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W) Recap Lecture 1

Sl
* Heavy-ion physics studies quark- o
gluon plasma (QGP) %

— Deconfined é“)“

— Chiral symmetry restored 5 ;z

« Transition to QGP is expected 25

Quark—gluon plasma

- -
-
/’1

. color superconductivity
/ (several phases)

Neutron stars

Hadron phase

atT~ 150 -170 MeV

« Event activity depends on impact
parameter b

« Centrality estimated by multiplicity
(ALICE) / energy (ATLAS/CMS)

* Nucleon-nucleon collisions (N_;)
and participating nucleons (N,
estimated with Glauber model

— Hard processes scale with N,

— Soft processes scale with Npart
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Baryon chemical potential [MeV]
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&) Recap Lecture 1

NV g
* Nuclear modification factor “ | ie s Raa VS P7
R — dNAA/de T % """"" % """""""" } """" g
AA o i 502 ¢ 1
<Ncoll>dep/de Ry } |
— Significant suppression of hadron f"-.. iy
and jet production in central collisions : EEEE
* Collisional energy loss B N .
— AE ~ L (path length)
— Dominates at low momentum - AR - e
« Radiative energy loss i
— AE ~ L2 +&E : E-AE
— Dominates at high momentum mesium
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C\E/RW Collisional .vs. Radiative E-Loss

—— 1 AE/E .vS.E T
dN /dy = 1000
0.3 L=5fm —
\ . n . .
\_  S.Wicks etal, Nucl. Phys. A 783 (2007) 493 Similar magnitude at low energies
(e i { foru,d,c quarks
\ — de -
\\0‘6/ <\ ---—_-“‘--S_V_
- ‘32’6)“"\'__ c-Radboy .~ Radiative twice larger than
i /‘/j‘f{\_::_\ . collisional at high energies
§ [ C“Sage~ISs--Ta | foru,d,c quarks
o W e <€
\:::::-_ “\““-QT
0.1'_ "\-‘.:="‘§I§
=TTy ———==—77==z4 Similar magnitude for b quarks
T b.RaQ_DQ‘-'y--“" T2 9 9
B S e b -Elastic e,
o L = BT
//)/ e .
0 1 1 1 L 4"’1 1 1 1 1 1 l 1 1 1 1 1
5 10 15 20
E (GeV)
Radiative energy loss
[T Collisional energy loss NPA 783 (2007) 493
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W) Energy Loss Models

* Presented formulas for infinite-energy parton traversing
a static and uniform medium

 However
— Medium expands rapidly, temperature and density change
— Partons may be produced in the medium
— Parton virtuality may change while traversing the medium
— Eventually final-state hadron measured (not the parton)

 Phenomenological models try to include these effects

« Major directions
— Calculations: BDMPS, GLV, HT, AMY
— Monte Carlo: JEWEL, Martini, gPythia/gHerwig, YaJEM

see for example https://indico.cern.ch/event/30248/session/20/contribution/77/material/slides/1.pdf
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CE/RW
\

NS
E | I I I I I I ] | RAA -VS (] pT ] I ] I | 1 I I I |
o ALICE, Pb-Pb, s, =2.76 TeV
charged particles, | < 0.8 norm. uncertainty
R HT (Chen et al.) lower density
= =« HT (Chen et al.) higher density
10-1 [ — HT (A.M.) —
5 A ASW (T.R.) 7]
n == YaJEM-D (T.R.) -
| - = = elastic (T.R.) large PESG _
n ’ ® ALICE (0-5%) - = = €lastic (T.R.) small Pnsu: i
i e wesss WHDG (W.H.) ©° upper limit
| | mCMS (0 5|”°} ----- WHDG (W.H.) 7 lower limit
I [ [T TR N NN NN TN TN NN M NN N N B

20 30 40 50

P, (GeV/c)

PLB 720 (2013) 52

Example: Comparison

Hadron R,, not very
constraining on its own

Observables beyond single

hadron suppression to

explore full parton shower:

e Jet Rya

* Di-jet correlations

» Jet shapes and
fragmentation functions
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N Recap

N4

We have seen significantly suppression of charged
hadron spectra

— Dominated by light quarks / gluons...

— ... which at low p; are also produced within the medium

« Energy loss occurs by radiative and collisional processes

« Theoretical calculations extract medium properties like
density, average momentum transfer, mean free path, {

« Calculations more accurate for heavy quarks
« Dependence of energy loss on quark mass expected

Let’s measure energy loss with heavy quarks !
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W) Heavy Quarks

« Charm (m ~ 1.3 GeV/c?)

