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QCD

°* Confinement

> At large distances the effective coupling between quarks is large resulting in
confinement.

> Free quarks are not observed in nature.

* Asymptotic freedom
> At short distances the effective coupling between quarks decreases logarithmically.

> Under such conditions quarks and gluons appear to be quasi-free.
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Quark deconfinement - medium effects

However, in the context of a QGP, it implies a medium of quarks and gluons where
individual partons can move freely over distances larger than the typical size of
hadronic states.

*In plasma, presence of other mobile charges can screen long range interactions
(Debye screening)

* High colour charge densities achieved by colliding heavy nuclei:
> Compression

> Heating = creation of pions

Y

Vel v
HCX) N 8*3'83,‘.;.’ - ﬁgg‘.
A

Compression 4+  Heating Quark-Gluon Plasma
* Mapping out the QCD matter phase diagram:
> pQCD only applicable for very hard processes
»> Two solutions:

1. Phenomenological models
2. Lattice QCD calculations
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. MIT bag model

® At first approximation treat hadron gas/ QGP as an

2
ideal gas

T
\ ‘ 4 P=g—T4
 \ 90
® A deconfined state can be attained if the QGP pressure x
is greater than the Bag pressure and the Hadron Gas 7 4 R 8iadronGas ~ 3
pressure B
Bacr ™ 48
®* High T, low density limit - the early Universe

> Two terms contribute to the total energy density

Egg = 3?% 7 =13 GeV/fm®

> For a relativistic gas £, = Esqg
> For stability net = Fyg— B2 0
1/4
j’; = rﬂg B—| =100-=170 MeV Satz, Helmut arXiv:0903.2778
1377°

e | ow T, high density limit - neutron stars

3
eq=—2m3
> Only one term contributes to the total energy 2p
densit 1/4
Y m_=(2p>B'"*=300-500MeV
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Lattice QCD

® Quarks and gluons are studied on a discrete space-time lattice

® Solves problems of divergences in pQCD calculations (which arise due to loop
diagrams)
F. Karsch, Lect. Notes Phys. 583 (2002) 209, hep-lat/0106019
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. QCD phase diagram
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Heaavy-ion collisions - Evolution
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Experimental facilities

1986
1994
1986
1987
1994
2000
2008

AGS  Alternating Gradient Synchrotron (BNL)
SPS Super Proton Synchrotron (CERN)
RHIC  Relativistic Heavy-lon Collider (BNL)
LHC Large Hadron Collider (CERN)
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The ALICE detector
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Particle ID
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Data samples

Year

2010

2011

2013

System

Pb-Pb

Pb-Pb

Energy \s,, Delivered

(TeV)

2.76

2.76

2.02

Integrated
luminosity

10 pb

0.1 nb-*

15 nb-"
15 nb-"

®* Two Pb-Pb runs:
> |n 2010 - Commissioning and
first data taking
»> In 2011 - factor 10 increase in
luminosity

®p-Pb runin 2013:
> LHC delivered target
luminosity

® |n addition p-p runs at vsNN = 0.9,
2.76, 7 and 8 TeV

® At present: still in long shut down
(LS1)
> Various upgrades and
maintenance
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Centrality

_ﬂ E U L L L DL B L
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o + Data 102\ |
I.IJ102 - : 1 “Peripheral” “Central”
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h 10k 2 3 + ®Events are classified by their centrality - a
10;-\\ : ' g % of the total nuclear interaction cross
i \w% 0 500 03  section
! A ]
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L I
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ALICE Collab., PRL 106, 032301(2011) MC, and split into centrality regions
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Centrality
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Identification of QGP

Final hadrons at freeze-out can give information on intermediate state...

* |Is initial state dense enough"

N\
2> Energy densg\ty W \\\ | ke
\ ‘ o (i /
> Part|c4e}|ult\pllaty N /
it \
e What |5>thE*s,1\e\of the initial state" W -t
—'\ ¥ //— 7

> BoseEEinsT\gn correla '(HBT)\ .

—

* Is initial sTEtn;in equilib rmalised)\'l
¥/: ,, \ \ Nt
> Hadrdnif”yields (therma els) \ '

\\\

> Hydrgdfynaﬁ/;c collective motion - glllshc flow

7%

®* Does |n|t|é,l;stat;/be/have like QGP? DU \
A A
j\/ si prodﬁ }t{ﬁ-/supm)efs%n/éw th?ncement

Pb+Pb @ sqrt(s) = 2.76 ATeV

N\ suppresméﬁ /ﬁ;fgﬂ/p'll %qus |2:?"1(:)-11‘:;;811:30:4(5

Run : 137124
Event : 0x00000000D3BBE693
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Particle multiplicity

(AN, /dn)/(0.5N__ )
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* Pb-Pb @ 2.76 TeV, 0-5% central,
In|<0.5

> dN_/dn = 1584 * 76
> 2dN_/dn /N

part

8304

ALICE Collab., PRL 105, 252301 (2010)

HIJING 2.0 [5]
° DPMJET Ill [6]
UrQMD [7]
"""""""""""""""" Albacete [8]
Levin et al. [9]
Kharzeev et al. [10]
Kharzeev et al. [10]
Kharzeev et al. [11]
Armesto et al. [12]

° Eskola et al. [13]

NN

e Bozeketal.[14]
Sarkisyan et al. [15]
Humanic [16]

Ll L
1000 1500

* 1.9xpp @ 2.36 TeV (NSD)

e 2.1 x central Au-Au @ 0.2 TeV
e Growth with Vs faster in AA
than in pp

* Growth with power of CM
energy faster than log scaling
extrapolated from lower energies
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Multiplicity

