The highest man-made
temperature

WHO:
BROOKHAVEN NATIONAL
LABORATORY'S
RELATIVISTICHEAVY ION
COLLIDER

WHAT:

HIGHEST MAN-MADE
TEMPERATURE

WHERE:
UNITED STATES

WHEN:
01JAN 2010

In February 2010, scientists at Brookhaven National Laboratory's Relativistic
Heavy lon Collider on Long Island, New York, USA, announced that they had
smashed together gold ions at nearly the speed of light, briefly forming an exotic
state of matter known as a quark-gluon plasma. This substance is believed to
have filled the universe just a few microseconds after the Big Bang. During the
experiment the plasma reached temperatures of around 4 trillion°C, some

250,000 times hotter than the centre of the Sun.
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Brookhaven National Laboratory’s
Relativistic Heavy lon Collider
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Pad Chambers

1 RHIC is the first heavy ion collider in the world.
Operational since 2000 (program until 2020+). Max beam
energy: Vs,,=200GeV
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Record broken at LHC

on, partikelfy

Ingen teoretisk grans

Enligt Anck
varmt det kan

Partikelacceleratorn LHC Foto: Scanpix

Hettan rekordhog vid
experiment i Schweiz

5.000.000.000.000 grader Fem tusen miljarder grader. Det ar numera den hogsta
temperatur som manniskor skapat.

The XXill Intemational Conference on Ultrarelativistic Nucleus-Nudeus Collisions
August 13-18, 2012, Washington D.C.

PUBLICERAD 16 AUGUSTI 201 - UPPDATERAD 17 AUGUSTI 20 114

Det ar forskare vid Cerni Schweiz som slagit rerkord vid experiment i
partikelacceleratorn LHC, rapporterar Sveriges Radios
vetenskapsredaktion. & SKANV UT

2 DELAVIA E-MAIL

Fem tusen miljarder grader ar ungefar som temperaturen vid Big Bang
och hundra tusen ganger hogre an i solens mitt.

Forskarna dstadkom den varmaste materien rdgonsin genom att lata
blykéarnor kollidzra med hog energi i acceleratorn.

Genom experimentet vill man efterlikna processer vid universums allra
tidigaste period. Framfor allt vill forskarna se vad som héander rar

kvarkar overgdr till vanig materia. http://www.svt.se/nyheter/vetenskap/hettan-rekordhog-vid-
experiment-i-schweiz
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The highest man-made
temperatu re

COSMOLO&Y MARCHES ON
1 QCD and hadron ' ’ B | e )
collisions e
—Soft and hard physics

s The medium created In
heavy ion collisions ALICE experiment

— A nearly perfect liquid

1 HOw we measure
temperature

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46
Fill : 1482

Run : 137124
Event : 0x00000000D3BBE693
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Electron

Proton

Nucleus Neutron
Matter
particles L EIPT QUARKS
All ordinary ‘ =] ?“ Electron neutrino
particles [ Particle with no electric
belong to o charge, and possibly no mass; 0
this group : bilhons fly through your body
These E Muon neutrino
particles ! Created along with muons
existed just 0 when some particles decay 0
after the g
Big Bang.
Now they are > | Tau Tau neutrino Top
found only § Heavier still; it is extremely 0 not yet discovered but Heaner stil Heavier still; measuring
In cosmic é unstable. It was discovered bebeved to cost 0 bottom quarks is an important
rays and $|in 1975 test of electroweak theory
accelerators 2
Force
particles Gluons Photons Intermediate Gravitons
] A Carriers of the Particles that vector bosons Q Carriers of
particles :‘;009 force i r::ke up I»g:: 7 Can;e:s of the gravity
tween qua t t 7 \ weak force
transmit the S nlc(y,lrc:r’:y\agneh(: d t
four e v
fundamental \
forces 0 \\
of nature 0 N %
although ‘ ;
gravitons Feit by: Felt by Felt by
have so far quarks qQuarks and charged leptons quarks and loptons
not been
discovered The explosive release of nuclear J§ Electricity, magnetism and chemistry Some forms of radio-activity are the  All the weight we experience is the

energy is the result of the strong force
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are all the results of electro-magnetic
force

Christiansen

result of the weak force

result of the gravitational force
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Quantum Chromo Dynamics

(QCD)

3 color charges
blue)

Hadrons have to be colorless
Baryons have all 3 colors

Mesons has a color and an

anti-color

A single quark cannot be
observed because it has color!