__ Cross section .vs. \s

» Beauty (m ~ 4.7 GeV/c?) I P — — .
 Produced in hard scattering T — ... "g
+ Essentially not produced in & ] %
the QGP “d h

: n pra I A~

* EXxpectation 2 @
24 D B © g
R <Ra <Rp : fime §

» LHC: ~7 D > 2 GeV/c per SN IR SR B

10°

10 ;02
Energy (GeV)

central event
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C\E/RW DO Reconstruction

« D9meson: m=1.87 GeV/c?; ct =123 um
— Rather short lived
— Many decay modes
— D% - K =t (branching ratio 3.9%)

« Standard method: invariant mass of opposite charge pairs

— Per central event (D° - K xt, > 2 GeV/c, incl. efficiencies):
0.001 compared to ~700 K and up to ~2500 &

— Signal over background far too small to extract a peak

* Reduce combinatorial background (see next slides)
— Topological cuts
— Particle identification (PID) of K and &
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W)\ Invariant Mass

« DO - K without PID and without topological cuts

(4]

4000 5195 - Candidates .vs. My ~—1——
N - ALICE Preliminary :
= = -1 ]
> 3500 [ p-Pb, |5, =5.02 TeV, L, =49ub .
= 3000 :_ D’ — K=n* and charge conj. ’) _:
o - .
» 2500 [ =
2 - :
£ 2000 [ =
L ]

1500
- e Same event v
1000 :— — Event mixing 3
- ---- Like sign ]
500 F 0<p, <1GeVic -

L1 | L1 1 I L1 11 | Ll 1 1 |. L1 ] |. 1 Ll ]
q. 15 16 1.7 1.8 19 2 21
M(Kz) (GeV/c?)

.r_~.

Peak not visible without cuts
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W) Topological Cuts

NV g

3) Require distance of primary and :
secondary vertex (impact parameter) 2) Require that K and &
[~100 um challenging for pixel detectors!] | . share a secondary vertex
ct~123pym | 7
4 = N K reconstructed
"""" D momentum

—

do{ i%-______ e B e
i >

primary secondary
vertex vertex

1) Require large impact
parameter tracks Plane transverse
to beam
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) PID: Specific Energy Loss

NV g

« Particles passing through matter loose energy mainly by ionization
« Average energy loss can be calculated with the Bethe-Bloch formula

(G |
,-dex 1 (1 2my32y%,  fB° (l—l— 1y ) 5)

2

—_ ]_Dll:l R S
o
Tmﬂ-..'ﬂ

2 I? 2

. |dent|fy particle by measuring 1000PI:J—Pb, 2011 run, |8y, =2.76 TeV negative particles
1 % ' EEETL : T
energy deposition and G goo? d 2 “”‘353
. - ‘1‘ A “. July 4", 2012
momentum | | | % 800F | R ONE P ormge——
— Not necessarily unique in -7
all regions | 018

— "

_LT Probability

 The single energy loss by
(primary) ionization depends
on E
— Most of the times the energy loss

is small, but a small probability
exists to have a large energy loss

— Landau tail of the energy loss 0 gl
distribution - Truncated mean used Energy loss

_III|III|III|III|IIITIII|III|III|III|I

Al
M
(=]
L]
f -9
o
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W) PID: Time Of Flight

« Although particles have practically speed of light,
particles with the same momentum have slightly different
speed due to their different mass

* Precise measurement of flight time between interaction
and arrival in detector allows to determine mass, and
thus the particle type

— Needed precision, e.g. for a
particle with p = 3 GeV/c,
flying length 3.5 m _

* t(n) ~ 12 ns | t(K) — t(x) ~ 140 ps E‘B?

— Detector without drift volume 06k
needed, dispersion usually 0sE 5
spoils time resolution 04F |
- MRPCs (multigap resistive 03F
plate chambers) 02 o
01005 1 15 2 25 3 35 4 45 5

Momentum p (GeV/c (¢eVie)
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%E/RW Combine PID Methods

Time of fllght .VS. specmc energy loss

2 1400 d i)-ph {5 = 276 Tev | 10°

-E 0-10% central n| < 0.8
L 1200 25<p_<3.0GeVic

H-IE—L_ s m ] "

I - ] 3

k: =10

=107

10

30 -20 -10 0 10 20 1

ALICE, Int. J. Mod. Phys. A 29 (2014) 1430044 dE/dx - (dE/dx), (a.u.)
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Invariant Mass with Cuts

