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1. Introduction



op and heavy-ion collisions at the same energy
are rather different

o —Pp <+ 0

A-A collisions:

= More stopping, larger mean transverse momentum
= Relative number of produced strange quarks larger

= Different shape of transverse momentum spectra;
different particle distributions in ¢ and n

= Fewer pions at high pr than expected
= Fewer J/P’s than expected (depending on /Snn)
= More low pr photons and dileptons

We’'ll discuss these phenomena and their relation
to the formation of quark-gluon plasma

Interestingly, some of these features have now also been
observed in (high multiplicity) pp collisions — QGP in pp?
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Concepts, main experimental results, very little theory

http://www.physi.uni-heidelberg.de/~reygers/lectures/2016/Schleching/
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SBO0KS

= Used for preparing these lectures

» H. Satz: Extreme States of Matter in Strong Interaction Physics: An Introduction
(2012)

» S. Sarkar, H. Satz, B. Sinha: The physics of the quark gluon plasma (2010)

» K. Yagi, T. Hatsuda, Y. Miake: Quark-Gluon Plasma: From Big Bang to Little Bang
(2005)

» C. Y. Wong: Introduction to High-Energy Heavy-lon Collisions (1994)
= Other books

» J. Rak, M. J. Tannenbaum: High-pT Physics in the Heavy lon Era (2013)
» W. Florkowski: Phenomenology of Ultra-Relativistic Heavy-lon Collisions (2010)
» R. Vogt, Ultrarelativistic Heavy-ion Collisions (2007)

» L. P. Csernai: Introduction to Relativistic Heavy-lon Collisions (1994) [free pdf]

lunderlined words: clickable links]
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https://books.google.de/books?id=4839jkd9o1kC&printsec=frontcover
https://books.google.de/books?id=1WPV0NSenZ4C&printsec=frontcover
https://books.google.de/books?id=C2bpxwUXJngC&printsec=frontcover
http://books.google.de/books?id=Fnxvrdj2NOQC&printsec=frontcover
https://books.google.de/books?id=xDwgAwAAQBAJ
http://books.google.de/books?id=4gIp05n9lz4C&printsec=frontcover
http://books.google.de/books?id=F1P8WMESgkMC&printsec=frontcover
http://www.csernai.no/Csernai-textbook.pdf

Recent overview articles

= N. Armesto, E. Scomparin, Heavy-ion collisions at the Large Hadron
Collider: a review of the results from Run 1, arXiv:1511.02151

= P. Braun-Munzinger, V. Koch, T. Schafer, J. Stachel, Properties of hot and
dense matter from relativistic heavy ion collisions, arXiv:1510.00442

= J. Rafelski, Melting Hadrons, Boiling Quarks, arXiv:1508.03260

= R. Averbeck, J. Harris, B. Schenke, Heavy-lon Physics at the LHC, in: The
Large Hadron Collider - Harvest of Run 1, 2015

= A. Andronic, An overview of the experimental study of quark-gluon matter in
high-energy nucleus-nucleus collisions, arxiv:1407.5003

= 5. Roland, K. Safarik, P. Steinberg, Heavy-ion collisions at the LHC,
Prog.Part.Nucl.Phys. 77 (2014) 70-127

= E. Shuryak, Heavy lon Collisions: Achievements and Challenges,
arXiv:1412.8393
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http://arxiv.org/abs/arXiv:1511.02151
http://arxiv.org/abs/1510.00442
http://arxiv.org/abs/arXiv:1508.03260
http://dx.doi.org/10.1007/978-3-319-15001-7_9
http://dx.doi.org/10.1007/978-3-319-15001-7_9
http://arxiv.org/abs/1407.5003
http://dx.doi.org/10.1016/j.ppnp.2014.05.001
http://arxiv.org/abs/arXiv:1412.8393

Older overview articles

= J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal, U. Wiedemann,
A heavy ion phenomenology primer, first chapter of arXiv:1101.0618