The quarks are confined inside

the hadrons!

23/10-2012

green

Hadrons
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Temperature

Atomic nuclei Neutron stars

[
Ll

Baryon density

# Hadronic matter phase (quarks and gluons are confined)
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What happens at higher energy
densities?

Accumulated hadronic states QCD energy denisty
(Hagedorn) (Lattice QCD)
N

1000 non-stra nge mesons
500

3 flavour
2 flavour

| T, = (173 +/- 15) MeV
e ~ 0.7 GeV/fm®

2 25 3
Mass m(Gev]
A

In a statistical model the hadronic £gcp = “_(2 X 8 + ZZ X 2%3x3)T*
states are populated proportional to: 30 T 8
exp(-m/T)
Critical (Hagedorn) temperature Gluon spin and color
~ 200-300 MeV.

(Anti+)quark spin, color and flavor

The Highest Man-Made Temperature
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QCD phase diagram

T~170MeV

1 eV =11605K
T~2,000,000,000,000K
(T core sun:
16,000,000K)

Temperature

Baryon density

1 By colliding heavy ions we hope to create (and study the
characteristics of) a new phase of matter called the Quark
Gluon Plasma (where quarks and gluons are deconfined)

The Highest Man-Made Temperature
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QGP In the laboratory

distributions & correlations of

Kinetic produced particles
freeze-out

. QGP Phase
o Boundary
lumpy initial
energy density

The Highest Man-Made Temperature
P. Christiansen (Lund)
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The LHC accelerator at CERN

LHC - B CERN

T ATLAS ALICE
Point 1 ==, Point 2

—««Point 8
o 3T

cMs .,
P_oinv_t S s

ES40 - VI0J09/97
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The ALICE experiment at
LHC

The ALICE
Time Projection
Chamber (TPC

The Highest Man-Made Temperature
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The ALICE TPC

Large data volume:
=== + 570 132 (pads) x 1000 (time bins)

: 2 +~700 MB/event (NO O-suppression!)
g ‘ *Pb - Pb =» ~20 MB/event (after 0-)
N . p-p = < 1MB/event (suppres.)

HV electrode (100 kV)

field cage

|
»

li:"\ h

.

readout chamber

s
et
wns
et
et
wss
ws®
et
ans

=
‘‘‘‘‘‘‘‘
------

............ e -~ £ L ol ot

""" NN e MSEK
AL AR W=l O th development
and construction to
the TPC electronics

GEM upgrade for
2019 approved by
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One collision in the ALICE
TPC

/TN

2 ALICE first PbPb collisions: 8/11-2010
a Factor 14 jump in energy!




What happens when we collide

pp.and Pb-Pb
1 2 answers! T

pA Deep Inelgstic Scattering
be cte— Anpihilation

S O F I \ g ® Hecavy Quprkonia

o

@

Non-perturbative physics Perturbative physics
(know the equations but not how to (theoretical predictions)
solve them) Rare processes
Bulk properties (=medium) jets (=probes)
The Highest Man-Made Temperature 15
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Phenomenological model of soft
physics e.g. Lund string model

a) QED or QCD (r <1 fm)

B r |
| |

q,® %9,
b) QCD (> 1 fm) — constant string-like force ~ 1GeV/fm

The Highest Man-Made Temperature
P. Christiansen (Lund)
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What i1s 1 GeV/tm for a
macroscopic force?




Bulk observables — multiplicity

pp (pP) NSD  Central AA

A ALICE ALICE

o CMS ATLAS

*+ CDF CMS

o UAS NASO

X UAT BRAHMS

x STAR PHENIX

3L pp (o) INEL STAR
s ISR PHOBOS o< SHN ¥
o UAS 1 oo

* PHOBOS r iy
I - e 10
o 3 ’*:, o SEN

part
S

N_D

=
5
Rz
3

3 et ¢ pPoALICE
-__*__-i'l' .
ek ¥ dAuPHOBOS
= pAUNA35

ALICE Collaboration:
Submitted to PRL.
http://arxiv.org/abs/1210.3615

Total integrated number of charged

particles: ~17,000 for most central 0-5%
collisions
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Jets in pp

hadrons from jet fragmentation

parton

hadrons from jet fragmentation

The Highest Man-Made Temperature

P. Chri (Lund)



~ woericev Run Number: 160958, Event Number: 23181152
140 Date: 2010-08-08 13:57:31 CEST

