 252301 (2010)
Energy dependence
p-p ~ SNNO'H
A-A ~ s, 21> (most central - 2x RHIC)
— stronger rise than log extrapolation




47

WT collisions: Pardicl/e production

Energy dependence Comparison to predictions
~ ® PbPb(0-5 %) ALICE pp NSD ALICE SR . o= S ALICE
810~ ® PbPb(0-5 %) NA50 oppNSDCMs /| O e Buszafg) |
< A AuAu(0-5 %) BRAHMS + pp NSD CDF | 2277 HIJING 2.0 [5]
.3 | * AuAu(0-5%) PHENIX ¢ pp NSD UAS5 e sg;'s ° DPMJET Il [6]
o' 8} [ AuAu(0-5 %) STAR * ppNSDULAT  ~ | - uaQmof[7zg
-y - ¥ AuAu(0-6 %) PHOBOS x pp NSD STAR o Albacete (8]
= AA B Levin et al. [9)
B 6 0 1ol Kharzeev et al. [10)
'cca - — Kharzeev et al. [10]
% 4 P Kharzeev et al. [11]
S P Armesto et al. [12]
. A RN S °« Eskolaetal. [13]
2+ . Bozek et al. [14]
i ——y—— Sarkisyan et al. [15]
0 S SR — L T . . Humanic[16]
3 1000 1500 2000
10° 100 \[syy (GeV) dN,,/dn

PRL 105, 252301 (2010)
Feedback within the heavy-ion community:
1. Multiplicity is crucial [input] for modeling
2. Saturation models tend to predict lower multiplicity
3. Data driven extrapolations did not seem to anticipate the
results




%/I colliSions: per‘/‘C/ e proa/acf/on

Energy dependence Comparison to predictions
¥ | @ PbPb(0-5%)ALICE ppNSD ALICE | & AL el
810/~ ® PbPb(0-5 %) NA50 oppNSDCMs /| —— Buszafd) |
< A AuAu(0-5 %) BRAHMS + pp NSD CDF | 227 HIJING 2.0 [5]
.3 | * AuAu(0-5%) PHENIX ¢ pp NSD UAS5 o 015 ° DPMJET Ill [6)
o 8| [] AuAu(0-5%)STAR * pp NSD UA1 . uaMD([7] |
g - ¥V AuAu(0-6 %) PHOBOS x pp NSD STAR —o— Albacete [8)
—_—
= - Levin et al. [9]
O 6 1l ot Kharzeev et al. [10)
'cc: — Kharzeev et al. [10]
Z 4 - - Kharzeev et al. [11]
E . - Armesto et al. [12]
i ° Eskola et al. [13]
2} e Bozeketal[14] |
s — e Sarkisyan et al. [15]
0 | ) Il L1l ! Il 1 Ll N 1 —_’— L N N L N N Humanic [1 6]
3 1000 1500 2000
10° 100 \[s (GeV) dN,,/dn

PRL 105, 252301 (2010)
Energy dependence
~ 0.11
P-P SNN
A-A ~ s, 01> (most central

— stronger rise than log extrapo{n




CCZ/ /‘A/‘QZ(I‘O/? . pI‘OZ(OH—'f4 CO/ / /‘5 /‘OHS
y2 ~Pb ren ongo/ng at /s very monent!

More a’é(/‘/ng Zhe rnext /eclures...

Pb P

> <

c.m. frame fhlft°d by Ay = -0.465

pr H 502TeV

jo—
L
=
0 —
% 1oL HIJING:
-« ALICENSD ---- %1 no sohgg.
B —2cz.1 S =U.
- Sat. Models: 9
5—— |P-Sat BEZ.O no shad.
B KLN — BB2.0 with shad.
: ....... chK ........ DPMJET
| I | | | | | | |
0 -2 0 2

1”'Iab

ALICE: arXiv: 1210.3615

Basic measurement allows to
discriminate between models

Data favors models that
incorporate shadowing

Saturation models predict
much steeper n-dependence
not seen in the data
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fnergy dens /‘Z‘y : R TC 2o LYC

Lyc > 2 .5 X ( WIC . eithun a volume ( per n//ZC/eon>

IIIIIIIIIIIIIII]I]]I]]I]II]]]'] IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'II

i CMS 0 ... i e Inl <0.35 CMS _

© (N =384 = AMPT 160 1.7a< i <2.17 :

- PbPb\s=276 TeV o (N =157 — HYDJET 1.8 . C 4 2.65< Il <3.14 PbPb\'s\=2.76 TeV -

par . . AN — . . —

4| [Lat=031u0™ _c, —— Gaussian fit ] 14— Ldt=0.31ub” —

107 £ f ' e (N 1753 _ Landau-Carruthers 3 % [ B 3.49<Ml <3.84 f ]

- (N =16 _. | andau-Wong ] 5 B m 4.54<Inl <4.89 ]

- ° . < {2 —MI<0.35 HYDJET 1.8 Mo ——

< - . < - & PHENIX, Inl <0.35, 200 GeV ]

[eb) 7 = 10 -~ = PHENIX, Inl <0.35, 19.6 GeV N

OIS 3 .
'g - b Z 8
~ B | ~— L
= - - =~ B
L - = 6
) N
102 = = \I_ L

- m LLl 4 i

- ] E  m oo T ¢ ¥ ]

- - 2 _q}q}q}q}: ]

i = B x % * Kk ok Kk * o * ]

llll|llllllllllllllllllllllllll O lllllllllllllllllllllllllllllllllllllllll—

0 1 2 3 4 5 O 50 100 150 200 250 300 350 400
|Y]| < Npart >

L —

\/ery A ot Super dense? -2 what are iZs f/‘dn\Sporf )

properz“/es ... e é(no/d/)?enZ‘d/ @ CD ?&(&5 Zions
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5}/\5 lemalic conlro/: ’( >Z/IC VS Z.%/C

Centrality dependence of particle production

The same experiment under

vastly different conditions! ” o
o bR
g e

/ : ; 4 & be ¥
* Identical variation of particle ~ {:‘ 5 B <
production with centrality Y i ’\\'g
(volume) at RHIC and LHC! 24 12 =2
=> Global features of the system X | o Pb-Pb276 TeVALICE o Au-Au 0.2TeV { X
independent on energy B 2 « ppNSD2.76TeV —_11 8

Q = 7 Q

= Initial conditions! 2 [+ pplnel276TeV 1 3

- I | S

More on RHIC:

T/ 300 4oo
Phobos (Phys. Rev. Lett. 102, 142301 (2009)) CI) @ @

Centrality of the collisions: peripheral semi-central central

e — SRS



52%/oa) Zo MeaSLU e Z /73 a//menS 1ONS of
a SoulrCe... — 1 17 erf eromef ry

7 oo parf/c/eé enntled From Cwo /ocations ( 4 ,B>
eoithin a s /ng/ e Source.
T hese teo are detlected Ay detector elemerts (1,2).

+ e

A — 1 (eik{‘ (r=7,)" eikfl (ry=1,)"

quantum phenomenon: enhancement of ) .
correlation function for identical bosons ] — ‘A‘ — 1 + i(k, _kl)ﬂ (v, =1 )M +C.C

from Heisenberg’s uncertainty principle

iklﬂ (r =1 )Y eikzﬂ (r,-r, )Y )

The intensity interference between the two point sources | [5TAR preliminan]

is an oscillator depending upon the relative R I i lo %
momentum g=k2-k1, and the relative emission e o soet| | /', .«
position! ’ w_ |, faons T fe / T
N AN e _
Clpy.py) = —AL2N/ A pd p2) By fﬁm Pl 54 T e, | ook sawan
' IfElt'f_-""fr_fldaj'}ljlegfL""tr_fdgj'_?g:I = Y ol
Correlalion function swurimed incoherent /y (ot egr Zior over M, (GeVic?) | |

a// /oa/ré of Source /Oo/nZ‘ S > in a Function of 4/—/)70/)7&/7{4(/)7'
Swums and differences ( 4 ,%) — ex?ract? Source dimensSions:

C(q.K) =12 A(K)exp(- R(K)g? - R*(K)q - R*(K)q? )



55%/014) Zo measSuUre Z‘//e a//menS 1ons of
a Sowurce... — interste eromelr/

7 oo pa/‘Z‘/‘C/ es erntted Ffron two locations (A ,5>

eothin a s "”3/ e Source.
7/2)40 So 2 ko AoHorrFoA An/ Ao FAr ,o/pmlonf< (l 2>,

F rsSt wsed wonith Phofoné 1n CAe 12505 Ay
aslronorrers V/dnéé(ry Broeon and Teoiss - Aence
%/3 7 measSuremnents 1hn /ledvy —lon colliSions...
T = D measured Size of star Sirius Ay d/‘/)?/‘ng at 17

feoo p/?oZ‘ ot/ /p/ 1erS Separdf ed Ay a Few melres
- N

|S. Bekele, SQM2003|

EIEEdN’;HEPIdgg}'?.] E;ﬂg - fd‘l::rﬁ"(:r.ﬁ]
(E1dN [/d3py)(EadN [d3py) p

R g (11}
L ]

Clp1.p2) =

Correlation function Swurmed rncorierent/ (Vi ( /nieﬂrdz‘ ron over

(™)
53
=%
™
==
.I‘-|.
G!I-
-r_-u-
o
o=
-._.-'ﬂ-
o [l ]
o

a// /Od/‘/‘S of Sowurce po/nf\s > n a function of 4/-'/)70/)78/754(/)7'
sums and differences (o L) — extract sowrce dimensions:

Qsids
-
Giong

C(q.K) =12 A(K)exp(- R(K)g? - R*(K)q - R*(K)q? )
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Pardic/e production’ source
dimensirons

—~ 400———— _
c C A E89527,3.3,3.8, 4.3 GeV -
S 350 A NA4987,125,17.3 GeV E
£ - B CERES 17.3 GeV .
C 300F * STAR62.4,200 GeV E
> - O PHOBOS 62.4, 200 GeV ]
L 250F ® ALICE 2760 GeV =
T o00E E
150F- g%% x 3
100F & A 3
50 3

% 500 1000 1500 2000
(dN h/d1r|)
(o]
I — ———— N

1. Energy dependence: Phys.Lett.B 696:328-337,2011

 system with larger (2x) volume and (1.4x) lifetime (w.r.t RHIC); follows the
trend of multiplicity; faster expansion <=> larger collective flow

2. Pair momentum dependence:
* larger radii, strong dependence on kT; Rout/Rside smaller than at RHIC;
overall agreement with extrapolations

3. Important constrains to [hydrodynamical] modelling

e — S
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Pardic/e production’ Source

[N [N
dimensrons
co’\400— """"""""""" 1 o — 1 - 1 1 1 1 1
= C Ao E89527,3.3,3.8,4.3GeV 1 € oL 4 E89527,33,38 43GeV
< 350 A NA4987,125,17.3 GeV 3 E '°F A NA4987,12517.3Gev
g - B CERES 17.3 GeV 1 « .. | ®m CERES17.3GeV @
C_ 300F * STAR62.4, 200 GeV - 10 % STAR®62.4, 200 GeV
° - O PHOBOS 62.4, 200 GeV . . O PHOBOS 62.4, 200 GeV
D;S 250F ®  ALICE 2760 GeV = gk ® ALICE 2760 GeV
o ~ _ i ¥
T o00b = : Zé ﬁ
- = . 6 &
150 E_ £ % % = . _ W
100 E A -
50F = 2r
0 = R T E oL ]
0 500 1000 1500 2000 0 2 4 6 8 10 12 14
1/3
(chh/dn ) (dN /dn)

1. Energy dependence: Phys.Lett.B 696:328-337,2011

 system with larger (2x) volume and (1.4x) lifetime (w.r.t RHIC); follows the
trend of multiplicity; faster expansion <=> larger collective flow

2. Pair momentum dependence:
* larger radii, strong dependence on kT; Rout/Rside smaller than at RHIC;
overall agreement with extrapolations

3. Important constrains to [hydrodynamical] modelling




o6 ﬂefﬂ?d/ e?a// /‘5I‘/‘A(M .
C/]e/)?/‘ca/ ard ,é/‘nez(/c freeze—owt
C/?e/y//‘ca/ e?a// /A/‘/Z(M .

— correct re/ative parz‘ icle abundances?

- large systenrr -2 Grand Canonical/
ensemble: many particles; conservation lacos

Y =

7T he ratios of proa’acega’

o & pdp
J 7

7 ;
—ugB;—u,S; — sl )/T +1

on average - cherncal potentials PQ/‘Z(I‘C/ e y/‘e/ ds beleoeen

— Smal/ SySZeM —~2 conservation /lacwos E- ——éy - Variods S peC/‘eS Can Ae

£ -> " canoncal suppression” (strangeness) fitted 2o determine T |
, M.

Kinetdic e?é(/ /i A)‘/ Ur — Fadi d/ £/oww:
- For any inderacting system of particles expanding into vacuum, radial #low i1s a nalural

Cons e?dende .
Dar/ng Zhe cascade process, an o/‘a/er/nﬂ of’ particles with Che /7/3/7855 Cormon L(na’er/y/ng
ve/ ociiy at the owler ea/ge deve/. ors natural. /y
‘//aa/roné are released in Zhe £ina/ 65&3& arnd Cherefore measure ‘ FA ( EEZE-0U f 779/)7/. -
InSTructive 5/‘/)7// e paramei‘ rzatlion — radiall % boosted sowrce it A velocit % B and at V=0

3 E 3 3 E my cosh(y 1 I h h
d ]27 o e_/T;Ed ];[ — d"N o Ee_/T =m, cosh(y)e_ h % _d_N o mTIO pT SN (p) K1 mT COS (,O)
dp dp”  mydm;dgdy m, dm,; T T
S/M/O/e assumptlion’ Uniforn 1 dN ; Jﬂrzdrm L (P sinh(p) )K (mT cosh( ,0)) 0 = tanh” (/))boost)
o re ; rdo 1
Sphere oF M.zd “s fand my dmy 0 I I Blast tave mode/
boost Ve/odziy varies N
linearly co/ r: p(r) = tanh” (/J’T = =2 common 7T and B




Y Statistical hadronzalion of Zhe
SYS Zerr (Lhermalized 5y5z‘em 7)

Daz‘a az‘ ( >//IC = S/M//dl‘ 7(’ igetre

Grand-canonical - SQM11 Pb-Pb \sﬂ,,,:z?mev
e el D S F -
10"
ensemble anaIyS|s T T T T o oo o
1 AR
N oV f | : Preliminary :
E—uBB,.)/Tchil o n R
| ———
T, Chemical freeze-out
temperature iR - R
10°° ? ' Data ALIGE 0- ED% (preilmlnary} *
: = -.i---- Model calc. withiparameters: .+ i GG
Mg Baryochemlcal : : T=!48 MeV: {p =1 Mev iu:ed} .
potential i  T=164 MeV,u SMev
104 Model AAndronlc et aI PLB 673 142 (2009)

K'inwt Kix plvt Pt Elt Tl Qv Qi

All yields (but protons) described by thermal model with T=164 MeV (and p, =1 MeV)
* Similar temperature as at RHIC, however proton/pion below the fit — the tension
already present at RHIC

e Strange particles constrain fit
* Conclusions are model independent (confirmed with THERMUS)
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Ia/enz(/‘/; ed parffc/ S
& eXpdtnS ron of Ae 5}/5{@/)7

‘a_ KU K — ° .
S 58 ALICE, Pb-Pb.AE < 2.76 TeV ftronger rac’i’la.l flow at the LHC
S P 20 PHENIX, Au-A{J(j_sw = 200 GeV Blast wave” fits to spectra indicate an
81 O7F ™ e, 7% STARAUAUNS, =200 GeV increase of the average radial boost velocity
. . . .
At "-., up to (2/3)c and a decrease in the kinetic
o € .
'c>f1 0? “e, freezeout temperature to just below 100
- ‘“Q.' o .
il et SR MeV relative to RHIC
Q. - “’“"‘3{ - o
e ! e’ .
=~ i M" teg? e : ~ 0.2 T T T
Z - * “ g 'f' » ,' a o Au-Au, pp, 0.2 TeV, =, K, p
10E . 0oB00pQn . Oae | ® g
QJC) - ¢ “HYogpn Sl . Pb-Pb, 2.76 TeV, =, K, p
- e e 2 0.15 —
0R - &3‘ =
O] ) R >
0 > o
— o D ALY
- ALICE Preliminary o Preliminary
- 0-5% most central 0.05 -l
1 0-1 Ll ] l 1 | ] ] | 1 l ] LA | ] l ] I
0 0.5 1 1.5 2 2.5 <
1 ] 1
(GeV/ C) % 0.2 0.4 0.6
<p> (c)

LHC: Large kinematic reach to explore
ALICE: excellent particle identification capabilities at the LHC

e —————
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yda/ on proa/ac{/on 147
/78@/}/—-/‘0/7 colliSions

4 5//:9/12‘ a//:greSSI‘on... KHIC vs LYC
I (LY/C: /7{9/73/‘ mMean pT— more
AL(Z‘ a non-=Zrivi d/ f:edzlé(/‘e ! £ ors)

omzs—l LI B S II-IITIII;II-IITII | LI m sz.s_' L | T 1 | B | LA T T 7 LN B L B B B
f ~ 1 @ Pb-Pb at \/s,,, = 2.76 TeV, |y|<0.75 » f Pb-Pb at\[s,,, = 2.76 TeV. |y|<0.75
< 1 & 0-5 % centrality . < - IO. .
o[ ® - 20-40 % centrality 21 i A 0-5% centrality — —
B S —¥— 40-60 % centrality | B . e ]
" Preliminary - 6080 % centrality | l gl ity
) —e— 80-90 % centrality -~ Prelimina Au-Au 200 GeV x /A STAR |
15 N —a— (pp atj_; =7TevV) 1 1.5 N Y s with 10% feeddorwnxcor‘r‘ecbon .
i (Pp 2tNs=0.9TeV) : O 0-5% centrality
L I ¢ 60-80% centrality
11 - s 4 -
I . - A
= + -
v ® 3 A
0.5 * _'__‘_ 05+ t - =l
: e N ) -
i —Q—_$_ [ @ ¥ f ——"L ‘
. ——
0 11 1 1 11 | P | 3 | 1 1-‘ 0 - ' BT |
0 1 2 3 4 5 6 7 8 0 5 6 c7; - 8
p, (GeVic) p. (GeVrc)

e
Much »ore Aczryons Zhan mesons in cextral

[ C Sinlar Yo K4 IC
Maiimeenr af s/ /3/7z‘/y /7/:3/’18/‘ 27"

collisions as compared to proton-proton
(coalescence / recombination? bel é’f:jef ?)



bell ,é ) k/.492(5 y medictm and 2T
aréz‘z‘rary regz‘on\s
and INFOKRMAL Lanqaaqe

2,5 ryrrJrrrrjrrrrJysrrrjrrrrrrrrt | L B
v Pb-Pb at\s.p. = 2.76 TeV, [yl<0.75 :
\ -
< | .

2 A 0-5% centrality —
I ALIC% * 60-80% centrality :
: Prelimina | Au-Au 200 GeV x A/A STAR
1.5 = ry AA“‘

0

bt . ‘ )
Zhermal, J ez‘ —Med' “r / e? dor ndz(ea/
" intermediate
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Yadrom zation of bet/f+ A ard

— parZ‘on COa/ eSCenCe

1: I PHENIX proton/x ratio |
. 1.6
1 Fries, Muller et al < F e proton/n*
st 10 Hwa, Yang et al < 1.40 = proton/n® 2y
'> 10_2 ] - Duke %
Q 12— Oregon =
O fragmenting parton: » TAMU w/ shower | 3
~ 10 1 1 1— == TAMU no shower g
=Zp, Z< - o~
-g 10 0.8 g
2 10° 3 S
2 ﬁ osf =
0.4
é 10°® recombining partons: E
" + 0.2 & NNL e,
- 107 P17P2=Pn N
(1]
10° . Y ® % 8B & & R T R R S R AN R N
2 3 4 5 6 7 8 9 10 -

Pr (GeV)

Recombination of
thermal (‘bulk’) partons
produces baryons at larger p-

Recombination enhances
baryon/meson ratio

Baryon

Note also: v, scaling
pT=3pT,parton

Meson
pT=2pT, parton

f
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Oar progre§5 .. = neX? # 2

10 us after - "
Big Bang ‘( Early Universe )/— . RHI%
/
Quark-Gluon
Tc ~ 170 MeV / A
: -
= )
©
o |Hadron gas
Q
5 )
=~ Nuclear ~/ _ -
matter , / _- Neutron Star)
Barvon densit ~5-10 nuclear
g. ~1 GeV/fm3 y yp

4 reC/Pe 3

l. 5/)7@5/7 necler o drive Z‘/’}e 5}/558/)7 Zo Z/’/e

Neeo p/?@ée R predict ...
2. Tden?iA v the Xs /:9/?62{&(/‘85 K of Che medicn
Ay *proéfng* 1S resS  PONSe / properf/‘eS
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Ut/ noeo...