DO peak

I

8000

D’ Kr*
10000 -PbPb\s,,=2.76 TeV

3.2x10° events

O
®
S
3
=
L
—
<
P
R
Q
o~

p,> 2 GeVic

1 I 1 1 1

1 l 1 1 1

N
o
o
o
/

1 l 1 1 1

llllllllll[l

WIO PID with topological cuts

—*— W/PID

with topological cuts
D. Caffarri, thesis Zand PID
| P

"1.75

1.8

1.85

1 I 1 1 1 1 1 1
1.9 1.95 2
Invariant Mass (Kr) (GeV/c?)

PID reduces background, but signal peak stays of same magnitude
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C\@ Recap: D Meson Yield

« We would like to learn about the energy loss of charm

* Reconstruct D meson decay to K &t
— Rare signal

— Combinatorial background reduced
with particle identification
and topological cuts

— Invariant mass distribution - | ,
. . . . ] - Fit without reflections template l
— Background with like-sign combinations - §=673245 :

v d v v b v b v b v b b a
1.75 1. 18 19 195 2

— Apply fit to extract yield M(Kr) (GeV/c?)

- DY Kt e ALICE @]
and charge conj. [ Pb-Pb, 30-50%
A \ Sy =2.76 TeV

Entries per 12 MeV/c?

Rl 1]
1027 P -._.-|_,

PRC 90 (2014) 034904
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(iw D RAA

N/, S
Raa -VS. centrality Raa -VS. Pt

{1 .2 rend | e i P | prrd | R | P | Pt | per 2 LI rr T LI rr T LI rrrT LI ] I
< L i < L | I | | | I I -
OC L Pb-Pb, sy, =2.76 TeV 1 o u .
i Vo ¢ 1 ©  1.8F Pb-Pb,\ sy, =276 TeV mm 3
1“‘mumm """"" ] B PRELIMINBRY
: Average D°, D", D", 8<p <16 GeVic, |y|<0.5 1.6 ) .
B Correlated systematic uncertainties ] - ® AVGI’&QE DD D'D" |Y|":05 0-7.5% 1
0 8_— |:| Uncorrelated systematic uncertainties 7 1. 4__ with b p _,extr’apm’a o referse oo =
. - T .
i i 1 2F o Charged particles, n|<0.8, 0-10% _]
- . : = Charged pions, n|<0.8, 0-10% .
0.6 — -]
0.4~ . -
02— m o W - - & : ;

OL|J||J|JJIJJ]JI]JJ]lJ11]1[11[[[[[[[[[[[ %llllll]IJJI.IJ.I.IllLlJ.IJJlIlI.IllI:JlIIJI:!L

0 50 100 150 200 250 300 350 400 5 10 15 20 25 30 35 40
( Npm weighted with N__ ) P, (GeV/c)

D and = R,, compatible
arXiv:1506.06604

strong suppression ~ 0.2 .
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&N % Rax .VS. D Ry

Expectation RY <R. <R.,

T D
- However R = R

Are the energy loss models wrong?

Not necessarily

— Effect expected for p; close to charm mass (~1.3 GeV/c?)
— Uncertainties on D R,, large for p; <5 GeV/c

— Fragmentation (- hadron) different for gluons and quarks

Let’s have a look at particles containing a heavier b...
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C\E/RW B> Jvy

e B*; m=5.28GeV ; ct =492 um (4 times larger than D)
« BO; m=5.28GeV ;ct=455pum

« B* - J/y + X (branching ratio ~ 0.5%)
« B% > J/y + X (branching ratio ~ 0.5%)
« Jhy - pu (branching ratio ~ 6%)

 ldentification by displaced secondary vertex
— No reconstruction of full decay chain
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) B Identification

Sl
« Most probably transverse T
b-hadron decay length L, =5
— Transverse because vertex is u'su

better known in this direction

Plane transverse
to beam

« Convert to pseudo-proper

u J/y vector
r primary vertex
S cov. matrices

Jhy candidate

decay length as estimate IJ/W = nymJ/z/// Pr | mass and D

of b-hadron decay length
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) Decay Length Distribution