/




Jets in Pb-Pb

hadrons from leading jet

hadrons from quenched jet

The Highest Man-Made Temperature

n (Lund)



Jets in Pb-Pb

R ATLAS

Run: 169045

] . Event 1914004
= Calorimeter Date:  2010-11-12
%] ! Towers Time: 04:11:44 CET

|
60 P [GeV]

a1 Jet asymmetry — away side jet is absorbed/modified by
the medium

23/10-2012




The nuclear modification factor
R, for unidentified hadrons

d*NA44 /dpydn

Ryy= ———————
A4 (Ty4)d?0PP [dprdn

<TAA>0pp=<NcoII>
N, is the number of binary collisions

R a<1: suppresion
Ria=1: no nuclear effects
Raa>1: enhancement

0.1
0

1 Jet quenching on the track level
— 65-85% less high p; tracks than expected from binary scaling

23/10-2012 The Highest Man-Made Temperature 5
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R, fOr identified charged
hadrons

1 Use the additional information for each track encoded In
the TPC dE/dx (“Bethe-Bloch”)

The Highest Man-Made Temperature
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dE/dx in TPC (arb. units)

o
=
<
=]
g
=
s
O
o
'_
E=
-~
®
RS
uw
o
o

R, fOr identified charged
(Lund)

Pb-Pb 0-5%, |Sy=2.76 TeV
25/07/2012

Pb-Pb 0-5%
\Sy=2.76 TeV
ALICE

PERFORMANCE
25/07/2012

o protons from A

> pions from KDS

= pions, TOF

23/10-2012

hadrons

Pushing the
separation to the
relativistic rise

Sum
0.6<n|<0.8
3.4<pT<3.6 GeV/e

Baryon anomaly
In central PbPb.
Quark
recombination?

- | I——— °

0.6<n|<0.8
8.0<p <9.0 GeV/e

Baryon anomaly
not observed at ] e
hlgh pT as ; : |;;2b§e Tev
speculated pre- LA .
LHC. ) ) ) N =dEfx -

\ 4

The Highest Man-Made Temperature
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(dE/dx)_(arb. units)

20 30

central PbPb

ni<0.8
S.4<pT<3,6 GeV/c

20

0 10 -30
A,=dE/dx - (dE/dx)_(arb. units)

0.6<n|<0.8
8.0<p <9.0 GeV/c

PERFORMANCE
25/07
Pb-Pb, 0-5%
\Sn=2.76 TeV

Ch (O 30
A=dE/dx - (dE/dx)_(arb. units)
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R, 1dentified hadrons

0-5% Pb-PDb |y, = 2.76 TeV
o Th

ALICE v KhK

PRELIMINARY

(GeV/c)?

NN
5% Pb-Pb (x 10) 2
o 510% Pb-Pb (x 5);
10-20% Pb-Pb (x 2)3
® 20-40% Pb-Pb
® 40-60% Pb-Pb
® 60-80% Pb-Pb

MINARY -
® 20-40%Pb-Pb 3
® 40-60% Pb-Pb
® 60-80% Pb-Pb ]

® 20-40%Pb-Pb 7§
® 40-60% Pb-Pb -
® 60-80% Pb-Pb

o
Sy
2
S
)
&1
=
Q
o
& 1
<)
S
Z
%o
ST
Q
B
a
=1
=
31
zZ
<
=
1

k|
E
]
1
1
1

1N, 1/(27p_) dENfdyde

Rl il 002 4 6 8 10 12 14 16 18 20
P, (GeVle)

1 |dentified spectra from 2-3 < p; < 20 GeV/c from Lund
analysis. First time presented by Antonio Ortiz Velasquez
(Lund) at Quark Matter 2012, August 12-18, Washington.

1 Extends ALICE unique PID capabillities to the hard regime

The Highest Man-Made Temperature
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What iIs the medium formed In
the collisions?