ALICE Collab., PRL 106, 032301(2011)
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¢ RHIC data scaled by 2.1
e Centrality evolution at LHC similar to RHIC (N __ >100)
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Record temperature

&N
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ALICE

PRELIMINARY

—+— Direct photons
—— Direct photon NLO for p = 0.5,1.0,2.0 p_ (scaled pp)
—— Exponential fit: A x exp(-p/T), T = 304 + 51 MeV

o

4 6 8 10 12 14
P, (GeV/c)

The famous Guiness Book of Records entry: T, ;o = 1.4 Tryc
T,, for thermal photons = 304+-51 MeV |::> T, = 500-600 MeV

Plamen Petrov

18



Energy density



. Energy density

Eﬂ— = ALICE (from E]*%; f _ _=0.55)
= = a
Z |~ STARx25
= 10+ PHENIX x2.5
= - i h
L [ L
o 8 { i £ % -
B i .}.H
6_ |
o ©
2L
: ALICE Preliminary
- I I I | I I I IFle::l "'._l:_::!'o.l'gl=2.T"E- _:E-'-.-" |
0 100 200 300 400

N

STAR Collab.: PRC70, 054907 (2004)
PHENIX Collab.: PRC71, 034908 (2005)

part

TCE e ~ 2.7 x TE u1c

e E "d from charged hadrons

measured by the barrel tracking
detectors

® {~0.55 to convert to total energy
> From MC - model dependent

® From RHIC to LHC
> Similar centrality dependence
> ~ 2.5 increase in 2dE_/dn/N

part

®* Energy density estimate (Bjorken)

dE
£= 12 t R=1.2A""fm
T dy

> Tg, . ~ 15 GeV/(fm?c)
> TE = 5.4 + 0.6 GeV/(fm?c)

RHIC

Plamen Petrov

20



System syze



System size and lifetime: Bose-Einstein Correlations

- Brief description of method

Hanbury Brown and Twiss first

used it in 1956 to measure the detector
source

angular size of stars

P
Goldhaber, Goldhaber, Lee and ~~ -
Pais used it in 1965 to measure A=P17P2
size of proton-antiproton collisions — .
2

For each pair of identical pions
there are two indistinguishable

processes

Enhancement at small

i(Dl'rl+pz'r2) i(p1-r2+p2-r1) )
momentum difference, q

‘I’(phﬁ,pz-rz) ~ € €

¥
P(D]:Pz) ~ 1+ COS((D] - Pz) ' (r] - rz)) =1+ COS(CI' R)

By measuring P as a function of g we can extract R
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System size and lifetime

- Experimental correlation
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Figure adapted from Lisa et al_, Ann. Rev. Nucl. Part_ Sci. 2005. 55:357-402
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Collective behaviour:
FLOW



Flow

Particle flows are generated by pressure gradients

Pb+Pb,b=7fm Ultra-cold 6Li atoms
ol A ; dN/d released from
£ ; j {n B Sketch exaggerated asymmetric optical trap
| § Max. difference = few %
: reaction N
) — ! $=0,n S
P e . AN : N ¢= T;/2, 3m/2 R n 400 ps
10 5 0 5 10 Pr N
x (fm) §
Initial-state spatial Final-state momentum @ n 600 us
anisotropy anisotropy 5
A
Fourier coefficient Angle of reaction plane . n
= 1000 ps
&N 1 dN 5
E e 1+ os[n(qb 2 ] -
S
d’p 27 prdprdy| oo "
B * 2000 ps
- (ol
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Flow

ALICE, PRL 105 (2010) 252302
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® | arger flow than at RHIC

® For anisotropic flow (peripheral coll. 20-30%): larger pT integrated v2
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ALICE, PRL 109 (2012) 252301
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® For radial flow (central coll. 0-5%): 10% larger expansion velocity

(<B,> = 0.65¢, T,

= 80-95 MeV)
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Flow with identified particles

=" - Pb-Pb sy = 2.76 TeV 20-40%
V,{SP, |An|>1} '
0.25(— [a]= -
ey o — —
- (W] E‘“ ool £ + Pb-Pb sy = 2.76 TeV 40-50%
L ,1, = '
 [alp - ++
0.2 EI B FII.ICE i‘ +ﬂAﬂ+'¥ +
= 0.1 PRELIMINARY A
: +¢ + L] ‘
0.15 - | \ ;
0.1 VISH2+1 (CGC, 17/5=0.2) 0.08~ + * *
— T L
—K 0.0
—_—P . S V,{SP, |Anj>1}  v,{EP, jan|>2}
0.05 = % - E|7r ICaks
—_— < 0.02 L =P Py thit. B 719, 18
AIP Conf. Proc. 1441,766 ALICE Her =« ys. Lett. :
PRC84 044903 PRELIMINARY B K
0 T B oM N
2.5 3 3.5 4 0 0.5 1 15 2 25 3
P, (GeV/c) p/n (GeV/c)

® Mass ordering at low pT described by hydrodynamics (VISH2+1): Viscous
hydrodynamic model using CGC initial condition with n/s = 0.20

® Better agreement in peripheral collisions. In central collisions, hydrodynamic
calculations overestimate the proton v2, indicating that proton might freeze out later
(with larger radial flow) compared to pion and kaon.