O Y/eavy—-/on collisSions at /7/3/7 "ehel‘gl‘exf-'
O /7/3/1 -—energy dens /‘Z‘y

O Vl=ra ) deconfined matter «ith ?aaré and 3/ Uon
a/egreeS of” £reedorr p/aéma - @ép> —

SZ(/‘ons/ v COap/ ed SySZ‘eM

' 52‘@51‘55 /ca/ de5cr/pz‘ ron of re/ dZ‘/\/e /pari/c/ e
metltiplicities

O Conimon vel oC/Z‘y — eXpan\S/on of’ the 6}/52‘8/)7

O Pardic/e proa/acf ron: Aaryon —Zo-—rmesSon arnonal %
( /‘eComé/ndZ‘/on / coalesCence pProcCessSes >

® Mediet 7 properf jes do be measured...
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properz(/eS o @6 yA
cwith particle
corre/ations
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4thdthW@akvcwymmméyﬁn
ﬁd/‘f/‘C/ e Proa/ Lt ron

( = arctan Py

pI

Px

( hvdrodynamicszz ) <pi>—<p§>

()~ (=) (p)+(p)

= <y2> N <x2> Final momentum anisotropy

Reaction plane defined by
“soft” (low p;) particles

Ap=p—

Initial spatial anisotropy

Reaction Plane

dN

Elliptic flow dASO ox | -+ Q@COS(QASO)
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4 Z1 7L f/’ld/ arns ofl‘opy

PRL 105, 252302 (2010)

Energy dependence of v2 & 0P !

008 Y ! ! ! ] Two-particle 0.1} e ot ° > 1]

0.06 |- ; ¢ 3 methods i ° . ]

n fk%k ] _ . - o O, "5 7

0.04 - 5% - Multi-particle 0.08[- .. ]

0.02 Y 2" 1 methods - e 3

V2 - ® ALICE . = o® -

- f % STAR . 0.06 m —

< 0 i S < PHOBOS —] i i ]

v O PHENIX | o V,{2} ]

-0.02 |- B NA49 - 0.04 — S zzﬁi (same charge) -

- © CERES . - o i vi{4} (same charge) -

-0.04 - + E877 — O i & v,{q-dist} -

s X EOS . 0.02 }'H: s v|LYZ} ]

-0.06 — * A E895 -] v,{EP} STAR ]

- ¥ FOPI . B v {LYZ} STAR _
B P P 00~ ""6"""20"""30 20 50 60 70 80

1 10 107 10° 10* erallt "
centrality percentile
\/Syy (GeV) yp

APS Viewpoint: A “Little Bang” arrives at the LHC (k. Shuryak)

1. Collective behavior observed in Pb-Pb collisions at LHC (integrated:
+0.3 v,HIC— consequence of larger <p,>) -> V,(p;) similar to RHIC —
almost ideal fluid at LHC ? Similar observation down to 39GeV!

2. New input to the energy dependence of collective flow

3. Additional constraints on Eq-Of-State and transport properties




o ( e/ AZlvistic (/‘a/ed/ > hya’roa’ana/n/c\f

e
mll

0.05

Anisotropy Parameter v,

o

Heinz ‘04

I
PHENIX

T ¢ T+
K A K*iK'
P O p+p

Light particles

#
-
-
{:}.r
-
’
-,

o 4T A ¢+

.
at -
" E
: -
-
-
L=
-
-

FEEREEE N Bk

|
STAR
A Kg

® A+A ,'f;’

9, T" =0

shear viscosity 7 = 0

Mass hierarchy vs
momentum is
characteristic of common
velocity distribution

|
0.5

Transverse Momentum p, (GeV/c)

‘ ldeal hydro: qualitative agreement but missing the details
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5/7@62/‘ \//SCOS/Zy in £letds ...

F \Y
N =T 7~ P(V) Ay

'@ Properties are counter-intuitive:

Weak coupling

e small cross section, long mean free path
=> large viscosity

Strong coupling
e large cross section, small mean free path
=> small viscosity

N—0: strongly coupled (perfect) fluid
n—>: weakly coupled (ideal) gas

e



2 GP / /‘?M 1d— Aoew pe/*/’ ecl 1S per/’ ecl?

Study elliptic flow of matter

30 " 1 y T y l
e sdTei\lREP | I ‘ 0.1 Hydro: Luzum ‘10
95 | w— i . Y - AN BN I I
o -is=003 |+ PON-VRGOUS ALICE DATA-LHC| .|, ., -
ol (o= W/s=0.08= 1/(4n) 0.1 o e -
o< |0 w 5=0.16 W . : i W ]
= | ¥ iy, st STARGE2 008 -
= 1cL - ¢ _ ' _ . I i
g 15 gty nefe estimated 0.06 [ : -
>”10“ St removal Db e . :
- ' . 04— = s VALYZ —
of non-flow Y Y g cut (€GO) :
i 0.02 - ~1T | v, with P, gnt (Glauber) 7
5 Romatschke ‘08 - ______ Z:Z :((;Eﬁl))er) ]
| | | | O 70 20 30 20 50 60 70 80
)= : ‘ ; centrality percentile
0 1 2 3 4
p,[GeV]
Shear viscosity — lower limit: 7] 1 A/fonso!
KSS (string theory); Gyullassy-Danielewicz o a,
(quantum mechanics + ballistic theory) S 47-(- YQSZ(QI‘ Qy- o

Hot, deconfined QCD matter flows as an almost perfect fluid
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7Zuo pd/‘Z‘/‘C/ e Correl alrons

A - azimuthal angle difference

angle in the transverse plane

An - longitudinal - pseudo-rapidity

z distance
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Sens /Z(/\//‘Z(y of parz‘/c/ e Ccorrel alions

o different wnder/ }/"’?9 p/[}/\s 1S

Two-particle correlations
- conditional [per-trigger] yields

p. 3-4, p] 2-2.5,0-10%

1 dNgssoc and L d? Nyssoc
Nirig dAp Nirig dApdAn
At Low-p;: | -
. Ridge
__Hydrodynamics, flow
At High-p;:

Discussed /aler...
Quenching/suppression,

broadening

ICP‘ Yields in central v.s. peripheral
collisions

| A 4: Yields in A-A compared to p-p

C(Ap, An)
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’ Beyond " vz
Aigher moments -2 Ffluctuations / hotspots

— ~ 1+ 2v5 cos(2A¢ ‘

dsp A s
Non-zero!
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C(Ad)

ratio

1.015

1.01

1.005

0.995

0.99

1.002L

0.998}

72)0 -—pdl‘Z‘ 1Cle correl alrons -

Fo&(/‘/‘er dedompoé 1Z1on

Pb-Pb 2.76 TeV
0-10%

Pb-Pb 2.76 TeV, 0-2% central

t
B *, 2 < P, < 2.5 GeVic
i 1.5 <p; <2 GeVic
- * : 0.8 < |An| < 1.8
R N N ot WP )
. a g LY, i m-i i
l? P \*“’# ,;:? xh_.f / H___/; 4
» 4 P
| ¥
¥indf=33.3/35
1 1 | 1 | 1 1 1 | 1
— 1
' *

k

Integration of the correlation function in
0.8 < |An| < 1.8 (long) and Fourier decomposition
Collective flow: the coefficients factorize V_,=v (p;')v,.(p;")
1 Anmax
C(49)= Aﬂmax—ﬁnmmf"”mm C( i, 49)~1+20 ¥ oyc05(n49)
Pair-wise coefficients

0.35+ . 5F 5
& Centrality | - Centrality
0.3+ — 0-2% ——40-50%
4__
0.25+ 2<p. <2.5GeVic ——20-30%
[#] 1.5 <p2 <2 GeVic 3 e 10-20%
f?; 0.2 rg 1 —=—2-10%
e - T Do
=015.| = 1 ~—0-2%
> = 2 - N 2 <p! <2.5GeVic
0.1 1 1.5<p* <2 GeVic
0.05-F T
0 g 0{=8= Y L ——
N A
n n

Few components describe the low-pT correlations
< Strong near side ridge and double-peak on the away
& Also recoil jet up to p,'"e>8 & p,@*°°¢ 6-8 in central
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Correlactions & Aydrodynanncs...

Long range correlations — collective flow: the coefficients must factorize such that:

VnA:<COS[n(¢trig_¢assoc (Ptrig_syn ><COS[I’I ¢assoc_SUn > (p?”lg) "( D*aSSOC)
arX|lvl. 1_1 09.2501

)={cos|n

Global fit S.P. (CERN-PH-EP-2011-073) = AR
& 02% Centrality 0-1%, Inl <0.8 .
08<|An<18  1.0<An|<1.6 S S e ]
o -8~ 30-40% 1.008 : s 345{2 IAnl > 1}
.25 Pb-Pb :
2.76 TeV _.-‘ i o ; * 5P 0-2% 1.006¢ C(ACI) 1+Zv CoS A(I)j
0.2+ °" +- 1.004 | o) - — A
= -+-5P3{'.I-4ﬁ% B
=015+ ¢ o : 1.002
S ort S ©
= -
>
o .'. a E 0.998
. ——-. DDB . ‘ = TP [ e
e B QMA11 0.996
i l 0.994
: I : I : I : : : Igtati:sticl-al e:rrurlfunlg : 0992f| |
0 1 2 3 4 5] 6 7 8

P, {GeVic) PRL, 107, 032301 (2011)  A¢ (rad.)

Global fits show:

- Collective flow dominates to about 3-4 GeV/c for all n>1

- Description breaks for high pT or peripheral collisions

- For low pT: double peak and ridge structures seen in two particle correlations are
naturally explained by measured anisotropic flow coefficients
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)*’// 3/73/‘ Aarmonccs w.rZ. To event p/ ane

0.1

0.05

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
[ v, Glauber n/s=0.08

— ..V, CGC 1}/5=0.16

ALICE
& V2{2, An > 1}

Vo{2, An > 1}

V{2, An>1}

v,{4}

VWF!P

100 x vg,q,g

+ @ [ ¥ H

L1 1 ! | | ;.‘I | | | I'I | | | I.I | | | I.I | | L1 1 1 | | ] O | |*.I' I — |

0 10 20 30 40 50 60 70 80

0.3}

centrality percentile
- Centrality 30-40% Model: Schenke et al, hydro,

o V.{2} i .

. Vi{g} full- | An| > 0.2 Glauber init. conditions
™ v4{2} open:|An|>10 .-

+ =

Alver, Roland, 2010

vV, - triangular flow :

- weak centrality dependence
- vanishes as expected when
measured w.r.t. reaction plane

Similar pT dependence for all v,

Higher harmonics - additional [/
constraints on n/s -

n/s small, similar as at RHIC

e
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Jed —rredists7—F) oo cOap/ /ng
via o particle correlations?

data points:
0.9 STAR preliminary
Vacuum Static medium: Flowing medium: 0.8 _ A:n rms
(reference) Broadening Anisotropic shape 0k A
+ | +
0.5 —
ool i # +
Ii P +]
o _ A Near o
i o i
3 Agp rms
v : ®. Near o, P
0 000 200 300 400 500 600 . 700
dN_,/dn
T — S
N. Armesto, C. Salgado, U. Wiedemann: PRL 93,242301 (2004)
Measuring the Collective Flow with Jets . ,
[PRL 93,242301 (2004)] = [_y/c 7 — profe Jef S

+ Sorechal »ore

£loeo...
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wWider pe@é in central collisions

Je? "fedlé S /7@?8 Peripheral and p-p Sirular shape

o / A(Z‘ , on — , nZ( erne A azl o 27/55/‘0173 P77 dependence
= Characterize Zhe pe@é

0-10% 60-70% op

>
2 GeVic < Priig < 3 GeVic 2 GeVic < Priig © 3 GeVic 2 GeVic < Prig < 3 GeVic
2 < pT,trlg < 3 G eV - 1GeVic < pTvassgoc < 2 GeVic 1 GeVic < pT,assgoc < 2 GeVic % / 1GeVic < pT‘aS:DC <2 GeVic
ALICE ) .. Pb-Pb 2.76 TeV 0-10% ALICE Pb-Pb 2.76 TeV 60-70% ALICE - pp 2.76 TeV
1< pT aSSOC< 2 G eV »(—_c; 0.355< PREL_I_MINFIR‘( 1 Iﬂl <09 *‘—_c“\ 05% PRELIMINHI?V IHI < 0.9 ;&; 05% _PRELIMINFIRY . IHI < 0.9
T o. T 04 T o4 o
=y : . g 03 g ] _
o T A I S S W .
- 0 AR VAL e o 0.24 e - . R kD \\ :
g 0. 4/ wi‘l"!l""‘\\“‘“k - - § 01 //I/' \\ o g -2 e /I""‘ \\\ ' o
Zg . ‘%%(l,;\!'\"\\"\\\"\‘:\\\\;ﬂ o | Z% | ¥ h'{" A“I‘\‘\ Y . . Z% 0.19- o i II‘“‘ A“\\“\ : . -
S, os. VWG EORE UL G %, 00 gt -
z ) z b 3 z :
< 15 ‘ ) < 15 = - .
<1,1.0 <7,,1.0 ; " 7,1
A 7 s A 705 s A 0.5 s
1.0 | v J 10 . 1. .
n 0.5 - e 0.0 0.5 AQ k\"ad.\ n 0.5 - 'y 0.0 0.5 AQ Uad.\ 0.5 - _ 0 95, Uad‘\
1.5 45 1.0 7 A(p 1.5 45 1.0 ™ A(p 15 45 1.0 ™ A(p
P:
4 GeVic < Pririg <8 GeVic 4 GeVic < - < 8 GeVic 4 GeVic < Pl g < 8 GeVic
/ 2 GeVic < Py assoc < 3 GeVic % 2 GeVic < P assoc < 3 GeVic % 2 GeVic < P assoc < 3 GeVic
10- ALICE .| Pb-Pb2.76 TeV 0-10% ) ALICE ' Pb-Pb 2.76 TeV 60-70% ALICE e pp 2.76 TeV
g U5 _PRELIMINARY [l < 0.9 ; 1.0 PRELIMINI?II?‘.(. ] < 0.9 ; TN\ PRELIMINARY Il < 0.9
S 08 £ £ os-
§ 0.6 g 3o
Y £ ox "‘\\" g S o4
zm [!“‘\“ zE zé '
4<p <8 GeV=, % % o00]
B ‘_{ 1.5 ‘-Z; g 5
2 pT assoc< 3 GeV™ |
1.5 A An
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MedS ar/ng a.)/‘a/Z‘/’lé oF Z‘/?e correl al1ons 1h

azimuth and psecdo-rapidity

0.8 ~ 2<pr <3 1<p;,<2GeVic

- :::Ebv;sri\: 4 < th <8 2< pTa <3 GeVic

0.7 _._{-ql..s:.o,g ................ ..................................... PRELIMINRRY ..... ............................................................................... f ........

Vacuum Static medium: Flowing medium:

—~~
=
4—

~

(reference) Broadening Anisotropic shape é_
©

3
)

/ o
s
. : s e : : :
| : i | : H : :
| H—y | B i i - : : :
; ‘:::»:; 4 H H L e
| : . H
. : ;
H . i . ] : : : H
| / 5 : : : z
4 s ¥ -3 :
0.2 1 ] ] ] ] ] ] ] ] ] ] ] ] ] ]
0 20 pp

Centrallty| 100 pp Centrality

S — ————————

MQQSA(/‘Q of J&Z‘S « AMPT (A MultiPhase Transport Code)

- Initial conditions simulated using HIJING

/‘/72(8/‘ QCZ(/‘O/?\s w/‘z(/, - Parton scattering

- Hadronization: Lund model + coalescence

/Ohglz(é(alll?ﬂ/ 7[’/014) - Hadron scattering

( ’ > 3 + AMPT describes the main features of the
near-side shape evolution observed in data
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p—'pé CO/ / /‘5/‘0175 — NNCL fedfé(l‘e .I

Correlations for pairs of trigger and associated particles, pr;;>Pr 25500 @S
f(Ap,An), defined as associated yield per trigger particle

ALICE p-Pb arXiv:1212.2001

IR ) o cus
E m . observe an e/ongaiea/
«%3; T . structure in Augh-
" 1: ............. melipl 1City events /

U 53 Y Sisular as CMS in even in p—p eVents...
%f&:\,.% y ; 1w on
/0;. - \Sep L4
Y et Z A)/?o ordered f/?dz( 7’

Long range correlation
qgualitatively similar to CMS
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’ Extraction of Zhe r/‘a’ﬁe properties

Method: from the high-multiplicity yield subtract
the jet yield in low-multiplicity events (no ridge)

2<p,,.. <4GeVic p-Pb |5, = 5.02 TeV 2<p;,,, <4 GeVic p-Pb \ s, =5.02 TeV
60-100%

,,,,,

High multiplicity event class Low multiplicity event class
<dN,/dn>~ 35 <dN_/dn>~7

Analysis in multiplicity classes defined by the total charge in VZERO detector
(away from the central region)




> Extraction of Zhe r/‘a’ge properties

The method: from the high-multiplicity yield subtract
the jet yield in low-multiplicity events (no ridge)

2<p,,,<4GCGeVic p-Pb \'s,, = 5.02 TeV

71\ (0-20%) - (60-100%)

p-Pb |5, = 5.02 TeV
60-100%

p-Pb \'s, =5.02 TeV

0-20%

Low multiplicity event class "
Remaining correlation:

High multiplicity event class
<dN,/dn>~ 35 <dN_/dn>~7
two twin long range structures

Analysis in multiplicity classes defined by the total charge in VZERO detector
(away from the central region)




o 72)//7 r/‘a/ge Streclere wuncovered

— Q/ So I1» ff4 CO/ / 1SI1ONS

___ ALICE: arXiv:1212.2001 Remaining correlation described by finite
< Py < F €V p-Pb |s, = 5.02 TeV ] ]
1< Prype<2GeVie 10N (0_205 (60-100%) amplitudes of Fourier terms

_—p-Pb \/q = 5.02 TeV L] Data

~ (0-20%) - (60-100%) a, + a, cos(2A¢) + a, cos(3A¢)
g<AGeVic e a, + a, cos(2A¢)

- 1< P <2 GeV/c Baseline for yield extraction

o
o)
o

o
o
o
|
N
A
°

1/Nyig dN,ss0/dAG per An (rad™)
o
(0]
=

- Tessoc + o HIJING shifted
0.82
0.80
0.78 -
0'76 L1 1 1 L1 1 L1 [
-1 o . 1 2 3 4
Azimuthal separation A (rad)

Further investigations reveal:
* the full modulation is (1) di-jets and (2) the ~ Similar observations in Pb-Pb are

double-.rldge structure - not.hmg more ascribed to collective effects!
 Same yield near and away side for all classes of

p; and multiplicity suggest a common First explanations are being put forward:

underlying process  Hydrodynamics —arXiv: 1112.0915

e Colour Glass Condensate —arXiv:1211.3701
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Proéing Gr UNKhoeor

miedidd» ...



- p/‘Oé/‘nﬁ f/?e

LUK noeon medicin. ..

Human

q: fast color triplet Induced JeZ‘ 5appre§§/on
gluon .
g fast color octet radiation * (? wenc i 9 )
Q: slow color triplet > Energy charrr/ A?ZZOM
Loss ? dynarncs
QQbar: slow color L
singlet/octet Dissociation ? J/p &Y

Virtual photon: colorless

Controls .
Real photon: colorless color—/ess par Zic/es

Unknown Medium

Note: 2hese proéeé are aulo —senerdfea/ el i heavy —10M
collisions — rneed Zo ,éhow ’ /‘npé(f ) intens /fy ( PP collisions >



JeZ‘S /‘n CO/ / /‘a/er eXpeh‘MenZ‘

Jet 1 p;=22 GeVic Jet 2
pr=42 GeVic

NTW' L E p.’ O A / “ ,Ewﬂm g e
A a P .=" 4 . L%C . c M S pr= §8t§ewc

Event : 73268 Rum : 138396 EventType : DAT A | Unpresc: 0,32,33,2,3,4,5,7,8,9,11,13,16,17,18,19,20,21,53,22,23 ¢

~. Xy plane

STAR TPC Event Display

Jevadron: CDF




36

What /s a J‘eZ‘ 7’

A Spray of collimated shoewers/ pariz‘c/ esS

— %ara’/y eVer better defined...

Jet = Pardon AND iZs
radiadion

/\/ ole: eXperfmenZ‘ MeasSUHresS
spray of particles
( ~Ahadrons >

Jets Cunlife 5//73/ e hadrons)
are oé/'eCZ(S wnch are
" better' wunderstood. /
calculable et fin p&CD

sz particles - ijet

Hard scattering

S.D Drell, D.J.Levy and T.M. Yan, Phys. Rev. 187, 2159 (1969)

N. Cabibbo, G. Parisi and M. Testa, Lett. Nuovo Cimento 4,35 (1970)
J.D. Bjorken and S.D. Brodsky, Phys. Rev. D 1, 1416 (1970}
Sterman and Weinberg, Phys. Rev. Lett. 39, 1436 (1977) ...

