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6/ aaéer Moa’e/ - a/e\fcr/pZ‘ ron of heav}/-—/‘on collIsSiSns

Pb+Pb 160 GaV/A

i= 1.6 fm/c

central collisions:
small impact parameter &
- /7/3/1 netmber of pdﬁZ‘/‘C/pan‘S
- /7/3/} energy a’enS/Z‘y
-/ arse voline
- /drge netmber of produced
/ﬁd/‘Z(I‘C/ esS

per/p/’}era/ collisions:
/arﬁe Impact parameler b
— Joew né(/yzéer of pdrffc/pdnﬁf
—7 low multiplicity

UrCMD Frankifurt’M




. Very different tharn electron—ion collisSions...
- eIC COM/‘I?g /aZ‘e/‘...

Photon e b VT &) .
W

Fully Formed
Hadron




6/ aé(éer Moc/e/ — @ des Cl/‘/pf/on of’ /}eav}/—-/on collisSions

Peripheral Collision Semi-Central Collision Central Collision

“ é é Cehz(l‘a/ collisSions:

Sm»all i Z meler b
SpeCZ‘QZ‘o/\S o

— /7/3/7 netmber of pariic//%znis

O @) - /7/3/7 energy c/en\S/Z(y

02| DPapdicipants - large velume
"Q a%a Looinded relc /eons - /czrge netmber of’ produced
/CZI‘Z‘/‘C/ esS

per/p/le/‘a/ colliSions:

Impactl parameler b IS measured as: /arge impact parameter 4
F/‘dczlz‘on of Cross Seclion ‘ Cenf/‘d/ /‘fy ) — loeo netrm Ae/‘ O{,P czrz‘/c/panz‘é
Number of participants 2 low multiplicity

A///(méer of’ né(c/ ceon -—-n//(c/ con CO/ / ISrons



fxper/‘menz‘a/ contro/ of collisionr 330/)7@2(/‘}/

T T T T T T T T T T T T
- (b) CMS PbPb \a =2.76 TeV

J! 10°

Yow can we measure impact |
paramefe/‘ 17 /78&\/}/ —1 0N _
collisions?

=> Correlate ocbsServab/es

connecled on/ (v A}/ 330/)7@5/‘}/
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Nuclear geometlry — Glacber model and hard (Aigh-&2)
pProcesses

— @ /E/.E.\‘\: Normalized nuclear density r(b,z):
b i

[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]\];;Z :IA)

" * p+A 1s incoherent superposition of N+N collisions

___

ham’
pA




6/ czaéer scal. /ng of’ hard prOCeS SesS

Glauber scahngL har d _

for 7 GeV muons on nuclei

Oinel
M.May et al, Phys Rev Lett 35, 407 (1975) Opyrel Yan/A in p+A at SPS
r -
3 PRELIMINARY
° p-p Inelastic = 0.16
03<qi<35 : Ao =
Ein = 7 2 GoV » - — _
s04- 49 U U 1
D
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scales 1hn j |
P(u>4 asS /4"0 0.06 i NASO Phys Lett B33, 167
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Experimental control in Aeat/—1on collisions?
=2 direc? photons, Z s y MeASUre p,4 collisions (discussed /ater...



%/eavy —ton Collisionr éeomefry
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Central /Z‘y measSwrement: wse of the (7/awtber »ode/

N an eXper/Menf

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

e Correct: subtract BG, efficiency and
integrate multiplicity distributions

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

e Estimators:
V0, SPD clusters, TPC tracks, ZDCs,

¢ 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,
mteract based on their dlstance

i

e Compute (fit) observables assumlng

|
e 7DC N - test of Glaub t Nancestors ar Npart T (1 OC) Ncoll
measures spect- esto auber pIC ure Several detectors
- measure Che Corre/ di/ on
78 [ i Sl W B WL LA DL : ? ¥ ) " T —
- Pb-#’b t - é.?GT \, . ALICE Performance Pb Pb at\ Sy = 2.76 TeV T
o o\ S y \7/05/2011 3 3 2DC v ZEM (4. 8<n<5.7) ]
T + Sea S - VOA (2.8<n<5.1 .
l —— Glauber fit 10°F ALICE 3 - L M ( <n< ) ]
10? NBD x f Ny, + (1-HN. F PERFORMANCE ] o 25¢ VOC (-3.7< n<-1.7) —
10.194, 1=29.003, x=1.202 Pt ' = - TPC (|n|<0.8) ALICE ]
\\ 2 + SPD (|7‘||<1-4) PERFORMANCE &
10 : T O 2 o VoA+vOC v
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- e — ]
: jg 1.55_ 3 '?
1 = - C ]
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fnergy dens /‘Z‘y
K TC

@ ( cal orimelers > MeasSLUre enel‘gy

@ cSlimale volume of collision

%'or,éen enerqgy dens /.Z(y :
AE, 1 1 dE,
SBj — = >
AV wmR T, dy

R~6.5 fm Time it takes to
thermalize system
(tp ~ 1 fm/c)

> ntR?2

I 4 4 collisions
examp/ e

STAR preliminary
Aut+Au @ 200 GeV

4
10

____—min. bias

5% central

[

100 150
EXC" (Gev)
L J

| | | 1 | 1 1 1 1 1 L
0 200 400 600 800 1000 1200
dE,/dn (GeV)

€27 = 5.0 Ge\//fm3 KWIC

~30 CimesS normal rnueclear denS/Z(y
~ 5 Cines 7 € Ry (latdice @@>

A)/// See /aler: L%C ~ 3 X (%IC




ﬁréﬁ 7 contro/ ) ana/erSZ‘dna//nﬁ
- Aerﬂ ore further ins /:9/72‘ Zo @6 A /DroperZ‘ es...

QW an/ng ! peed o ,énoa) eohat o0bS ervalions are ’ Zrivial ) (eoe
are coll. /c//ng /784\/}/ —1onsS at /7{9/7Z‘ enersfeé > Vs, what
observations are Sensitive to @6 e properztz‘es ( a T /104(3/72‘
eXperz‘MenZ‘-' what o eXpeCZ‘ ewhren @6/9 1S NO7T forred -
what 15 Che AQS eline — when Vol ,énoa) Yol created QG P -
ansSeoer 1S Sapr/s /ng/ % COmp/ ex... more on that /aler.. >



%ea\/y —ton collisions

Model calculation

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693

Experiment STAR at RHIC




SfdﬁeS of >//I colliSions

T, K, p, ...