N4

Events .vs. |y,

_ L L _ T 1 [ I
£ - o ]
S - CMS Preliminary T
v 10*E e u
S : PbPb \/s\, = 2.76 TeV -
=2 [ L, =150 ub" ¢4 ly| < 2.4 i
" 0L { 65<p <30GeVlc |
= B Cent. 0-100% E
g - ® data -
L . s total fit 7
i #&» bkgd + non-prompt ]
10?2 === background —
] | 1,,>0
<0 10 - D=2
combinatorics : - combinatorics
resolution i ; . resolution
1L j/ SR ] b decays
- L1 | N B R "'0 ‘ | s_L_ L1 3
-1 0.5 0 0.5 1 15 2
Ly (mm)
- Experimental handle on resolution of I, CMS, HIN-12-014
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Events / (0.035 mm)

-
(e ]
N

—
o
[7%)

—
o
[

10

Yield Extraction

* (Multi-dimensional) fit to l;,, and invariant mass m,, ,
— Total number of J/y and fraction of displaced J/y

m
<
@
S
—t
”
<
%
3

=

<€
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Events .vs. |, 3000 EVeNnts S
L B e R L B N B o ]
. i ] = - CMS Preliminary ]
CMS Preliminary > N asssi7r ]
= N — O __ - _ Ji- - ]
= PbPb\/s\, =2.76 TeV 3 g 2500PbPDb \[s = 2.76 TeV ;354 1 mevic?
- ] B = -1 e data 7
[ Ly = 150 b g €2l ] S C Ly =150 b / | 1
6.5<p, <30 GeVic Prompt J/\V \c’@ ly| < 2.4 ff“b"k‘a;ff -
3 ’ Cent. 0-100% E ~ 8.5 < p. < 30 GeV/c 9d * non-prompt. -
£ = o) T = = = background
- ® data - z - Cen™ 00% .
i it total fit 7 ) - -
B ey ;fkgd I+ non-prompt I Lﬁ 1500 — -
== === background — L 7
i 10001 / -
3 =— Displaced Jy ——x____ // 1
; : 5001 ]
E- A —— —| o —
E|X*| L1 ||<|| [ R A | s-L-||: BaCkground QFélllzl7 '2|8" :'35
-1 0. 0 0.5 1 1.5 2 : : .
1, (Mm)

CMS, HIN-12-014




Nl
Centrality Dependence Comparison B and D
é _IIICIMISIIPI I|III|IIII|IIII|IIII|IIII|IIII §1.4_!III|IIII|IIII|II|I|IIII|IIIIEIIII|I1I1
0 1.4 re |rrl|nary CMS, HIN-12-014— T L Pb-Pb, |y =276 TeV
- PbPb\/s, = 2.76 TeV ] N
1.2 ® ALICE Preliminary D mesons
N ] = BcpTdB GeVic, |y|<0.5
1.2 L _ B Correlated systematic uncertainties
L | B [J Uncorrelated systematic uncertainties
- . L - E:]ci?c]jé-} ic Non-prompt J/y (6.5< p_<30 GeVic)
1 - s Djordjevic Non-prompt J/w (mthcquark energy loss) 1
: : B - - - Djordjevic D mesons (B<p, <16 GeV/c) |
- . 0.8~ —
0.8— — - ]
- Non-prompt J/y- s B .
06_—+ + N 0.6 --"'H::::Ilﬂt:nqﬁlf |
B ¥, 1 - e, 0T I
i . 0.4/ + Ny -
04— * * ] - D I ~h__‘m':";,;h_%: ............. E i
- _ 0.2 o cmsPrel N vy (W[l .
02 |y| <24 | - o ot s ] -
B 6.5 < P, < 30 GeVic i i DSystemat:c uncertainties  CMS-PAS-HIN-12-014 i
DIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 0!llI|IIII|IIII|IIII|IIII|IIIIEIIII|I1II

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Noart . (N_,, weighted with N, I

D is stronger suppressed than B ! = hint of quark mass dependence
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i) Summary
>\ Jet Quenching & Energy Loss

 Particle production strongly suppressed
In central heavy-ion collisions
Y RZ, ~R>, <RE,
— Mass dependence observed
« Radiative and collisional energy loss

— Radiative energy loss dominates at high p; foru, d, c, g
— Radiative and collisional e-loss play similar role for b quarks

« Theoretical models used to constrain medium properties
like density, average momentum transfer, mean free path

A dense strongly coupling medium
Is produced in HI collisions

Measurement of b = J/y requires displaced vertices.
What about J/y stemming directly from the interaction?
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CE/RW
\

Quarkonia

How does a quark-gluon plasma
affect c-cbar and b-bbar states?
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o) Quarkonia

e c-cbhar (J/y, ') and b-bbar (Y, Y’, Y”) from hard process
« High density of quarks and gluons causes screening