= R. Stock (editor), Relativistic Heavy lon Physics, Landolt-Bornstein, Vol. 23
(2010)

= B. Muller, J. Nagle, Results from the Relativistic Heavy lon Collider,
nucl-th/0602029

= M. Gyulassy, L. McLerran, New forms of QCD matter discovered at RHIC,
nucl-th/0405013

= U. Heinz, Concepts of Heavy-lon Physics, hep-ph/0407360
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http://arxiv.org/abs/1101.0618
http://materials.springer.com/bp/docs/978-3-642-01539-7
http://arxiv.org/abs/nucl-th/0602029
http://www.arxiv.org/abs/nucl-th/0405013
http://arxiv.org/abs/hep-ph/0407360

| ectures

= K. Reygers, J. Stachel: Quark-Gluon Plasma Physics (2015)

= P. Braun-Munzinger, A. Andronic, T. Galatyuk,
ntroduction to Relativistic Heavy lon Collisions (2012)

= C. Loizides, CERN summer student lectures, 2015 (1, 2, 3,)

= J.-F. Grosse-Oetringhaus,
CERN-Fermilab Hadron Collider Physics Summer School, 2015 (1, 2, 3)

= QM 2015 student lectures
= QM 2014 student lectures

These slides:
http://www.physi.uni-heidelberg.de/~reygers/lectures/2016/Schleching/
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http://www.physi.uni-heidelberg.de/~reygers/lectures/2015/qgp/qgp_lecture_ss2015.html
http://web-docs.gsi.de/~andronic/intro_rhic2012/
https://indico.cern.ch/event/388239/attachments/1126162/1614679/CLoizides_SS15_1.pdf
https://indico.cern.ch/event/388242/attachments/1130581/1615829/CLoizides_SS15_2.pdf
https://indico.cern.ch/event/388243/attachments/1131672/1617683/CLoizides_SS15_3.pdf
http://indico.cern.ch/event/353089/contribution/16/attachments/699483/960372/HeavyIons_Part1.pdf
http://indico.cern.ch/event/353089/contribution/17/attachments/699481/960370/HeavyIons_Part2.pdf
http://indico.cern.ch/event/353089/contribution/26/attachments/699434/960318/HeavyIons_Part3.pdf
https://indico.cern.ch/event/355454/timetable/#20150927
https://indico.cern.ch/event/219436/timetable/#20140518.detailed

Ultra-relativistic heavy-ion physics:
Study of emergent phenomena in QCD

= [heme:
Properties of matter from known
particle properties and interactions

» Complexity from fundamental laws

4 Examplg: | source: de.wikipedia.org
Properties of water and its phases

(ice, water, steam) from the known
properties of a water molecule equation of state?

viscosity”

= Ultra-relativistic heavy-ion physics:
Study of condensed-matter aspects
of QCD at high temperature

» Complementary to the successful

reductionism in particle physics # degrees of freedom?

transition temperature?

More is different”
7 source: urgmd.org speed of sound?

Philip W. Anderson, Science, 177, 1972, S. 393
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http://urqmd.org
http://de.wikipedia.org
http://www.andersonlocalization.com/pdf/more_is_different.pdf

QCD in the high temperature & high density sector

Early universe (t = 10 ),
T. ~ 150 - 160 MeV = \Weakly coupled sector

from lattice QCD of QCD well tested
| (e.g. with jets)
RHIC, LHC quark-gluon plasma
Tc y4 - (deconfinement, chiral symmetry)
/™
Yo

= Heavy-ion physics:
Strong coupling at

critical high temperature
¢ endpoint . s e .°° J P

temperature T

@@ = Prediction from first QCD
£ @ ) principles (lattice QCD):
® @ o
) @@ transition to QGP
S &)
hadrOn gaS 4 TC ~ 150 - 160 |\/|eV

o » £ = 0.2 - 0.5 GeV/fm3
ground-state conductivity . .
Afnuclear mater » Deconfinement transition

™ coincides with chiral

reflects the___— baryo-chemical potential ug symmetry restoration
net baryon density]

Heavy-ion physics = Experimental QCD thermodynamics
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The Cosmological QC
a few ps after the

SIQ

Sketch of a 1st order phase transition
(oubble nucleation):

1.