T, K, p, ... tlTe

hadrons - kinetic Z‘/?eo/‘y

Mid Rapidity

Qp ?aarks & 3/4(0/75 ‘h e?a/// brictn — hydrodynam/cs
N

o)

%)

g & g ol —of- -—e?a//iér/am - VisSCouws hydro

Hydrodynamic
Evolution

a) without QGP//

A

Pre-Equilibrium strong—fields - saturation, CGC
Phase (< tj)

N

Note: Ahard 5@&2‘58/‘/‘/)\95 occur ear/ }/ ( at f~0> !
Flow & correl/ alions — L#2
%5/1 enerﬁy parfonS — [#2 & [#3

b) with QGP

“ hard” objects - perturéative §CD

B

7 coo ,éey Z/ﬁngS Zo Follow —Lp- Chenical freeze—out
Kinetic #reeze—oct



Col/ 1S1O0OM evo/ LT 10N

Notes:

We are interested in p/‘operZ‘/‘eS of” @6 P (/i elines -~
w7 S e D

Need Zo a’/Sehfdng/e effects From different phases
3 not a Simple proé/em éy principle’ detectors do
NOT measwure these Zine— —peti ods / pﬁdée\f Separafe/y
(detector: pdf’c‘(/ cles afler hadronization! )
PoEquiborum | = 2 need for deta/ ana’er\SZ‘dnd/‘hg of Che p/}yS/‘CS

a) without QGP /% b) with QGP =7/" OC@S\S@\S ) p d/‘ Z‘/‘C/ (= Pr OC/&( Cf/‘Oh ) C/yndM/‘C\S Of Zhe
\ SySi en 1n each 2/7&63( )

Hydrodynamic
Evolution

=2 model. /ns , Various aS\Sé{MPZ‘/onS “«<% p/ a/ an
important role in physics interpretation

Need For control/ of Che intial conditions, 5@0/)782‘/‘}/
of the collision , Che /nCOM/ng parfon distribetions
Cnetclear—PDF vis né(d/eon-—pbﬁ




MedS wrernernls...
eSSt /‘Maz‘/‘ng 7
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0.4

a resmark...
\/a/ 1d Lor arn/ 7MeasS L renrent

Mee/: Z‘fp/ e measwtrenients of Z‘emperdfé(re. ..
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L hat 15 Hhol and cwhal 15 rnot:
7T hermal radialion Fronr a Sowrce

Remote Temperature Sensing

s
S

Red Hot White Hot

e Hot Objects produce thermal
spectrum of EM radiation.

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!!!

Thiomas X Hemmick




Number of Photons

Ed’N/dp

10

—_
<
-

1072

107

Photons — K IC

T, = 4-8 trillion Kelvin

Gold-Gold

Photons

Proton-Proton’

T
-
N
w

2x105m  0.5x105m Pr(CeVic)

Photon Wavelength

4 5 6 7

- * D. d'Enterria & D. Peressounko
'.;.700} B S.Rasanenetal.
- E A D.K. Srivastava et al.
600— L ™ [ S. Turbide et al.
- * F.Liuetal.
300 3 T @ J. Alam etal.
400 .
300 b
200
100
: 11 1 1 | 11 11
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T, (fmic)

Ennssion rate arnd
distribection
consistent coith
e?é(/‘/ /‘Al‘dfea/ malter

7~300-600 MeV

S —



L)z/C*QG P Shines Af‘lﬁ/’}Z‘
— Zherm»a/ p/?@fonS
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y o o, Pb-Pb \s,,=2.76 TeV Aexp(-p_/T.) -
@ Production of photons 5 LML e vaoacr s
: C = PN 20-40% ALICE ~ — 20-40% =
in Pb-Pb collisions s F % 40-80% ALICE -
5 , -
. . e T - B
07718/7)7@/ enrNSSIon — % %'_105— THIN =
X Q r iy o ]
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Calibration measSwrerters...



Mé(/ Z‘/p/ /‘C/Z‘y — energy a’epena’enCe

Models prior to

RAHIC
A B g
£ 6 R
(441 ing /
Q. , -
P 4 = )
N4l -
v /. ’+’ .
\ — /‘ - *
C Re e ' ’+
E L L -, . ; .
R - R -
> 3
— - -2~ ¥ Incoherent p+p superposition
‘.0." ( é/nary collision 5ca//n3>
O - Looph ap i =] | TR [ | I L 1 | \ I L

10 10°
\Spy (GeV)

Scales JA(SZ‘ /. /,ée V7 No evidence #or ( //*)CO/}erenZQ
2 2d —parlon interactions at A TC.



T RGRBIEET Y5 E

Energy dependence

I‘Oa/é( gl ON
/’78/‘3/ I

Comparison to predictions

_—
+* | ® PbPb(0-5 %) ALICE ppNSD ALICE L. & | ALICE ]
810/~ ® PbPb(0-5 %) NA50 o pp NSD CMS o Buszaq) |
< A AuAu(0-5 %) BRAHMS + pp NSD CDF ol HIJING 2.0 [5]
.3 | * AuAu(0-5%) PHENIX ¢ pp NSD UAS5 x §0:15 ° DPMJET Ill [6)
o' 8+ [ AuAu(0-5 %) STAR * ppNSDUAT -~ | « uQGmD[7]
:\_: ¥ AuAu(0-6 %) PHOBOS x pp NSD STAR . - o— Albacete (8]
= AA LT . Levin et al. [9]
O 6 -~ | P Kharzeev et al. [10)
f, B Kharzeev et al. [10]
Z 4 - - Kharzeev et al. [11]
E N - Armesto et al. [12)
s ° Eskola et al. [13]
2} | e |Bozeketal.[1d]
s — e Sarkisyan et al. [15]
Humanic [16)
0 | | i . A L . N
1500 2000
10° 10 Sy (GeV) dN_,/dn

PRL 105, 252301 (2010)
Energy dependence
~ 0.11
Sl

A-A ~ s, %1 (most central - 2x RHIC)
— stronger rise than log extrapolation

%5/78/‘ enerqy
<=2
Stronger growith
<=2
more pd/‘foné 11t eracf/‘ng. ..

S —
I

N



>Z/I collisSions: Pardicl/e proa/é(CZ‘/on

Energy dependence Comparison to predictions
e ® PbPD(0-5 %) ALICE pp NSD ALICE S R = ALICE ]
810/~ ™ PbPb(0-5 %) NA50 oppNSDcms /| — Buszad) |
< A AuAu(0-5 %) BRAHMS + pp NSD CDF e HIJING 2.0 [5]
.3 | * AuAu(0-5 %) PHENIX ¢ pp NSD UAS5 o 5&15 ° DPMJET il (6]
o' 8} [ AuAu(0-5 %) STAR * ppNSDUAT -~ (| s Qo7
= | ¥ AuAu(0-6%)PHOBOS x pp NSD STAR o Albacete (8]
-g' el AA i . Levin et al. [9])
- i ) +—o—+ Kharzeev et al. [10]
'cca . — Kharzeev et al. [10]
Z 4 P Kharzeev et al. [11]
E — - Armesto et al. [12]
R o N SSRNN SUS N o Eskolaetal. [13] |
2| e Bozeketal [14]
i —— Sarkisyan et al. [15]
0 o 1 o o e ] . Humanic [16]
102 10° 1000 1500 2000
Syn (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




More a’é(r/ng Z(/ze neXt /eclures...