¢ Validity of NCQ scaling (observed at lower energies) less obvious at the LHC (within
~20%)

® Changes in dominant production mechanisms with beam energy?
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Bulk particle production:
Thermal fits



Bulk particle production

Thermal models for particle production
Three different statistical ensembles:

(i) micro-canonical: E, V, N fix

(i) canonical: T, V, N fix
- given volume element is coupled to a heat bath

(iii) grand-canonical: T, V, u fix
- given volume element can also exchange
particles with its surrounding (heat bath and particle
reservoir)

P(m) ~ e (M1

T Temperature

u, Baryo-chemical potential
Y. Strangeness suppression

Statistical
model for ete-
collisions.

Strangeness
conservation in
peripheral HI
collisions.

Central
relativistic
heavy-ion
collisions.

i | |
N =2 ,yﬁ'f
(2r)° exp (

Ei—pgBi—usS;

Tf:h-:m

(!317.

)+ 1
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Thermal fits

> 0°F F [ T | 0% ¢ 0 7 T T =
S, e S T : : r r : =
Z F Pb-Pb \s=2.76 TeV 3
: T i
@ T
10 | o E
- ALICE
~  PRELIMINARY S A = =
'E oot =
. = Data:ALICE,0-10% = Si 8
10'=  Thermal model fit, x¥N,=30.9/12 _ e
F -eobeeee - T=156 MeV, V=5380 tm® (1 = 1 MeV fixed) =
| ——— T=164 MeV, u = 1 MeV, V=4499 fm® (norm. ton*)

10_2 : : : : : 5 : : :

1 K K K K°p p A = T o O d

Final results of a thermal
model calculation depend
on the used hadron list
(resonance spectrum)!

®* Proton yield does not follow the results from statistical hadronisation model when
assuming a common freeze-out temperature
> Late stage p-pbar annihilation
2> Non equilibrium freeze-out conditions
> Unknown/unmeasured baryon resonance spectrum
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Charmonium production:
suppression or
enhancement?



Jy suppression

J/y in QGP:

Charm
Production

®

Charm
Destruction

O

Freeze Out

s ©
V(r) =xr— . . =i e Ty
T s ‘:’ . n QGP
c ¢ I::‘% .
\T/'.P inside . ® - " " o
vaccuum g: »
s . e .
.
\\Debeyu . V(T) B _aeﬁ,e—'f‘XAD
Screening N r
Charm H
Detection:
u
D-meson
[decay products]
D-meson
[decay products]
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J/w production at the LHC

|s(ur -
( w) statistical < 1.4r > ALICE Preliminary, Pb-Pb {5 = 2.76 T.Err;,bl?aT ~ 70 b
- - bl m Inclusive Jy, 25<y<4, O<p.<8 GeVic g sys.=114%
recombination A 5 PHENIX (PRG 84 (2011) 054912), Au-Au {5, = 0.2 TeV

1.2 BLICE O Inclusive Jiy, 1.2<y<2.2, p>0 GeVie global sys.=+9.2%

PRELIMINARY

ALICE 2.5<y<4

06
thermal 08 PHENIX 1.2 <y< 2.2
dissociation 0.6 :_ " i

SPS I - ilj | [
LHC 0.4:— @ﬁ' ﬁ
02 "Pe s oa
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
00 50 100 150 200 250 300 350 400
(Npm>

¢ Different suppression patterns as compared to RHIC

® Much less suppression in central events
2> Recombination?
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Hard probes



Probing the opacity of the QGP

R (py e L ANaxldpy
MWPTIT TN Y AN T dp
coll PP T
E (L r T T T T T T T T T T T T T T [T T TT [T 7717 ] T ] T TT T T ]
o ALICE, Pb-Pb, |'s,, = 2.76 TeV i 1.8 ALIGE, charged particles .
i namm. uncertanty i -
’ ___fr_‘?‘_'?ff’_ parolos, o <08 ™7 - o PPb |5, =5.02TeV, NSD, [n_ | <0.3 E
- 1.612 po.pb \s,, =276 TeV, 0-5% central, | 1| < 0.8 .
- - 4 Pb-Pb \s,, =276 TeV, 70-80% central, | 1| < 0.8 E
.f' 4'&"" .,.--"'“.-—- HT (Chen et a .} lower density =N _: '
gy o't ==« HT (Chen et al.) higher density 2 & . [ ]
10l \ s — HT(AM) = - -3
- .' s ASW (TR ) . * ]
L * YalEM-D (TR - -
- === Elastic (TR} large Fm ] —
L @ ALICE [0-5%) elastic (T.H) small P__ i . ~s
o wmmms WHDG (W.H,) =° upper limit | N -
- | | m CMS I.DT ) wmm=s WHDG (W.H.) 2% lower limit | " .
T N | T I N I I I AN Y YT N [N I B |
| 11 | | 1 1 | | | | 1 | 11 | 11 11 | 1 I_
0 10 20 30 40 50
p_ (GeVic) 0 2 4 6 8 10 12 14 16 18 20

P, (GeV/e)

® Charged particle spectra strongly modified in PoPb compared to pp

® p-Pb results confirm that jet-quenching is a final state result
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Identified particle R |

. Centrality: 0-5% .) Centrality: 40-60%
=S 150 Pb-Pb \s,,, = 2.76 TeV 0-5% b3 151 Pb-Pb |5, = 2.76 TeV 40-60%
oc Ul o T . o o Tim .
% 5
I il i ncert I Iil o uncert
- =S, UnGert. ALICE - i : ALICE

PRELIMIMARY PRELIMINARY

= b | |
USRS
—
. - i
L PRI T B T N N A R U...I...I...I...I...I...I...I...I...I...
16 18 20 0 2 4 6 8 10 12 14 16 18 20
P, (GeV/c) P (GeV/c)

®*For pT > 8 GeV/c pion, kaon , proton are equally suppressed within uncertainties

2> Particle composition at high pT not affected by the medium
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Flavour hierarchy in energy loss?