1 To talk about temperature we need to establish that a
medium Is formed e.g. collective effect = communication

1 Jet quenching still not well understood theoretically
— Need that to extract properties

The Highest Man-Made Temperature
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Elliptic flow (v2)
unigque |n heavy 1on collisions

Fourier decomposition:
dN/d¢ =1+ 2 V,cos(2 Ad)

Centrality 20 - 25 (%) Cantrality 40 - 45 {%]

fopped ez >ldscg  (aeigzsMagp

“ - g
L 7
"'-
Initial
) Sen5|t|V|ty to
spatial pressure — early expansion
anisotropy gradients

The Highest Man-Made Temperature
23/10-2012 P. Christiansen (Lund)
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Elliptic flow and triangular
flow Is almost ideal

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

v.{2} . -,
v§{2} full: | An| > 0.2 Glauber init. conditions

\,r4{2} open: |An|=>1.0
5

ALICE preliminary, Pb-Pb events at \/s,, = 2.7¢ TeV
centrality 40%-50%

[, v {SP, |an|>1}
@K, v,{SP, jan|>1}
[m]p. v,{SP, [anl>1}

Vv, (n/s =0.0)
—— v, (/s = 0.08) g
/s =0.0 e I
— e 200k g8
f.“.‘

—hydro LHG
{CGC initial conditions)
(n/s=0.2)

3 3.5
P, (GeV/c)

I Huge flow at intermediate pT:
— 2 times more particles in plane than out
— Nearly ideal fluid

1 Significant higher order flow caused by fluctuations — also
described by nearly ideal hydro + initial state

The Highest Man-Made Temperature
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AdS-CFT

1 How to reconcile nearly ideal fluid with
energy density like a relativistic gas?

1 AdS-CFT correspondence (conjecture)

— J.M. Maldacena,
Adv.Theor.Math.Phys.2:231-252, 1998,
8595 citations on inspire=most cited
1 Duality between weakly coupled
gravity like theory (AdS) and strongly
coupled QCD like theory (CFT)

1 QCD like theory, but

— conformal (no confinement, no running

coupling)
— Infinite Ncolors From:
— SUSY http://quark.itp.tuwien.ac.at/~ads/

The Highest Man-Made Temperature
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AdS-CFT

1 Two very important results:

— Conjectured bound on shear viscosity: n/s=1/(41)~0.08

1 Viscosity in strongly interacting quantum field theories from
black hole physics, P. Kovtun, D.T. Son, A.O. Starinets
(Washington U., Seattle), Phys.Rev.Lett. 94 (2005) 111601. (989
citations on inspire.)

— Possiblility of infinitely strong coupling at energy density of % SB

gas
3 flavour
2 flavour
| To= (173 +/- 15) MeV
g, ~ 0.7 GeV/fm®
The Highest Man-Made Temperature
23/10-2012 Sl
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The QGP fluid compared to
other fluids

- Helium 0.1 MPa
= Nitrogen 10 MPa
we= \Water 100 MPa

S
=
72]
v
w
o
-
a
©)
(84
-
Z
L
S
e
2]
®)
Q
%]
S

TEMPERATURE (K)
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23/10-2012 P. Christiansen (Lund)

32



The QGP fluid compared to
other fluids

Strongly interacting Li atoms
released from a trap

http://www.physics.ncsu.edu/jet/index.html

The Highest Man-Made Temperature 33
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The QGP fluid compared to
other fluids

|&d Selected for a Viewpoint in Physics

£cm
)

3 J
Graphene: A Nearly Perfect Fluid

Markus Miiller,! Jorg Schmalian,” and Lars Fritz®
"The Abdus Salam Intemational Center for Theoretical Physics, Strada Costiera 11, 34014 Trieste, Italy
“Ames Laboratory and Department of Physics and Astronomy, Towa State University, Ames, lowa 50011, USA
"'.f..'l'r'lr.ru.r'.'.!.rrr'r.n' of Physics, Harvard University, Cambridee, Massachuserts 02138, USA
(Received 24 March 2009; revised manuscript received 18 May 2009; published 6 July 2009)

Hydrodynamics and collision-dominated transport are crucial to understand the slow dynamics of many
correlated quantum liquids. The ratio n/s of the shear viscosity 0 the entropy density s is uniquely
suited to determine how strongly the excitations in a quantum fluid interact. We determine 7/s in clean
u[uln[ﬂd U[.J.["hi ne using uqu.m[um kinetic theory. As a re \IJ]LI":I the L|IJ|J.[l[IJ.I[H riticality of this system the

se 1o a lower

bound conjectured in the context 111 Lhi qu.u‘n oluon plasma. "'r‘ﬂ JJ.I scuss possib le consequences of the low

viscosity, including preturbulent current flow.