Cd/ /‘A/‘CZZ(/‘O/’? . p/‘oz(on—'% CO/ / /‘5 /‘0175

Pb Y

> <

c.m. frame fhlftﬁd by Ay = -0.465

pr m 502TeV -

:_ HIJING:
-+ ALICENSD ----- g} no %hgg.
—2cz. 1 S =U.
- Sat. Models: 9
. — — |P-Sat BB2.0 no shad.
. KLN — BB2.0 with shad.
: ....... chK ........ DPMJET
| | | | | | | | | |
2 0 2

1~lIab

p-—-pé — crwcial Zests at LY C & reco /ﬁ/zenomena

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




LAYC > 2.8 x RYTC

Energy dens /Z‘y : R TC 2o LYYC
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Calibration measwurenends: cwhat
do e knoww about the Sowrce
eM/‘Z‘Z‘/‘ng parz‘/c/ esS?



Systematic control: KM IC vis L€

Centrality dependence of particle production

The same experiment under

vastly different conditions! ” <¢¢¢
spu w
; & pew ¥

* Identical variation of particle {ﬂ‘ & " E a

production with centrality § [y - >\§
(volume) at RHIC and LHC! 24 12 =2

=> Global features of the system \\Z; - ®0 Pb-Pb2.76 TeVALICE o Au-Au 0.2 TeV E \\Z;
independent on energy B 2 * ppNSD2.76 TeV —1 3
=> Initial conditions! %Q _ « pplnel 2.76 TeV ] %o

l

More on RHIC:

— S0 300 400
Phobos (Phys. Rev. Lett. 102, 142301 (2009)) CI) @ @

Centrality of the collisions: peripheral semi-central central




Yorw 2o measure The dinmensions of a Source... —
inlerfer OMef/‘y

7 wo particles erntled From Cwo locations (A,B)

cordfun a S /ng/ e SourcCe.
T hese two are detlected Ay detector elemerts (1,2).

1
V2

2 S LYY (e VM
[=lA =1t o]

A = (eik{‘ (n-r,)" eikfl (ry=13)" + eik{‘ (r-13)" eikzﬂ (ry=1)"

quantum phenomenon: enhancement of
correlation function for identical bosons
from Heisenberg’s uncertainty principle

The intensity interference between the two point sources T, vions " ETAR prelminan]||
is an oscillator depending upon the relative £ 4 . e, k%
momentum qg=k2z-k1, and the relative emission < e | | e
position! * ® kaons T | / T

AT (g3 33 dN . g " e /
{r—ﬁ{pl pﬂ:’ — F1fadh A |':"-'E pLd PEjl Eptfgﬁ' N ffle:ttblfj:p] %5' * . 1 |S- Bekele, SQM2003 |
| (E1dN [d®py)(E2dN [dpy) 1., "E
Correlation funcdion Swurinred /nao/wgrenz‘/y ( /nfeg redson over M, (GeVic %) ! *
al/ parrs of Source pornts Y in a Function of d—rorerntust -
Swums ard differences ( g &) — extract source dimensions: ﬁ

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

Qiong



Yorw 2o measure The dinmensions of a Source... —
inlerfer OMef/‘y

: 1ONS (/4,B>
Experimental Femtoscopy

Firabiall o1l S (l,2>.

Momentum |  Detector

kél (r2_ra)lu

quantum pheno
correlation funci

from Heisenber
q=P, P
. . S(r) Wave function
The intensity C(q)—1 eiminan]|| »
is an oscill Fourier Transform | . 3
momentun v
position! I

I' |dentical,non-interacting
C'{p1,p2) = Relative distance distribution particles Correlation function 2%

Correlation C(q) —1= J‘dﬂ;r S(r) [‘\P(q,r) i 1]

all pairs of
SUmS and diFFEFERTESC IR — extracl source dimens ons”

=

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



Yoew 2o measure The dinmensions of a Source... —
inlerfer OMeZ/‘y

7 oo /OQI‘Z‘/‘C/ es erutted Frorr two locations (A ,B>

eorlnn a s /hﬁ/ e Source.
T hose Friro are detected Al/ Adetec?or oloniorts (l 2>,

F 1S wsed eonth f/loz‘ons 1n Che 12505 Ay
aslronorrers V/dnéary Broeon and Teoiss - Aence
‘//B 7 meascurenent?s s hed\/}/ —lon colliSions...
T = P measured Size of star Sirius Ay QI‘M//?S at 1T

feoo p/?of o/t /p//e/\S Separafec/ A}/ a few melers

EIEEd-'ﬁ'*T_!I':dEPIﬂﬂ?}.?.] ﬂp pem /d43 S{z.p) ! K c . |§.Eeltele{5ﬂl|l2l}ﬂ3|
(EqdN [d?py)(EqdN [d*py) _

Clipy,pa) =

R g (M)
L N

b
i =
e

tZ 03 04 05 us ot
t{Giu'l.fl: J

Corre/ aliron Aunction Sem»med /hCO/?&/‘enZ‘/y ( / nfeﬁraf/ on over
al/ pd//\S of Source poznZ‘S > in a Function of Y —proment st
Swums and differences ( g ,,é> — extract sSowrce dimensions:
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pdl‘f/‘C/ e fﬁodé(df/on: SoirCe a//‘/nen\f 1ONS
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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
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Pardic/e proa/ac’l‘/on :

Sowrce dipensions
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1. Energy dependence:
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T, (fm/c)
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E895 2.7, 3.3, 3.8, 4.3 GeV

Phys.Lett.B 696:328-337,2011

(dN_/dn )17

e 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
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o phases of HI collision

how Co measure centrality of a collision
.. enerqy density

... Cemperalire

.. freeze—owld volume Cand Zinre)

§GP: hot, short—/ived systerr coith rapid
a/y/’?QMI‘CQ/ evolwlion
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Freeze—out: T -
Z | ) withou A//h\\s)w.
QCL/?@M/ cal fFreeze owt <=2 Aadror
composition fixed
Qé/‘neZ‘ 1O Freeze—owl <=7 Aadron

momenta Firxed ( interactions
S Z‘op>

gO\/era/ /: 7:1 4 7 7;;,7 ( 5}/52(@/)7 cools
dowon — Follow he Cine axis)




7778/‘/)762/ e?é(/‘/ /‘A/‘/‘é( 27...
Chenncal and £inetic Freeze—out

C/?e/y//‘ca/ e?a// /A/‘/Z(M :
— correct relative part ic/e abindances?