® Expectation from radiative energy loss: gEg > ,5.Eu,d'5 > AE. > AE,

e Could be reflected in hierarchy of R,,: Raa(B) > Rpa(D) > Rpa(m)

g: 2_ T T | L | T 171 | T T 1T T T | | | T T TT | T T T g‘l,d T TT1 | T T | T TT |I|nlll-||CE|P| ||- |I| | |D| T | T T T | | T T
= - - n | L] rglimmnary U mesons i
0C g Pb-Pb, \ sy = 2.76 TeV 1 O T 8<p_<16 GeVic, ly|<0.5 i
I ALICE - 1.2 Correlated systematic uncertainties —
1.6 FRELIMINARY T B [J Uncorrelated systematic uncertainties -
~ eAverage D° D', D™ |y|<0.5, 0-7.5% ] i i
1.4— owith pp p_-extrapolated reference - 1—‘CMSP|NW—
| - reiimina on-pram !
— = Charged particles, h]|~=:D.8| 0-10% ] L 515{pT{3(} Gex‘.r?;‘ I}f|-=:$.2 PLEY e
12 . Charged pions, [n|<0.8, 0-10% E RN, ) Systematic uncertainties |
1] - s H CMS-PAS-HIN-12-014
8- 1 06 H El
1 o4 E| =
B _: i }
. 0.2 (W] O
o | | | | N - Pb-Pb, \ S, = 2.76 TeV -
0 L1 L1 1 111 | L1 1 L1 L1 1 1 L1 11 | L1 - | | | | | | | -
1 1 2 2 4 D [ | 1 1 I | | 1 1 1 1 111 (| 1 1 1|
0 > 0 > 0 > 0 G 3%/ 0 0 50 100 150 200 250 300 350 400
P; (GeV/c) (N, weighted with N_)
Raa(D) ~ Rpa(m) Raa(B) > Raa(D)
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Flavour hierarchy in energy loss?

® Expectation from radiative energy loss: gEg > ,5.Eu,d'5 > AE. > AE,

e Could be reflected in hierarchy of R,,: Raa(B) > Rpa(D) > Rpa(m)

g: 2_ T T | L | T 171 | T T 1T T T | | | T T TT | T T T g‘l,d T TT1 | T T | T TT |I|nlll-||CE|P| ||- |I| | |D| T | T T T | | T T
= - - n | L] rglimmnary U mesons i
0C g Pb-Pb, \ sy = 2.76 TeV 1 O T 8<p_<16 GeVic, ly|<0.5 i
I ALICE - 1.2 Correlated systematic uncertainties —
1.6 FRELIMINARY T B [J Uncorrelated systematic uncertainties -
~ eAverage D° D', D™ |y|<0.5, 0-7.5% ] i i
1.4— owith pp p_-extrapolated reference - 1—‘CMSP|NW—
| - reiimina on-pram !
— = Charged particles, h]|~=:D.8| 0-10% ] L 515{pT{3(} Gex‘.r?;‘ I}f|-=:$.2 PLEY e
12 . Charged pions, [n|<0.8, 0-10% E RN, ) Systematic uncertainties |
1] - s H CMS-PAS-HIN-12-014
8- 1 06 H El
1 o4 E| =
B _: i }
. 0.2 (W] O
o | | | | N - Pb-Pb, \ S, = 2.76 TeV -
0 L1 L1 1 111 | L1 1 L1 L1 1 1 L1 11 | L1 - | | | | | | | -
1 1 2 2 4 D [ | 1 1 I | | 1 1 1 1 111 (| 1 1 1|
0 > 0 > 0 > 0 G 3%/ 0 0 50 100 150 200 250 300 350 400
P; (GeV/c) (N, weighted with N_)
Raa(D) ~ Rpa(m) Raa(B) > Raa(D)
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p-Pb: control sample



p-Pb and Pb-p: cold nuclear matter effects - control sample

-l
ey -

1 Pb (1.58 TeV)
i

Plamen Petrov
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The control sample: p-Pb

CMSN:=110,1 .UGeWc-cpT-:&OGGWc CMS PbPb |5, = 2.76 TeV, 220 < NJ™™ < 260

'™ < 3 GeV - RS
o= sewe_— | \_PbPb

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

R(AN,AQ)

CMS, PLB 724 (2013) 213

CMS, JHEP 1009 (2010) 91

2< Py, <4 GeVic P-Pb | 5, = 5.02 TeV
<2 GeVie 1 0-20%

1< pT,a:na-m:

Pb \s,=5.02 TeV

CMS pPb \(s,,, = 5.02 TeV, N°"""* = 110 :
0.5<p;"<4 GeV

T<p <3 GeVic

LE;°>80 GeV

B

CMS, PLB 718 (2012) 795  ATLAS, PRL 110 (2013) 182302 ALICE, PLB 719 (2013) 29

Plamen Petrov 41



The control sample: p-Pb

CMS N =110, 1.DGeWc<p <3.0GeV/c CMS PbPb |5, = 2.76 TeV, 220 < NJ™™ < 260

1<p"“qamwc
PP_ S —
o 3 CMS POPD |5,,, =276 ToV, 220< r{',‘.:'“‘zso CMS EPJC 72 (2012) 10052
S e o ) T | ™
q‘ ::z““:i‘:as‘::rc N\ Vn ~ 1 < p <15 GeWc
<=:]— ' 0_2'_ 2<lAnl <4 o', mV, |
= . SPRUAN
%E 26 '.. . . °
"E‘? 24 01_ @ ]
| s
A A A A A A A ]
.:- " t- L : : : ¢
0. r s v 5 M b4 (2013) 213
CMS, JHE T T R
100 2 300 p-Pb sy, =5.02 TeV
CMS pPb \(s,,, = 5.02 Te Number of part|0|pants et i