L eee——— ——
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Particles {p}

—

j eZ( f; na/ /‘nﬂ

Jet definition

2

U

o Recombination scheme
o Algorithm
o Resolution parameter

Jets {j,}

Note: jets originate from hard partons,
however definition of a parton in terms of a
jet is ambiguous -> multiple jet definitions.
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Optimetrs et Finder a/gor/‘z‘/'zm

Several important pto;;erti.ca- that should be met by a jet definition are

[3]:
1. Simple to implement in an experimental analysis;
2. Simple to implement in the theoretical calculation;
3. Defined at any order of perturbation theory;

4. Yields finite cross section at any order of perturbation theory;

5. Yields a cross section that is relatively insensitive to hadronization.

Tevatron 1990
... arnd infrared safe and colinear safe

(~2000)
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§CD d. /‘VergeMC/eS ard JeZ‘ Firnders

QCD probability for gluon bremsstrahlung at angle ¢ and L-mom. £;:

df dk;
dP ~
X 7 T
Two divergences:
- m)e ~ () Pt > \ -
ke < py
Collinear Soft

For pQCD to make sense, the (hard) jets should not change when

# one has a collinear splitting
l.e. replaces one parton by two at the same place (n, ¢)

# one has a soft emission i.e. adds a very soft gluon

0 B
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Jet d/ﬁor/Z‘ AmS:
Cof 1 nedr & 11t ra—red s df’ efy

N g

LO partons NLO partons parton shower hadron level
Jet | Def" Jet | Def" Jet | Def" Jet | Def"
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VOV

N
Sat eZ‘y-‘ ( esw/ts = J'eZ‘S = reconstructed oé/'ec’l‘é — inSensitive Zo

modifications at Che sof scale of radiation (hadronzation , Sof colin.
rad. "dZ(/on>




o1

Collinear Sate eZ‘y

Collinear Safe

Infinities cancel

Collinear Unsafe

P14

jet 1 jet1
jet 2

O X (=0 ) O X (+0)

Infinities do not cancel
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Irfrared Sake eZ‘y

Soft emission, collinear splitting are both infinite in pert. QCD.
Infinities cancel with loop diagrams if jet-alg IRC safe

IRC safe IRC unsafe
-Jet 1-jet 2 Jets -Jet
sum is finite sum Is infinite

Some calculations simply become meaningless

Infrared satedy also implies robustress
asa/n\s ¢ sSoft Aacégroana/ 1n healy 1on
collisions
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Modern jet a/gor/‘z‘/'lms

e Colinear and infrared safe
* Improved performance
e Rigorous definition of jet area
e Different algorithms -> different
response to the underlying event
*Developed for uniform bg
subtraction (pile-up) at LHC

T woo mran classes of a/gor/‘z‘ A s

I‘eC’,OMA/‘/?QZ(/‘Oh (£, Caméria/ge/ Aac hen, ant'—#¢) arnd cone (Mid point cone, CDF,
§ISCOne>

Jet axis

K jet anti-kT jet

ASiaua ajdnued
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Se?aenffa/ rec onrbination (alus z‘er/n5>
d/ﬁol‘/‘f/lﬂ?\s

Majority of QCD branching is soft & collinear, with following divergences:

20.Ca  dE;  db;;
dk1IM? . (k)| ~ == . Ny
[ J]| g—rg,-gj( J)‘ - min(E,-,Ej) ‘91,]

(E; < Ei, 0; <1).

To invert branching process, take pair with strongest divergence between
them — they're the most /ikely to belong together.

This is basis of ky/Durham algorithm (eTe™):

1. Calculate (or update) distances between all particles i and j:

-2 min(E?. Ejz)(l — cos ;)
Yij = QQ

2. Find smallest of y; NB: relative k; between particles

» If > yeue, stop clustering
» Otherwise recombine / and j, and repeat from step 1

Catani, Dokshitzer, Olsson, Turnock & Webber '01




95

Example’ £ a{gor/‘z‘hm

1.1 k; jet algorithm

The definition of the inclusive k; jet algorithm that is coded is as follows:
1. For each pair of particles 2, 7 work out the k; distance

with AR?J- = (y; —y;) + (d; — ¢;)?, where ki, y; and ¢; are the transverse momentum, rapidity
and azimuth of particle 2 and R is a jet-radius parameter usually taken of order 1; for each
parton ¢ also work out the beam distance d;p = k2.

2. Find the minimum d,,, of all the d;;,dip. If dmin 1s a d;; merge particles ¢ and 5 into a single
particle, summing their four-momenta (this is E-scheme recombination); if it is a d;p then
declare particle 2 to be a final jet and remove it from the list.

3. Repeat from step 1 until no particles are left.

Anti-kt: k. is replaced by k,

M. Cacciari, G. P. Salam, G. Soyez JHEP 0804:063,2008. e-Print: arXiv:0802.1189 [hep-ph]
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Cone d/gor/‘Z‘/IMS

Jet Cones
— Cones are always understood as circles in rapidity (y) and azimuth ¢.
— A particle i is within the cone of radius R around the axis a if
* ARZia = (Vi — Ya)? + (Pi — $a)* < R?
* ... usual hadron collider variables
— Typical: R=0.4-0.7

Basic Idea:
— Find directions of dominant energy flow " find ALL stable cones
— center of the cone = direction of the total momentum of its particle contents

e — ST
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Speed matters!

€€81°9060:AIXJE ‘Weles "9

LHC lo-lul%ni LHC hi-lumi . LHC Pb-Pb
100 1000 " 10000 100000
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Je? £ na//nﬁ — L/}QZ‘ £inders

Complete suite
of algorithms -
FastJet package: http://www.Ipthe.jussieu.fr/
] fr/~salam/fastjet/
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Yadronic collisions: pdCD and jets

d3o

E——= & faja(ta, Q) ® fo/5(xp, Q%) ®

dp3

Jets are defined via rigorous (collinear
and infrared safe)
clustering algorithms

Same clustering definitions in
experiment and theory — integration
over hadronic/parton showers

Proton Remnant
p f f Xa a A

(uud) \ }
d

D
‘7/¢

da.ab—md
2
dt ®Dh/C(ZC7Q )
D%%r pQCD factorization:
Jet parton distribution fn f,
47‘/;), /A
D partonic cross section

fragmentation fn D,

D(z, m;) is the
Fragmentation
function
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Inclusive jet production: pJCD & data

Jets are #: d/r/y
coel/ ,énown Ay

inclusive jet production _fastNLO,

in hadron-induced processes
| 4 |

10°

o
=

!11ov

noeo ... ard coel/

desc ribed A}/
Zheory and MC
= attractive oo/ 102
£or /7ea\/y—-/on5
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JET COmpo\S 1710

k 25% photons

15% neutral
hadrons

é A Typical Jet !

1-2% electrons
(conversions)

65% charged hadrons

MeasSire JeZ‘ 7
/\/eea/ Zo /7@\/8 cont ro/ ovel) a/ / ClomponenZ‘S -
Measure or ’ :énoa) )

2 e Ean,énownj rest Fronr DATAH + MC



104: p partons) ~ J(ﬁshower) ~ J(?hadrons) ~ J(?cells/tracks)

Jet: r”rom pmn—zo e
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= CH |I<:. > ‘
3 . )
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= [ aAro !
‘T FH|! L,
ke I
Decay -ﬁ
2 EM T .,’
uma .....'l'l..... B RCLITLITTE TEPCERTTrTPre
= i
3 \
— )
Hadronization -.E \
=
N Ty
2
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Parton -~
Shower Minimum Bias =
+ . . =
Collisions S
— En'
Hard -
SubProcess ) p
] \ I q
f(x,Q2 f(x,Q2
Parton - ( ) ( )
Distributions ‘




105

4 J el Dez(ecz(ol‘

Primary sub-detectors: Silicondtracker, ECAL, HCAL

muon chambers

[ |
om mm
Key:
Muon
Electron

Charged Hadron (e.g. Pion)
-~ = = - Neutral Hadron (e.g. Neutron)

°°°° Photon

R
® £
4 N .&".
w7
. "1\'.'
=

Silicon
Tracker

‘ Electromagnetic
)l " Calorimeter

Hadron
Calorimeter

Transverse slice
through CMS

Superconducting
Solenocid

Iron return yoke interspersed
with Muon chambers

D Bamey, CERN, Februwary 2004




106 Improvements 1h JeZ‘ reconstruction onr

detector /eve/ =7 Parz‘/c/ e £/oww

clusters and tracks Particles

cum iy Purely calorimeter
: | JeZ‘ vs. Pardicl/e
ﬁ L) JeZ‘

ECAL YN
Clusfers $

PF reconstructs > 95% of the jet p;

| CMS Preliminary |
0.2

PYTHA
0 _ ..... A ........... Juns

Better response ¢o.r Z.

ca/ o/‘/‘meZ‘e/‘

-0.2 _—__. ..... = .......... L_J

Jet Response

measurement Barrel: In| <1.5

ofesee

N\

=2 smaller Jef —enerqy

5 : =& Particle-Flow Jets |:
Gaussian fitto | = Gt

Reco p,- Gen p;, S o<hi<ts Generator-level
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Jet: 8/7‘—’/‘3}/ scale &

reso/wltion
Og A Contro/ over
‘ Zhe Cwo
o | crecial
04 1n p—p and
| AA
j k collisions

0 |
30 31

ZIQS == 5(1@78 |
A)/‘alz(/’l == /‘( esSo/uwtion
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JET: Fronr Measired
Zo mearmngted.. [

Reco Jet pr

Response =
True Jet pr

Physics Object
Underlying event!

e N\ [ N\
Offset Relative Absolute

X |Correction [X| Response [X| Response | =

pile up)) L s )L vs. p1)

~N

g

777/‘5 1S an e)(pel‘/‘/y/ehz(&/
ent erpr/‘é el

T2 /s a swubstantial efFort...
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JeZ‘ energy resS o/ Wl ion

/4 n eXdMP/ e- proz‘on —-p/‘ofon collisSions
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Ut/ noeo...

® Jets in e/ emenz(ary collisions: rust \Spec/f Y an
operational defintion ( a/ﬁor/Z‘ hrry, K, reconbinalion
5c/7eme>)‘ variely of infrared and collinear safe
d/\gor/‘z(/?M\S

O Jet meascurenents in e—e and PP collisions wnder
control/ - eXper/MenZ‘d/ and Cheoredical
Unders ianc//ng - a/t /704(3/7 proper jet
reconstrection 15 an effort even in Che ‘s /‘Mp/ e )
case (vaceen)

O >Z/I collisions: Aot @ CD Mdz(z(er)‘ /. arge parZ‘/C/ e
(production) densities as compared to vacuun -
evol/ \//ns eorth centralit v
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ID/‘OAI‘/’?g Z(/’[e

LUk noeon medicin. ..

R Human body

q: fast color triplet Induced Jezt 5dﬁﬁl‘855/ oNn
gluon .
o: fast color octet radiation ¢ (?é( enc A /'?3>
Q: slow color triplet > Energy char /’7/ éOZ(Z(O/Y/
Loss ? a/yna/m CS
QQbar: slow color -
singlet/octet Dissociation ? T /Ll) &Y

irtual photon: colorl
Virtual photon: colorless Controls

color—/ess parz‘/c/ eSS

Real photon: colorless

Unknown Medium
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@@-’ ass aﬁe of electricall y
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S ' Nuclear
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Brem,ms Sz‘ra///ang in JCD:
6/‘/)7&2‘ 1O Z‘/“Me - CO/msrenCe effecl?s

Landau-Pomeranchuk-Migdal effect
Formation time important

radiated
gluon

propagating ;

parton S //x'
""""" E’"— Radiation sees
length ~t, at once
Formation time physics — —
< L >

’ /\/W 2w

T~ —

«— < >
A Tf

— Ty < A < L Incoherent multiple collisions

— A<ty <L LPM effect (radiation suppressed by multiple scatterings within
one coherence length)

— A <L <ty Factorization limit (acts as one single scatterer)

T — S
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Bremsstrahi/. ¢UAg in §JCD

ALT=> Multiple scaz‘z‘er/ngs add COhereni/y

High energy color charged probe formation <~ W < We
propagating through color charged medium — o
(LPM effect; multiple soft radiations) é’

O

»
-
-

O“
’
’
()
)
PQOQOOO0O

E

Hard
Production

Define a transport coefficient:
Medium

A 2
a~ /A B Jdx ~ asGL>

Partonic energy loss in QCD medium is proportional:

* to squared average path length (Note QED ~ Imear ]
* to density of the medium - : —
=> energy flow (parton+rad|at|on) modified as compared to jet in vacuum

= jet “quenched” (“softened” fragmentation)
—— N

OO0

NS
A
-_—_—-
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Gener/c eXpeCZ‘aZ‘/onS vy O/ energy /oSS

=

jet ‘ kT~M >

%

outl —of —cone: energy /o5t ) /o055 of y/‘e/ d ) dr U'ez( energy

ﬁ‘ajﬂ?en{ alion Follocoed 5}/ E-/os557

Lonﬁl‘Z‘a d. /‘nd/ od. L7 calion:

s mbalance
7 —Corne: S of Z‘en/ng of 7[’ rdsmenz(dz(/‘on

77‘@/75\49/‘5 e Moa//f; calion
outl-of ~Cone: increase acoplanarity K7
In—Cone: Aroda/en/ng of JeZ‘ —-proﬁ /e



117 F&cz‘or/‘zaz(/on e, ﬁed\/}/ —on collisions?

j eZ(S /n /73&\/}/ —-/on Co/ / /‘5 /‘onS
- AN 1d eCZ/ /‘ZCZZ‘/on

PDF o ¢PDF o _hard
=> Factorized picture. OX fo T ®fy T @™

| _production vertex: high Q?
,,,,,, =>pQCD

Propagation in strongly coupled
Quark Gluon Plasma
=2 pQCD-based jet quenching
=>» hydrodynamics
=>»AdS/CFT
-

P 4
P 4
P 4
P 4
P 4
P 4
/’
P 4

§-)

Vacuum fragmentation into hadrons
=2 non-pert. QCD
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J eZ(S /‘/7 /73@\/}/ -—-/‘on CO/ / /‘5 /‘onS

R TC & LHC

STAR: Au+H~w o 0.2 7?}

LY/ C + R~ TC: FJCD evolition of Jef ?L(end/?fng 7

\/ary enerqgy of’ the JeZ‘-’
LAC: Vary 2he scale with which §GP is probed ( a la DIS)
Compdﬁe and contrast KA TC and [Y/C
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Jets in %/_Z’ collisions & f)(per//y/enz(a/ diffice/ties:
Vac eteens et vs jet on Cop of the YT Aacégroana/ .

\/Q C Ll 7 hHardEvent
Entries 70
Meanx 0.1285
Mean y 4.636
. ]RMSx  0.3781
.| RMS'y 1.426

w 16

dta
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Jets in >Z/I collisions & £Xper/‘MenZ‘a/ diffice/ties:
\/czcaam JeZ‘ VS JeZ‘ ON Z‘op of Zhe >Z/I Adclégroana/ fe.

hFullEvent

hFullEvent
Entries 6170
Mean x -0.001311

.| Meany 3.164
.. ]RMSx  0.6764
~.|RMSy _ 1.833

dta
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Pythia p+p

JeZ‘S 7 /78Q\/y —1ON

10‘;
Jeds i» /78@\/}/ —1on emironmnent — .

107 »

e eXper//y/enZ‘a/ noles: ‘

107, 20 40 60 80 100 120 140 160 180 200 220
p'" [GeVic)

— large comébinalorial backgrotinds (especially at K4 IC)

e LHC:\/S = 5.5 TeV

— RHIC:\s =0.2 TeV

— enerqy within an event varies From pornt Co pornt (" fluctuadions )
- a p/ ws for LYYC /s / arger Kinematic reach — abundance of /1/:9/1—-
energy J‘ez‘ s ( /7/:9/73/‘ —-pT measSurenernls less affecled Ay Aaclégroana/\s >

=2 various a/pproac/zeé d/nonﬁ eXpeh‘MenZ‘S £or Adclégroana/
SUPPreSSION AND/OK J‘ez‘ energy——reéo///(iion corrections

1S Chere ar opt 1/ J'eZ‘ defintion £or /zedvy —ton collisions (7)
= USe M.//(/f/p/e J'ez‘ a/gor/i/vné ( 4 >)' 54(5—:/&2‘5 ( 4 >)‘ /7/Z‘er/‘n3 ( 7 >

- J'eZ‘S are reporfeo/ on Che /oariic/ e ( Senerdfor> Jeve/! — Aadronzalion
corrections (Zo 2he ” parton ) Jef> in YT collisions VZ=N sib/e
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Kensrunder...

" SofY "’ /czrge CrosSs—sSeclion processes expecled Zo scale eith /\wa
“Yard “) low cross—section processes expected to scale cwith Ny,




125/, . (1) " . .
fasrer (Zhan £ui// y et reconstruction) exercise:

Je? —?L{enchz‘nﬁ via /. eaa’/ns hadrons
D/‘ —'/?da/ S ON

TInc/wsve Aadron p/‘oa’é(cf/‘on

s
Measwured as a Function of collision COI‘ e 8/ az(/ Oh\f
C&h{/‘a/"z N /2 N (1}
5 4 Kates of recoil/ ( dwdy*S/c/e ) hadrons

S 10% T T T [ T T T T [ T T T T [ T T 11

o B =278 Tov Seizpressed g parie

:,_ 10° ks —— scaled pp reference Atz

102 * 0-5% Correlation -
o 70-80% ~ 180 deg ‘/

L 4

Y
o

%

A\
N

loss of measScred
| y/‘e/ d 1n CQ/?Z‘/‘CZ/ 4 -

—

—
o

1N, 12 p.) (@*N,,) / (dn dp
S

—
o
&

o d+Au FTPC-Au 0-20%

Sap

0.2

3 3 .
o |III|'|T|] IIII|'|T|'| IIII|'|T|] IIII|'|T|] IIIII|T|'| IIIIIm] IIII|'|T|] IIIIIITII "I(‘:i;;!‘"m“ [T

k- — p+p min. bias

—
o
&

* Au+Au Central

—
o
X

5 10 15

5::'::
N_L_I_LLI_I,I,ll IIII|_|_l|,| IIIIM IIII|_|,|,l| IIIII|,|1| IIIIII,IJI IIII|_|_ll| IIIIII,I,II IIIIII,I,II IIII|_|_l|,| IIII|_|,|,l| L1l I}

| | | I 1 1 1 | I | |

P, (GeV/c)

NS e on correlddionst interes Z‘/‘ng olt:
k=

Zoo/foSZ‘adyf/?e",’nZ‘ermed/az‘e—— g lllll|
reqion e?s Vs flow and 7 Phys Rev. Lett. 91 (2003) 072304 )
I - ' . . . .
77T J , ‘ Phys. Rev. Lett. 97 (2006) 162301 A ¢ (radians)
rec.ombination — |

1/Npy g0 AN/A(AQ)

T T T T I T T T T I T ]
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%/da/l‘Oh Saffrejj/‘on Ry — d2 N /dp.dn

Tapd20?? [dp,d,
TAB =< me > /O‘

el

Nuetclear modificalion factor: — e

Kaa =

#(parz‘/c/&s 05563/‘\/&0’ ‘N /4/4 collisSion per N-=N (A/nd/}» CO///§’O/7>

#( pd/‘Z‘/c/&S 05563/‘\/@0’ per p—p collis on>
] T[T T TITT] T T T T1TT] | |
c% 10 % [ — T T T [ T T T T [ T T T 2 — SPS 17.3 GeV (PbPb) GLV: dN/dy = 400
E 10°* Pb-Pb \/s,, =2.76 TeV . i O 1 WA98 (0-7%) GLV: dN/dy = 1400 1
< - B GLV: dN,/dy = 2000-4000
- 10° ks —— scaled pp reference ~ RHIC 200 GeV (AuAu)
= . e 0-5% 3 B O R° PHENIX (0-10%) YaJEM-D |
S 10°E o 70-80% = — --- elastic, small P___ .
=~ ° 3 1 5 L ¥ h* STAR (0-5%) . —
2 . » -.- elastic, large Pm
= 10 L {’ ﬁ - _
g OS5S of measSured 3 SPS LHC 276 TeV(POPD) ... vaJEM
— 1 . . E B - o0 ]
a yl 8/0/ ‘N C&/’?Z/‘CZ/ 4"‘ = < — @ cMSO5%) A .
& 107 - < - ¢  ALICE (0-5%) PQM: <G> = 30 - 80 GeV?/fm -
= = oc
ZE 10_2 ?E
10° -
E

— — —
S o 09
~ (o)) (4]

3, 3
o |III|'|T|] IIII|'|T|] IIII|'|T|] IIII|'|T|] IIII|'|T|] IIIII|'|]] I|||I|T|| II|||'|'|'|| (I“:il“-‘l,-gp"" W

“No efFect ) case 15 Ffor ’(44

5 10 15
P, (GeV/c)

E

E
|||||||||||||||||||§

20

L1 1111 I mild | L1 1 111 |
01 2 3 4 10 20 100 200
cMms, arxiv:1202.2554v1 P (GeV/c)

at /7/5/7 pTw/*zere Ahard processes

yi
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Jet guenching - KHIC

No “effect”:
#(particles observed in AA collision per binary collision) R < 1 at small momenta
Ratio = R =1 at higher momenta where
hard processes dominate

#(particles observed per p-p collision)

R 1.4
1.2
- R=1
10 === = =
Au+Au (central collisions): | 08
CS ' B  Directy (PHENIX Preliminary) 0.6 B R<1
10 — ¥  Inclusive h™ (STAR) B
- N 04+ " ftn
- ® = (PHENIX Preliminary) = SO
B 0.2
B [ GLV parton energy loss (ng/dy = 1100) -
- %9 1 2 3 4 5 6
= Tranverse Momentum (GeV/c)
W

ff++*+++.fT Photon — color neutral probe => No suppresion

o
)
oF
2.
Iy

? ++++ [-{ Hadrons from color charged jets => Suppression

0 2 4 6 8 10 12 14 16
p; (GeVic)

10




- fnerﬁy—-/OSS — QGP sStale efFect!