- /arﬁe Syéz‘em -2 (Grand Carnonical
enSeMA/ e many /Oarf/c/ es ) conservalion /aeos

Y =

T he ralios of proa’acga’

o & pdp
J 7

n, ;
—ugB;—u,S; — sl )/T +1

Oon a\/erase - chem/ca/ poZ‘enZ‘/‘d/ S pd/‘Z‘/C/ e y/‘e/ d S Aez(a)eeh
- 5/)7@// 5}/558/)7 —~ conservalion /QLL)S é-—‘éy-" \/Q/‘/‘Oé(\s Specl‘es CaN A@
E -2 " canonical suppression (strangeress) :

< Frresoe gere £itled 2o detlerrine 7, .

Kinetdic e?é(/ /i A)‘/ Ur — Fadi d/ £/oww:
- For any inderacting system of particles expanding into vacuum, radial #low 1s 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 ec/ge deve/. ors natural. /y
‘//aa/ronS are released in Zhe £ina/ 65&3& arnd Cherefore measure ‘ FA ( EEZE- -—OW ' 7;/)7/. -
InSTructive 5/‘/)7// e paramei‘ rzatlion — radiall % boosted sowrce it A velocit Y 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 (,0)
dp dp”  mydm;dgdy m, dm,; T T
Simple asswumplion: wrtorm 1 dN 3 frzdrm (P sinh(0) )K (mT cosh( ,0)) p =tanh™(B,,,,)
‘ 0 1
5//78/‘8 of radiws '(dna/ m, me 0 T T T B/QSZ( A)CZ\/Q MOO/e/
boost \/e/oc/iy varies N
inearly w) + p(r) = tanh”! 1 => common T and B

S — B
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Chenncal and £inetic Freeze—out

Chenvcal e?a// /é/‘/é{/y/ :

— correc? relative particle abundances?

- /arge Systenr —7 Grand Canomcal
ensemble: M/ parf/c/ es conservalion /aewos
on average - cherncal potentials

- smal/ 5}/558/)7 — 2 conservalion laws E- —-éy-—
£ -2 " canonmcal SUPPresSSion " ( Sz‘rangeneSS )

2
| d,
;= g12f - B—pS—pl3)/T
27T e UpD;— S — U3 + 1
T he ralios of proa’L(Chea’
pd/‘Z‘/‘Cl/ e y/‘e/ ds Aez(a)een

Variows SPeCD‘eS cCan Ae

£1tled o delerrine 7, .



Yadron abundances
Ass é(MPZ‘/on : Mt/ f/p/ 1c1lies are delerrnunred Ay
statistical welg/’IZ(S ( chenuvcal e?é(// /‘A/‘/é(/)»
Grand-canoniacal ensemble: (n;) = (2(]3'2: i)V / P |:6(\/m+MQi)/T n 1}_1
Parameters: V, 7, H 2, (Y5> o

Kesults in excellent £ids 2o meascured meltiplicities of Aadron For ALl ehe/*g/eS
(even d ) 3% /e y 3 A%e D) = Statistical Aarmonizalion of a ¢hermal 6}/52(8/)7- .

, P A = Q d He 3H “HAe An  AA
> 10 T ! ! ! ! T T T T
D R s 5 g g g 5 5 :
< - 5 | i i i 5 5 ; ; i 15
S | f f | . s .
-O :_._: . . . . (-
1F : : : : | BR=54% | BR=64% | - <
£ : —— i s s - S
2 s s 5 5 =
o [ : : : : — N\ S
* | | T A%Q CP/&S\
10 S T o
- . T A
107 F —— T A o) . X
BR =25% 6Q
n . 5 | <
Model T (MeV) V (im’) ¥?/NDF | , . .
- |—asl 156+2 5330505 17.4/9 |: _
vV |V

107




C/[emz‘ca/ FreeZe owl S }/5 lenalics
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IR
Quark-Gluon Matter ]
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0 - -%% ;
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_
D —
O
mi
| . o Q
Points: Statistical Hadronization, T, ]
- Band: Lattice QCD, T,

Nuclei -
\H‘ | | \\\\H‘ \\H‘ | | \\\\\w ]
2 3
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g (MeV)

Statistical Hadronization

[0 dN/dy yields
O 4nyields

400 |

200 |

— L \‘ T T T LI \‘
— parametrizations
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Chenncal and £inetic Freeze—out

Kinetic e?é(/ [16r1etm — radial #1oew:
- For any inderacting system of particles expanding into vacuum, radial #low 1s a nalural

cCons e?dende .
Dar/ng Zhe cascade process, an ora/er/ng of’ particles with Che /7/3/74‘35{ Common wnder/ y/ng
ve/ ociiy at the owler ec/ge deve/. ors natural. /y
Yadrons are released in the Fina/ Sfage and therefore meascre " FREEZE-OUT Temp. -
InSTructive 5/‘/)7// e paramei rzatlion — radiall % boosted sowrce it A velocit Y 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 SNh(0) K, my COSh(P)
dp dp”  mydm;dgdy m, dm,; T T
Simple asswumplion: wrtorm 1 dN ) frzdrm (P sinh(0) )K ( m, cosh( ,0)) p =tanh™(B,,,,)
‘ 0 I
Sphere of radicus K and m, dm, 0 d T T B / 7 5Z( ﬂ) e »o Ao /
boost \/e/oc/‘z‘y varies N
//near/y a)/ Py ,O(I”) = tanh" (/))T E '=> C. O PION Tdhd B

30— e ——



Tdent/£ied PQ}"Z(IC/ S
& ex/ﬁanS ron of Che s yS Zernr

v Kex K p i .
S 558 ALICE, Po-Po. < 2.76 TeV ftronger rac’i’la!I flow at the LHC
S - 20 PHENIX, Au-A{;._\J_s,W = 200 GeV Blast wave” fits to spectra indicate an
81 OTF" ", 77 STARAUAUNS =200 GeV increase of the average radial boost velocity
. ] . .
- "o, up to (2/3)c and a decrease in the kinetic
& B )
% 02 b %, freezeout temperature to just below 100
= Bl I‘I’.. o .
Q_rl S P MeV relative to RHIC
A.L-‘.u'r"’ -'\-.-Wt‘ - - .
L= — O o e 0.2
’\\/ .o o0 Py ° o I é ; . 1 I )
P 5 o* 0 ""4 Y o Au-Au, pp, 0.2 TeV, =, K, p
& 10F ¢ oooopg, P Cae_ c
— 3 "Opgpg "‘;3- ° 015 Pb-Pb, 2.76 TeV, =, K, p -
“og e, F
Dk 8 i @ - -
1F E - 0.1 0. R s n. T
: o S VAR
- ALICE Preliminary o Preliminary
- 0-5% most central 0, 0.05 -
10-1 1 1 | l 1 1 | | 1 1 l | 1 1 1 | l 1 1 | l
0 0.5 1 1.5 2 2.5 <
1 1 1
pT (GeV/c) % 0.2 0.4 0.6

'<l3> (c)