T<p <3 GeVic

CMS, PLB 718 (2012) 795  ATLAS, PRL 110 (2013) 182302 ALICE, PLB 719 (2013) 29
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The control sample: p-Pb

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

ALICE, PLB 719 (2013) 29 2<p,,, <4GeVic

o
&

—p-Pb\s,,=502TeV  « Data o _
= (0-20%) - (60-100%) a, + 2a, cos 249 + 2a_ cos 3¢ | REMaining correlation:

0.86— 2<thri =4 GeVie - au+2az cos 2Ap MO thn |0ng_range
- 1<p e <2 GeVic Baseline for yield extraction
= T.assoc o HIJING shifted ’Structures (dOU ble
« ridge)

LR ® The near-side ridge is accompanied by

1/Nyyig AN,gs0c/dAp per An (rad”)
[=]
g

0.82)
0805 ¢ \ an almost identical ridge structure on the
oy LN away-side.
0.783-4 A& G0, T GeCspey K
R L NI S I ®Sizable values for v2 reached for high-
Ao (rad) multipliGity events

® Results qualitatively consistent with
viscous hydrodynamic calculations
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Grand Canonical Ensemble

Quantum Statistics: Partition function
[Thermodynamics & Statistical Physics] for fermions/bosons

V g; s i —Hi
InZ; = 25}2' /pzdp In (1 + et )

/|

describes system
in equilibrium

with (1; = B + s S + s 13

Each conserved quantum number

has chemical potential p: conservation |y, Z niBi =72+ N — V
Bi : Baryon Number V Z n:S; = 0 — 1S
Si : Strangeness =
. 1
I3,i ' Chle‘gE (only 3 qUGI"kS) % Z M4 13 i = E Z —N) — [y

Tla — J\/Tl / If’F — — —~ ‘71 e — g l-‘ / _ Z) 2}
L (),u Qﬂ'z z —Hi j: 1

number

density — particle multiplicities yield T and pg |



Multiplicity

)2)

part

(dN_,Jdn)/(( N

ALICE Collab., PRL 106, 032301(2011)

® O Pb-Pb 2.76 TeV ALICE

o0 =

-..'

DPMJET Il
HIJING 2.0 (sg=0.23)
HIJING 2.0 (sg=0.20)
Armesto et al.

Kharzeev et al.

4— Albacete et al.
— | | | | | | | \ | v |
0 100 200 300 ( 0

Most models reproduce
some of the data but not all.

Saturation models favoured
by the data.

* Two-component models
(DPMJET, HIJING)
> Soft (~Npart) and hard

(~N_ ) components

> DPMJET (2-component
+ string fusion) -
stronger rise than the
data

> HIJING (no quenching)
- strong centrality
dependent gluon
shadowing

Saturation models

> parametrisation of the
parton saturation scale
with energy and
centrality

Plamen Petrov
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Probing the opacity of the QGP

Plamen Petrov
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System size and lifetime

Plamen Petrov
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System size and lifetime

Plamen Petrov
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- e
Centrality g>m (%T%\.

® Multiplicity - fundamental “day-1" observable:

> Density of the system

> Constraints on models

»> Background for hard-probe signals
¢ Centrality

»> Geometry of the collision. Essential to the study of any physics observable in A-A
® Multiplicity vs centrality - sensitive to the soft and hard nature of the particle

production
a2 Cnftr- NI ~ N

Plamen Petrov 50




The ALICE detector

Silicon Pixel Detector
Layer 1: |n| < 2
Layer 2: In| < 1.4

Time Projection Chamber

In| < 0.9

(Strip ) ( Drift ) (Pixel )

TRACKING 1\ &
CHAMBERS L/

4

;VZERO C scintillator
-3.7<n<-1.7

"
w 1 < i ’
—  TRIGGER
CHAMBER
ZDC
~116m from .P,

& | I o | Zero Degree Calorimeter
~ay, c
— D 115 m from IP

very forward
ZEM - EM calorimeter @VZERO A scintillator
48 <n<>5.7 2.8<n<5.1
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Quark deconfinement - medium effects

However, in the context of a QGP, it implies a medium of quarks and gluons where
individual partons can move freely over distances larger than the typical size of
hadronic states.