DOI: 10.1103/PhysRevLett. 103025301 PACS numbers: 05.60.Gg, 71.10—w, 73.23.-h, 8105w

The Highest Man-Made Temperature
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1 Big theoretical challenge:

— how to go from initial random collisions to organized state in a
VERY short time (<1fm/c~10-23s)

— Remains to be understood

i A ighest Man-Made Temperature
23/10-2012 D ~hrict :
I

(Lund)



How hot Is the medium?




Temperature at freeze-out

%28 ALIGE, Pb-Pbiy s, - 276 TeV
000 PHENIX, Au-Au,\ S, = 200 GeV : Resu |tS fro m

w%  STAR, AU-AU,\S,, = 200 GeV
Au-Au, pp,0.2TeV, n. K, p
Pb-Pb, 2.76 TeV, 1, K, p blast wave
Tt Pretvo _ analysis.
RN N W+ @ ,_ RHIC analysis
Preliminary from STAR
ALICE Preliminary N u Clea r P hys I CS

0-5% most central | .‘;- A 757 (2005) .

o

non-strange mesons

= 1.Generate hadrons with
e weights: exp(-(m+ug)/T)
2 .Decay strongly
3.Compare to data

Data: ALIGE, 0-20% (preliminary)

Thermal model fit, x%/N,=39.6/ 9

T=152 MeV, V=5300 fm’ (1, = 1 MeV fixed) |:

/ The Highest Man-Made Temperature 37
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How to measure T at earlier
times

1 Need a probe that does not freezeout at the end of the
collision

— Direct photons (photons that are not from decays which is the
major background)

2006 1. Phys. G: Mucl. Part. Phys, 32 1295
Central Au+Au (s'°=200AGeV) T = 55 TeV,
charge particle rapidity density: 3000

—
(=]
=)

<N,,>=800

-l
<

ly|<035

— —
o- O-
C n

—
=

Hadron Gas

—— QGP (T=370MeV)
initial pQCD (pp)
sum

—
=]
(%]

1)
>
QO
O,
mO.
O
s
i
©
L

- in—med hadron Gas™-_
- QGPF (T, = 845MeV)
initial pQCD (pp)
suUMm

—r
OI

Turbide, Rapp, Gale, Phys. Rev. C 69 (014902), 2004

The Highest Man-Made Temperature
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Photon 1dentification in the
TPC via conversion

n’ - 2y converts to 2*(e" + e*) = background for signal

3 1.50 GeVic < p; < 2.00 GeVic

LR R B e S S R R L L i x10°

ALICE Performance

PbPb @8, = 2.76 TeV

Data: 3.5e+06, 0-20% Centrality
18th May 2011

gy ee e'e

« Data (BG substracted) |
Fit

b4

0.2 0.25 oés
M,, (GeVic?)

t
#
H@gg&f#ﬁ

T T T

ALICE Performance

Inl <0.9 » ; Do @ Ve a7 ToV
10" May 2011

; ~-TPC
- SPD N drift gas—|

-150[—TPC inner e 3  TPC inner
— field cage - AT containment
vessel vessel
- ) Ll TP‘C‘Rods | -
00 -150 -100 -50 0 50 100 150 200
X (cm)

The Highest Man-Made Temperature
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Direct photons In pp

Ydecay -

Ydirect = "Yinc — “Ydecay — (1 BT ) " Yinc

pp, Vs =7 TeV |
o O 0 Double Ratio: ‘%

—&— Direct photon double ratio

"Tpara m

— cancellation of uncertainties

1 Construct double ratio to elliminate/reduce systematics

| IS the actual measurement
_ IS from a cocktail calculation
The Highest Man-Made Temperature
23/10-2012 40
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Direct photons in pp

pp, Vs = 7 TeV

PRELIMIMARY

—&— Direct photon double ratio
—— NLO prediction: 1 + (y

forp=051.020p,

)

direct NLO 'rdn::':ﬂ's.-"

1 Comparison to pQCD NLO calculation

23/10-2012

The Highest Man-Made Temperature
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Direct photons In peripheral
Pb-Pb

40-80% Pb-Pb, (s = 2.76 TeV

dl
ALICE

PRELIMIMARY

—&— Direct photon double ratio
—— NLO prediction: 1 + (N Y )

coll fdir'l':f:[.pp.NL'j decay’

for p=05,1.0,20p,

1 Peripheral Pb-Pb
— Consistent with only direct and decay photons

The Highest Man-Made Temperature
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Direct photons In central Pb-Pb