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

===



IMPQCf oF expans ron on Aadron
P73 pecz‘ra 17 /)QQV}/"/‘O/’? collisions

wcé ana/y515 of’ KAIC vs LA/C
| ! . (LY/C: h/;g/zer mean pT— mMore

parZ‘ / C/ e SpeCZ‘ ra ... £ o)
omzs | |"T'— O(Dz-s' ORI | L) IR LA L ',I' ST T
v 25T m Pb Pb at \'SW _ 2 76 Tev IY <0 75 V) 5\4 Pb-Pb at\[s,,, = 2.76 TeV, ly|<0.75
- X o +— 0-5 % centrality 1 N < - 0 . :
B ® 20-40 % centrality - 0 2 |- 3 A 0-5% centrality  —
2| Tantomy 1Y ‘ x ebo0k ooty
: —e— 80-90 % centrality v 7 Au-Au 200 GeV x /A STAR |
15 B —&— (pp atNs = 7 TeV) 2 1.5+ with 10% feed-down correction
. —+— (pp atNs = 0.9 TeV) i O 0-5% centrality -
I 1\ i & 60-80% centrality ]
: E J 1+ A =
: e | R : * ]
v " 0 il A
0.5 - _Y__._ }\ 0.5 n F o X -
E : _?_—g— * & - O ! —:—é‘-:{.}:—{:}—
0 I T 2 1 L y s g 0 L1 IR B | I B R 1 m 0 ~ L
o 1 2 3 4 5 6 7 8 g 5 6 é v/ 8
p, (GeV/c) P, (GeVic)

T

Much »ore Aaryons Zharn mesons in cextral

L#C Sinular Zo ( >Z/-Z-—C
Mexipreen ad slightly higher-p7"

collisions as compared Zo proton-proton
(coalescence/recombination? A&(/,é—f;/'ez‘ 7)



U< Jef S, mediur and pri
aré/z‘rary reﬁioné
and INFORMAL /_anﬁaage

O m 2.5 I l 1 L] 1] 1 l ' 1] 1 1 1 1 1 l 1 1 1 ] 1] 1 1 1] I 1
x Pb-Pb at\[s,,, = 2.76 TeV, ly|<0.75
\ -
< o |- A 0-5% centrality —
B * 60-80% centrality |
- A Au-Au 200 GeV x A/A STAR -
1.5} Ay A with 10% feed-down correction
L A A O 0-5% centrality
E —— ¢ 60-80% centrality
1 - - ol
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= ***** {—_."‘._
0 5 - < -.:* *"':" 5 A
~ L R e i
. 83 i
L | only stat errors shown 1 1 —0—

OU ;/ O 7[., Z‘ 4 5 . Z V (18 |
Soft +/zara/ 9 hard
—-Aa/é =9 S

therma S eH U jel dorvinaded

s

intermediale



Nove! effectds: hadronzalion of a »ux bel/€ & Aard
— parZ‘ OoN COQ/ esScCenle

1 .
' Fries, Muller et al
10 1 Hwa, Yang et al
'3 107
9..10-3 fragmenting parton: |
S10* L_, P =2 P, 2<1
% 10°
5_10-6 - recombining partons:
= 107 P1+P2=Ph
10
10°®

2 3 4 5 6 7 8 8 10
pr (GeV)
Recombination of
thermal (‘bulk’) partons
produces baryons at larger p-

Meson
pT=2pT,parton

f

| PHENIX proton/n ratio |

T
-
[=2]

e

a
1.4

1.2
1
0.8
0.6
04

0.2

Baryon

¢ proton/m*

m  proton/n®

Duke

----- Oregon

----- TAMU w/ shower
«i=i» TAMU no shower

60D ‘Juowjeg Y

ea.
LT

..-‘é

I.'III|III|III|III|III|III|III|III

0fs-

E T,

O
=
X
w
af
)
[=2]
-
=)

11 Igl 11 I‘10
pr (GeVic)

Recombination enhances
baryon/meson ratio

Note also: v, scaling

pT=3pT,parton




Freeze—out: T -
Z | ) withou A//h\\s)w.
QCL/?@M/ cal fFreeze owt <=2 Aadror
composition fixed
Qé/‘neZ‘ 1O Freeze—owl <=7 Aadron

momenta Firxed ( interactions
S Z‘op>

gO\/era/ /: 7:1 4 7 7;;,7 ( 5}/52(@/)7 cools
dowon — Follow he Cine axis)
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parz‘/c/ e corre/alions



5Xpana//n3 " Lreball’

In/‘Z‘/‘a/ Zransverse energy dens /‘Z‘y /Droﬁ /e ard
/‘Z‘\S Z‘/‘Me a’epena’encfs 7 COO/‘O//‘/?QZ(Q S paaz f or
a non—cextral /73@\/}/ —on colliSion

Model calc.: P. F. Kolb, U. W. Heinz, In *Hwa, R.C. (ed.) et al.: Quark gluon plasma* 634-714.



Expanding " Lreball”

2 fm/c 4 fm/c 6 fm/c

In/‘Z‘/‘d/ Zransverse energy dens /‘Z‘y /Droﬁ /e ard
175 Z‘/‘Me a’epena’encfs 7 COO/‘O//‘/?QZ(e S pacg f or
a non—cextral /734\/}/ —on colliSion

Model calc.: P. F. Kolb, U. W. Heinz, In *Hwa, R.C. (ed.) et al.: Quark gluon plasma* 634-714.



A2/ prect anga/ ar asymmelry 14 particle productdion

= arctan Py

pxr

INTERATIONS i
( hydrodynamics?) 2\ /.2
x D _(2)=(r2)
<y2>—<x2> <px>+<py>
€= <y2> + <x2> Final momentum anisotropy

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

Ap=p—

Initial spatial anisotropy

Reaction Plane

dN
Elliptic flow dAS& X ]_ —I— Q@COS(ZASO)




prer/‘menZ‘a/ S ISHQZ(L(I‘&

measurement: azired ral anga /ar dis Z‘/‘/‘AaZ‘/on of
pQrZ‘/‘C/ eSS w/‘Z‘/’l res peCZ‘ lo evVent p/ arne

dN
— x 1 4+ 2v9c05[2(p — WR)| + ...
do
16 AR -
ur v 3177 % i
1'4;%_ s 10-31 %
12 .
S/Zedé/e
:
ef;pecz( .I

2.5 3

015‘ 1 | 15 2
A(‘) é q)lab'\Pplane (rad)



A zi et ral anis oz‘ropy

PRL 105, 252302 (2010)

Energy dependence of v2 & 0A2prr |

0.08 T TTTTT] T T T rrrrm T T T 117117 . : O. O' & i :

E Y ] Two-particle 0.1} © " M

= $ - = ot -

0.06 |- . - methods % 4

y ] - H : ]

0.04 - 59 % - Multi-particle 0.08- B

002k | o " 4 methods - T -

.02 - ® ALICE . - o -

N ;‘ ¥ STAR . 0.06 - —

L e © PHOBOS |~ - - s i

:_ - PHENIX = - o vi{]} (same charge) ]