V() V()

< n
< »

Plamen Petrov 52



R e
Centrality gi\m &)

e The number of participating nucleons N__ is determined by the

collision geometry (impact parameter)

e Particle multiplicity and transverse energy scales with N___

znc

® 7DC can measure the
number of spectators:
>N =A-N

part spec

Central detectors

/b

Central detectors
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R e
Centrality gi\m &)

e The number of participating nucleons N__ is determined by the

collision geometry (impact parameter)

e Particle multiplicity and transverse energy scales with N___

znc

® 7DC can measure the
number of spectators:
>N =A-N

part spec

Central detectors

/b

Central detectors
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Example VZERO amplitude distribution G

UNIVERSITYOF
BIRMINGHAM

> Most peripheral events
> Trigger inefficiency

¢ Peak: * Plateau:

2> Mid-central
collisions

> Strong EM background

>

>

* Edge:

Most central collisions

The shape is a consequence
of intrinsic fluctuations and
detector acceptance and
resolution

Events
=
CJ.‘L
=T T1

2
/‘

T TTTTI

I I||I||I| | ||IIHI| | IiIIIIII

L Ll

10? =
g VZERO scintillator
10 2.8<n<5.1
= -3.7<n<-1.7
i | 1 1 l | | 1 1 l | | 1 1 | | | 1 1 l | ]
! 0 5000 10000 15000 20000
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N xE
Trigger and background g Qo

[
Trlgger efficiency
. ] . . 1III|||||||||||| |I||I|||||||I|IIIIlllllll‘fllllllll
® Min bias triggering: g |
. . g | ! -
coincidence of g | | 2outot-3 ' 3outeof-3
. . @ ! !
2> SPD (= 2 pixel hits) o8
> VZERO (A side) :
> VZERO (C side) o.e_ ' 90% of total
1 1 cross section |
2-out-of-3 [i3-out-of-3 |
0.4f i |
ALICE Performance ]
0.2 13/05/2011 -
—prares |
2 | e 0
= - Pb+Pb at 2.76 TeV MIP=4
g_ @. c|||||||||||||||||||||||||||||||1||||[|||||||||||||||||
ALICE Performance ] 0 50 100 150 50 100 150 50 100 150
o6 T VZERO Amplitude
i cross section 4
oa] - « Background: o, large at the LHC
5 — Zouors 1 > e*e pair production
o —— VoaND . sPD - > EM dissociation
i — VOAND+ZDC .
% 20 20 60 80 100 120 140 160 180 > pho.to-nucl(.aar reactions . .
VZERO amplitude (a.u.) > Purity < 1 in the most peripheral region
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o e
Centrality and Glauber model g Qo

6000 Glauber Monte Carlo Pb Pb at\ sNN = 2 76 Tev

- . 0-5%
5-10%
0 20%

5000

4000

3000

i

0-100%
2000

1000

o

10° =

C

ALICE
Performance
10/05/2011

8 10 12 14 16 18 20

Impact parameter

-5%

10*

10°

102

50 100

Plamen Petrov

Glauber Monte Carlo Pb Pb at\ sNN = 2 76 TeV @
@ 30-40% 3

11 11Ill

-80% ALICE Performance
10/05/2011

0600
©c0
Qoo
\° R

| ||||||||

(. IIIIIII

150 200 250 300 350 400

dof participits

* Centrality

> Impact parameter

Glauber model:

»> Geometrical picture of AA
collision

> Assume straight-line nucleon
trajectories

2> N-N cross-section (next slide)
independent of the number of
collisions the nucleons have
undergone

> Woods-Saxon nuclear density
profile

Po
r—R
a

plri=

1+exp

radius R = 6.62 = 0.06 fm
skin depth a = 0.546 £ 0.010 fm
intra-nucleon distance = 0.4 + 0.4 fm

57



[ %{Q
PP Ccross-section gi\m (%T%ﬁ

Details: [CERN-Proceedings-2011-001 (ISSN 2078-8835, ISBN 978-92-9083-361-1)]

e 0 measured in Van der Meer = 3_pp@\/§= 7 TeV ALICE Performﬂange_ 20/05/2011
NN N 10°E P N 10°F 'L ‘|
T f X-scan 4 \ T f Y-scan o w :
scans - F PEEAY ~ T ; \ :
M B -0' “ Qﬁ B "
> 62.1+x1.6 4.3 mb@ 2.76 TeV - 4 ) - \
10 3 10} / \
E ." “- - I ]
- .1' pile-up & lumi. “‘ - 7 .
- decay corrected B Y R
o/ \ 10 o 7 8
E .l “ E . * $‘a‘
B —a&— Data points ‘-‘ B i,"' —a&— Data points ¥
B Single Gauss. fit r/ Single Gauss. fit \
/ Double Gauss. fit 1 ] Double Gauss. fit X
1 '* ----- 2nd Gauss. contribution =\ 1 === 2nd Gauss. contribution
EIIIIIIIII|IIII|IIIIIIIII|IIII_ :l|I|IIIllllllllllllllllllllll
-300 -200 -100 O 100 200 300 -300 -200 -100 O 100 200 300
"'-g“ CroDss s;::iffgslggl,: TE:II}astic, elastic): Dy (Ml’l’l) Dy (Hm)
= _=_ o [EocpB e ° i
© 0oL o St Extrapolation to o INEL
E = Tinet = Tior” Oal > 64 i 5 mb
i O, PP @ 7 TeV
ALICE: 72.7 £ 1.1 £ 5.1 mb
10 LHC INEL ATLAS: 69.4 = 2.4 + 6.9 mb (arXiv:1104.0326)
T CMS: 70.4 = 1.1 + 3.5 mb (M.Marone, DIS'11)
B | v ATLas || OeL PP @ 2.76 TeV:
10 102 s (GeV) 108 10 | ALICE: 62.1 1.6 £ 4.3 mb
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[ ] [ ] [ ] [ ] %{Q
Centrality definition g Qo

ALICE Collab., PRL 106, 032301(2011)

® Glauber fit to find anchor g FrTTTTTTTTTI
point e r + Data 10\
I.IJ102 | F
— Glauber fit I
® Number of ancestors given \ 10 2 £
1057 s 8
by: \Mm.,, ,_. 0 500 7000 3
fN ., + (1-DN_, A sy -
e Particle production per 107 § ; % g E
ancestor according to Negative '
binomial distribution NBD(u,Kk) 1% """5506"""Toos0 75000 20000