Bang

First hadronic bubbles nucleate in

supercooled QGP

2. Hadronic bubbles grow, released latent heat
guenches formation of new bubbles

3. Shrinking QGP drops separated by a typical

distance

Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016

D transition

= A first order phase transition might
have observable consequences

= Conceivable effects

» Formation of quark nuggets /
strangelets
- Could contribute to dark matter today
» Cold dark matter clumps

- Modified yield of light nuclel in Big
Bang nucleosynthesis

Damping of gravitational waves?
| true for sharp cross-over?

>

= St

= Re

ating heavy-ion physics to
observable properties of the

D. Boyanovsky, H. J. de Vega,
D. J. Schwarz
arXiv:hep-ph/0602002

cosmological QCD transition currently

seems very difficult
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http://arxiv.org/abs/hep-ph/0602002

L. imits of the hadron gas Dokl. Akad. Nauk SSSR 78, 889 (1951)

= Pomeranchuk considered the conceptual limit of the ideal pion gas

= He argued that a pion gas makes sense as long as there is some minimum
volume avallable per pion:

1 3
C ~ ] T~ 1.4f
& Vo Arrs 0 /m m
= Partition function for an ideal gas of identical, point-like pions
V 3
InZo(T,V) = Pk /d p exp (—\/p2 + m2/T)
VTm?
= > Kz(m/ T) modified Bessel
2T . .
function of 2nd kind
0InZy(T, V) Tm?
= Pj ity: T) = — T
Pion density: n(T) ( o, )T 53 2(m/T)
= Critical density: n(T¢:) = ne — T.=14m, ~ 190 MeV
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The Hagedorn limiting temperature (1)

= Observation ca. 1960:
Number density of hadronic states p(m) seemed to grow without limit

= 1965: Hagedorn described this with his statistical bootstrap model

» “fireballs consist of fireballs, which consist of fireballs, and so on ...”
» Suppl. Nuovo Cim. 3 (1965) 147

= Such self-similar models lead to an exponentially growing mass spectrum of

hadronic states

p(m) = m=2e™"

where 1/b = 0.15 - 0.20 GeV.
= Resulting energy density of the hadron resonance gas:

e(m) ~ VT7/2/dm m>~2emb—7

mo
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The Hagedorn limiting temperature (2)

= Hagedorn used a = 3 and concluded H. Satz, Extreme States of Matter in
that Ty = 0.15 GeV would be the Strong Interaction Physics, Springer, 2012
ultimate temperature of all matter £(T)/ T IL_LI 5
= Physical reason: :
» Energy put into the system excites 9=3 —» |

high-mass resonances

» This prevents a further increase of the
temperature

= However, this conclusion depends on
the value of a

» Fora > 7/2 the energy density remains
finite

» In this case temperatures I > Ty could
perfectly well exist
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http://link.springer.com/book/10.1007/978-3-642-23908-3
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QGP — the idea
= 1973 — Birth of QCD

» All ideas in place:
Yang-Mills theory; SU(3) color symmetry; asymptotic freedom;
confinement in color-neutral objects

= 1975 — |dea of quark deconfinement at high temperature and/or density

» Collins, Perry, PRL 34 (1975) 1353

- “Our basic picture then is that matter at densities higher than nuclear matter
consists of a quark soup.”