..' o = g
® 9
© LT » O @ O |- o gauge coupling
& & e 9 o string tension
o} KL Screening mass
« Changes (binding) potential
a —e Potential .vs. r
V(ir)=——+or — V(r)=—ae’”+o-r{ ° }
r r HY |T QGP
* Quarks with distance larger than VN P —ca—

1/u do not see each other

—> Dissociation of g-gbar pair ! ﬁ N vacuum
- Quarkonia “melt” /=
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W) Jhy Suppression

« Observed at SPS in Pb-Pb collisions (Nsy = 17 GeV)

© 1.37

2  Jlyyield modification .vs. Ny,

S 1.2

S NAGO In-In In: A =105
2 1.1 | NA50 Pb-Pb Pb: A =208
o ]

- R P

% 1 lliggl:L!llllnil ?If’ "“*"

o aw | [ 4,

B 0.9 e,

E . ]’Q‘ A

= ] A 0’[ _

= A

o
=]
L | -

-9

0-5""' LN B e e [ [ I O
0 5|0 160 1|50 260 2|50 300 3%0 460 450
NP“” EPJC (2011) 71:1534
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W) Jhy Suppression (2)

NV g

e ... and at RHIC (Vs = 200 GeV)

4 Jhy yield modification .vs. N,

. Narrow boxes: correlated sys

g L e PHENIX Au+Au y=0 PHENIX Au-Au
O 12 - ® NABO In+In _
3 - T NA50 Pb+Pb NAGO In-In
< NA50 Pb-Pb
|:|:5 1T i H Ll j 'ﬂ 17—
O
I Ll
0.8 - ! m i
I 1 |
0.6 B H

0.4 — Wide boxes: CNM baseline sys .
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 100 200 300 400 500 600 700 800
4.'1Nfl:h]|n_uI

Wouldn’t we expect a stronger suppression at larger \/SNN?
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LA

W) Jhy Suppression (3)

Raa -VS. multiplicity

1.4
Eté m ALICE (Pb-Pb ys,,, = 2.76 TeV), 2.5<y<4 global sys.=+ 12%
1.2 @ PHENIX (Au-Au\s,, = 200 GeV), 1.2<[y[<2.2 global sys.=£9.2%
O PHENIX (Au-Au \s,,, = 200 GeV), |y|<0.35 global sys.=+ 12%
1

0.8

0.6

%IFIII'III

EIE:E

==
=
+

-

T

0

0.4 Jé_ ‘%}'
o4 *..*.i ..................................................... RHIC
O : | | 1 | 1 | | J | 1 | | 1 | [ I 1 [ | E | | 1 | 1 | | I | 1
0 200 400 600 800 1000 12{%0 1400
d Ch/dnl n=0

LHC - RHIC : ‘/SNN 14 times larger ... but the suppression is smaller !
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C\E/RW Charm Abundances

* Number of c-cbar pairs

increase with cms energy Charm cross-section .vs. Vs

pe— TTTT| T T TTTTT] T |

=, |~ —@— ALICE (total unc.) o ld_‘.
* In a central event ot R “%ﬁ .
© E [ ATLAS exte. unc. -7 3
_ SPS ~O.1 C_Cbar b : .....f_.;:cér:‘”iresiminawneualum.a "'.-'$ :
- % STAR .."'
— RHIC ~10 c-cbhar | O remee -
105§ com - E
— LHC ~100 c-cbar F Y v * .
: 0 E769 (pA) 7]
« ¢ from one c-cbar may [ e s
10

combine with cbar from
another c-cbar at
hadronization to forma Jy ¢

T IIII[II|

ll”l
-
-
-~
= -
[T
-
-
b= -~
~

JHEP 1207 (2012) 191
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Jhy modification .vs. energy density

H. Satz

regeneration

[a—

J/W Production Probability

sequential suppression

Energy Density

Dissociation and regeneration
work in opposite directions
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&) Jhv Regeneration (2)

NV g

« J/y regeneration / statistical hadronization models

1.4
é - W ALICE (Pb-Pb 5, = 2.76 TeV), 2.5<y<4 global sys.=+ 12%
Ay N Stat. Hadronization Model
=1 22 Transport Model |