Color c/mrgea’ proées SuUppressed
Color necttra/ proée proa’acf/‘on scales eorlh /\/A/n collisions

/94 collisions: SUppreSSion 1S5 an effect of @6? B 1 dNAA/de
AA —
< Ncoll > dNQp/de

E 2 - r T rrr7rrrrorrorr T - [T T T[T T[T T[T T[T I rr1 T 1 T T 1 T 1]
g 180 POPEVSw =270 TS N 1.8  ALICE, charged particles -
O . - —@— Charged PartfcIeO:SOA (CMS) ] o p-Pb \SNN _502 TeV, NSD, | - | <03 .
(¢0] - —@— Charged Particle 0 - 5% (ALICE) _| 1 6 cms ]
> 1.6 —o— lIsolated Photon 0 - 10% (CMS) - UL = Pb-Pb \sy =276 TeV, 0-5%central, | n|<0.8 N
S 14 - e 2 0-10% (CMS) B 1.4A Pb-Pb \s,, =2.76 TeV, 70-80% central, | n| < 0.8 ]
o) F I : £ .r ALICE, arXiy:1210.4520 -
b 1.2 = = % 12 o B 7 =
g .7 LRI L
D = e e oy i o g E """""""" E
£ s i s ML g g 800 | :
o - UIDIITERTD 3
i TR
C 0.4 5 Ch. hadron (YaJEM-D) _: L4 —;
'5 0.2 e Ch. hadron (HT-M) _: 0.2l ¥ o E = g B

) g: :::rrg: ((':-IETYVV\IIE)L) ] ) "y y w = W .
8 0 - T T FI Chl- ha?"°“|(GLIV) | Coaa b b b b v b Lo by o Ly a0
- o 20 20 0 80 @ 0 2 4 6 8 10 12 14 16 18 20
n::‘t p, (GeV/c) p. (GeVrc)

Throughout the talk: R,, = QCD in medium / QCD in vacuum
Note: only colored probes quenched; pA: jet quenching is a in-medium effect

@
@)
®
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( 4 4 D exllrenme SCenarios

Note: T anr not 5/704«)//73 you Zhe X AE)

P(AE) - probability for parton to loose AE

e

‘-\&:\ ‘

Scenariol 1
P(AE) = O0(AE,) |

\1/Ny;, d2N/d2p;

“Shift” to lower pT — “Shift” in yield

P For both KAA < |
o o R:Zt Cross-section
ADE) encodes the #ull enerqy loss proces s | 2R0LUNEE
K yq not sensitive 2o enerqy loss distribetion, o o
deta/s of mechansS...
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Bre/1msstrati/ u©Ung 1n o CD

ALT=> Multiple Scaz‘z‘er/ngs add COhereni/y

High energy color charged probe tformation Sw<w
propagaﬁng through color Charged medium o e ——— S—
(LPM effect; multiple soft radiations) é’ |

’

.
»

E

Hard
Production

Define a transport coefficient:
Medium

A 2
a~ /A g_‘ B Jdx ~ s L3

_Pa#tomiiC energy loss in QCD medium is proportional:
. to squared average path Iength (Note QED'”Imear )

’
0"
’
’
)
elejelelolele slelelele]ele

NS
A
e

= energy ﬂo(prton+ra |at|on modified as compared to jet in vacuum

= jet “quenched” (“softened” fragmentation)
T ——— B ———
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Bremsstrahlung in §CD

An idea: vary Zhe path / engZ‘/l
experiggentally?
—7 Sens /‘Z(/\//‘Z‘y Za Zhe collision proﬂ /e
— 7 diF¥e e/‘enZ‘ b o//iSions SySZ‘eM\S 7

Partonic energy loss in Q l medium is proportional: 1
* to squared average path Iength (Note QED Imear y A
" 7o

* to density of the medium - —
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4thdthW@akvcwymmméyﬁn
ﬁd/‘f/‘C/ e Proa/ Lt ron

( = arctan Py

pI

Px

( hvdrodynamicszz ) <pi>—<p§>

()~ (=) (p)+(p)

= <y2> N <x2> Final momentum anisotropy

Reaction plane defined by
“soft” (low p;) particles

Ap=p—

Initial spatial anisotropy

Reaction Plane

dN

Elliptic flow dASO ox | -+ Q@COS(QASO)
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( 4 4 eor? reaction p/ ane — /OaZ‘/[ /. engZ‘/’[
dependende of J'eZ‘ ?dend/?/nﬁ ’

1 10-20% central 30-40% central
m} | Centrality 10-20% @ e Inplane m:g 1_ Centrality 30-40% @ e Inplane
. QM11 ALICE Preliminary ~ © Out-of-plane B ALICE Profiminary © Out-of-plane
Pb-Ph at \[5gy=2.76 TeV i .f" Pb-Pb al \[Syy=2.76 TeV
- i +
05— ',. . 058 % oo ¢ ¢
| > . : ..' P .
i ‘e ! o fec? s 7 9
GDD ‘-i-.“i;:: ; o & wj@ﬂgﬁcﬁuooggﬂﬂ¢¢
O
0 L | 1 | S e | - I:'...|...|...|...|...|...|...|...|...|...
o 2 4 6 & 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
P, (GeVic) P, (GeVic)
I — T
OUt'Of'pIane Suppression out-of-plane stronger <= longer in-medium
path length - significant effect even at 20 GeV/c
=> Path length dependence of energy loss 7
Additional constraints to energy loss models (?)
LIJRP - similar information from v2 at high p;
> m-plane T . “
X _
RAA(ga)— RAA(I +2v, cOs2(p— w))
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%/eavy —~Llavor in medictn
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’( AA for different parz‘/‘C/ e Z‘ype

71s ﬁd/‘fon 8’78/‘3}/ /oss differesnt
For 3/4(0/75 | //3/72‘ —-?aaré\s and heavy—?aaréS 4

EXPQCZ(QZ(I‘OI? . A% e A6'3 /7{_.?‘ e Aé}?eavy

Casinur (CO/ or /4&{5>

g

AE « o5 CR q L2 ‘ Deaa’ —C one ‘ effect:

CR = 4/3 For - 3/4(0/75 ”5/6(8 ) betler
outar ks, 3 £or 2 Zhe modiiins Zhar mass of Che parenZ‘ ?aaré
gleons ?aar,éé =2 radiation for dng/ es

0<r1/E is suppressed

=> ( p ff/on\f <L ( Y 42—/)7850/75 <L ( Y 4B“M85Ol?5



134

Parlon enerﬁy ~/o5S:

gletons vs. ?aarés

Prediction!

AFE x asCrgL?

Energy loss depends on parton:

1.0

— Casimir factor (C;=3 for gluons
and 4/3 for quarks)

— Mass of the quark (dead cone 0.6

P

effect): radiation suppressed for-‘-’-f;

angles O < m/E 'y

AEgluon > AEquark

AElight—q > AEhecwy—q "

Does it persist at low-p as:
0.0

Wicks, Gyulassy, Last Call for LHC predictions

l

| ' | ! | ' | '
o = 04

— Charm dN,_/dy = 1750 |
- Bottomn ng.‘dy = 1750
- = Charm ngfdy = 2900 _
- = Bottom ng/dy = 2900

—

B (m,~5 GeV)

—
—
S
—
.-"—h
A= am o

%-“-____-___-‘——

D B
Rjs < Rip < Rjq
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>f/ea\/}/ —£~/ avor reconsStruction

M+
JAp w
B
L,y

Semi-leptonic decays (c,b)

rec. track |

Primary
vertex

jet b-tagging

Displaced
cks

A
'
I}

L_xy/,'
{
1

Full reconstruction of D meson hadronic Secqndary
decays

1

Primary Ty
U

Vertex
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prer/‘menfﬁ/ >1/oz,u —Zo-
Displaced Zracks

* Lower mass heavy flavour hadrons decay weakly:
— Lifetimes: =0.5-1 ps for D and =1.5 ps for B
— ¢t: =100-300 um for D and = 500 um for B

* Possibility to detect decay vertices/displaced tracks
— Tracking precision plays a crucial role

. — 200 ] .
» Track impact parameter: R Pb-Pb,\ 8y, = 2.76 TeV, min. bias
distance of closest approach S 1600 (1] ALICE, JHEP 09 (2012) 112 -

of a track to the interaction g 1400 E

o 120 ° Dgta . . . o ]

vertex = ., 0 Simulation with residual misalignment -

© 100:_5 ° (only id. pions for p, < 2 GeVi/c) B

80 s, E

primary vertex 60 S, . e
\.g-gll-):sl",l»w o 40p RRELETY e E

T S B PP

‘i"“ ol decay vertex 0—— ; — '1'0 -
mpc‘ p. (GeV/c)
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Heaty—Flavor — calibrated probes?

ALICE, arXiv:1205.5423

- 10 g 3
S " E
[ ] [ ] % ” -
roaquction In P-P &* E
g i
=10 E
O -
% -
B 107 E
© C -
£10°E E
ALICE, JHEP 1201 (2012) = -
) 10°E E
6\105""1""|""l""l" - 3
XS, E C ]
= - ALICE 7
- + - 10 E- =
o D', =7TeV,L_=5nb g E
o 102;—% PPAS= 16 Ly = o1 “pp, \s=7TeV E
o) = i 1
2 3= 108 —+— ALICEc,b—>e 3
10 = - —&#— ATLASc,b —e -
g £ — o| B8 FONLLc,b—e,|y|<05 N |
v - 10 E- FONLLc,b e, |y| <2excl. 1.37 <|y| <152  \3
z: 1 = z 1 1 | I I | 1 1 1 | I I 1
© : —— 3x10’! 1 2 3 4567810 20 30
\b T E]s‘ - p, (GeV/c)
S -1 syst. unc. —
107 O == -
- [Jemvrns ! 1
102 __t3.5%lumi,i2.1%BRnorm.unc.(notshown) ﬁ__ CMS’ PRL 106 (2011) 112001
SASi— . : g _i 10 _I T T 1 T T 1 T 1 r T T T | T T T T T T T ]
LE 3 = CMS\s =7 TeV 3
%E 2 = 3 ) L=5.8 pb’ .
o "";:_: = 9 - BF (3.5%) and Lumi (11%) uncertainties not shown ]
S = =2 7 ) -
EE Zg:: :: ? 1 ....:r.... =
© 2 - N E b=
Ol 1.5 - Vv e 1
0"%0: ...... 5 10 15 20 Es = B i
p (Geve) X L [ -
t L e ——
T =
= = PYTHIA (MSEL 1, D6T, CTEQS6L1) :
o O MC@NLO (CTEQEM, m_= 4.75 GeV) HE ]
E M ommmmea- MC@NLO total uncertainty B
10-2 - CMS Dat | | —
5 10 15 20 25 30
B' p, [GeV]

CMS, EPJC 71 (2011) 1575
g 1 02 E_I T T T | T T T T I T T l¥ IB; LJII\II!,IFIOIINII_I[_ l_E
8 - —— CASCADE .
S anlae. 0 PYTHIA |
€ 105 E
= S —— CMS data -
> % .
S :
g 1j[ 16<ly, |<24:
e - .
©
x 10" E
m :
1025 CMS,\'s =7 TeV -
- L=314nb" -
-3 L1 1 | | L1 1 | L1 1 | | 1 L1 | | L1 1 | L1 1 1
0% 5 10 15 20 25 30
pV (GeVic)

pQCD agree with
data within
uncertainties
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67 eclrons f O ﬁeaV}/—f / avor:
Kgagal Che LYC and KA IC

2 2 """ T 1 1 T 1 1 1 11
2 [ Po-Pb VS = - y
- -Pb, {s,w = 2.76 TeV, 0-10 % o
@ q8f " -isff”* Prefiminary @ 0.10% (Ncoll: 941)
- .
O - » pp ref ; scaled cross section at 7 TeV) - I
5 1.6} = pp ref ; FONLL calculation at 2.76 TeV) 1 5- 1= 0-12%
TN T i Nl 0 nomalzation uncertai
TJ 1.4 - » PHENIX AuAu 200 GeV - St normallzatlon Uncertalnty
> N !
m L
Q 1.2r ALICE i
_O : PRELIMINARY < -
LL U 11 e M
L B
0.8] -

0.6F

0.4}

il

O:III|III|III|$II|III|III|III|III|II
0 2 4 6 8 10 12

| 0-||||1||||||||||-
RSV I o810

* Consistent with HF-Muon R,, (2.5<y<4) @ 2.76 TeV PbPb collisions
* Consistent with HFE R,, @ 200 GeV AuAu collisions
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D Vs hea\/y £/avor /epZ‘ ONS
arnd ¢Ahe / /q/’lZ‘ £/ aQvor

0C 18"

- ®Average D°, D', D" 0-7.5%, |y|<0.5
- % Heavy flavor decay e* 0-10%, [n|<0.6
~_ AHeavy flavor decay p* 0-10%, 2.5<y<4.0

Illlllllllllllllllll;

Pb-Pb, | 5, = 2.76 TeV

RLICE

PRELIMINARY

Empty boxes: syst. uncertainties

Filled markers : pp rescaled reference
Open markers: pp pT-extrapoIated or FONLL reference

|
!, —

II|III|III|IIIIIIIlIIIlIIIlIIIlIIIlII

0

5 10 15 20 25 30 35 40
o (GeV/c)

* Proper comparison of Ds and leptons

only with decay kinematics:

— p-l-e zo.5°pTB GT h'gh pTe

ALICE

PRELIMINARY

e Average D°D*,D", |y|<0.5, 0-7.5%

O with pp pT-extrapoIated reference
o Charged particles, n|<0.8, 0-10%
= Charged pions, n|<0.8, 0-10%

5 10 15 20 25 30 35

P, (GeV/c

\-/-h
o

* Similar trend vs. p; for D,
charged particles and t*

— hint of R,,° >R,,™ at low p; ?
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C harrz —'? pnpl‘ﬁy /o055 via D"MeS ONS ( /4 4

2IIIIIIIIIIIIIII|III|III|III|III

< <[ ]
< - . . - " < 5 [T T 1 T T 1 L T T 1T T T 1T L L T T ]
o gl ALICE Preliminary 7 t:n: < EPb-Pb!\/sTW=2. 6 TeV\ e (Vitev) | f
r 0-20% centrality ] \< 4.5 :_Centra“ty: (?'2+O°/f+ Rad + dissoc (Vitev) B
1.6F- Pb-Pb,\(Syy = 2.76 TeV o= o anivi208 Bisov WHDG radcol (Horowi
14 :_ 0 it 1+ _: - Charged pio\ns, m|<0.8 AdS/CFT Drag (Horowitz)
AL e Average D, D", D7, lyl<0.5 : 35 N o CUJET.0 (Buzzati)  —
s of o Charged hadrons, Inl<0.8 ] - \ .
< ¢ 1t*, Inl<0.8 (Preliminary) : 3F ~ \\ -
TEEIB E 2.5F
| E 2
: E 1.5
. ] - -
T _ 11 ]
s—FaLHé ] - .
. ’ 0.5 =
0 C L 1 1 | L 1 1 | L1 1 | L 1 1 | L 1 1 | L1 1 | L1 | | L 1 1 | L 1 1 ] E | | | | | | i .
0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 L1 1 L1 1 L1 1 L1 1 L1 1 [ L1 1 L1 1
t

o) (GeV/c)

Hint of larger R, , for D than &t
* Color-charge effect?
* No evidence for dead cone effect (p; dependence)

* Higher precision in progres< /4 / /Ce

T eeee— EEE——
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#edvy —£~/ avor S appﬁe\s S10n

— r@p/ a Z‘}/ a/epe

2.5<y<y

<.2r— .

D:< :ALICE Pb-Pb \/ NN_2 76 TeV, uz— HF in 2.5<y<4 1
--------------------- Centrality 0-10%

1 'i\'&""""""""""""""."""'-'n'..'_',', jjj B

- «" N

e - NLO (MNR) with EPS09 shad.}
0.8 Vitev rad. + dissoc. ]

i BAMPS

0.6 . BDMPS-ASW rad T
0.4f +

0.2

1 L 1 1 L L I-
2 4 6 8 10

pr (GeV/c)

<
o

<1.2rm

ndenc e

0.8
06— °
0.4

0.2

/y/<0 s

Average DO D", D IyI<O.5

0-20% centrality
Pb-Pb,\/s\\ =2.76 TeV—

Vitev rad + dissoc ]
BAMPS o
................ BDMPS-ASW rad 1

.........

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Variants of radiative++ energy loss agree with data
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>f/ea\/}/ —£~/ vor - CZZ/‘MMZ(/?d/ arns OZ‘/‘opy

 Due to their large mass, c and b quarks should take longer
time (= more re-scatterings) to be influenced by the collective

expansion of the medium
— V,(b) < v,(c)
* Uniqueness of heavy quarks: cannot be destroyed and/or

created in the medium
— Transported through the full system evolution

. .
...............................
............

. .

.
. Se

Reaction: W ln-plang
plane ‘
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C/’/a/ / enge £or Z‘/’/eory — Cons1Stent

descriplion of’ charm production arnd iZs

Raa Prompt D

2 :l LI I T T T l T T 17T l LI l T T 1T l I L I 17177 I LI I: a : T 1 1 ] 1 1 ] T 1 1 I T 1 1T l T 1 1 I T 1 T I 1T 1T l T T 1 I | I :
| g Average D".D"D”" Pb-Pby 5,,=2.76 TeV K Epe Pb-Pb  |Sy=2.76 TeV-
1 6 :_ ly|<0.5 0-7.5% centrality PRELI;}SE“ _: CE) 0 3: paek.}xcufn | Centra”ty 30-50% 7
1 4:_ Filled markers: pp rescaled reference _: £ N | ]
) 'i Open markers: pp p_-extrapolated reference ] >C\l 0.2 [ _
1.2~ — - .
a| . 01 & -
--------------------------------------------------------------- — e SN _Q‘.' ’1 * -
1} WHDG rad-+coll . - & it 1 .
0.at! — . POWLANG (Beraudo et al.) 7 . -
O BAMPS - o= | -
0.6c1: ---- Rapp et al. - - e D', EP24A¢bins b ¢ ]
nl! W . . 0. Aichelin et al, Coll+LPM rad ]
0.4F A ol e 0 m E " == . Beraudo et al, Langevin HTL :
T MO YL H . - WHDG rad+coll 7]
- _ﬂ__ - -0.2—=--- Rappetal. : —]
0.2 H —H— . L Empty box: syst. from data |
B :E:_E: ' 1 N = BAMPS Filled tl)ox: syst.I from B fleed-dowln:
(1110 | [ | l | | I [ | I 1111 l I | | T | | L] C 11 1 I L1 | I 11 | | 11 1 I 11 | | 11 | 11 | 11 1 11 1 -

0O 5 10 15 20 25 30 35 40 0 2 4 6 8 10 12 14 16 18

P, (GeV/c) o (GeV/c)

The simultaneous description of D meson R,, and v, is a challenge

to theoretical models
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Hear/~Flavor electrons:
A IC vis. L¥/C

2 | LI | LI | L | LI | LI | L LI | LI | LI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

< L | | | | | | | | i [ [ [ [ I | I ]
>
E<1 . L Pb-Pb, Sy = 2.76 TeV, 0-10%, n|<0.6 - E e ALICE :Pb-Pb, |5, =276 TeV, 2040%, [n}<0.7 ]
g r ® ALICE : pp ref (scaled cross section at 7 TeV) g - o PHENIX : Au-Au, ﬁ =200 GeV, 20-40%, |n|<0.35 i
S 16l * ALICE : pp ref (FONLL calculation at 2.76 TeV) 1 8 0.25 ~
S I o PHENIX : Au-Au, {5, = 200 GeV, 0-10%, |n|<0.35 D - , N
CU i | ] O [~ _ PRELIMIMNARY ]
O 1.2 HLICE ] 8 N -
) [ PRELIMIMARY i 01 5—_ .
T B3 .- ]
= i " ]
o I — s o1 ﬁﬂ _H_ E
% 08 _ — — i@ - H .
= i aiin < N _H_ _
;* 0.6 - ﬂ % c% 0 05: .
© | L - E
B B |
el -B- E -0.05F -
0 [ 11 1 | 11 1 | 11 1 | A 11 | 11 1 | 11 1 | 11 1 | 11 1 | 11 1 ] B 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 ]
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 14

pT (GeV/c) (GeV/c)

Vast difference in enerqy of the collis /onS)‘j/?oa)e\/er A e
properf res of the medicr are not sSo different

L%/C Aon&(S For ¢he ,é/nemaZ‘/C reac A ( energy dependende>
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C/’/a/ / enge £or Z‘/’/eory — Cons1Stent
description of YWFE and 14s v,

2 LI LI LI LI LI LI LI LI LI (q\] L | L LI LI LI L L |
< I I I I I I I I - n I [ I I [ I
™’ [ Pb-Pb,\sy, =276 TeV, 0-10%, |n|<0.6 ] ; 0.3 e ALICE: Pb-Pb,\s,, = 2.76 TeV, 20-40%, |n|<0.7

1.8 , - S .
g - e pp ref (scaled cross section at 7 TeV) . Nt - == BAMPS
o [ % pp ref (FONLL calculation at 2.76 TeV) { © 025 _ _
B 1.6 ... BAWPS 1 9 n Rapp et al. %
@ [ = = Rappetal. i q; [ === POWLANG
O 1AL POWLANG 1 & %9F ALICE
8 1 2 :-_ —- 8 : . PRELIMINARY
8 . :« PIQLII-}IERERY - o 0.1 5—_

X ] - -
R | et 4 o _f &
o - _ > 01 — & "R
> 08F\" ] O -, LU _m_"
o el B : -— - A aw, H
> 06f » - Tl S oo0sf!, =~ _ Dn Dl w78
= 0o & ;;—-v-..I.:H: .
q) .-_ ’ - - i I L e Y ____
Bod UMb IR T
L V! - -
0.2F ""'E'" == ‘. -0.05F
0 : 1 1 I L1 1 I L1 1 I 1 1 I L1 1 I L1 1 I L1 1 l L1 1 I L1 1 ] : 1 1 l 1 1 I 1 1 I 1 1 I L1 1 I L1 1 l 11 ]
0 2 4 6 8 10 12 14 16 18 0 2 = 6 8 10 12 14
pT (GeV/c) pT (GeV/c)

* The simultaneous description of heavy flavor decay electrons R, ,
and v, is a challenge to theoretical models
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D=rpeSon vV 5

* First direct measurement of D anisotropy in heavy-ion collisions

* Yield extracted from invariant mass spectra of Kit candidates in 2 bins of
azimuthal angle relative to the event plane

- 3.0<p<4.0 GeV/c

400

s _ 1 7 N IN N our
ALICE. Vo =
22/05/2012 R2 4 N IN + NOUT

(q\} _llIllllllllllllllllllllllIllllllllll_
1

S —
04 D Pb-Pb  |S,y=2.76 TeV-

100 8 I Centrality 30-50%
- Sgnf(30) = 10.8+0.9 0.3 —
- b
¢ ¢ ——try

350(@-

Entries/0.001 GeV/c?