VZERO Amplitude (a.u.)
¢ Fit Glauber multiplicity to experimental one

> fit restricted to ~88% of the cross-section (above VZERO = 100)
> 100% trigger efficiency
»> Negligible background

e <N __.> from Glauber fits agree with the geometrical values better than
1% except for 70-80% where the difference is 3.5%
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(] (] (] %{Q
Multiplicity measurement g Qo

® Based on SPD tracklets: g | . Data

"'>‘1 0fL —_— g:mm::&nbackground
> tracklet - pair of hits, one on -
each SPD layer i
10°
> (i]N-Chltlrl =(I(1-B)d'N-tracklets/(irI ;
10
> a: acceptance and efficiency :

dominated by acceptance I R N R R R A

. L . . 06 04 02 0 02 04 05
little variation with centrality Ao (rad)

ALICE Collab., PRL 105, 252301 (2010)

Sources of error ‘ Relative uncertainty

Background subtraction 0.1% to 2.0% . .

Particle composition 1.0% > B: Comblnatorla]. baCkgI‘OU_Ild fI‘aC .
Congmialion Lotk doeays L0% varies from 1% in most peripheral to
Zero-p, extrapolation 2.0% .

Event generator 2.0% ].4:% 1n the mOSt Centra].

Centrality 6.2% to 0.4%

Tracklet + vertex cuts negl.

Material budget negl.

Detector efficiency negl.

Background events negl.

Total 7.0% to 3.8%

Correlated 5.0% to 2.5%
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- @ AA(0-5%)ALICE  ~ pp NSD ALICE
10l ™ AA(0-5 %) NASO O pp NSD CMS
- 4 AA(0-5 %) BRAHMS i pp NSD CDF
L | ¥ AA(0-5%)PHENIX ¢ pp NSD UA5 0.15
Q o[ [0 AA(0-5%)STAR  * pp NSD UA1 NN
2 °[ v AA(0-6%)PHOBOS x pp NSD STAR
m. |
= 5__ ...........
= rr AA_S e
st e
"‘--.._: 4_ ‘‘‘‘‘‘‘‘
o I et
2 [
E 2_—
0_ ! Lol | Lol Lol 00
2 3
10 ‘rSNN (GeV) 10
* Pb-Pb @ 2.76 TeV, 0-5% central, * 1.9xpp @ 2.36 TeV (NSD)
In|<0.5 ¢ 2.1 x central Au-Au @ 0.2 TeV
> dN_/dn = 1584 + 76 * Growth with Vs faster in AA
> 2dN_,/dn /N =8.3=0.4 than in pp

* Growth with power of CM

ALICE Collab., PRL 105, 252301 (2010)  ©mergy faster than log scaling
extrapolated from lower energies
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Multiplicity in central Pb-Pb @ 2.76 TeV G

UNIVERSITYOF
BIRMINGHAM

ALICE Collab.: dN/dn = 1584 =+ 76 PRL 105, 252301 (2010)

data-driven, limiting frag.

HIJING 2.0 [5]
o DPMJET 1l [6]

UrQMD [7]

pPQCD-inspired models

Albacete [8]

Levin et al. [9]
Kharzeev et al. [10]
Kharzeev et al. [10]

| ’

saturation models (different

— Kharzeev et al. [11] implementation)
— o Armesto et al. [12]
° Eskola et al. [13]
o Bozek etal. 114] hydro, tuned with pp data
— Sarkisyan et al. [15] Landau hydro
e / | L IHumanic [16] NN superposition & hadronic rescatering
1000 1500 2000
dN,/dn

Plamen Petrov
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. xE
Centrality dependence o Q

ALICE Collab., PRL 106, 032301(2011)

= ]
© — 4
S 8 R
I L ¢¢ ¢ — n
z B ﬂlj Hlj — z
2 i HI] ﬂF’ | o
i bl —3
— B_ # ’ ] —
N 1 «
.-""H..t | : .-"""-.t
5 -Te 1, _&
2 4 1€ &
E - ® O Pb-Pb 2.76 TeV ALICE o Au-Au 0.2 TeV : E
-g ~ PHENIX.: PRC 71, 034908 (2005 -g
~ 2— ¥ pp NSD 2.76 TeV — 1 ~
L&) | ] o
= x  pp Inel 2.76 TeV » pplnel0.2TeV 4 2
Z N Interpolation between PHOBOS: PRC 83, 024913 (2011) | Z
| I 2|36| anld 7|Te|V plp I I | I I I I | I I I I |
0 100 200 300 400
( Npa,.g

* RHIC data scaled by 2.1
e Centrality evolution at LHC similar to RHIC (N __ >100)
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ALICE Collab., PRL 106, 032301(2011)

N ¢ Two-component models
AE 9 e © Pb-Pb 2.76 TeV ALICE / (DPMJET, HIJING)

> Soft (~Npart) and hard

oo

= ol

~ I (~N_ ) components

"_g - > DPMJET (2-component
= I + string fusion) -

20 6 —— DPMJET lll stronger rise than the
S T — = HIJING 2.0 (sg=0.23) data

—— HIJING 2.0 (sg=0.20) > HIJING (no quenching)

Armesto et al. .
Kharzeev et al. - strong centrality

oy
[

T T
—o-

4— - Albacete et al. dependgnt gluon
— 1 | | 1 | | | | | 1 [ v | ShadOW1ng
0 100 200 300 ( 0

part Saturation models

»> parametrisation of the
parton saturation scale

Saturation models favoured with energy and
by the data. centrality

Most models reproduce
some of the data but not all.
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N xE
Transverse energy vs centrality o Q