0-40% Pb-Pb, {s,, = 2.76 TeV

ALICE

PRELIMIMARY

—&— Direct photon double ratio
—— NLO prediction: 1 + (N__ v Y )

coll dir‘&t:r..pp.NLlil‘-'-' decay’

for u=0.5,1.0,2.0 P;

1 Central Pb-Pb

— pr <2 GeV/c: ~20% excess of direct photons
— p; > 4 GeV/c: agreement with N_,,-scaled NLO

The Highest Man-Made Temperature
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Direct photon spectrum In
central Pb-Pb

0-40% Pb-Pb, Sy = 2.76 TeV

7N
ALICE

PRELIMINARY

P (GeV/c)

1 Obtain spectrum by scaling

The Highest Man-Made Temperature
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Direct photon spectrum In
central Pb-Pb with fit

0-40% Pb-Pb, {s = 2.76 TeV

7S
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
.

te

™

P (GeV/c)

1 Exponential fit for pr < 2.2 GeV/c
— inv. slope T = 304.51 MeV for 0-40% Pb—Pb at Vs=2.76 TeV

— PHENIX: T =221:19.19 MeV for 0-20% Au-Au at Ys=200 GeV

The Highest Man-Made Temperature
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Heavy quark thermometer

Preliminary CMS PbPb s, =2.76 TeV
+ data Cent. 0-100%, |y| < 2.4
— PbPb fit L, = 150pub’
pp shape pﬁ >4 GeV/c

T/T,

Observation of sequential
suppression of Y (b+b-bar)
family

Unfortunately heavy quark results are more complex when systematically studied!

1/(r) [fm]

Y(1S)

J/p(1S)

Xb'(ZP)

%(1P)
Y'(35)
¥(2S)

Note: 6.5<p;<30 GeV for J/y and wy(2s)

CMS Preliminary 0-100%
PbPby/sy, = 2.76 TeV

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

T(3S) (ly] < 2.4), 95% upper limit

T(28) (ly] < 2.4)
prompt Jiy (6.5 < P, < 30 GeVic, ly| <24)

T(18) (lyl <2.4)
Y(1S)

04 06 08
Binding energy [GeV]

Expected in terms of
binding energy

23/10-2012 The Highest Man-Made Temperature
- P. Christiansen (Lund)



23/10-2012 P. Christiansen (Lund)

Summary

In heavy ion collisions at ultra-relativistic energies the
hadronic matter melts forming a hot (T>200 MeV) nearly
perfect quark-gluon fluid

The description of this fluid is governed almost entirely by
iIdeal hydrodynamics and it seems it is insensitive to
specific constants (light quark masses)

Even the viscosity seems to be common for QCD like
theories

This new state of matter thus seems to be a very
fundamental property of QCD (as apposed to nuclear and
atomic matter which is very sensitive to SM constants)

The Highest Man-Made Temperature 47



QGP —the phase of the universe 1 micro secomnt-after
The Big Bang ‘

What is the impact on the
evolution of the early
universe of a perfect liquid
phase?



Backup




ldentified particle ratios:
T and ug at freezeout

plp AA Z/E QIQ mint KIK Kir pic K9 ¢/ A 2 Qix e | nonstrange mesons
x 10

100
50

10

PHENIX
O PHOBOS
A BRAHMS ’ :
> 1.Generate hadrons with w
Sun=130 GeV
: 2.Decay strongly
Model re-fit with all data 7
T=176 MeV, p, = 41 MeV x 3.Compare to data

Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002)

1Particle ratios are well described by statistical models when
decay from hadronic resonances are taken into account
(only QCD input are the masses and decays)

IThe temperature is consistent with what we expect from
Lattice QCD calculations for the transition temperature
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The QCD phase diagram with
the measured T and

quark-gluon matter

crltlcal endpomt
g Lattice QCD

A. Andronic,
P. Braun-Munzinger,
J. Stachel,
nucl-th/0511071

ﬂllL(lj te
adronic
medium dense
baryonic
medium

B fis, dM/dy data

temperature T [MeV]

75

S0

¥ P. Braun-Munzinger et al. PLB 518 (2001)
25 ® F. Becattini et al. PRC 96 (2004)
B R. Averbeck et al. nucl-ex/9803001

0
0 0.2 0.4 0.6 0.8 1

1

baryonic chemical potential 1 [GeV]

o5y (GeV)

1The statistical description of particle rations is also good for
lower energies: AGS and SPS

I1The temperature saturates at T~160 MeV indicating that the
system has crossed the phase boundary