-0.02 |- B NA49 . 0.04 . vd] g

- O CERES ] - m| vi{d} (same charge) -

-0.04 — + E877 -] O iR ‘rz{q.{[ist} -

: X EOS . 0.02 }-H: s V{LYZ} ]

-0.06 - f A E895 - v,{EP} STAR i

- Y FOPI . K v, {LYZ} STAR _

-0.08 T T T ol L L T L Ly

’ 10 102 10° 10 0 10 20 30 40 50t Iiﬂ 70 t.IBU

centrali ercentile

\/Syy (GeV) yPp

APS Viewpoint: A “Little Bang” arrives at the LHC (E. shuryak)

1. Collective behavior observed in Pb-Pb collisions at LHC (integrated:
+0.3 v,RHIC— 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




( e/ AZvistic ( /‘a/ea/ > /7}/0’/‘00’ UrarnnC.S

Heinz ‘04
IHydro PHLENIX STAH| d |
_____ T o w+mw A K 7 0
_________ K A K+iK_ ® A+A ’,,5" z#. .
0.1— P O p+p < A f;’ ]
A , A
F A o T" =0
p ! ﬂ
L. h . | ’, I.'r,"--l P ) [J
Bntparticles o 0 4 shear viscosity 7 = 0
0.05| -
A A O

-
-
;
¢|-.r
-
’
-

Heavy particles Mass hierarchy vs
momentum is

B characteristic of common
s U I velocity distribution

Anisotropy Parameter v,

|
0 0.5 1 1.5

___Transverse Momentum p (GeV/c)

' ‘ ldeal hydro: qualitative agreement but missing the details




#ya/roa/ynam/cs Crash courSe
fnersy —p10mentUrt ConSerVali on (/ ocal >
d,Tyy=—0,T,,—0,T, +9.T

0.7T,, =0T +0 T, +9.T,

X Xx y©oyx

Zdea/ Aydrodynanrncs: T,;=0
= P03, —n0,v,+0.v,)—{V -V

.molion of viscows F/uids
N a\//‘er—SZ‘o,ée\S e?ddi‘/on

ij

W Ahere n 1S Shear \//SCOS/Z‘}/-' friction betioeen / czye/\s of £/ etrd

> d

— —P =Ano.v
—_— A X X
N\ \>I y> dt y y
S N

Ay
and C /s bulf viscos 12y dissipation of divergent =

i
L] L 8V

OE=—PoV+_V-voV




Shear Viscosity i1n £/etids ...

F \Y
N <N N~ (V) A,

& Properties are counter-intuitive:

Weak coupling

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

Strong coupling

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

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

B




@ 6 A / /‘?az‘a/ — /70a) pel‘f ecl 1S pe/‘f el

Study elliptic flow of matter

30 ' 1 ' T ' 1
e SdTegREP | T ‘ 0.1 Hydro: Luzum ‘10
25f | w—j - i - RS RN R
| = 2003 | Ao AUCEDATA-LHC| . . .
- 1/s=008= 1/(47) 0.1 FaR——
aERR « STAR dat |
B 0.0“ 209 dld 0.08

:..l. sall ¢ estimated 0.06

v, (percent)
n
1]

S e v
10 R " L & v removal 0.08 o’ v
8 < i s vALYZ}
Of non'ﬂow I 7¢ et v, with p, cut (CGC)
V - 21T | v, with p cut (Glauber)
0.02 /- e/2 (CGC
5 H Romatschke ‘08 /S e://?. (Glazia)
N O~"70 20 30 20 50 60 70 80
00 ' 1 ' ) ' 3 ‘ 4 centrality percentile
p; [GeV] 1
Shear viscosity — lower limit: 77 rather recent: in
. . ] E— p/‘/nC’,/p/e can ge Zo
KSS (string theory); Gyullassy-Danielewicz
(quantum mechanics + ballistic theory) 47'(- cero

o 0.08 1 Atherm Amfp (Danielewicz and Gyulassy)

Hot, deconfined QCD matter flows as an almost perfect fluid




Compar/\Son Qéﬁ o other £/wids

nea, 721

éreen—-CaAo re/. al1ons:
Zrans porf Coelfficients in letrmsS

of /‘nfesra/ S of Cime correl/ation

Functions
— corre/alions of pd/‘f/c/ eS X
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Elliptic flow

dN

dAp

Reaction Plane

Ap=p—

x 1+ Q@COS(QAQO) 7
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Ryan D. Weller! and Paul Romatschke! 2

Pb+Pb

Single event!

dN
—— ~ 1 4 2vy cos(2Ap
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7
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J
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N
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Non-zero!
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Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)

0.1

0.05

[ v, Glauber v/s=0.08
..... v, CGC w/s=0.16

ALICE

o V{2, An>1}
V{2, An>1}
v {2 An>1}

Va{4}
v

3'ﬂp-F!F’
100 x V3,

<+ 00 ¥ N

0 | | | ! | 1 I" | | | I’I 1 | 1 I.I | | | 1 1 1 | | | | | 1 | '.|(.l| | 1 |
0 10 20 30 40 50 60 70 80
centrality percentile
> | Centrality 30-40% Model: Schenke et al, hydro,
i : 3;%% full: | An[ > 0.2 Glauber init. conditions
2 open: |An|= 1.0 .
03[ § vig T
===V, (/s = 0.0) e
[ —— v, (n/s = 0.08) 5
- V, (m/s =0.0) .8 ;
02f v, A2 i

0.1

event p/ arne

Alver, Roland, 2010

Vs - 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

3 n/s small, similar as at RHIC
p, (GeV/e)
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72«.)0 pd/‘Z‘/‘C/ e Correl alrons

A - azimuthal angle difference

angle in the transverse plane

An - longitudinal - pseudo-rapidity

z distance




Sensit /\//Z‘y of pCZrZ‘/C/ e correl/ations
Zo f/?e wnder/ y/‘nﬁ / /‘n/‘Z(/.d/ conditions

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

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

1 dNCLSSOC and 1 dZNassoc
Nirig dAgp Nirig dApdAn
At Low-p- T N
| Ridge
___Hydrodynamics, flow S, pzthed 5
igh-p,: t 8-15, p? 6-8, 0-20%
At ngh pT Discwussed /ater... pT pT ®~

Quenching/suppression,
broadening

C(Ap, An)

ICP: Yields in central v.s. peripheral
collisions

|, 4: Yields in A-A compared to p-p
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774)0 —-parz‘/c/ e correl al1ons

— Fourier G/eClOMPOS 1Zion

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 M o
C(4¢)= Aﬂmax—ﬁﬂmmf“”mm C(4n, 4¢) 1+2n§::1 v jcos(ndg)

Pair-wise coefficients
0.35F 51

& Centrality | - Centrality
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AN 44 6614
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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;2°°¢ 6-8 in central




Correlactions & Aydrodynanics...