%, N Transport Model Il RAA .VS. Npart

0.8 *- %/7’ do, /dy=0.25 mb
:1; %{// ............... e
0.6 —_\ % ?
0.2+ do, /dy=0.15 mb
D:'"'l""lt'"|Illlillunluluuluujnll...
0 o0 100 150 200 250 300 350 400
( Npan)
P. Braun-Munzinger and J. Stachel, PLB490(2000) 196
R. Thews et al, PRC63:054905(2001) PRL109, 072301
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o) Other Quarkonia

state -I/ Y Xe ’!-:'f T Xb TI kj:* TH

mass [GeV]|[3.10| 3.53 [3.68|9.46| 9.99 [ 10.02|10.26|10.36

radius [fm} 0.251] 0.36 (1.4.-") 0.22 1 0.28 | 0.34 | 0.39

dissociates first — T dissociates last

* W= 1/ryincreases with T of QGP
— Lattice estimate: pu(T) = 4T

« T controlled by centrality and center of mass energy
« “Spectroscopy” / “Thermometer” of QGP

T < T, T =12T. T=3T,
VXV Y XpY Xy VY Y XY’ Y

Table, Cartoon: H. Satz
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NS
T < T,
VAN Y XY %G
T =12T,
v Y %Y’
T= 37T

<
<
o

14—

1.2

QGP Thermometer

Raa -VS. binding energy

CMS Preliminary 0-100%

PbPb\ /Sy = 2.76 TeV

0.8

0.6

* W d <« o

0.4

0.2

T
0

\

\
<
N
@

Inclusive y(2S) (6.5 < P, < 30 GeVle, |y| <1.6)

Y(3S) (ly| <2.4), 95% upper limit

1(28) (lyl <24)
prompt J/yr (6.5 < p_< 30 GeVie, |y| <2.4)

Y(18) (lyl <2.4)

A
@

-

_ - “Jy
-~ Y(2S)
(3S)

I\I‘I\\‘\I\

0

o_fl-{llllm..

0.2 0.4 0.6 0.8 1
Binding energy [GeV]

1.2

States with lower binding energies more suppressed !
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i) Summary
> Quarkonia

« High density of color charges in QGP leads to melting of
guarkonia (c-cbar and b-bar)

« Large abundance of charm guarks at LHC results in
regeneration of the amount of J/y

« States with smaller binding energies are more
suppressed (“QGP thermometer”)
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Particle Yields
&

Statistical Model

What can particle abundances tell about the
transition between QGP and hadrons?

Introduction to Heavy-lon Physics — Jan Fiete Grosse-Oetringhaus



C\E/RW Chemical Freeze-Out

« Hadronization has occurred
* Inelastic collisions stop
« Particle yields fixed

Mid Rapidity =

/l
PR
——
>3
@
—
-
R
T

Rela* . iutic
viscous
_darodynamic

 Elastic collisions may still
occur until kinetic freeze-out

Pre-Equilibrium
Glasma Phase (< 1)

v )

« Assume system to be in chemical equilibrium
« Particle yields can be calculated with statistical models
« Calculated in framework of statistical thermodynamics

Courtesy B.Hippolyte
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cEan)) Statistical Model

* Relativistic ideal quantum gas of hadrons

 Partition function Z for grand-canonical ensemble
— How is probability distributed between available states?
— For particle i (out Offc K, p, ..., all known particles)

INZ (T.V, 1) = +gvj P In(1=exp(~(E,(p)— 1) /T))

(27m)°
/spin dege{eracy E \/p —|-m / l \Temperature

volume

chemical potential [,Ui = Ly Bi "':ussi + 4, |3i +ILICCi\

(conserved quantities)/ I A T

baryon number strangeness charm
Isospin

E.g. NPA722(2006)167
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can) Statistical Model (2)

« Chemical potential constrained with conservation laws
th = By + 1S+ g4 g + 141G
— Sum over considered particles (results depends on particle list)
» 3 free parameters remain (V, T, ug)

« Thermodynamic quantities can be calculated from Z

_N_1d(TInZ) (T Inz) 18(TInz)
N=—=- P= S=
V V  Ou oV V. oT
Particle densities Pressure Entropy

 In particle ratios V cancels = two free parameters (T, ug)

Let’s have a look at the data...
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(iE/RW Particle Identification

Pb-Pb, 2011 run, yS,, =2.76 TeV

Direct particle identification | _ s

negative particles

iy
o

a.u.)
® ©
S © o
S & &
I

— PERFORMANCE
W July 4™, 2012

n K p d 3He 3H

\ i
N, 152253354

W 'zﬂ: GeVich

TPC ionization signal (a.u

Large impact parameter

KOs nr(ct=2.7cm) P (Gevie
A2pr(ct=79cm)