1But p+p ratios can be described with a similar (canonical)
formalism and. T! So I}, ls;a.0adrenization.attribute.
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The nuclear modification factor

10 spectra:
. pn?in.bias x 2
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The nuclear modification factor
for direct photons

Source of direct photons

q T q.. ¥
= 200 GeV Au+Au Direct Photon P ~
’}h}- \JH\"JL"'-.
A )}_ g g}_.'l-_- --"-. '-:l
Annihilation Compton Scattering
nolas x

—
PH- ENIX

q

1At low pT photons are
dominantly decay photons
€.J. 'IT0—>2Y

|

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

The Highest Man-Made Temperature

23/10-2012 P. Christiansen (Lund)

53



Disappearance of the away side
jet indicates final state effect

Side view % Most jets i Beam view
N A7

back to ba |
Trigger

Associated
particles

T T T T T I IIIIIIIIIIIIII I T T T T ] T T T T
PHENIX Au+Au (central collisions): - b

Direct y T~ - e d+Au FTPC-Au 0-20% f
7% Preliminary PH>>><<<ENIX . . —
n x- — p+p min. bias js:ﬂ R A

GLV parton energy loss (dN%dy = 1200)
* Au+Au Central

1/Nq 1 gger AN/d(A0)

P T g ek e ey
Away side
T T

e 1y
1 guppressien

p;(GeV/c)

4 < p+(trig) < 6 GeV/c EENEEE{JYErAEI/]e
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Disappearance of the away side
jet indicates final state effect

Side view % Most jets i Beam view
N A7

back to ba |
Trigger

Associated
particles

T T T T T I IIIIIIIIIIIIII I T T T T ] T T T T
PHENIX Au+Au (central collisions): - b

Direct y T~ - e d+Au FTPC-Au 0-20% f
7% Preliminary PH>>><<<ENIX . . —
n x- — p+p min. bias js:ﬂ R A

GLV parton energy loss (dN%dy = 1200)
* Au+Au Central

1/Nq 1 gger AN/d(A0)

P T g ek e ey
Away side
T T

e 1y
1 guppressien

p;(GeV/c)

4 < p+(trig) <6 GeV/c pr(assoc) > 2 GeV/c
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Au+Au vs d+Au
Hot vs cold nuclear matter

i A AT ——
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Could the binary
scaling be wrong?

Au+Au\[s,,, = 200GeV, 0-10%

— Source of direct photons
PH: ENIX PHENIX preliminary

-o- 70
ok ']"I

-=-dir. photon
i I N -

N
-
oM

Annihilation Compton Scattering

L.

Ted

'nlin;ul}u;‘;‘a' LLL §§§§§++

18
pT(GeVic)

1Direct photons does not interact with final state hadronic
matter!

1Direct photons shows no nuclear modification and therefore
confirm binary scaling of hard processes!
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New “standard candle” at LHC:
ATLAS measures Z bosons

B o
o (7]
O ATLAS 2 | amas
LA EXPERIMENT N Pb+Pb\ sy, = 2.76 TeV
RRRRRRRRR , Event 728772 ©
N
©
£
o
P
| Heavy lon
Collision with
aZ—uu
Candidate 80 100

1-Centrality %

1 The Z does not interact strongly and so can also be used
to check binary scaling at LHC

The Highest Man-Made Temperature

P. Christiansen (Lund) 58

23/10-2012



Elliptic and triangular flow for
Identified particles at high p—

PID using TPC: dE/dx - <dE/dx>_
4.5<p;<5.0GeVic

@ : : Eh mated 7T

1’ WHDG LHC
Extrapolation (20-50%)

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

dE/dx-(dE/dx)_(a.u.)

. PID using “clean”
regions of dE/dx on
the relativistic rise

14 16

p, (GeV/c)

arXiv:
1205.5761
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Elliptic and triangular flow for
Identified particles at high p—

The v, and v, also peaks In the
iIntermediate p; region

. Large particle species dependence

End of hydrodynamic flow for p; =
9-10 GeV/c ?

. Triangular flow which is not
sensitive to collision geometry
becomes small

. No or small particle species
dependence for v,
(little mass
dependence)

. And pion v, Is well described by jet

12 14 16

p, (GeVic) guenching prediction
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Peripheral Event

From real-time Level 3 display.




Viid-Central Event

From real-time Level 3 display.




Central Event

From real-time Level 3 display.