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

— _ . . . trig \ assoc
VnA_<COS{n ¢trig_¢ass00 >_<COS n(¢trig SUn ><COS[VI ¢assoc SUn >_Vn(pt ) V"(D* )
arXiv:1109.2501
Global fit S.P. (CERN-PH-EP-2011-073) e ' = 'é ' 1': I|I‘ ! ('.}'10'/"" |I '0'8' S 'E
08<|An|<1.8  1.0<An/<1.6 il
0.25 R Vines A= 1) ]
25— Pb-Pb ]
276Tev o998 } * 5P 0-2% C (ACI))_,_..N--.__1+Z v cos (A O}
=015 ¢ o ,
G é
S0 g Ged
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o . ' am1
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1 : | : | ; I . $tat|:5tic|al EFrﬂr Pnl? I l
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GeV/
o Py {Ge¥E) 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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U nders Z‘ana//ns correladtions & v2
- Z‘/’]e So—ca//ea’ non—f/ow

Féﬁ COmp/ elerness...

(a)

S. Snellings

<c> s

—

7

Figure 9. Examples of particle distributions in the transverse plane, where for a)
vg > 0, v2{2} > 0, b) v3 =0, v2{2} =0, and ¢) vy = 0, v2{2} > 0.

y



w 0.8

0.7F

0.6

0.5

0.4
0.3

0.1F

( eaclion p/ are ( ( P>
Pardicipants plane (PP)

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.II_ N

= .1 >

-~ o e{RP} 2

- o

- o¢ g

- ‘8{2} . ° .

- e g{d} e o E

,:’ PS ® -

— : o =

u Pt WUTL C 0 © 3

- RS SOPPE S =

- RgStiet SN .
0.2F { 8 —

:¢’ ,/,/,

I E

:!,'& (a)

[ TEITE E T S A R R | I SRR N S ST N TS S S N S S S T MR R

CAMPT ] calcw/ation uUsing

10 20 30 40 50 60 70 80
centrality percentile

(Genttine 2 »4 ——parf/c/ e correlalions

010

0.08 |

0.06 [

0.04

0.02

0L—

ca{2}
ca{4}

(7)) = (4 4 82)
(et -2 (e

ud + 6y + 4u38y +262) — 2 (v + 8
Uy +54>

<
<
(o3
-

09 o< 1/M, and &, oc 1/M?

| AMPT Pb-Pb 2.76 TeV

v,{RP}
v,{EP}
v,{2}
v,{4}

® ¢ ¢ O

(b)]
0 10 20 30 40 50 60 70 80
centrality percentile

6/ a/l Ael‘ /n/Z‘/a/ cornditions

vo: P, EP v2£28 vaty$



An LYC Swurprise!



Not Seen before Z.V/C
A azimuthal angle difference 10

105 <N, ™ < 150
- angle in the transverse plane

o
Irlc _nssoe P
1 Py = 3 GoV/g e

™ h'-h

Long —rdnse COI‘/‘e/ aZ‘/on

strwctere in h/;9/7 —

melltipl. ety pp
collisions
2< pT,trig <4 GeVic ' 1

<2 GeV/c
ssssss

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

Long -—range correl ation
= D
2l
Z|5
©5,0.75
,-|2= \
An - longitudinal - pseudo-
rapidity distance

dowble strectire in
high-meltiplicity pPb
collisions

Sinular 055 ervalions rade 5}/ /4 77.4 S & LY/CA

Lonﬁ range correlations are intimately related Zo inmtial Sfages - early times — ~0™s.
Do we f’a//y wunderstand intial Sfageé of neclear collisions? — No (1),
ALTCE + (not shown) indication of v,2%F (?) in /9—-;95 collisions (muon—hadron correlations)



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,,,, <4GeVic p-Pb \s,, =5.02 TeV

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

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

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

Low multiplicity event class
<dN_/dn>"~7

-2
Remaining correlation:
two twin long range structures

High multiplicity event class
<dN_ /dn>~ 35

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




7 eonn r/‘dge strectere
— h 4/4 AA(Z‘ d/§o 1A ﬁ4 CO///‘S/OI?5

ALICE: arXiv:1212.2001 Remaining correlation described by finite
2<p,, <4GeVic p-Pb |s,, = 5.02 TeV

amplitudes of Fourier terms

1<p, <2GeV/c (0-20%) - (60-100%)

SSSSSS

__p-Pb \/87NN = 5.02 TeV L] Data
~ (0-20%) - (60-100%) a, + a, cos(2A0) + a, cos(3A¢)
- 4 GeV/ic ~ ------ a, + a, cos(2A¢)

<2 GeV/c Baseline for yield extraction
SOC

o
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o HIJING shifted

1/Ntrig dN,gs0c/dAQ per An (rad“)
o
(0]
>

0.82
0.80
0.78 (-
0.76 , |
-1 o . 1 2 ) 4
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Further investigations reveal:
* the full modulation is (1) di-jets and (2) the ~ Similar observations in Pb-Pb are

double-.ridge structure — not.hing more ascribed to collective effects!
* Same yield near and away side for all classes of 4, s p/anations

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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SZ(A( ad y/‘ns d. /‘7[’ 7[’ erenZ‘ CO/ / /‘5 /on S /’1@?85

Alver, Roland, 2010

Sz‘aa/y dif£erent

Creating small circular, elliptical, and triangular droplets of collisSion S Y <sZents:

quark-gluon plasma - PHENIX https://arxiv.org/abs/
1805.02973 pA, dA, HeA
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https://arxiv.org/abs/1805.02973
https://arxiv.org/abs/1805.02973

SZ(A( ad y/‘ns d. /‘7[’ 7[’ el‘enz( CO/ / /‘5 /on S /’1@785

5Z‘é(a/y dif£erent

Creating small circular, elliptical, and triangular droplets of collisSion S Y <stens:

quark-gluon plasma - PHENIX https://arxiv.org/abs/

1805.02973 pA, dA, Hed
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SZ(L( ad y/‘nﬁ d. /‘7[’ f el‘ehz( CO/ / /‘5 /on S h@ﬂe5

Alver, Roland, 2010

R —

5’5&&7’}/ dif£erent

Creating small circular, elliptical, and triangular droplets of collisSion S Y <stens:

quark-gluon plasma - PHENIX https://arxiv.org/abs/

1805.02973 A, dA, HeA
0.24 T T T
0 0o PHENIX ni<0.35, |s,, =200 GeV E
220 —m— d+Au 20-40% (ON_ /) = 12.2:0.9 ]
Same charﬁea/ particle density 025 —a— prAu 0-5% (AN, fdn) = 12.3:1.7 -

. . 0.18— = SONIC d+Au
BUT Different 7 CenZ‘rd//Z‘y 0.16F- == SONIC p+Au +

Systematically /d/‘ﬁer vV, 14 /arﬁer 014 MSTV p+Au -
Systens >'0.121- i
/ 0.1 I’-_ r—
0.08F -
Probles! ppé, pp collisions do not  0.08- =
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end of 2/4 (7)
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.. o proée Zhe sShort /ived »edicrz

=> wse  awd o—-generaz(ea’ prerS -
/73&\/}/ —ron collisions at /7/3/7 —'enerﬁfeé
prOO’A(Ce rnternali y /1/3/7 —-energy parZOhS
(#7 rdgmenz( 11t o JeZ‘S of per(/C/ eS > .