300F

2501

200

150

|

|
D
—
-
O
m

PRELIMINARY

NNNNNNN

IO T T A T SO | IR BT | NN BT S A BT A

. _

1. 7 1 75 1.8 1 85 1.9 195 2 ]
Invariant mass (Kn) (GeV/c?) ::} 0.2 .’0 —

o s 0.1k —
3 I 3.0<pl<4.0 GeV/c ¢
.2t of -
£ N s & ]
150— — -
0.1F -

~ ¢ Charged hadrons, EP, |An|>2.0 -

1o 6 ~ e DY EP2A¢bins B

- 9.5x10° events . -0.2— + D, EP 2 A¢ bins Empty box: syst. from data |

o[ Pb-Pb, | sy, =2.76 TeV - * D + , EP 2 A9 bins Filled box: syst. from B feed-down’]
Centrality 30-50% Sgnf(30) = 8.7+0.9 v e b by v v by v by Ly 1A

| T o o 0 2 4 6 8 10 12 14 16 18

17975 18 185 19 195 2 pT(GeV/c)

Invariant mass (Kn) (GeV/c?)

-> indication of non-zero D meson v, (30 effect) in 2<p.<6 GeV/c
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Raa Prompt D

Charm + S Z‘rdnge-' Dt

First measurement of D.* in AA collisions
Expectation: enhancement of the strange/non-
strange D meson yield at intermediate p; if charm =
hadronizes via recombination in the medium
2_[ 1T T T1 T 11 T T 1 T T1 | L | T T1 11 I_
1.8 AD" .
- "D y<05 .
1.6— eD" PRELIMINARY ]
- #D] 0-7.5% centrality ’
LR Pb-Pb, | s, = 2.76 TeV
1.2 :_ Filled markers : pp rescaled reference _:
— Open markers: pp pT-extrapoIated reference
] -
. -
0.8 =
0.6 =
- + —
0.4:—+ H -
02 ##% I
O:l 11 | | .| | | . I | I | | I .| | .| | | | | . I:
0 5 10 15 20 25 30 35 4
P (GeV/c)

2

N
a
=)
S

4000

Entries / 8 MeV/c

3000

2000
1500

1000

35001

500}

of

- Pb-Pb |, = 2.76 TeV, 16 x 10" events
- Dg—on" — K'Kn* ALICE
r 24‘/(“)73/"20 1‘2‘ E
— &
A
< 2 52
@

- Centrality 0-7.5 %

- 4<p_ (D) <12GeVic
- Significance (30) 4.8+ 1.3

S (80) 774217 \ean = 1.970+ 0.003

B (30) 25078 £ 56 gigma = 0.012 + 0.004
S/B (30) 0.0309

| 1 1 1 1
1.85 1.9 1.95 2 2.05
Invariant mass KKn (GeV/c?)

* Strong D *suppression (similar
as D% D* and D**) for 8< p;<12
GeV/C

* R,,seems to increase (=less
suppression) at low p-
— Current data do not allow a

conclusive comparison to other
D mesons within uncertainties

O Kuznetsova, Rafelski, EPJ C 51 (2007) 113
He, Fries, Rapp, arXiv:1204.4442
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Ut/ noeo...

%/eavy—-/on collisions at ﬁ/3/7 —‘energz‘eé : /7/3/1 —enerqy dens /‘fy)'
hot, deconfined matter with ?aaré and 3/4(0/7 degrees of
freedons ( /9/625/)762 - @6?> - SZ(ronﬁ/y COap/ea/ Sy\SZ(eM

Statistical des cr/pffon of rel/ative pariic/ e »mut/ Z/p/ 1cities
C.ONIPMON ve/oc it y - expanéfon of’ A e 5}/558/)7

Mediem properties: nearly perfect ligeid; opague Zo Aigh-
enerqy parions ( Incleeding heavy—?aar(S — finds For Flavor
c/epena/encg of’ ¢ e parZ‘on enerﬁy /oss — £ anddMenZ‘a/ @CD%
Sorne S fgnd/ S of J'ez‘ modifications

Jets and heavy-—faarks are well calibrated proéeé I /et ‘5 USe
Zhese...

TODA Y- ?aar(/onia ) /%zrfic/ e correlations at /7/3/1 "277 2 L/'.ef
reconstruction in WL collisSions and Jef ?aenc/w’? at the LYC
— experimental SuUrMary ...



24 dl‘,é o a:
< ——?Aar 15 med il 7
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Charmonur SuUppressSion

@ép 5{9/7622‘4(#8 /Oropoéea/ éy Mot seti and Satz y 1956

In the /9/ AS M P/7d58 Zhe interaction poz‘enfl‘d/ ’S expecz( ed % Z

o be scCreened Aeyona’ Zhe Deéye /enji/’/ A ( ana/ogoaé Zo @ mg\‘?@.@ ()

e.. Deéye S creen/n3>-' é = Q} ?
8 W

Charmoniunfcc) and bottoniunk 58) states coith r 7 Ny eoil/ % 8‘

not bind 5 Cherr p/‘odaci/on eorl! e SuUppres sed ( ??Aa/‘
states corl/ ’ melt >

T/Te 1/r) [fm1]
e~

g 1 L R L L B _
_50.6 Xe (059 fm) _ 2 Y(15)
0.5 ‘%9 (0.56 fm) _ B Xp(1P)
: ; : 1.2 15) Y'(2
04 | \ 4/‘&, Debye length from lattice QCD 3 J/y(1S) Y'(25)
J / ’Jj/(o,zg fm) E T v (2P) Y"(3S)
° =W %P wzs)

0.2 —
- 6‘2\& :

01 [ 7

T Mocsy, EP] C 61 (2009) 705
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J / ) 147 /’1@@\/}/ —10M CO/ / 1S10NS

o

500

c\/]\ 3000_ TTT | TTTT | TTTT | TTTT | TTTT TTTT TTTT TTTT TTT ]

§ - CMS Preliminary .

B N, :8525+ 177 .

. & 2500-PbPb \S\w=276TeV a5, 1 mevic ]

|nC|USIV6 J/\P 8 [ L, =150 ub™ e data ’

o 50001 Iyl < 2.4 %45 total it -

>~ [ 65<p, <30GeVL 7 bhd + nomprompt. -

Prompt JAy Non-Prompt J/y £ [ cent 0-100% 9 ]
() -

P from B decays & 1500 .

* Non-prompt ]/ become significant
towards higher pr (20-30%0)!

g S B B BN BRI BN
— - CMS Preliminary i
® Reconstruct p u~ vertex i _
HH 8 17 PbPb (5, =276 TeV
® Simultaneous fit of u u™ mass and :C\:’ 33_ Ly = 150 b % 2’_'5<<2F;‘T‘<30 sev/e _
pseudo-proper decay length t 0F Cen. 0:100%
> B ® data ]
mJ L i 75 ﬁ-at- non-prom ]
EJ/QP — nyﬁ 1025— ???E;gigroundp " =
pT J /w 5 :
B —= 10 E
o Ly ; ?
15 =
2010 data: JHEP 1205 (2012) 063 | 1|5¢.
2011 data: CMS PAS HIN-12-014 L., (mm)

e — S
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T/ suppression — KA IC vs L4C

J/Y measured with forward muon arm

Jp—>urw
* Inclusive J/y yield lost in central < 1-4f
Lo n: T = ALICE (Pb-Pb \s,, = 2.76 TeV), 2.5<y<4 global sys.=+ 12%
Pb-Pb collisions as compared to 1 olbl| @ PHENIX (Au-Au 5, =200 GeV), 12<lyi<2.2  global sys.= = 9.2%
equivalent number Of p_p COIIiSionS O PHENIX (Au-Au \s,, = 200 GeV), lyl<0.35 global sys.=+ 12%
— Quarkonia “melts” within QGP L] J/I/J suppression """"""""""""""""""
* LHC: Less suppression than at RHIC gl L
and flat centrality dependence 3 +
¢ =>in-medium ccbar 06 TH. Hm % I .
recombination? 0.4 4 3 @
* Important: better knowledge of - Phys. Rev. Lett. 109.072301
initial state effects crucial — cold OO 50 100 150 200 250 360 3%0 400
nuclear matter / shadowing / Event centrality N oo ?

saturation CI) @ O

Cold nwucl/ear mcller? =2 Measure p-—pé collisions!
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K 0.3
i Centrality 20% - 60%
: B ALICE Prel. Pb-Pb \s,, = 2.76 TeV, Jip: 2.5 <y < 4.0, p, =0 GeVic
0.2 ALICE ¢ STARPrel Au-Auys,, =0.2 TeV, Jip: li<0.9, JPG 38 (2011) 124107
T PRELIMINARY
0.1+

o
*

-0.1

o 1 2 3 4 5 6 7 8 9 10
pT(GeV/c)

Pb-Pb \s,, = 2.76 TeV, Centrality 20% - 60%
Jy:25<y<4.0, p, 2 0 GeV/c
_ ALICE iminary: 6- i :
0.2_ oreliueey ™ ALICE preliminary: 6-A¢ method with VZERO-A EP

o 0.3)

Transport model: R. Rapp et al. (priv. comm.)

-0.1F Transport model: P. Zhuang et al., b thermalizedi(priv. comm.)
L eeeees Transport model: P. Zhuang et al., b not thermalized (priv. comm.)
lllllllllllllllllllllllllllllllllllllllllllllllll
0 1 2 3 4 5 6 7 8 9 10
p; (GeV/c)
R — T

K eﬁene/‘df/on - J/ P £oew?

* Expect ]/ from regeneration to exhibit
similar elliptic flow as D mesons

g S

" e ALICE at LHC:
» hint at 3 GeV/c

sorosb (s s

» local significance 2.2 0

=== s ——— ==

* Does one point really make the difference?

» More data will bring the answer

T
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Beauty vs. charm

< _I [ | T T | T T | T T | T T L L T T
o 1.4 CMS
" PbPb\s,,, = 2.76 TeV

O | ALICE: cquarks

1.2

average D°, D", D*
6<p_<12 GeVrc, lyl0.5

1

¥ | b-quarks

0.8 via secondary J/p(u'p) ]

6.5<p_ <30 GeV/c),lyl<2.4.
*

H %

@ w5

0IllIlIllllllllllllllllllllll|III|I||||

0 50 100 150 200 [250 /300 350 400

0.6

0.4

0.2

SRR

In central collisions, the expected R,, hierarchy is observed:

charm beauty
RAA < RAA
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2
m,. (GeV/c?)

PP PbPb
c\’j\ 50 _I IIIIIII | 1T 171 | T 17T | T 1T | 1T 171 | L I_ N/\ 800 _—r IIIIIII | T 17T | T 1T | 1T 171 | T 17T | L 1__
S CMSppVs=276TeV - S f ” CMS PbPb \s\, = 2.76 TeV
o [ i © 700 -
O lyl <2.4 i o Cent. 0-100%, lyl <2.4
= 40 pi >4 GeV/c 7 S 600 = p: >4 GeV/c -
< [ L, =230 nb" ] < F L. =150 ub’ -
2 L . £ 500 -
g 0 . g I :
111 i * data i 111 - e data B
! | # total fit i 400 total fit -
20 I ¥ - background s 0 /| background =
i + * ] 200 :_ ............ . _:
| - ¢ ]
LN :

: !l 100® ps
O | ‘ 1 1 1 1 | 11 1 1 | [ +I |¢I L1 1 |LI L1 1 | 1 1 I*_ O:I L1 1 | 11 1 1 | 1 1 1 1 | 1 1 1 1 | 11 1 1 | 1 1 1 1 | L1 1 I:

7 8 9 10 11 12 13 14 7 8 9 10 11 12 13 14

2
m,. (GeV/c?)

Ny 28y /Ny lpp = 0.56 £ 0.13 £ 0.02
Ny 3sy/Nras) lpp = 041 £ 0.11 + 0.04

Nr(25)/Nr(1s)[pbpb = 0.12 # 0.03 + 0.02
NT(SS)/NT(18)|Pbe < 0.07

Ratios not corrected for acceptance and etficiency
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(\’1\800_—f||||||||||||||||||||||||||..|...1__
S [ e data ” CMS PbPb |5, =2.76 TeV -
S 700 pppbifit || Cent 0-100%, lyl <24 -
~ o O ool PPshape |} Ly =150 ub” 4
% ] = B p$>4 GeV/c 1 =276TeV
© - 2, B _ lyl<2.4
= 40 ¢ 500 + 5 - E
— Th) B T -
7 > u + .t _
T i LL] — .:: | 7
|.T>j or 400 1 aa
_ Pl 1 talfit E
o0l B : | ickground -
- 300 i —
- E ‘: E * o E
méﬁﬁ 200_— — w
_ ¢ 3 T
° P
! 100 = 13 14
NT(ZS : | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | | 1 1 | | 1 1 1 | | 1 1 1 : )3 :l: 002
Ny(ss 07 8 9 10 11 12 13 14

Mass(u*w) [GeV/c?]
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Y(nS) Raa %

* In 2010 (7.28 ub™h):
» only Y(1S) Raa in 3 centrality bins

< _l L | T 1T | L | L | T 1T | T 1T | T 1T | L |_
Y 4~ CMS PbPb |s=2.76 TeV = » JHEP 1205 (2012) 063
1 22_ +Y(18) L =150u" - * 1In 2011 (150 ub™):
T °Y(25) Iyl <2.4 ) » Y(1S) Raa in 7 centrality bins
14+ : » clear suppression of Y(2S)
0 8:— 50-40% - » Y(1S) suppression consistent with excited
T 40-50% 20-30% i state suppression (~50% feed down)
_ 50-100% i
0.6~ + + 10:20% o o590 ] » centrality integrated:
0 4:_ ¢ + *_: Raa(T(1S)) = 0.56 £ 0.08 (stat.) £+ 0.07 (syst.)
[ o i Raa(T(2S)) = 0.12 £ 0.04 (stat.) £ 0.02 (syst.)
0ol + + - Raa(T(35)) < 0.1 (at 95% C.L.)
O:l L 11 | L1 11 | 111 1 | 111 1 | L 111 | |+| L 1 | 1 1 | | L 11 |: ¢ Sequential Suppr€SSion Of the three States
0 50 100 150 Isloo 250 300 350 400 in order of their binding energy
part

centrality CMS HIN-11-01 1
> arXiv:1208.2826

(arrented hv PRI




158@&(@)‘%0/7/& S appreS Sion al Che L%C

} 1_4_ | | | | | | | | | | | | | | | | | | | | | | | ]
T [ CMS Preliminary 0-100%
1.2~ Pbe\/ST,N =2.76 TeV ]
1_ e Inclusive ¢(2S) (6.5 < p_< 30 GeV/c, lyl < 1.6) i
0 8-_v Y (3S) (lyl <2.4), 95% upper limit B
T 4 Y(2S) (lyl <2.4) |
= prompt J/y (6.5 < p_ < 30 GeV/c, lyl < 2.4) i \
0.6— _| ¢!
: * Y(1S) (lyl <2.4) + : ‘WA_\ 9
B Y(1S)3L‘ '
0.4_ . 10T5 i
0.2~ (28) ves) 59" -
(6 Y(3S) o gre _
i ¢ | 4t f | | |
O ] ] ] ] ] ] ] I://I ] ] ] ] ] ] ] ] ]
0 02 04,9706 08 1 1.2

Binding energy [GeV]

L —— R ——



So ) cohat about
JeZ( ?é(ehC/’}/‘hg L7
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KAA for different parz‘/c/ e Z‘y/e

Discussion based on LHC results 5,/ <. prression for heavier—g

( Sfrange , charn) and 3/&(0/75 ( /arﬁe

2 [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ ]
1 8: PbPb\/sy = 2.76 TeV . e/ast/c e-—-/oSS)' /eSS a’ep. ON MQS\S?)‘
O [ —— Charged Particle 0 - 5% (CMS) |
B —e— Charged Particle 0 - 5% (ALICE) _ CO/OI‘ delZ(O/‘.? - \5/)7@// effecz .7>
1.6:— — 4 Jhy from B 0 - 10% (CMS) B T/W £Fom B—a’eCdyé — dead conre
14 D° 0-20% (ALICE) ]
3 —4&— K° 0-5% (ALICE) : effect?
1.2 tyv —%— A 0-5% (ALICE) —
< - —]
s B ]
o 1 - mey T 1 Lambda vs Ko Ky below 7 GeV -
L Ch. hadron (YaJEM-D) . . R
0.8 + ch ::g:;: ) E i Festation of o (7)
0.6 _— J gl.(;zofygih(:ll?-W) ]
B +l | [ Ch. hadron (GLV) ] ' .
040 L1| 4 | 7 Krse docoards /7/5/7er p7/)5 :
0.2 - é <+ I T = D Y/ara/er parion/c S pecf/‘//(/)? (as
24 bl 7
O - | | | | | Ff | | | | | | | | | | | | ] compaf‘ed ZO (%IC>
0 S 10 15 20 o) Weak dependence of L p@@j e—
P, (GeV/c)

/o055 on pQI‘Z‘on enerﬁy
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( 4 4 f o)a a//f f erent parz‘/c/ e Z‘ype

5/‘/)7/‘/ ar S appreé Sron £or /78@\//‘8/‘ —?