“Kink” in detector volume

Invariant mass

BE—-At+r —pta+w
Mass: 1.322 GeV/c?
pri 1.452 GeVic
Decay length: 6.85 cm

K=>uv(ct=3.7m) »> KK
K'2>Kn

hod 1 Ua IO OEs orTeal, Uats LU0 TevT

-3 S0 L B L O L L B L L L BB ==

T 2 N ATLAS Preliminary ]
» 80— o Du 4

2 : —— double Gauss + poly fit :

E L [ Pythia MCOS signal i

Cascade 60— [ Pythia MCO2 background —

40— —

p— C B
20— —

E2>2A+n2opnn - ]

Q ) A + K ) p TT K 400420 440 460 480 500 520 540 560 580 €00

Mx’n' [MeV]
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) Statistical Model at LHC

N/ S
12 different particles
— _ - - 3 3w
f . K+K 0 K*+K* pP+p =+ET 0+ A+ H \
2 2 K 2 ¢ 2 A 2 2 d 7 e
3 0 o

(> E f f e ; i ; i = = ]
gm E e . ALICE Preliminary
3S i : s s 5 : 5 : ]
L 10° £ | e e g : . Pb-Pb s =276TeV,0-10% 3
S5 5 s T La. : = : a .
S E T ?
1 F ' L ' ' : : <
S < E Good description of el : ;
y— B Not in fit . . : : : 4
o 10" £ opumones  PArticle production at LHC ; | e 5
n - : : : 5 : 5 : : : : 3
o 102 b [ odel T(MeV) V() NDF | T = 155 MeV 3
o \ E |— THERMUS 2.3 155+2  5924+543 23609 | ug ~ 1 MeV ]
™~ 107 ¢ GSl-Heidelberg 156+2  5330+505  17.4/9 | V ~ 5000 fm3 . h_g_?
[ |-+'SHARE3 156+3  4476+696 1419 | (200X V) 4. i

10
.

_|-|-|T|T|'I
|

: BR=25%!
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W) Pb-Pb .vs. pp

.‘lllllll-l.- _ .‘lll-ll;ll.-.‘ll-llllll.- 5 - . .
POKAK P PP 24 o EeE iQud : 2d  SHe AHe A 9 KWK
s TN s T4 KO = W4T ax T . = d T+ K'+K  K'+K
-'llllllll‘. S -'llllllll‘.-'llllllll‘. p+p

¢ BR = 25% ¢

1 I 1 I

ALICE Preliminary | * Pb-Pb \sy, =2.76 TeV, 0-10%
ol 0 Extrapolated (Pb-Pb 0-10%) ' « pp1s=7TeV |

| PP Strange hadrons (K, E, Q) more .
Pb"?b . abundant in Pb-Pb than in pp collisions y

® M
m

Ratio

L

Ce]
C
C

[e]
[e]
->
[e]
Ce]
[e]

[e]
Cel

[e]
Ce]

olLxt i x3 | x05; x30 ; x260 ; x50 ; x100 ; x410°; x2 | x1
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W) Strangeness Enhancement

NV g

« Threshold for strange production g s
— Hadronic matter: production of 2K (~1 GeV)
— QGP: gluon fusion to s-sbar pair (~0.3 GeV)

« T~ 170 MeV in the QGP y
* Production more abundant in the QGP

* Proposed as one of the first QGP signatures (1982)
— and observed at SPS

« Statistical models suppress strangeness production by
additional parameter (ys)

— vs ~ 1in central HI collisions; smaller in pp collisions

P |

In small systems strangeness conservation reduces the
A avalilable phase space (canonical suppression)
— Suppression without QGP - Power as QGP signature limited
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Particle ratios described
well from 2 to 200 GeV

arXiv:1101.3167
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&) Vs Dependence

NS
— C T VS VSNN e l'l'B VS VSNN .
% 180 | % 500 = \ + Kaneta Xu (dN/dy)
= = N %] ﬂ = = ‘ ¥ Cleymans et al_ (4n)
= 160 ind o = oE
= F & LHC| = "F
140 — ;|.: ::I:: 600 :_
120 | | 500 F-
100 400 i_
- 300 -
80 Andronic et al. | dN/dy -
co - 4n 200 £
: ’|L A Becattini et al. (4r) i -
- < Dumitru et al. (4x) =3 e
4[]_ 1 11 11 111 1 IIIIIII|2 ] L1 D: I|IIIIIII| ] IIIIIIIT'E-_'E:_I—I—
1 10 10 1 10 1[]2
Vs, (GeV) Vs (GeV)
Temperature increases with Vs Baryochemical potential drops
and reaches plateau of about with Vs,
160 MeV at Vs, > 20 GeV > transport of baryon number

from nuclei to mid-rapidity is more

ArXiv-0911.4931 and more difficult
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CE/RW
\