<=2 critical input From pp Cvaceeetnr)
measSurerner’s - p@@

~10"=

L -
2 107

Pythia p+p
—— LHC:\5 = 55 TeV
— RHIC:%5§ = 0.2 TeV

Human body
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P [GeVic]
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/D/‘OA/‘ng f/?e

Lnknoeon medicin...

R Human body

q: fast color triplet /-; Induced JeZ‘ \Sé(pp/‘e\iﬁ/on

gluon .
g: fast color octet M radiation ° (?4(817@/7//73>
>
Q: slow color triplet . > Energy Chd/‘ﬂ’l/ 502‘2‘0/)7
Loss ? C/yl?d/)?/ S

QQbar: slow color . L
singlet/octet +<: Dissociation ” J/Pp &Y

Virtual photon: colorless ><: |
Controls
Real photon: colorless >

color—/ess pd/‘Z‘/‘C/ eS

Unknown Medium




FED: Passage of electrically
C/larsea/ parZ‘ 1C /e Z‘hroagh malter

B | |
- ) J‘l
|
- + | i
— " on Cu |
A\ & .
E“g z - Bethe Radiative 1 |
> B — |
s § -/ Anderson- 1 |
T [Z= Ziegler Particle Data Group 1
[ ¢ [Ec
) o 5
20 - Radiative
\/ a. - Minimum effects
o _ ionization reach 1%
S ' Nuclear
| v i losses
1 ¢ | | |
0.001 0.01 0.1 1
| | I I
0.1 1 10 100 |
[IMeV/d|

/os5S
What 1s Zhe e?é(/\/cz/ ent 17 QCD 7



Bremsstrah/ung in JCD:
EDI‘MQZ‘ 1O Z‘fme - CO/’zerenCQ effecl?s

Landau-Pomeranchuk-Migdal effect
Formation time important

radiated
gluon

propagating ;

parton ‘\:N /,x"
""""" %’"— Radiation sees
length ~t; at once
Formation time physics — —
< L >
° 2w
kJ_
«—> < >
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)

e e



Bremsstrah/. €Ung 1n o CD

2
d —7 49 Tform = 2w [k
AT ¢ M./,(/Z‘//9/e SCafZerz‘ngxs add CO/Zgrenz‘/y

High energy color charged probe t formation <we
propagating through color charged medium | _—" |
(LPM effect; multiple soft radiations) &

0o
»

0
2o,
v
e
OO0

E

Hard
Production

Define a transport coefficient:
Medium

A 2
q~ /A B Jdx ~ G L3

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)
00— ————————————

A 1
) ,
T




Faclorizalion i1n hedvy —on collisions?
'y

\7’82‘5 /n /73@\/}/ —1 ON CO/ / /‘5 /onS
— an idealizalion

PDF o ¢PDF o _hard
=> Factorized picture. OX fo " ®f 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 2
/’
P 4

§-)

Vacuum fragmentation into hadrons
=>»non-pert. QCD




\T 82‘5 /‘h /78@\/}/—'/‘0/? CO/ / /‘5 /onS
K TC & LYC

STAR: Ae+HAe at 0.2 71:3\/ Aaclé*fO”AdC:édez(5
- - ~220 GeV e ~220 GeV

LY/ C + R~ TC: FJCD evolition of L/'eZ‘ ?aenc/[/ng 4

\/ary enerqgy of’ tAhe JeZ‘-’
LAC: Vary 2he scale with which §GP is probed ( a la DIS)
Compare and contrast KA TC and [¥/C



\7.82‘5 ' %/I CO/ /. 1S1ons & £Xpel‘/‘/y/enz(a/ difF£r Cé(/ lies:
Vac et et vs jet on Cop of the 4T 5acé3roana/ ..

hHardEvent

\/QCL(L(M e Entries 70

Meanx 0.1285

. |Meany 4.636
.. |RMSx  0.3781
RMS y 1.426

w16

dta



\7‘82‘5 I 1 %/I collisions & EXper/‘MenZ(a/ diffice/ties:
Vac et el Vs jet on lop of The T Aac{groana/ ..

hFullEvent

hFullEvent
Entries 6170
Mean x -0.001311
.| Meany 3.164
. |RMSx  0.6764

.| RMS y 1.833

dta



p/‘OAI‘/’?g Z‘/’le

Lk noeon medicin...

v R Human body

q: fast color triplet /; Induced JeZ‘ \Sé(p/reé\i/on

gluon .
g: fast color octet M radiation ° (?4(817@/7//73>
>
Q: slow color triplet . > Energy Chd/‘ﬂ’l/ AOZ‘Z‘OM
Loss ? C/yl?d/)?/ S
QQbar: slow color | S
singlet/octet +<: Dissociation ” J/ P &Y
irtual photon: colorl
Virtual photon: colorless ><I Controls

color—/ess pdﬁZ‘/‘C/ eS

Real photon: colorless

>

Unknown Medium




Ratio =

JeZ‘ ?L(ench/ns - ’( >Z/I C

#(particles observed in AA collision per binary collision)

No “effect”:
R < 1 at small momenta
R =1 at higher momenta where

#(particles observed per p-p collision)

R 1.4

%//3/7 -—-pT pd/‘Z‘/C/ esS — proxy for . jets

>
2

10

10

Au+Au (central collisions):

I IIIIII|

I

¥  Inclusive h™ (STAR)

® % (PHENIX Preliminary)
GLV parton energy loss (ngldy = 1100)

M Direct y (PHENIX Preliminary)

il

1.2
1.0
0.8
0.6
0.4
0.2
0.0

hard processes dominate

I

R=1

p = == -

"hard"”
R<1

"SOft"

T
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Tranverse Momentum (GeV/c)

Photon — color neutral probe => No suppresion

Hadrons from color charged jets => Suppression
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p: (GeVic)




( 8/)7/‘/’70/ el ...

" Sof? ") /czrge Cross—seclion processes expected Co scale enith Mpwi
" Yard ") /ot cross—section processes expecled Co scale coilhA Ny,




" Casier (Zhan fuil// J‘ef recC onStruction) exerdlSai
Je? —-?aenc/'[/nj via /. eaa//nj hadrons
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Throughout the talk: R,, = QCD in medium / QCD in vacuum
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