- |dea based on weak coupling (asymptotic freedom)
» Cabibbo, Parisi, PLB, 59 (1975) 67

A
PB baryon number

- Exponential hadron spectrum not necessarily density Cabibbo. Parisi
connected with a limiting temperature PLB, 59 (1975) 67

- Rather: Different phase in which quarks are |
not confined g neonfined

phase
= |t was soon realized that this new state could I

be created and studied in heavy-ion collisions

confined phase

>
T
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Order-of-magnitude physics of the QGP:
Critical temperature at vanishing net baryon number

= Consider an ideal gas of u, d quarks and antiquarks, and gluons
= Calculate temperature at which energy density equals that within a proton
= Energy density in a proton

m 0.94 GeV
V. 4/37(0.8fm)

€proton —

~ 3
> ~ 0.44 GeV/fm

= Energy density of an ideal gas

2
Cidgas = 3T—=T* = 0.44GeV /fm® — T ~ 130MeV (kg = 1)

30
=15 x 102K
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Order-of-magnitude physics of the QGP:
Critical density at vanishing temperature

= Baryon density of nuclear matter

(ro = 1.15 fm):
po = A — ! Figure: CERN
Am/3R3  47/3r3

~0.16 fm >

= Nucleon start to overlap at a
critical density pc If nuclear matter
IS compressed (v = 0.8 fm):

0 ~ 0.47/fm> = 3pg

B 47 /3r3

= A refined calculation in fact gives a
somewhat higher critical density
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A little bit of history

= 1974 Bear mountain workshop 'BeV/nucleon collisions of heavy ions’ [link]

» Focus on exotic matter states and astrophysical implications

= 1983 long range plan for nuclear physics in US:
Realization that the just abandoned pp collider project at Brookhaven could be
turned into a nuclear collider inexpensively

= 1984: 1-2 GeV/c per nucleon beam from SuperHILAC into Bevalac at Berkeley
= 1986

» beams of silicon at Brookhaven AGS (ysnn = 5 GeV)
» beams of oxygen/sulfur at CERN SPS (y/snn = 20 GeV)

= 1992/1994

» beams of gold at Brookhaven AGS (/snn = 5 GeV)
» beams of lead at CERN SPS (/snn = 17 GeV)

= 2000: gold-gold collisions at RHIC (yJsnn = 200 GeV)
= 2010: lead-lead collisions at the LHC (/snn = 2760 GeV)
= 2015: lead-lead collisions at the LHC (/snn = 5020 GeV)
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http://www.osti.gov/scitech/biblio/4061527

CERN press release in February 2000:
New state of matter created at CERN

http://press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern

= Press release text New State of Matter created at CERN

» At a special seminar on 10 February,
spokespersons from the experiments
on CERN's Heavy lon programme
presented compelling evidence for the
existence of a new state of matter in
which quarks, instead of being bound
up into more complex particles such
as protons and neutrons, are liberated
to roam freely.

= Summary in nucl-th/0002042 = Featured on front page of
» “The new state of matter found in the NY times
heavy ion collisions at the SPS = Mixed reactions among
features many of the characteristics of US physicists ...
the theoretically predicted quark-gluon
plasma’
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http://press.web.cern.ch/press-releases/2000/02/new-state-matter-created-cern
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BN
R

C Scientists Serve Up ©

_ press release April 2005:

Perfect” Liquid [link]

= Considered to be the announcement of the QGP discovery

= Accompanied by the four papers on the first three years of RHIC running

» BRAHMS
- “Quark gluon plasma and color glass condensate at RHIC? The Perspective from

the BRBAHMS experiment”

» PHENIX

- *Formation of dense partonic matter in relativistic nucleus-nucleus collisions at
RHIC: Experimental evaluation by the PHENIX collaboration”

» PHOBOS
- “The PHOBOS perspective on discoveries at RHIC”

» STAR

- “Experimental and theoretical challenges in the search for the quark gluon plasma:
The STAR Collaboration's critical assessment of the evidence from BHIC collisions”

= QGP near 7. is not a weakly interacting gas, but a strongly correlated liquid
(sQGP)