Discussion based on LY C resc/ts (52‘/‘4’7563) charm) and 3/ wons (lar ge
e/astic e—-/oéé)‘ /eSS c/ep. ONn /)74557)‘

S R B oo | color factor? - small efFect?)
1.8 - —@— Charged Partcle0- 5% (CMS) T/V Fron B—a’ecays — dead cone
o T et
145 | 2 omnem -
1_2:_ i B Lambda vs Ko Ky below 2 GeV -
I:E 13_ _____ o | Lol | E manifestation of o (7)
0'85_ / E Kise dowards /1/:9/7er ﬁfS ‘
0.6 - e D Y arder parZ‘ onc Specz(/‘é( » (as
048  HGBTE ™ rvuenn | Compared Zo R TC)
0.2/ 388" gE EEEE {EW:%))L’ _; 2) Weak dependence of L p@@ 1 e-
OO_ — 2|O — 4|OI | E‘ % hac"rgg 2 /os5s on per‘on enerqy
N (GeV/c) ‘
I — Photons and Z s rnot SuUppressed -7

?aench/ng 1S a Firnal stale efFect
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fasrer ) ( Zhan £ut// Jef el ons Z‘/‘é(czlfon> exercrse:

Jet —?aenc/w rg \//a /eaa’/ rqg Ahadrons

=

>/ —'/7da/l‘on
Col‘l‘e/ it on *

. . 1
Ind/ USIve /}aa’ron p/‘oa’acf/ OoN |
Measwred as a Function of collision m
Cenfra//ty
S 10° ET T T T [ T T T T [ T 1T T T ] T T 71
Q -y
> 10 Pb-Pb \[s,,, =2.76 TeV 3
0] £ 3
> 10° L —— scaled pp reference E_
° ° 05% ]
2 =
§ 10°8 o 70-80% E
2 1083 -
= 4Ee Loss of meascred]
a = . . 3
5 10.1;5 | y/e/a/ ‘N CQ/?Z‘/‘CZ/ 4-' E;
- 10° é_ w _é'
10°E =
10"g E
1 0'5 ;E p E;
10°E E
107 :
-8 - | | | | | | | | | | | | | | | | | | | é
10 0 5 10 15 2
P, (GeV/c)

TSNSl e on CorreldliSnst interes Z‘/‘ng
oo/ o study 2he “ntermediate

P27 /‘eﬁfon — J'eZ‘S Vs oo and

recombination

( ales of recoi/ ( dwdy-‘SIC/e > /7aa/ron5

Sé(ﬁﬁf‘e\s\sed Leading particle

Azimuthal
Correlation
~ 180 deg

-
V4

L 4

+

A\
N

0.2

1/Npy g0 AN/A(AQ)

T T T T I T T T T I T ]

o d+Au FTPC-Au 0-20%

Sap

k- — p+p min. bias

* Au+Au Central

| | | I 1 1 1 | I | |

| | | | |

. -1 0 1 2 3 4
: Phys. Rev. Lett. 91 (2003) 072304

Phys. Rev. Lett. 97 (2006) 162301
—

A ¢ (radians)
S ——




163

At Highp:

Sens /Z(/\//‘Z(y of parz‘/c/ e Ccorrel alions

o different wnder/ }/"”3 p/]y\s 1S

Two-particle correlations
- conditional [per-trigger] yields

L dNassoc .y 1 d*Nassoc
Nirig dAp Nirig dApdAn
At Low-p;
Ridge

Hydrodynamics, flow B

Quenching/suppression,
Iproadening

ICP: Yields in central v.s. peripheral
collisions

| A n: Yields in A-A compared to p-p

p! 3-4, p? 2-2.5,0-10%

C(Ad, An)
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RHIC @ 0.2 TeV

d+Au Au+Au, 20-40%

Most central

Au+Au, 0-5%

0.3}

0.2}

0.1 +
High-pT
0.05} 4

0 m 0
Phys.Rev.Lett.97:162301,2006 A¢

T

('0.0589)1(1 > > (oosse')id >¢

- A JeZ‘é £) ragmenz‘ QS 11 VAC UL

| Qé(oosse)ld

72)0 —-pCU‘Z‘/C/ I COrre/ CZZ(/on\S

Reaperance of the away side peak
at high-assoc.-pT:

o similar suppression as in the
inclusive spectra

o unmodified shape

v

Differential measurement of jets
w/o interaction
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Yie/d per Zr/ﬂger parf/c/e

~ o~ .\

Conditiona/ y/‘e/ ds - Z.)*//C
AR/ pp-> Tyq

PRL 108, 092301 (2012)
1 1 1 1 1 1 I

< i I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 I 1 1 1 I 1 1 1 I I
_ | Near-side 8GeVic<p, <15GeVle + Away-side ALICE
20 [ \[S =2.76 TeV P assos <Piig m<1.0 _
i 0-5% Pb-Pb/pp  60-90% Pb-Pb/pp
a [0 Flat bkg B Flat bkg
- ¢ v, bkg ¢ v, bkg
1.5 B *[I] <|> L O mM-gap @ n-gap -
1.0 T *{’""m """ “’ """ “*"'—__— ------- *i ————— *i ——————— ii ------- ii""_
P g o B
) 1
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
00 =5 4 6 8 10 2 4 6 8 10
p t,assoc (GeV/C) p t,assoc (GeV/C)

Compare pp and Pb-Pb =2 1,,=Y,\/Y,,

® CenZ‘ra/ eerte
® recr—Side enhancerent (Dl c/'}anﬁe in FF? bias on pdrz( oNn §pecZ‘ré(m 75
g / g —pux different in PLPS as compared Co p-p? ) — consistent eith JeZ(
?aenc/}/nﬁ ..
O recor/: S app/‘eé Sed — consislent enth ?L(end/?fns
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14 4 : dala & Z(/[eory a’eécr/pf/on

é i I I I I I I 1 I I I I 1 I 1 I 1 I 1 I I 1 I I I I 1 I 1 I I I I I |
™~ - Near-side 8 GeV/c < Piig ~ 15 GeVic + Away-side ALICE -
2 O \Spn = 2.76 TeV Piassoc Prwg  MI<10 L _
i T 0-5% Pb-Pb/pp $ ﬁg\sA/,CFT -
_ 4 [] Flat bkg i
¥ YaJEM
150 IHK {'% + 0 v2bkg 2 YaJEM-D N
=) (bﬂﬁi (iﬂ] 1 O M-gap + X-N Wang -
R T . SO S TS
l T = Hg :
I i é + HH{:- i
| a) 1 i
I | | | I | | | I | | | l | | | I I | | | I | | | I | | | I | | | I

0.0 4 6 8 T, 4 6 8 10

P (GeVlc) p (GeVlc)

t,assoc t,assoc

N

Near-side enhancement:

Reproduced by AdS/CFT - inspired (L3 path length dependence) and ASW - inspired (L?) models
YaJEM too high (L dependence)

O,é ) SoO... COMPQZ‘/‘A/ e z,u/Z‘/’[ Jef ?é(enC/?/‘ng .
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KA IC Example: ¥/igh-pr Aadrons - guartitative anal/sis

Model calculation: ASW quenching weights, detailed geometry
Simultaneous fit to data.

Raa

irect v reli
10— ¥ Inclusive h* (STAR)
E 0 NIX Prelimi

)i‘l#jiH‘*‘f‘*‘**‘%"f'"'f"""f""""" 35
| ”‘**’**ww*%%*ﬁw

;

- B
''''''
.

.
\' “
Lt L3
o' [N
. >

=n
Ve

107

-
’0

I R NN PSS IR R I 1 P
2 4 6 8 10 12 14 16
pr (GeVic)

.0
*
.0
*

25

[ ] 20

Armesto et al.
0907.0667 [hep-ph]
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2 4 6 8 1 12 14

Density ~ ghat

OO

Keasonad/ (VAN e/F—consistent £1¢ of 1hdependent observables
Main linutalion was / 1S Che accuracy of Che /’keory .
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So, Lo/ bother cwith Ful/ J'eZ‘
rec.onsSlruclion iy /led\/}/ —1ON CO/ / 1S1onS 7

K14 and correlations of / eda//ng hadrons provide constrants on dens /‘fy
of Che meditir (9hat), however do not tell us aboit the X pardon*
enerqy /o555 and its dynarucs; /. eaa//ng hadrons are biased Zocoards Jets
Chat interact /itl/e or not at all exnth Che medicin

[LEt" >30GeV | ?p}/é /II‘Q M OD £ L .I

So called Swurface AI‘Q\S :

re?aeéz(/‘nﬁ Q /7/3/7 —pf
R?(coil Jet / L2 \:il;l? Trl§er' ...... ....... : Fmif A - ] parz‘/c/e sSelects a
| f Y \ ...... ...... . :':.'... :I.r-a. 50 ........ ' popt [t on o 7(1/- o?s c/ose

R=7.1fm -:x’ £ X X ' , } : lo surface of Che medittn
k N Necily - ChesSe jels inderact only
) \ ol ' ...... I10 /itt/e Cor not at al/ > eoilhH

o8 6 4 2 0 2 4 6 B 10 ¢he medictm

S ——

=2 fuw// k/ef reC.onSTrillion /re/y//‘S e /‘nZ‘egrdZ(e over the Aadrorc
a/egreeﬁ of freedom) AeZ‘Z‘er access o Che parZ‘on enerﬂy SCQ/e)'
a’yna/y//‘c\ﬁ of Zhe J'ef ?aenc///ng (7 >)' ot ~er prom/‘S "’73 observables:
9ar1ma —jet correlalions
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J eZ(S /n /734\/5/—/‘017 CO/ / /‘5 /‘0175

STHR: AutAe ot 0.2
o T

LY/ C + R~ TC: FJCD evolition of Jef ?L(end/?fng 7

\/ary enerqgy of’ the JeZ‘-’
LAC: Vary 2he scale with which §GP is probed ( a la DIS)
Compdﬁe and contrast KA TC and [Y/C
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Je?s in YT collisions & EXper/‘MenZ‘d/ difficu/ties:

\/acaam &/.ef VS JeZ‘ OoN fop of Che Y/I Adclégroana’ .

\/Q C Ll 7 hHardEvent
Entries 70
Meanx 0.1285
.| Meany  4.636
“]RMSx  0.3781

RMS y 1.426

w 16

dta
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jefS vz %/I collisions & é}pel‘/menfd/ difficu/ties:
Vac et ns et vs jel on Zop of the YT Aac%groana’ .

hFullEvent
hFullEvent

yed\/}/—'/‘oh CLO///‘\s/‘O/’? @ L 7 Entries 6170

Mean x -0.001311

| Meany 3.164
~.. |RMSx  0.6764
- |RMSy 1.833

> 20
O 18
Ww 16
14
12

10 . .................................................................................................................... . ML

Al
jut

-

..................................................... 1' e

e T/ e (B
\‘: e E:

dta
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#I J@Z‘ £ind. /‘/73 .
deal. /ng et Che éacégroana’ enerqy

50GeV jets + minbias + ghosts

A 5/773/ e event: all parz‘/c/ es c/ustered ( as 5/5/730/ ") Zo « J'eZ‘
Many of Chese oé/'ecfé are S /‘Mp/ % Aaclégroana’
fnergy of Che s /:9/7@/ JeZ‘S oVerestimaled due Zo Adclégroana’ enerqy
= Severa/ POSS 1bilities Yo sSwbtract ZA e a\/erdﬁe Aacégroana/ and. /
or SuUppress Che Aac%groam/ particl/es Land Aac%groana’ ets]



- Bdc(’groana/ swbtraction

Devel/ oped £for p//e —sUp h.tz/'ecz‘/on h p—p... 00 0
et cluster _

Pt = ST px Area - f

j et true g 001 °¢ &3 - !
pr =pr X 0p s ki
© 0.005 fit |

* p: median pT per unit area of the 0: — | y
diffuse background in an event — 0 :
measured using background “jets” LR IR S N A
as found by kT algorithm J—— —

* A:areaofthejet—measured using "2 [ o | oeneBl
number of artificially injected kR=05 : ¢ MghumiPU
infinitely soft particles of finite POt SN i R .
“size” into an event that are ; VAt ; ;

0.01 _, ............ ’1 ‘:\‘, ............ ..... 4

_ Clustered into the jet
 Jp: uncertainty due to noise

 fluctuations — non-uniformity of the
event background

1/N dN/dm (GeV™")

0.005 _,c‘ﬂ ............ ,“ , ............ ..... A

L W -

F:w-

P i | by
60 80 100 120 140

reconstructed Z” mass (GeV)

M. Cacciari, G. Salam, G. Soyez JHEP 0804:063,2008. e-Print: arXiv:0802.1189 [hep-ph]
M. Cacciari, G.Salam Phys.Lett.B659:119-126,2008. e-Print: arXiv:0707.1378 [hep-ph]

L T ———— R ———



- Bdclégroana/ S L(AZ(/‘QCZ‘/OI'?

Devel/oped for pile—wp reection in p—p... 002 — . . -
7 ! 7 / , NP My, =100 Ge\ : le-Iurr‘r?i Ayj—

jet _ cluster L T W s
- . 0015 _......; ............ : ........... ;;;u............g ............ : ..... -

Py = DT o X Area L M A

0.01

IBK)
=33
a3
|
ﬁw
N3
~
Q)
X
%
b
1/N dN/dm (GeV™)

0.005
* p: median pT per unit area of the : :
diffuse background in an event — ot —— =
measured using background “jets reconstructed Z/ mass (GeV)
as found by kT algorithm
. . 0.02 T T
* A:area of the jet — measured using > Mo 2100 Ge L ewioby
number of artificially injected G R=05 i MOmiPU
infinitely soft particles of finite it AR ]
“size” into an event that are ; VAt ; ;
001 F---ieevmeennnns i o ‘:\‘, ............ ..... 4

_ Clustered into the jet
 Jp: uncertainty due to noise

| fluctuations — non-uniformity of the
event background

1/N dN/dm (GeV™")

0.005 _, ...... ‘4 ............ ,“ , ............ ..... i

L W -

- F—.~-

P i | Y
60 80 100 120 140

reconstructed Z” mass (GeV)

M. Cacciari, G. Salam, G. Soyez JHEP 0804:063,2008. e-Print: arXiv:0802.1189 [hep-ph]
M. Cacciari, G.Salam Phys.Lett.B659:119-126,2008. e-Print: arXiv:0707.1378 [hep-ph]
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J eZ(S /n hed\/}/ —'/‘O/’? CLO/ / /‘5 /onS
— mcun diffice/lies

I {\ | | | | | |

{'\ Qualitative picture
X | \ Pythia + Thermal BG Simulation

i =
‘ | 102 B False yield _ _

I Width = SN N\ ——— p-p Jets In vacuum
; | \ © 10 -

Bias ,’ | - N ——«— p-p jets in background

| , | E ‘

g L | .- ~ﬁ B
3 | 3 *1J 4 Fv. 10.1 .;‘_ e \ -

107 "
s | underlying evert |
~  background e,
=2 Procedure in YI: I ks TOON e
I e, ST
D swubtract éacégroana/ L e sV oo
2) correct for +/ wuctuations ‘ 'h‘”"*ﬁw e
oo by oy by by by by by sl
L e— —— 20 40 60 80 100 120 140 160 180 200

p':‘ [including BG energy] (GeV/c)

00—

B



" YT jet £ nding: Creatment of
ZA e éackgroéma/

et M 8Z(/l od |
p = median | =L 35 — . . .
AJet median
¢ o

30 |
© [ Fastletk, (p""=0.15 GeV/c) o
E - Fit: (-3.320.3) GeV/c + (0.0623:0.0002) GeV/c x N7 10° o5 | = é/ o CZ s rez Ll he 4 Ay
2200 o = 5 :
T v § 0| { et Finder are TRUE

=100 B 15 : Jefé.l (dléd - f@ée/
- o
100__ 410° 10 L ] fd/SeJQKS.G
075000 Pb-Pbis=276TeV | I ® o ° d o o : °
- entries 102 5 [ ) ety .
= ° , .
ST 010% -
Al Mt oL 1 1 , l _—enerqy density
-4 2 0 2 4
5000 3000 _ n
S —

PT = pT® - P X Areaje
MaSZ( correct £e or reMd/n/ng resfa/aa/ energy
l‘850/ T 10n

— Magn/‘Z‘é(a’e of Che correction 15 relaled Zo Zhe Aac(groana’ flwctuat ons
— J'eZ‘ 4rea : small ( ( czrecz> — Smaller correction



7 Je? reconstruction in YL colliSions:
Bac/@roana’ fluctuations: characterized
Ay O PT, S peciram before corrections

LHC2010 Pb-Pb ys=2.76 TeV

. LHC2010 Pb-Pb\ s, = 2.76 TeV
2 F 0-10% centrality
2 s RC Pb+Pb anti-k, S ! !
O 10E 5, I [(}] charged jets anti-k , R = 0.4 (150 MeV cut)
S OF A o ¢ Re02oaar 6 Fag . oot
> [ 15/03/2012 :" . ®* Y R=0.30=7.15 (\J 10" '.'"ﬂ_"_ S
= 102L . Te | A N 10 - 30% =
S . v* » R=0.405=10.18 = s 2 -.-._ 3
& - o,
g * Y e py** > 0.15 GeVic -cl— 10° -.-... '.'_._ ® s0-50% 3
O 10°F . Ly o ° 1 50 - 80% .
5_ . T s ¥ ‘ \ E 10 o .I E
. | =
4 s 10 s 2 L =
10 = . v @ O -.-_._ -.-_.__._ =
- o 7 I s . s L Y e u__ -
i i + y * o 10 ®e A nn
10° ,1' "'+ < 000e oo
- T T e 10-6 ALICE performance A s 2
+ Uncorrected
-6 | L T T f#* + -7 POTTOS/S
10760 40 20 o0 100 10 . .
c:h
50 100
~ - /.. gp Gev,c)g — / 2 1 ot 2. . 2 aCh (S aNTIaN

A/OTQ// of Che oé/ecfé retetrrned AyJeZ £inder are T(é/éz/ez‘él Caka
~ fake/Fu/sSe Jefé D = even after AQC%groana/ swbtraction! <£->
flectuat ons
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Meas a/‘/nﬁ Aacé 3/‘04(/70/ ( £/t e alrons >

Note: the correction for the

> 1E
2 F . Pb-Pb \'s, =2.76 TeV background energy does r.10t
2 T évex 0-10% Centrality correct for energy resolution due to
= 19°E  al1cE I v background fluctuations
8 E PERFORMANCE v ™~/ A RC R=0.2,0=4.9 GeV/c
% [ 190201 va 2V A EmbR=0.2,0=5.8 GeV/c Single particle embedding
102 = o A X ¥ v RC R-030=85GeVo 1. Embed a high p; particle
= \ iy Eb Be0.3. o 9.3 GeV/ 2. Run the Anti-k jet finder
- v . M — o= e e 3.  Pick up the jet which contain the
10° v' K i Charged + Neutral embedded particle and calculate
- A A p >0.15 GeV/c emb jet probe jet
| v T,track — A
- v AA vV Ppy, > 0.30 GeVic 519 Pr —Pr P
10% = PO A
— v
| v
10-5 E_ v é
~ € a vy .
- * R=0.3 %MW Measured resolution
10-6 I I | I | Y' L 1 1 | I | 1 | L 1 1 | L 1 1 | I ‘f IA Y &I?#' I%I | I L4 ®
-80 1?8 e function — directly
dp.. (GeV/c
I. [ ]
5 =~55 GeV/c for R=0.2 applicable for unfolding

o = 9.0 GeV/c for R=0.3 procedure
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5&(///‘@5 Sion of 2‘/78 Aacé 3/‘04(/70/

- fa/se J'eZ‘ y/‘e/ d

Leaa//nﬁ z‘racé bias 2o

SUppresSS the fa/se JeZ‘S

[2] )
g 102;_ Pb-Pb \/TNN=2'76 TeV Anti-k; R=0.2 Inl < 0.5
¥e) = . p >0.15 GeV/c
S - 0-10% Centrality Titrack
10 E; custer > 0.30 GeV
- o —e— Inclusive
15 og"m, _
= n pﬁff::f >2GeV/c
-1 i .. i leading
107 AP 5 GeV/c
= f T
C - —v pftar‘;':f >8 GeV/c
10-2_5 ° AT e Ie’ading GeV/
= A A pT,track >10 GeVie
B [ Vy_al
10-35F A Vv VA-
- ° Ya
C M
-4 v
0% "y, %
] = v .!n ALICE
- “m PERFORMANCE
10 E °, P, 15102012
] - " v ! "!’,‘"‘
10° —
107k W
E | I| | | | | | | | | | | | | | | |
O
©
1F
0.5
OIIIiIlliIII|IIIilllilllilllilllilllill
-40 -20 0 20 40 60 80 100 120 140
ti—k ti—k
pr T — p x area®""" T = pi2 (GeVic)
L — T

False jets in heavy-ion collisions can be suppressed
via a leading track (particle) requirement

Warning: trade-off/bias against possible
fragmentation modifications (quenching) in Hl
collisions

Effect of the bias persists up to high-pT jets -
illustrated on vacuum jets

- S ppVs=276TeV
‘»
—
{—J 1 B o ] I - &
£ —a "
Z [ e
. — . i
a , Pythia
% e Charged+Neutral Jets
8 0.5 Anti-k; R = 0.2 |<0.5
A P, > 0-15GeV
L
S
|_
Q.

| 1 | | 1 | | I | | 1 | | 1 | | 1 | | J
% 20 60 80 100 120
pch*em (GeV/c)

T,jet
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: fnergy reso/wtion delerioraled due
Zo éac(’groanc/ enerﬁy £flectuati ons

Mode/ dermonstration
d NMeaS d NTrue

Resol
R f700p) = 108
dpT dpT e oL —=— Pythia
B ]
S 108k :a:ﬂ:ﬁigi_:;:a:a;&h —=— Pythia smeared
8 10° = . |
5P distribution: 5 . ~= Pythia unfolded
1 H ) . = 10
smearing’ of jet spectrum 5
due to background fluctuations g ° unfolding
= 10? 3

A
“ (N
'1::| L

r

.

i-‘:l:--:l:-

£ Simulation ﬂ
10-2||1||||||||||1||111||||||1||”
60

0 10 20 30 40 50
p;’ET (GeVic)

o

gimct on yields |
'ﬂ Need to unfold |
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1 (Y
Eac(/ 5)‘0&070/ cCorrections

[ UE fluctuations from soft particles can be reconstructed

/‘/’2 4 Z/ QS as jets (fakes)

@ Worse for larger R, contribute up to ~80 GeV
o Beguire additional signal qf harq Q_alr’tiql
o Reject fakes by requiring jet to match:

Reconstruction algorithm anti-k (0.2, 0.4). | © Track jets or EM clusters with pr> 7 GeV_|
O Residual fake rate estimated to be ~3% at 50 GeV

production
s

Input: calorimeter towers 0.1 x 0.1 (An x A).
Event-by-event background subtraction: E%, =E%" — " (1) x A®

== Anti-k reconstruction prior to a background subtraction.