12 a
zE [ - :#LCRE {;r;“"' EZ* froai=0-55) e E ™ from charged hadrons
2 10:— . PHEH,; 25 measured by the barrel tracking
3;;—_ o i £ % _ % : detectors
o %
= - .H-} e {~0.55 to convert to total energy
6 S » From MC - model dependent
4 ® From RHIC to LHC
! @ »> Similar centrality dependence
2:_ > ~ 2.5 increase in 2dE /dn/N__,
i)

0o '16._-,' 200 300 '4{'.0 ®* Energy density estimate (Bjorken)

Noart 1 dE,
STAR Collab.: PRC70, 054907 (2004) £= R=1.2A'"fm
PHENIX Collab.: PRC71, 034908 (2005) nR2t dy
> Tg, . ~ 15 GeV/(fm?*c)
TCE& ye ~ 2.7 x TE€phiC > T€p . = D.4 = 0.6 GeV/(fm?c)
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e
Summary =) Gel

¢ ALICE has measured the charged particle
multiplicity of Pb-Pb collisions at Vs, = 2.76 TeV

e dN_/dn per participant increased from RHIC to

LHC by a factor of 2.1
> Rise with collision energy is stronger than the In
extrapolation from lower energies

> TE ~ 2.7 x TE

LHC RHIC

¢ Centrality dependence similar to RHIC

® Models have a hard time to describe the centrality
dependence and predict the increase with vs
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IIIIIIII Trlgger efflclencv

IIIIIIIlIIIIlIIIIIII|III‘T|IIIIIII

®* Triggering detectors:
2> SPD (= 2 pixel hits)
> VZERO (A side)
2> VZERO (C side)

efficiency

o
=)
T —

E 2-out-of-3 : 3-out-of-3

4 : 1 190% of total
cross section

!3-out-of-3 |

® Online triggers: o8
2> Coincidence of VZERO and
SPD signals.
2> Definition tightened
throughout the run | _ B e Perormance |
® 2 out of 3 O _ pepat7Tevmpss 1 19105720114

° — p+p at 7 TeV MIP=6 @ ]
— HIJING ]

VO AND — HUINC )
1111 | I | | 1111 | 1 11 1 111 | 1 111 | 1 111 | 1 11

Pb+Pb at 2.76 TeV MIP=4
0 50 100 150 50 100 150 50 100 150

® 3outof3 N A A

| 2-out-of-3

0.41 .

* Offline triggers and vertex cut: VZERO Amplitude

> VZERO A and C timing coincidence to remove beam gas
background
> ZDC timing coincidence to remove debunching

> |z,,,| < 7 cm around the center of the interaction region
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e
Background g?m ]

cross-sections
® e*e pair production (QED) .. T

all events I Offline Trigger: 2-out-of-3 T Offline Trigger: VOAND
> Very soft t

2> 0O(100 kbarn)

O data (online trigger: 2-out-of-3)
[0 data (online trigger: VOAND)

A data (online trigger: VOAND + SPD)} ALICE Performance
16/05/2011 ]

events (a.u.)

Hi——

® EM dissociation
2> One or several neutrons in
/ZDC : , :
> No central particles " ofime Tigger, VoAND + 50 1 on
> O(100 barn) ' | '

1
I + I ......

m SLIGHT single (24.2b)
w0 T s SLIGHT double (240mb)
Ll

29;@322% B 1 e QED (32K0)

purlty

e HIJING; (7.661) ]

102}

purity

:
bbb b b b B b b b b b b b b L

il
0 20 40 60 80 100120 140 160180 20 20 40 60 80 10012014016018020 20 40 60 80 10012014016018020

0.8

ALICE Performance
16/05/2011

0.6:—_4 g?;/;ggg%tgclm _; o Photo_nuclear VZERO amplitude (a.u.)
04F — allevents g l"eaCt.iOl'lS ) .
ook i E > Kinematics similar to pA

E _VOAND:TPC E > EV ~ 100 GeV

| | | | VOAND + ZDC

2030 60 80 100 120 140 160 180 > 0(10 barn)
VZERO amplitude (a.u.)

oQ
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Example VZERO and ZDC distribution

°* Peak:

*> Most peripheral events
> Trigger inefficiency
> Strong EM background

°* Plateau:
2> Mid-central
collisions

104

Events

I IWT T

-
(=]
L]

-
=]

-

VZERO scintillator
2.8<n<5.1
-3.7<n<-1.7

/

2
°_ I HIIIII] ] IIIIHI| I Illlﬂ

1 | 1 1 | L
10000 20000

15000
VZER@ Amplitude (a.u.)

| IIIIHI| | IIIIIH| | IEIIHII

L1 HIIII|

* Edge:
> Most central collisions
> The shape is a consequence
of intrinsic fluctuations and
detector acceptance and
resolution

Plamen Petrov

;240

G220
8200

&
5180

Q160[

N
140
120
100

0 500 1000 \K

UNIVERSITYOF
BIRMINGHAM
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[ ) [ ) [ ) %{Q
Negative binomial g>m ]

The negative binomial is a probability distribution of the number of trials
which are necessary to get a number of successes.

P(n,p,k) = T(n+k)/(T'(k)n!) (w/k)"/(1+p/k)»+x
where k is related to the width of the distribution o like:

(o/m)?=1/k + 1/n
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