= But: Not easy to find clear statements on QGP discovery in these papers
Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016 20



https://www.bnl.gov/rhic/news2/news.asp?a=303&t=pr
http://arxiv.org/pdf/nucl-ex/0410020.pdf
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Important results from the RHIC heavy-ion programme

= Azimuthal anisotropy of particle Elliptic Flow:
production at low p7 (< 2 GeV/c) Anisotropy in position space

» Interpreted as a result of the collective
expansion of the QGP

» Ideal hydrodynamics close to data o

» Small viscosity over entropy density:
strongly coupled QGP, "perfect liquid*

» Evidence for early QGP thermalization
(T=1-2 fm/c)

reaction plane

= Hadron suppression at high pr \H/
b !\/Iedigm IS to Iarge extent opaque for Anisotropy in momentum space
jets ("jet quenching®)
= Yields of hadron species in chemical o .‘..‘.“

e : e Q000 —
equilibrium with freeze-out temperature . ® .0‘:.0‘00‘: —
Ton Close to T; <+ %09,088%° T

S

» [ch = 160 MeV, us = 20 MeV
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Heavy-ions at the LHC

= Qualitatively similar results in A-A collisions

» Jet quenching
» Elliptic flow
» Particle yields in or close to chemical equilibrium values

= A surprise:
Observation of elliptic flow and other effects first seen in heavy-ion collisions
also in pp and p-Pb collisions
» QGP in small systems?
» But no jet quenching seen in small systems
» Ongoing discussion
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Space-time evolution (1):

Expanding Hadronic
Medium final state

Incoming nuclei Collision
:

Initial parton wave Central region initially Expansion, cooling,
function described In dominated by low-x partons transition to hadrons
the Color Glass (i.e. gluons), then, at some

Condensate model point, quark-antiquarks

pairs appear
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Space-time Evolution (2)

Hadron Gas

T,=< 1 fm/c

arxiv:0807.1610

" conjectured lower bound from string theory:
n/s|min = 1/411  (Phys.Rev.Lett. 94 (2005) 111601)

Freeze-Out At Tro Teh T
7 o Py

= Strong color-electric glue fields
between nuclel

= Rapid thermalization:
QGP created at ~ 1-2 fm/c

= Expected initial temperatures
of 600 MeV or higher

= Cooling due to longitudinal and
transverse expansion
describable by almost ideal
relativistic hydrodynamics
(n/s = Oy

= [ransition QGP — hadrons
after about 10 fm/c

= Chemical freeze-out at
Teh= Tc (Tc =150 - 160 MeV)

= Kinetic freeze-out at
o ~ 100 MeV
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Summary and (some) current questions

= \What is the mechanism for the fast thermalization in heavy-ion collisions?

= \What is the physical origin of equilibrium particle yields, or, more general,
how does hadronization work?

= \What are the transport properties of the QGP”? Dependence on T and pg”?
= How can one make contact with ab-initio QCD predictions?
= Can one experimentally determine properties of the QCD phase diagram

» Nature of the transition at ps = O (crossover, 1st order)?
» |s there a critical endpoint? If so, where”?
» Currently explored in the RHIC beam energy scan (BES) programme

= Can one identify the onset of deconfinement in heavy-ion collisions at some
JSNN?
» Also studied in the RHIC BES

= |s a strongly-correlated QGP liquid also formed in pp and p-Pb collisions?
What about ete ..."?
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2. Thermodynamics of the QG




|[deal ultra-relativistic quark and gluon gas

= Quark density (massless quarks, i.e., E = p):

©. @)

N, 47 E?
ng(tq) = VAL (27)3 /dE e(E—nq)/T 11
0
= Gluon density:
47 r E?
s :ggwf"EeE/r 1

0

= Degrees of freedom

8q — 8quark + 8anti—quark = 2 X 8quark
=2 X 2spin X 2ﬂavor X 3color = 24

Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016
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Bg — Bcolor X 2spin — 16