== Underlying event estimated for each longitudinal layer and n slice separately.

max

We exclude jets with D= ETtower/<ETt0wer>>4 to avoid biasing subtraction
from jets but no jet rejection based on D.

lteration step to exclude jets with E_> 50 GeV from background estimation.
Jets corrected for flow contribution.
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Bdc,égroana’ S L(AZ‘/‘QCZ‘/O/? / L/‘eZ‘
enerqy/ Correclions (CMS >

PF pseudo-tower

0.087 (barrel)
< >

vl h°| h*i
|

M strip

>
0.087 (barrel)

a) Event-by-event subtraction of the heavy-ion
background

- Reconstructed particles towered into an (N,) grid according to
HCAL cell dimensions

* Mean tower energy and dispersion are calculated for each n strip

* Same iterative background subtraction applied in [0], described in [I]
* Random cone studies: good agreement between background
fluctuations in data and HYDJET simulations

* The effect of quenching on the energy scale is constrained using the
jet associated charged particle spectra

b) Jet energy corrections (JEC) based on GEANT
simulation of PYTHIA jets

c) Validation of the BG subtraction + JEC for PYTHIA
jets embedded in HYDJET

[0] CMS, arXiv:1102:1957
[1] Kodolova et al., EPJC 50 (2007) 117
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Je? ?&(ench/ng measurenrenls
eor? /7 £ul/ y rec.onstracted J'eZ‘S
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Jet K AA

#g/eZS oééer\/ea’ ' N /4/4 collisSion per N=N (A/ndry> CO///S/on>

o
#g/ els oééer\/ea’ per p—p Co/// S/ on>
2 - (a)' LI D L AL AL L L L L L B L L L L | f: | (Ib)l LN N IR L L L Y NN L N B B L N N B B N N (|c)| T [ rrr 1|11 1 1 [ 11 1 1T 71
1.8F . ) -+ -+ —
- CMS Preliminary Bayesian ¥ PbPb  \/s,, =276 TeV
1.6 _T T =
L JF 70-90% E3 50-70% f Ldt=129ub” I 30-50% ]
<1oF Ed S 3
< C

o) S < Y N L S

O C C
0.6 E— —E‘ LE + MRG0 ——— -
0.4F ¥ T .
0.2 Anti-k; Particle Flow Jets R=0.3 1 Ed E
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Jet P, (GeV/c) Jet P, (GeV/c) Jet P, (GeV/c)
2 : I 1 T 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I E: I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I:: I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I I:
1.8 :_(d) Uncertainties I (e) F (f) 3
16k Iml<2 TAA + Lumi I I E
T F Total statistical ¥ ]

o -20N°, X -10° I - B9, ]

1.4 . 10-30% — Uncorr statistical I 2-10% ] 0- 5%
$1.2¢ Total systematics F I E

o 1 e

© - T ;

S o08f g+ E3 ;
0.6F enseo_.o®* -+ ) T ¢ -
0.4 E_ — & — _E_ +* %0 o o I e -o—o-"'ﬂ—o—_._ 3
02k E3 i E
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Jez‘ (Cenz(rd/ - Per/phera/ ( 6tO-SO7% )

Krp @ Sinular as Kqq, el denorinalor are not y/'e/ ds Fron

prolon—-prolon betd Front peripheral heavy—-/on colliSions

CP

o)

0.5

—

0.5
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0.5

0

K=0.4

_\ [ ‘ T ‘ L ‘ 1T ‘ T ‘ 1T ‘ T ‘ L | \_
ATLAS Preliminary Pb+Pb \s, =276 TeV
anti-k, R=0.4

—
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—
T

30 - 40 %
el b b b b P e I
I I A B A I I I
R e N SN ——
10 -20 %
o b b b b b b b i
T T[T T T[T T T[T T T[T T TTT] T
0-10%
ST N NS NS NN N NS N e
40 60 80 100 120 140 160 180 200
p. [GeV]

| —— T

0.5

0

—
T

0.5

K=0.2

- ATLAS Preliminary Pb+Pb\/s, =276 TeV

- anti-k, R =0.2 det=7ub1

: 50-60% |
[ ‘ [ ‘ [ ‘ L 11 ‘ [ ‘ [ ‘ L 11 ‘ [ | \;
1T ‘ 1T ‘ 1T ‘ T ‘ 1T ‘ 1T ‘ T ‘ 1T | ‘f
CHCNTSESIE SR S Sh Sa——" s ——

ol b b b b b b g b
LI L B B L I R L I
"\.;u._._ o e - e [T ST ++ ................. + ..........
i 0-10%
Lo b b b b b b b g I
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p, (GeV]

 — T

Measure single jet suppression

with multiple jet sizes
LS ——7—

lllllllll

F ——— g =18 ° ALICE ch. h., central Pb+Pb
125+ gmed -2 —— NLO + med. effects, R =0.6 |
’ gmed oo — NLO+med effects, R=02
r == med ~ <"
P -
& L p.™=0 Central Pb+Pb |
.
~— 075 —
o U e ———— e
© < i —_—
e 05 -—-«—-""_;‘:.‘.;:"—-— —————————— ]
P e R 2
0.25 L ______ _
ottt
—— wilthout CNM — Etg + meg- e:ffects, 2 =08
— . effects, R= 0.6
125 with CNM e oo —
—— NLO + med. effects, R =0.4
. | [ No nuclear effect —— NLO + med. effects, R=0.2 ]|
- - —
a
c .[ e T T SRR T S T
S~ 075 T e _.._
Q e i
i —_ =
o 05F == i -
-
0.251 =2 172 7]
L Omed = LHC s =276 Tev
O 1 l 1 l 1
0 50 100 150 200
ET [GeV]

He, Vitev, and Zhang hep-ph/1105.2566

Note: FlaZ! - in
contrast Zo ( AA of
hadrons

( cr ™~ 0-5 = Sappreé\s/on — J‘eZ‘S /oose ‘9’7‘9/"3}/ in most central eventds
- 2(/78 radiction 15 rnot cqu‘area’ ot /1//7 Z‘/?e J'eZ‘ Cone ( @
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Measure single jet suppression
with multiple jet sizes

CenZ‘ra/ e\/enﬁs
|

2r
- ATLAS Prellmmary Pb+Pb \'s,, 2 76 TeV
5F0-10 % Centrality

(CP o Jeds

Sappreé SI1OM paZ‘ Zernr

as a Function of

CenZ‘I‘d/ / Z‘y
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1F anti-k, R=0.4
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o
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(See Aacéa,@
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(\! 2 I I | I
P F Pb+Pb |5, = 2.76 TeV 0-10%
o 18 [Ldt=7ub"

g e e R=0.3

m; ; e, " R=04

LT

----------

1.22—..: """"" ++ ----- LIS B S

1

ATLAS Prellmlnary
0.8

40 50 60 70 1 OO 200
p_[GeV]

o —— E——




8 T ?den@/’p‘n\g o1l A c%argea/ Jef\f —

ALTCE

Pb-Pb |'s,,=2.76 TeV

o
= Centrality [__] correlated error
D_D:<E e 0-10% [ shape uncertainty
= 10-30%
1- s 30-50% atee M
v 50-80% PRELIMINARY

o E!H!EEI

!

Charged Jets
Anti-k R = 0.3
p'ack > 0.15 GeV/c
L T R T T TN T A NP
10 20 30 40 50 60 70 80 90 100 110

P, (GeV/c)

NOTE: Systematically
different rmeasctrenent — Sare

efFect Found!

Pythia

< | Pb-Pb \s,,=2.76 TeV
<

o i % Centrality 0-10%
i [[#7] ALICE Charged Jet
- ALICE 9

PRELIMINARY A PYTHIA+JEWEL

Anti-k, R = 0.2
p:’ac" >0.15 GeV/c

107+

30 40 50 60 70 80 90 100 110

p, (GeV/c)

Mode/! Zetned on hadrorn FHAA
- reproa/aCLeé Ljef AAHA



189

Jet ?aenc///ng el H C/?dl‘gea/

Another observable: Katio of x—
Seclions: KI/K2 where KKK 2

2
ap| -
d — _ — & PbPb 0-10%
Proton-prolorn @ 2. 7:3\/ 1.8 Pb-Pb {[s,,=2.76 TeV
~ 7 76 © — ¥ PbPb 50-80%
q: B II -I E __ -
S 1™ Ratio of jet cross-sections Y '°F ALICE + Pythia
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N i
% ook A
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C | —
0.4 | e ‘ 08—
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0.2 __ anti'k-r 0.6 — _*_
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of % [ ] Systematic uncertainty 0.4 - Charged Jets
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02 AL ICE NLO (G. Soyez) T - shape uncertainty p"“" = 0.15 GeVlc
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) dN/GA

(1/N

SZ‘rong /méa/ ancé 5&?{ N 0 c/e —-cOrre/ &Z‘ ron Aeyonc/ a.)/?é?é‘ expec%ed rﬁ oFr ﬁ D case( )
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(1/N

Note ( éacéap)‘ No de—correlation a/so Seen at K TC: PHENTX in Cu+Cu; also remember the 2-Hadron correlations...

o
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Aac% sroana/ £lvctuations!
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+ L..=1.7 ub™

0
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CMS - ?aanz‘//’ yfng Zhe di U‘ez‘
asS yMMeZ‘ 8%

06 - T [ rrr [ r T T T 1T 1 | LI LI | LI | LI | LI T LI I LI I UL I UL I UL I LILLE
0.55F(@) F(b) p,,> 120 GeV/c ) cus ® PbPb\s,=276TeV
05F k3 P, >50 GeVle I fracerw ¥ PR E
C I 2 ¥ B embedded PYTHIA 3
C ¥ Ag, >5m ¥
A_O40F Ed E3 E
= : ¥ - mR
o 04r El T T o E
AC\L C I M ® 1 l N = 1
o~ 0.35F mn + + JL * + .0, ) ) =
I - L ® + Uy (I [
F 03F :E $ L —+ = I B
L vt T * i : i
- + N
Viooosg - ¥ oo AR 8- K oo £ k- F- Foooo Fo-o- 2
0.2F T + .
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Leading Jet P, (GeV/c)

The fractional imbalance:

- grows with collision centrality and reaches a much larger value than in PYTHIA or PYTHIA+DATA

- clearly visible even for the highest-pT jets observed in the data set

- the pT,1 dependence of the excess imbalance is compatible with either a constant difference or a constant fraction

of pT,1.
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di—jet asymmelry: where does
Z‘/?e 8’78/‘3}/ 30 4

. . Track
MlSSlng pT”: "|[|‘ — E —pr = €OS (QbTrack — PLeading ]et)
Tracks
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balancéd ™ b |\ d '
alanced jets '
] unbalanced jets %WM@

7778 POt L difference Za7 anc ed Ay
[otw-pT particles
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di—jet asymmelry: where does
Zhe enerqy go?

7 B
>f-
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*_ Pb+Pb \'s,,=2.76 TeV T ] 0.5-1.0 GeV/c AR<0.8 L h
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) A, \ _ A, A,
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7 he low-pT7 particles ” Aa/anc/ng " Zhe
/oS enerﬁy appea, at / al‘se Czns/ esS tort
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/V/ oa///; ed Jez( f rdgmenz(affon
— an expeclation Fronrt Jei ?aenc/’//ng

5 — ln(Ejet/phadron)

AN LEP Data Shoeon

—(&,7) Jet vector

in vacuum, E;;=100 Ge ,
---- in medium, Ej,=100 GeV

>‘ Jet quenching

“hump-back
plateau”
projection

N = O

hadron

N 6 Ezm(EJeJ phadron)

N

%3h rroment [ oo rmorentin
hadrons hadrons
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Meascrernen?s: Modificaliorn of 2 e

JeZ‘ £} ragmenzlafl‘on
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. Enhancemeznt at low z, suppression at z~0.1
 No modification at high z
«  Similar results found for R=0.2 and 0.3 jets
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Irterra/ Cormpos 1"lion of YT JeZ‘ S
prot on/ p/ on ralio eorlfnn a JeZ‘

Pb-Pb, \'s,, = 2.76TeV, 0-10% central
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! Direct p/’IOZ‘on( -—J'eZ‘> measurement

Super Clusters

spike rejection
Passing loose photon ID

H/E<O0.1
Photon isolation
Energy correction

Shower shape
Signal like
0n<0.01

/ to ee
Cross check the

>! energy correction

~

Electron rejection
Remaining contribution
1-3%

Anti-kT 0.3

pile-up subtracted
Jet candidates n|<1.6

!

v

Shower shape
Background like
0.011<0,,,<0.01

Purity
Determination

Dijet Background subtraction

Leading Cluster

Selected Jet
candidates

Shower shape
Signal like

0n<0.01

Photon Candidates

Exclude photon candidate
|AR| > 0.3 w/r to leading photon

Selected Jet

Photon Candidates- AllJet

|Ag| > 711/8

Photon Candidates- All Jet
Signalregion

/\Event Mixing

\ 4

Photon-Jetcorrelationsin
MIXED events

Photon-All Jet
Signal region

Photon-Jet

Final result

4 Ve, eXper/‘menZ‘a/ C/7QI‘Z‘ e of Z(/’/e e,{’ f orZ‘( ./ >
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Signal photon-jet Contribution from
uncorrelated multiple

interaction/fake

Background from dijet

o et o Jet o Jet
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. Jet .
L"H A M A Jet
’ & - | JA -
Photon Background photon  Photon

from jet

Background Photon-Jet
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Combinatorics

N\

Photon-UE
Combinatorics

Signalregion
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Ll I ! Ll ] L] I Ll L] I Ll
\ s, =2.76TeV

(b)
J- Ldt=150pb"

Data, cf.Slide 13
30% - 50%

Estimated from event mixing
method using minimum-bias

__—" data
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50% - 100%
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p AOZ(O/’?( AE=0) —;/‘eZ‘( AES>O)

The asymmetry ratio x;, = pT t/ p+. is used to quantify the photon+jet momentum imbalance.

|||||||||||||||||||||
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LAC... yel agan’ an amazing mactune...

Z(—)e+e_ ) - j&t

CATLAS

JLEXPERIMENT
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Even betller? Z —;/'eZ‘ !
Z_%/C .o yef aga/‘nf g, dﬂ?dzz‘ng Mdd/ﬁne ...

« Z-oete,utu” pr> 60 GeV
« Jet: anti-kT, R=0.2, 0.3, 0.4, p>25 GeV, |n|<2.1

Z-jet separatlon >mn/2 — 37 events for L,

—0.15 nb-1

100 200

300

20-80% 0-80%

0 20%

100 200

300

part

)

100 200 300

(N

part

)

int
N | 1T 11 | T T | T 11 T 11 | T T | T T | T T T L | [ | T 11 | 1T 1]
ND_|_ - + E ATLAS Preliminary ]
- pZ> 60 GeV = PYTHIA Pb+Pb Yy = 2.76 TeV 1
_‘.(]__'J‘ |_0'9 L pjet > 25 GeV 1T ® Data T — Data 2011 —
Q. - T @ Data (All Centrality) T L. =0.15nb" ]
~ . P /p?>25/60 4 o =
: i t !.— .

0.8 m—— p: : Z

] i - [\PT 1Pt
0.7- H . + I = I $ -
0.6F  Antik, JetR=02 H T Antik, Jet R=0.3 H T Antik, Jet R=0.4 e
- L 11 | I | | L1 11 | L1 1 + L1 1 | L1 11 | L1 11 | L1 1 + L 11 | L1 11 | L1 11 | L1 17

* Suppression of thegp‘ft IpT relatlve to MC simulations with no
energy loss (PYTHIA: Z+jet events)

« Stronger suppression for more central collisions

e
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SUMMIC SUMPIC)LUNT

® %\9/) enerqy heavy—ion collisions: Yot and dense ( opagite Zo /)/:9/) —enerqgy Pdrz(on5> ?é(dr(-—
gluon plasma

@ Hadron Speclra SuUppressed (both af Y TC and LYC) 5 Correlations of Aadrons ( proxies
for 2-2 Jef pProcess > cConsrstent ¢nlh J'eZ( ?aench/‘nﬁ

[ ) ﬁ(//y reconstructed jels suppressed (p7 dependence of the suppression patlern
different ¢han for Aadrons > -2 constant Fractiona/ energy /oss (7 > - sp Zo /7/19/7&5% Jef
eherﬁfeé measSured ( f? Y/IC & /.)‘/C>

@ The observed jet's consistent moditied Fragmentation (sebt/e effect!); The radiated
enerqy " recovered’ at /arge ang/es eort jet axis

® At /7/3/7 -pT-: No indication for particle dype compos iZion ( p/pion et ) modifications
of high-p7 jets

@ Sirvlar lo jet—jet, Che pholonjel correlations do NO7T shoeo de-correlation 5&}/0/7:/
p-p case (recoil/ jet also cwith wunmodified +} raﬁmeniaf/on>

Check the extra slides for more...

RHIC jet results and examples of

other observables (correlations)
from LHC...

@ Models explaining 2he phenomena Ae/ng put foreward.

I ——

Do e wnderstand ex/ery'é /7//73 aboett J'ez‘ ?aenc/w‘ng and what Fz/h (v reconstrected Jez‘ observables
Ze// ¢s?
NO! Bt woe /learned d/reac/y a /... and ZhHis /s JZZSZ‘ a 5000/ Aeﬁfnn/ng !



Instead of of « SUMMAHY -..

o T collisions at /7/3/7 —'energz‘eS
allow o study hot and dense,
C near/ Y A perf ect / /‘?aia’ p/ asma of
ouarks and gluons - opagite,
atlenualing fugh—enerqy partons -
/na’é(c/nﬁ Jef modifications

o A n/‘?ae studies of Ffundamenta/
properties of §JCD!



08 4/way5 good o ask: What is next?

O IM/?/‘O\/ea’ contro!/ of Zhe J'ez( recConstraction in >4/IC - st// /‘MproVemenZ‘S
poéér‘é/e (fess biases, other observables) — conceptually different

approaches in making...

O Newo observables? %/ddront/'ez( eic)' ( ales Ffor 241+ eventds? Structure
of Zhe J&Z‘ eoilhH /‘MPI‘O\/ea/ /o -*PT#&SO/ wlion? (SL(A -:/.eZ(S 7 >

® Correlation of JefS coith the " soft” 5dclégrodno/ and other observables?
(Joew/intermediate—pT hadron correlations — Zake a /ook at Che extra
S/lides .. >

Extra slides!

® >//eczv}/ —Flavor L/1‘32‘5 7 and Cheir correlations?

————

@ Experiment :fnergy —evolwtion of JeZ‘ ?aenc/’//‘ng — more Co learn? Y/{g/}er
enerqy (LC)... BPYTC sti// a)or,é/nﬁ on J'ef s Variowus collision Systems...

O 77780/}/-‘ progreé S in Lheoretdical a/eécr/pf/on crucial and ongo/‘hﬁ ) /‘MPI‘O\/QO/
Moa’e//‘ng and Monte Car/o 52‘#0/73/}/ desired (/ oo,é/‘nﬁ Foreard o ?aff/ﬁa—i——f-)‘
/\/exf—gen. TELOEL. niode! and others...)

JJworth to look forward to...
Your ideas can make a difference!
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% Azimuthal dependence of jet yields ~ out-of-plane

: d N. et
% Path length dependence of jet suppression dedeq)
: Ap=Ad,
+ Ratios of yields in different slices of Ap =¢/*t — ¥, Ry = &N.
jet
dp,dA¢ Ap=0-7/8

2?io"z'oix;“"”"'é?'zd-'e;oé/o """""
AT T T """ Pre
0sE AT,_ASP,Q,,mmW E %ﬂ — <§¢ < ua _ iﬁ! s Pb+Pb} L =276TeV - . |n_p|ane

F 1F —— < Ad < 37/8 g 15
0_7%ant| 4 R=02 I =akiaim 5’. | Ldrl 0.14 nb E X
M 30-40% 11 40-50% 1t 50-60%
o R —— S — T YHSSNE ) HOPUNUIND W N— ]
S B © ] o ! ‘ E + ] :
9z ki ! a1 E ; ; 1 - iiﬁi :
gy ¥ l [ o | T
08:_ - 1 r 41 r
0.7 - B

ATLAS-CONEF[-]2012-11(;]00 150,0T[Ge%/c:)|0 % 190 190 P, [Ge%fio %0 190 190 pT[Ge%/c;O S’ /7\9/8 Pw\zl C/e V2 - CMS
— Yields are reduced by about 15% for 3n/8<A¢<ni2 === @r———————— .

. 1 0-10% 10 20% 20 30% ]
relative to 0<A¢<n/8  CMS L, =150 ub’
0.2F PbPb VSTN =2.76 TeV

N [ 1<hi<2 ® CMS 2011 ‘$

o ATLAS s ﬁ. ]
f‘hﬁgﬁ oo o ¢ + J el.djl’ * e + 9 .HH' > o ¢ + ]
+_ _e

R, (gﬂ) =R, (1 +2v, cos2(¢p— W))
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[#dijets/#leading jets] ,

A riode/ des cr/A/ng Zhe £irst measurenents
Solarna+Mi/ano: talks @ Hard Probes 201. T

..................... -
I ] 18 [
i ®  PbPb[CMS] Lom s . i ghat = 17 GeVA2/fm 08 [
-==-= ghat=17 GeVA2/im ." o T 5 -
R4 4 16 [~
III. \\\ E A
o/ .\\ ] 1.4 |
y 1
/ - [ 0.7 |-
1 - 12 | I
" i
° L] "q}'q: o~
a: 1 R=0.3 )
0-20% centrality ~ i
- 0.6
| 0.8
°/ . i .
,/ E 06 [ i
I - M i O PYTHIA+HYDJET [CMS]
] 0.4 F 05| seeeesee parametrization
] i 5 ®  PbPb 0-20% [CMS]
4 180 < py 4 <220 GeV | 02 | I ahat =17 GeV*2/im Y
’
_____ 1 i
''''''''''''''''' T T T B ITRRNTIN TR N UN SN U NSNS SRS S U S S Y
0 0.2 0.4 0.6 0.8 1 150 200 250 300 350 150 200 250 300 350
=2 Pt E—,<E
P Pt ’ T2<5T1

—o sufficiently soft modes decorrelated [lost] from jet

° ®  PbPb [CMS] w < \/qL

[ J i —— ghat =17 GeV/2/fm

! ® PbPb
ghat = 17 GeVA2/fm 0 L
000510152025 3035
oo oy 1yl gzlogl/z

bt

all jet components accumulate transverse momentum
(k1) ~ /4L

early availability of soft modes

w
T Y

w
= T~

. q
+ (kL) ~ar



[#dijets/#leading Jjets

A riode/ o/e\scr/é/ng Che £irst measurenrent?s

--------------------

180 < pr . <220 GeV |

- /
o I

jets

Milano: Hard Probes 201»ET1

AA

0-20% centrality

............