NV g

0.2

0.15

0.1

T (GeV)

0.05

QCD Phase Diagram

T.vs. pg

llIllIIIIII]IIIlIIIlIIII

s = 200 GeV (130 GeV)

lIIIIIIIIII]IIlIIIIlIIII

0 0.2

0.4 06 08
My (GeV)

Temperature [MeV]

200
175 Quark-gluon plasma
150
ofe™
125 %0
100
s A >
adron phase . color superconductivity
50 @ (several phases)
25 2% A
1 Neutron stars

250 500 750 1000 1250 1500 1750 2000
Baryon chemical potential [MeV]

Fit results from
sy = 2 to 2760 GeV

Defines chemical freeze-
out line in QCD phase
diagram

adapted from
PRC 73, 034905 (2006)
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™) QCD Phase Diagram (2)

NV g

 Statistical model provides T where inelastic collisions stop

A Chemical freeze-out temperature != phase transition temperature

- T.vs. pg
S 225 e B dl = N
© | Q@GP LacD e 1 Phase transition
= 200 | crossover | ___— )
= W from lattice QCD
175~ -
. > & """'.”'\’--‘:.;,-A—z,‘_u ]
LHC.,RHIC.top SPS energies 1sof- ° Y. < -
Chemical freeze-out close 5| =~ O " { SPS and below
to phase transition 100; Oi ; Chem|CaI freeze'out
: /IR 1 at lower T
75 Data (fits) & =
- ® dN/idy O 4x . :
50 -
hadron gas
o |-~ n,=0.12fm*
- £¢=400 MeV/fm
0_1 L L I . /A

0 200 400 600 800 1000 1200
P. Braun-Munzinger and J. Stachel, arXiv:1101.3167
, (MeV)
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C\E/RW Summary
>\ Particle Yields & Statistical Model

« After chemical freeze-out particle composition is fixed
* More than 10 species of hadrons measured at LHC

 Statistical model allows extraction of freeze-out
temperature and baryochemical potential

« At high Vs, chemical freeze-out temperature close to

phase transition temperature

hadron production from

Statistical models describe >
Vs = 2 to 2760 GeV

Introduction to Heavy-lon Physics — Jan Fiete Grosse-Oetringhaus

Matter created in HI
collisions is in local
thermal equilibrium




CE/RW
\

Collective Flow
&

Hydrodynamics

How does a strongly coupled pressurized
system affect particle production?

Collective flow has nothing to do with the particle flow
method to reconstruct tracks and jets in ATLAS/CMS
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C\E\/RD’ Expansion (i

« After collision, QGP droplet in vacuum
« Energy and density very high

e Strong pressure gradient
from center to boundary

. _ view in beam direction
o Consequence: rapld expansion

(“little bang”)

« Partons get pushed by expansion
- Momentum increases

* Measurable in the transverse plane (p;)
— Called radial flow

Longitudinal expansion (in beam direction) not discussed here.
Have a look at for example: http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qap/qgp2015 _06_space_time_evo.pdf
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http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qgp/qgp2015_06_space_time_evo.pdf

Particle p; increases
Spectra pushed outwards

Effect larger for
p>K>>nx
- mass dependence

p = mBy
common velocity field

(By fixed)
- mass dependence

CE/RW .
g Radial Flow
— 10" Yield .vs. p;
2 T K p
S .n
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) Blast-Wave Fits

» Quantification of radial flow \ } T

— Reproduce basic features of hydro-
dynamic modeling (discussed later)

* Locally thermalized medium
« Common velocity field
 Instantaneous freeze-out

 All particle species described . \,
with three parameters

1 dN p. sinh p )., [ m, cosh p P:ta”hlﬂT(L)“
— =_[rdrmT I | — K,| — R
m, me Tkin Tkin

Mid Rapidity =

-
(/]
—
o q
-
¥ 2
N
\
. e
ol \
\

Relativistic
Viscous

Courtesy B.Hippolyte

~_ radial
Bessel functions I, K, kinetic freeze-out flow velocity
temperature velocity profile

PRC 48, 2462 (1993)
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W) Blast-Wave Fits (2)

BWflts VS. pr Tiin -VS. Bt
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