27



deal QGP with pg = 0

= Pressure, energy density, quark and gluon density

4 w2 1
PQGP = gg+§(gq+ga) %T

EQGP = 3pQaP | 50905
3 q
Ng = Ng = — C(3) T’

_q 3
Ng = W_§C(3)T
= Example: T = 200 MeV, two quark flavors

c0E® = 2.55 GeV/fm? ng = ng = 1.71/fm3 ny = 2.03/fm
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deal QGP with pg = 0

= For pg # 0 a solution in closed form can be found for €4 + €5
but not for €4 and €5 separately:  Chin, PL 78B (1978) 552

2.2 2 4
Eq T € = 8q X (iT4+ﬁT2 | ,uq)

= Accordingly, one finds for the quark density

3
p p
nq—na:gqx (EqTZ | 67:2)

= The net baryon density can be determined as

ng— ng 2 2107 218 211
"8 = T3 q:%sz, 2 %szl ainz (M8 = 3]
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The MIT bag model

= Build confinement and asymptotic freedom
normal QEB vacuum into simple phenomenological model
= Hadron = ,bag” filled with quarks
= [wo kinds of vacuum
= Normal QCD vacuum outside of the bag

perturbative QCD vacuum = Perturbative QCD vacuum within the bag

Energy density in the bag is higher than in the vacuum: €pert — Evacuum =: B
2.04N| 4

Energy of N quarks in a bag of radius R: £ = —— A §7TR3B
Kinetic energy of N particles
Condition for stability: dE/dR = O (minimum): In a spherical box of radius
204N\ "* 1 nN—3 R—08fm
Bl/4 = ( 2 ) 5 N=3BS08Tm  B1/4 — 206 MeV (B = c = 1)
70
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deal QGP with pg = 0

= Energy density 37n% _, > 09 3#2
— e = T4+ 3usT* +
(two quark flavors) “QGP = €q T €5 T e 30 T 3Mg 272
1 | Alterngtive condition,
= [¢(Ug) from stability condition: PQGP = ZEQGP — B sometimes also used:
PQGP = Phadron gas
1 008 \ /"
= Critical temperature at yq = O: Te(pg =0) =
3772
= Critical quark potential and density at 7 = O:
2
ue(T =0)=(2n°B)"/* =043GeV ~ ng(T =0) = W(zﬁzg)m

= 0.72 fm_3 X 5 X Npucleus
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Phase diagram of the non-interacting QGP

0.18
0.16
= 0.14
0.12

0.1
0.08
0.06
0.04

0.02

00 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

lVlQuark (Gev)
\ B — 3- M Quark

(GeV)

quark-gluon plasma

/

ec ~ 0.7 GeV /fm?

hadron gas
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Lattice QCD
quarks Py (2
= Formulated in 1974 (K. Wilson), el
numerical Monte Carlo calculations T 1 +—
started ca. 1980 (M. Creutz) 1 +—

= First-principles non-perturbative V()

calculation

= Benefitted from huge increase in
computing power

= QCD thermodynamics on the lattice

» SO far restricted to g = O

» Two major groups (HotQCD call.,
Wuppertal-Budapest coll.), results agree

= [0 be done:

» Lattice QCD for finite baryon number

Example of a machine for lattice QCD:
JUGENE in Julich (294,912 processor
cores, ~ 1 PetaFLOPS)

» Transport properties of the QGP

» Clarify existence and location of critical
endpoint (CEP)

Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016

33



_attice QCD:
Nature of the transition vs. quark mass

n N;=2 PURE
18t +"|GAUGE = Nature of the transition
depends on quark
masses

S nd
2"d 5rder 2
O(4)

order

Z(2) \order

& = [nfinitely heavy quarks
physical point Nf= 3 (oure gauge)

tr Nz » First order phase
S ”’o f—

m .
transition

= Cross over transition for
physical quark masses

m
u,d
Ding, Karsch, Mukherjee, arXiv:1504.05274
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Pressure, energy and entropy density from lattice QCD

for three quark = (2+1) flavor QCD

arXiv:1504.05274 flavors (u, d, s)\ » two light quarks (u,d)
rr 11 1+ 1t1°r 1t 1t 1P 1171 1& 1T 1T 7T 1T 1T I~1° 1T 1 1 + 1 heavier quark (S)

= Results extrapolated to
continuum limit

= Pseudo-critical temperature
for chiral crossover transition

» To = (154 + 9) MeV
» £c = (0.34 £ 0.16) GeV/fm?

= Hadron resonance gas (HRG)
agrees with lattice results for
I <Tc

130 170 210 250 290 330 370 = State-of-the art hydro calc’s
use equation of from lattice
QCD
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Speed of sound

entropy density
Xiv:1504.05274
e}r W, \

A dp dp/dT s
‘Cg non-int. limit CEZEZ dS/dT :C_V

0.35

0.30
specific heat

0.25

0.20

0.15

i £ [GeV/fm3] T

0.1 0.2 0.5 1 2 5 10 40

0.10
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Lattice QCD vs. perturbation theory

0 arXiv:1504.05274
|

Lattice QCD agrees with
perturbation theory (HLT)

_P/pi
el for T> 400 MeV

0.8
06 [

0.4 1 HISQ W=

O(g®) EQCD ===
3-loop HTL -

0.2

T [MeV]

0.0
130 200 300 400 500 600 800 1000
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Summary QCD thermodynamics

= oy model based on treating the QGP as a bag in the QCD vacuum filled
with an ideal gas of quarks and gluons provides some intuitive insights into
the phase diagram

= For T =400 MeV the energy density of an ideal gas is only 20% above the
attice QCD results

= | attice QCD results

» For physical quark masses the transition at us = O Is a crossover
» Chiral symmetry transition coincides with deconfinement transition
» Pseudo-critical temperature and energy density

» Tc= (154 + 9) MeV

» £c =~ (0.34 £ 0.16) GeV/fm

= Not covered, but interesting: Thermodynamic fluctuations, especially
fluctuations of conserved quantities (charge Q, baryon number B, ...)

» Measured via susceptibilities on the lattice, experimentally accessible
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3. Global

Properties of

eavy-lon Collisions



Basic observables

= [ransverse momentum

pr = psinf

transverse mass:

= Rapidity y (additive under Lorentz transformation)

— arctanh 3 —llnl—i_ﬁL—llnEerL
- 2015 2 E—p

= Pseudorapidity n

p>>m1| 1 4+ cos?y " tanﬁ
~ —=In — — —| =:
Y oM T T os o | =1
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Pseudorapidity

n=0
n=-1 n=+1(6=40.4°
n= -2 n= +2 (6= 154°)
:—3 — — °
I n=+3(6=5.7°
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Participants and spectators

V participants

= Neoi: NnuMber of inelastic nucleon-nucleon collisions

= Npart: NUMber of nucleons which underwent at least one inelastic nucleon-
nucleon collisions
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Glauber Monte Carlo calculations:
An interface between theory and experiment

s “Glauber calculation”

Ann.Rev.Nucl.Part.Sci. 57 (2007) 205-243 means a different thing
I R L to different people

1 O — ] Photo: T.Read

= |n heavy-ion physics Roy J. Glauber

_ » Pure geometry, no quantum mechanics
= Procedure

y (fm)
I

» Randomly select impact parameter b

» Distribute nucleons of two nuclel
-5 ¢ . according to nuclear density distribution

“ » Consider all pairs with one nucleon from

~10 b=61m - nucleus A and the other from B
I R T T R , , o ,
10 -5 0 5 10 » Count pair as inel. n-n collision if

distance d in x-y plane satisfies

m § < \Jo

inel

= Repeat many times: (Npart)(D) (Neoi)(D)
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How (Npart), {Ncoy, and <b) are assigned to an
experimental centrality class (1)