12 fm

More in development - this is a representative...

I /

AAAAAAAAAAAAAAAAAAAAAAAAAAA

but working

extremely well!

...much to learn about jet quenching...

”
1 S -
0 o™
0005101520253035
E=logl/z

L e— N

all jet components accumulate transverse momentum
(k1) ~ /4L

early availability of soft modes

w W
TNk—Q —><7'>N -
Loymgr VY
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( cferences ( arnd relrs Zherern ! >

® |et reconstruction (p-p and HIC), algorithms etc - FastJet : http://fastjet.fr/about.html
® PHENIX results: http://www.phenix.bnl.gov/results.html
® STAR results: http://drupal.star.bnl.gov/STAR/publications

® ALICE results: http://aliceinfo.cern.ch/ArtSubmission/publications

® ATLAS HI results: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HeavylonsPublicResults

® CMS HiI results: http://cms.web.cern.ch/org/cms-papers-and-results

® Opverview of first LHC results: Mueller, Wysloluch, Schuckraft: http://arxiv.org/abs/1202.3233

® Hard Probes 2012 conference:

® http://agenda.infn.it/conferenceOtherViews.py?view=standard&confld=4157


http://aliceinfo.cern.ch/ArtSubmission/publications
http://aliceinfo.cern.ch/ArtSubmission/publications
http://cms.web.cern.ch/org/cms-papers-and-results
http://cms.web.cern.ch/org/cms-papers-and-results
http://agenda.infn.it/conferenceOtherViews.py?view=standard&confId=4157
http://agenda.infn.it/conferenceOtherViews.py?view=standard&confId=4157

Extra S/lides

‘D/‘a/ not £t for Time reasons
but al/so relevan?(! ) . Ma,ée

Sure yoa 30 Z‘/’/roaﬁ/’/ lheSe as
el .




Portic/e detection

Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet
[ Transition

Radiation
Tracking Tracker

Pixel/SCT
detector

' Proton

The dashed tracks
are invisible to
the detector

> AT1 AC
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2 CYPEDIMENT

http://atlas.ch
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ALICE Glauber Monte Carlo

* Glauber model: geometrical picture of AA collision

« Straight-line nucleon trajectories

* N-N cross—section independent of the number of
collisions the nucleons have undergone before

Glaubef Monte Carlo: Pb-Pb at\ s, = 2.76 TeV 0 .
.

B 0-5% B 30-40% F
9 5-10% 1 40-50% ALICE

Il 10-20% 1 50-60% )
B 60-70%

[ 70-80% E
B 8090 ALICE Perlormance:

B 90-100% 100572011

10

N. of Participant

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

s000- Glauber Monte Carlo: Pb-Pb at\ s, = =276 TeV ° 3

-2?3‘&

% 2 4 8 & 10 12 14 1w w2
Impact parameter [fm)

2*  Nuclear density profile: Woods—Saxon (2pF)

I
1+ exp(%)

- Radius=6.62+0.06fm
- skin depth=0.546+0.01fm
- Intra-nucleon distance=0.4+0.4fm

p(r)=p,"

 Nucleon-Nucleon inelastic cross section

oNN=64iS mb at 2.76 TeV

e Estimate uncertainty by varying model
assumptions



o per‘/C/ e Mé(/ Z /p/ 11 y & CenZ‘rd/ /‘Z‘y

=0 o
_E°E omimame —omee T :
- “ pp NSD FNAL = ..... - — - e -
l.\n/ sl » gg NSD LHC 0.78InVs - 0.4 *+* w 8 ey ﬂ"
S S [t
% <[ ¢ AuAuRHIC average ?-__. s LHC PbPb 2.76 TeV
=2 BOPD ATLAS (ahifiech e e 3 °F ++* = RHIC AuAu 200 GeV x 2.14
= b o memeus i S B " ppinei 276 Tev
T 4T . - ) 4rv A pp Inel 200 GeV x 2.14
i TS DPMJET Ill
21— 2~ —— HIWING 2.0 (sg=0.23)
i - - === Albacete et al.
0 Liia i Al aaa12 0 -l \ , 1 \ . . \ 1 \ . \ . | . . , . \
1 10 10° 10° 0 100 200 300 400
Centre of mass energy \s,, (GeV) Number of participants (N__ )
dN/dn scales faster than pp Scaling similar to RHIC:
- Trend predicted by some saturation * Contribution of hard processes
model (N, scaling)?
 Excellent agreement with LHC Classes Of models
experiments e Saturation
- Energy density x t, = 3 x RHIC « 2 components (hard/soft)
=»models incorporating moderation
e > dEr /dn _ é(E /N) dNep /dn of multiplicity (shadowing/saturation)
= naR: 2" R2 f d
ToTT ToOTT avoure




‘ More on Zeoo —'pdl‘Z‘/‘C/ e
correlations



220

@ J=ts at RHIC...
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0-1% cent,, 23.3 GeV/c jet

Run-5 Cu + Cu at +fspy = 200 GeV

Jeds at (V/IC vz >‘/IC

PHENIX Preliminary
Run—5 Cu + Cu\s,,, = 200 GeV/c
Gaussian filter,c = 0.3

uncorrected p + p compared to
background—-unfolded Cu + Cu

N
PH-<ENIX

Custom jet £inder (Gawssian
Fi/ Z‘e/‘/n\9> Zetnned Zo /‘%‘ecz(
combinatorial Jefé
— Zune based on vacciin
£} ragmehZ‘aZ‘/‘on

'F:: %
B0 cu+cu P+P><7jAIT':=f : » Suppression of reconstructed jet Raa:
LS 1L *0-20% ©0-20% : ii _
1075 =20-40% ©20-40% => over a wide pr range
B 10 12 * 40-60% * 40-60% —
a *60-80% * 60-80% i _ _ o o
10—‘30""é"'i'd"i's""2'0"‘2'5" 3'0 3'5 40 4'550 => increasing suppression in more central collisions
p’Tec"p"’ (GeV/c)
» Reconstructed di-jet A¢ distributions unmodified:
| = no angular de-correlation in central collisions!
[ — B
S 2 PHENIX Preliminary . — 3.5¢
= . gb c0-80% PH-<ENIX e = PHENIX Preliminary v 60-80%
: 6:— 40—600/2 , S :_gun-S.Cu;ﬁu \/s,ﬂvoz3200 GeV/c . 40-60%
1’45 = 20-40% % - S;n‘if:ft?ic'jeetﬂjzt— : = 20-40%
A © 0-20% 2.5F ; . 0-
. 2: ° § - 7.5 <pe<11.5GeV/c 0-200
L @] ~ o
" O 1 o . R
] TR L ¢ . p 2y
0.8- 2 = s 150 % M
0.6 Tl ' N 4 5 rd Y
S o - ,7’ b8
0 2;Run—5 Cu + Cu\/s,, = 200 GeV 0.5 s %
"“E Gaussian filter,c = 0.3 - £ &
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prTec‘p” (GeV/c)

Ao



Jeds at (V/IC vz >‘/IC

Work on Final resw/ds in progress ...

33 ] chrge SySKemaf 1c wuncerdanties! < 2

o o : 85 PHENIX Preliminary
Au+Au and p+p at\/s, =200 GeV/c ‘OF * 0-20%
PP S5\ S 160 * ©0-10%,(z)=0.7 (PRL 101, 162301)
Au+Au: 10% most central -
s 1.45
- L~ ] 1.2
06— = e
- —~  ktR=0.4 08_:{%{> %}
i —o- anti-kt R=0.4 06_ %{? Wﬁ'% + ‘}‘ + ? =
0.4F +
InC|USive RAA 02_Run 5CU+CU\’ =200 GeV
. Gauss&anfllterlo 03I |
ol ~ STAR Preliminary %50 15 20 25 30 35
||||||||||||||||||||||||||||||||||||||| rec—pp
1095 20 25 30 35 40 45 50 p; 7 (GeV/c)

p"et (GeV/c)

STAR AeetHee: & 757 > Ky 5//73/8 particle
=) pd/‘Z‘ of Z/le pﬁrfon energy rec overed

PHENTX Cou+Cu: Kyc75 ~ &4 hadrons
= > MRS L)e of VAC L7 f ragmenfaf/on



Keco)/ et spectrus at K IC

77*/39@/‘1-/85 :
sSwrface
- Strong 7} ragmenz‘ ation bias ~
vacuum et
n b
e qal v AntiKt R=0.4, p,"’>10 GeV
e E © AntiKt R=0.4, p">20 GeV
N B
. . é 1.2 Background uncertainty ¢, = 1 GeV
Trlgger JEt 2 - ------ Trigger jet energy uncertainity
S . ‘
<

qO 15 20 25 30 35 40

O Se/ eCZ‘/‘ng A/QS ed fr/:iaer Jef M PN 2eS paf/’] /. engZ‘/’l £or
ZA e

recoi/ (L-2-5) J'eZ‘S ! extlreme Selectlion of Jef

popa/ atron
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Awayside Gaussian Width

1.4

#I C: JeZ‘ —~hadror

Broadening & sof en/ng of
2he rac o, yet (&l KYTC? —2

1.2

0.8

0.6[T-

0.4

A AuAu, 0-20%

e Ppp
[ v2 & detector uncert.
| trigger jet uncert.

. 10< pjTe‘ <15 GeV/c
[ 15<p" <20 Gevre
B 20 <p* <40 Gevre

STAR preliminary

02— = W TreReesieg A
- - - A e
0 B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 2 4 6 8 10 12 14 16
paTss°° (GeV/c)
§10' jet
= h A AuAu, 0-20% []10<pf <15 Gevre
o
— jet
% . v2 & detector uncert. - 15< p-T <20 GeV/c
5 | trigger jet uncert. - 20 < p'Te ' <40 GeV/c
1F
STAR preliminary
-1 L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I 11 1 I 11 1 I 1
10% 2 4 6 8 10 12

14 16
p2e>° (GeVic)

5&(Z V'3 COmponenf NOT

rne / /‘ /A/ (=

Figure 1. The Gaussi@h widths of the awayside
jet peaks in Au—Au (triangles) and p—p (circles)
indicate broadening of the awayside jet in Au—Au.

STHAR @ ~IC

3.5 A AuAu, 0-20% [ 10 <P <15 Gevrc
3 ;_ - v2 & detector uncert. - 156 < pjTet <20 GeV/c
25 ;— trigger jet uncert. - 20 < pjTe ' <40 GeV/c
2f
1.5H
1
' STAR preliminary
0.5}
OF
0.5
'1-_|| | PRI BT S SRR |
0 2 4 6 8 10 12

1416
p2e>° (GeVic)

Azimuthal
Correlation
~180deg
b
¢
b
N\

Figure 2. The awayside 14 4 (left) and D 44 (right) indicate a softening of the awayside

jet for three reconstructed jet energy ranges. The awayside D 44 shows that high-p

assoc

suppression is compensated for by low-p enhancement.

assoc

Jet

B

»? edof/
Ahadrons
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Kerurder on £ ragmenz‘ alion Has...

® ﬁasmenfaiz‘on bas! — nature
/s #ind and (in most cases)
eor!/ give you what you as £ For
- perhiaps NO7T what yout
LOANT



7%6217,% yoa !

Thank's Zo all the authors/experiments For Zhe 3rqp/7/c5/ Slides shamelessly stolen for Zhe
purpose of ¢his Zalk

() For 5/‘@?/7/‘(15 / s/ides #ronr: F. 4 ntinor ) A.
Cole, 7. Dahms , ~. 60\/0/7/, M. A/sayen, 7.
Y/emmfclé , P. Jacobs , M. Flors , M. van
Leeawen, C. Loizides ) A. Morsch ) J.
Putschfe, C. Koland, M. (}/Aér , (7. Salar,
Y. Shi Lar ) . Soyez ) Z. ﬂ)/‘n\gerfer

() For Zhe material Ay coll aéo/‘aZ‘/onS d /4 LIC&;
ATIAS, CMS, PHENTX, STAHK
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fnergy density estimation...

What have we done? Energy Density
Overly Simplified:

e Let’s calculate the Mass overlap Particles don’t even

Energy: ot oy have to interact!
€ e
<E>=2,00}/2=3150 fm3 100=0'14W;yRH1C=106

e Bjorken Energy Density Formula: 20-20y-23

region of
1 interest
~
- \ quanta emerging
_ from collision point
at speed of light
——

Assumed Measured

———receding
nuclear
pancake

e RHIC: st=5.4 +/- 0.6 GeV/fm?c
LHC: e1=16 GeVifmc -

17
Stony Brook Univensity Thomas K Femmick

L —
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Meas ar/ng cord?hs of Zhe cCorre/alions i»
az/‘MaZ‘/’l dna/ pS esdo —-rqp/a//fy

Mgzdn 7 /ne/)?az(/ cS

2<pg, <3
3<p; <4
3<p <4
4<p;<8

4<p;,<8

1<p;,<2 GeVIc
1<p,;,<2GeVic
2<p;,<3GeVic
1<p;,<2GeVic

— 038 = - 1

S - Pb-Pbys, = zrsrav

4+ : pp \s = 276Tav

|:| 0.7 :_|T}|..g.uva ................ ..................

~— B é

t 0.6: |I| ......................... L=
g - ALICE §

PHELIHIHHR‘F
O

Note: %:9/18/‘
Z‘r/’jger pT -

80 PP

Centrality | 100 = pp Y

- P T,assoc

2 < p, <3 GeVic |

o, (fit) ‘[/r’ad]

« No centrality dependence of o,
dependence governed by j. ~

0.8

0.7

0,,,0, ﬂon1Fn

A’
e 2<p_<3-1<p <2 GeVic
" Pb-Pbys. =2.76 TeV %%%% m 3<p, <4-1<p <2 GeVic
: PpYs = ETGTBV ALICE N 3<p <4-2<p <3 GeVic
L =09 e ' *
B lﬂl PRELIM]NRRY 4<th <g.-1< pT <7 GeVle
4-=th <8-2< P, <3 GeVic

Centrality | 100 = pp

pTassoc o = const.

— Same for o, in peripheral collisions

/}{3 /7 er av. P QI‘Z( OoN » Significant increase of C.Fn towards.cgntral events |
— For the lowest p; bin, eccentricity (o,-0,) / (0, + 0,) increases

y7a

from0to 0.2

¢ Smooth continuation from peripheral to pp

L —



Suarfoma and &GP

* Heavy quarks

» produced in the initial hard-scattering process

» Debye screening in QGP leads to melting of quarkonia

* Different binding energy of bound states lead to
sequential melting of the states with increasing temperature

» also observable in the rates of the ground state due to suppression of feed down contribution

State J/4 (1S) | xc (P) | ¥ (25) T/T¢ 1/(r) [fm1]
m (GeV/c®) 3.10 3.53 3.68 " lvas)
ro (fm) 0.50 0.72 0.90 an
: % (1P)

T@AS) | xp(AP) | T7(25) | x5 (2P) | T (39)
0.46 0.99 10.02 10.26 10.36
0.28 0.44 0.56 0.68 0.78

1.2\l 7/(15) Y'(25)

%o (2P) Y'(35)
x(1P)  w'(25s)

* The beginning: Matsui & Satz, PLLB 178 (1986) 416

Mocsy, EP] C 61 (2009) 705
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J, /V Fronr B -—-a/ecczys

J/Y from B decays to access beauty in-

medium energy loss

— Long B-meson lifetime -> secondary J/1’s from B
feed-down feature decay vertices displaced from

the primary collision vertex

JAp

— Fraction of non-prompt J/4) from simultaneous

fit to u™w invariant mass spectrum and

KJ/zp =ny(']/l/j).

pseudo-proper decay length distributions

/—\3000 IIIlllIIII||||II||||II]|||||||||I|I||||III
& B

~§ - CMS Preliminary

> N . N, 8525 = 177
O 2500-PbPb \[s\y = 2.76 TV ;- 354 1 mevie?
N n

8 [L,=150u . o

o L b4 total fit

— 20001yl <2.4 ff bkgd + non-prompt
~ - 6.5 <p_ <30 GeVic s

o - T === hackground

€ - Cent. 0-100%

® 1500

L
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500

III|IIII|IIII|I
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-
Q
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T IIIIIII]

-
Q
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LI IIIIIII

-
Q
(&)

LI IIIIIII
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Ty
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—I[IIIIIIIlI]IIlIIIIIIIIIII

: CMS Preliminary
PbPb \[s = 2.76 TeV

ly| <24
6.5< p; < 30 GeVic
Cent. 0-100%

® data

b total fit
w2 blgd + non-prompt
=== hackground
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| IIIIIII| | IIIIIII| | IIIIIIII

1
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K an of non-prompt J/Y

€  [(TTTTTTTT T rTT T T T T T I T T TT I T 1T I T 1T <L 1T T T 1 l. I l. T 171 I T 1771 I T T I

14 CMS Prellmlnary _ 14 CMS Preliminary _
" PbPb\[syy = 2.76 TeV y ~ PbPb\/syy = 2.76 TeV y
1.2~ 7] 1.2~ 7]
:7 i :j i
15 . (- .
0'8__+ Non-prompt J/y- 0.8 Non-prompt J/y-
0.6 * " = 0.6/ -
_ * i : i
0.4 x = 0.4 + .
0.2F |y < 2.4 ~ 0.2 Cent. 0-100%—
- 6.5<p_<30 GeVic - - v < 2.4 .
_I 111 I L 111 | 1111 I I | | 1111 I 1111 I L1 11 | 111 I_ B 11| | I I I | I 11 1 | | 11 1 | | 11 1 | | L1 1 | ]

% 50 100 150 200 250 300 350 400 % 5 10 15 20 25 30

@ Ny @ p_ (GeVre)

* Slow decrease of R,, with increasing centrality

* Hint for increasing suppression (-> smaller R,,) with

Increasing p-
CMS, PAS HIN-12-014




Ut/ noeo...

O Jets in e/ emenfdry collisions: rust SPeCI‘f Y an
operational defimtion ( a/gorfz‘/’lm , K, recombinalion
§c/78/)73>)‘ variety of infrared and collinear safe
a/gor/f/’zm\S ) wnder contro/ f/?eory/ eXper/‘MenZ‘)‘

O Y/I collisSions: AHot @ CD Mde‘er) /. arge /er‘/‘C/ e
( proa’aCZ‘/or» densities as compared o vacuinr -
evo/ ‘/"’{9 et h centralit V) Je? measwrements difFiceu/?
( 724@}/ ol eor// see hat poS Sib/e neverthreless >

@ Leading hadrons suppressed <-2 pardon enerqy /oss
{/eZ‘ ?é(enc/zz‘ngb %/aa//‘oné Se/ect parz‘/ca/ ar ens emé/ e
of J'ezté( / > — £ ragﬂ’/enfaz(/on blas ( more %ddy> -
relation of pa/‘Z‘on Vs Aadron enerﬁy (7 >

. Aacé Zo Jez( ?denC/l/nﬁ measSUrenrents



Je? £} ragmenz‘ alion 11
%/ea\/g/—-/ ON CO/ /1S1ons

3
10 CMS Prellmlnary anti-k (R=0.3) PFlow Jets with PU Tracks in cone (AR < 0.3) O Leading jet 1
- pp reference -
102 f Ldt=7.2ub" P5100 eV, p%40 GeVic p,>4 GeVic o Subleading o
10 k- PbPbVs,, = 2.76 Tev 2
Ap > 2/3n —— pp reference
~ ® O_ T @ 1 o_' —c S 0_' -
~ " Q- \J I I 'g
—@ 'O'I — ° o, ~0 ..O.I 1
g o ' ¢ i |0 |
i Hed tet .
“E 0.13<A <0.24 ; 0.24<A <0.35 ; 0.35<A <0.70
3F ' ' ' :
' [o]Leading Jet |
2.5F e Subleading Jet-
Q | ]
O 2r 1
~ [ ]
Q [ | lo) + ]
O 1.5¢ % + $ ¢ + .
_Q L J
B | + O |
o i .Aii_t:t—.._-___ N g t 1. - o[ -é-__ L= e-- %ol IO T 1, I
R TS TR oA Y % ety 7 *oooo+ THA¥RISTS ;
[ t | ]
0.5 + .
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et et et et

E ( Track ) E ( Track ) % ( Track ) E ( Track )

CMS obServation: Frqagmenz‘az‘/on of J‘eié that /ost enerqy cons 1Slent enth J'ez‘
£} ragmenf atron 1h prolon—proton Cvaceieens) — Sinnlar observations Ay ATIAS
- a 3000/ ?é(eSZ‘/on P /s Zhe parz‘/c/e COMPO\SIZ‘ ron of the JeZ‘ modified?
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7Transverse jet structire:
T MmeaSuUrenrent.s £ron 4 Z/as
v

E o E; ,>100 GeV
> . '.. o R=04,0-10%, p>2 GeV
S 10 e ° R = 0.4, 40-80%, pT>2 GeV
:I— E QQ
S N 8
Z ®
o 1 ®
- F *%
1—w : 95’
ZQ 10 eg:&:
B ==
| ATLAS Preliminary .
10” EPp+Pb\/sy= 2.76 TeV ©
= I—int=7 Mb-1 g
ot b b b b b b b b

 Measure distribution of fragment pt normal to
jet axis: jr = p?sin AR = pi?9 sin \/ An? + A¢2)

— Compare central (0-10%) to peripheral (60-80%)
=No substantial broadening observed.