ALICE, arXiv:1301.4361v3 .
---------- 1 =» Measure charged particle

)

£ E ALICEPb-Pbat|sy=276TeV :

S00p NBD-Glauber ’ \\'\M multiplicity

% Pusk X [f Npart + (1 _f)NcoII] 10-4:1— ° ° M

@ o[\ r-0m0t, u2.k-10 » ALICE: VZERO detectors

- .. N

LCII>JJ MWMM 20 1000_ - 28 < n < 51
10 E --3.7<n<-17
ool 22| 2| & 2 o ) . » Assumption: (Neny(b) increases

Be| 8| < 2 & S i monotonically with decreasing b

0 ""5000 " 10000 15000 20000

= Define centrality class by selecting
a percentile of the measured
multiplicity distribution (e.g. 0-5%)

VZEROQO amplitude (arb. units

p

Glauber fit model

» Draw Non from negative binomial » Slight complication:
distribution for each “ancestor” - Non-hadronic physical

» Assume simple relation btw. background processes contribute
Nancestor and Npart, Neol at low multiplicities

» Need Glauber fit to define “100%”
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How (Npart), {Ncoy, and <b) are assigned to an

experimental centrality class (2)

3

ALICE, arXiv:1301.4361v3

= Glauber Monte Carlo

- 7
%0_12__ Glauber Monte Carlo: Pb-Pb at sNN=2.7|6 TeV | (a) ] » Find impact parameter interval
> [ dos%  [330-40% Z .
g FE $340-50% E |01, b2] which corresponds to
2 170-60% - the same percentile
L%’ 0.08 — 77180-90% ]
o F90-100% E » Average Npart(b), Ncai(b), etc
B _ over this interval
0.04 — —
- 1 = Example:
0.02— —
: : Pb-Pb at {snn = 2.76 TeV
00_ é 4 6 8 10 I1|2 14 1|6 18 I20 .
b (fm) » onn(inel) = (64 + 5) mb
Centrality | bmin~ bmax  (Nparty RMS  (sys.) (Neon) RMS  (sys.)  (Taa) RMS (sys.)
(fm) (fm) I/mbarn 1/mbarn 1/mbarn
0-5% 0.00 3.50 382.7 17 3.0 1685 140 190 26.32 2.2 0.85
5-10% 350 494 3294 18 4.3 1316 110 140 20.56 1.7 0.67
10-20% | 494 698  260.1 27 3.8 921.2 140 96 14.39 2.2 0.45
20-40% 698 9.88 157.2 35 3.1 438.4 150 42 6.850 2.3 0.23
40-60% 9.88 12.09 68.56 22 2.0 127.7 59 11 1.996 0.92 0.097
60-80% | 12.09 13.97 22.52 12 0.77  26.71 18 2.0 0.4174 0.29 0.026
80-100% | 13.97 20.00 5.604 4.2 0.14 4.441 4.4 0.21  0.06939  0.068 0.0055
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Central Au-Au collisions at /snn = 200 GeV:
about 5000 charged particles in the full rapidity range
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Pb+Pb @ sqrt(s) = 2.76 ATeV

2011-11-12 06:51:12
Fill : 2290

Run : 167693

Event : 0x3d94315a

Central Au-Au collisions at \/snv = 2760 GeV:
about 18000 charged particles in the full rapidity range



dNen/dn vs /snn in pp and central A-A collisions

ALICE, arXiv:1512.06104

_IIII| | | IIIIII| | | IIIIII| | | IIIIII| I_
B pp(pp), INEL AA, central i
- 0 ALICE m ALICE -
. ¢ CMS ¢ CMS i
-V UAS e ATLAS .
- 5 PHOBOS 4+ PHOBOS |
- A ISR A PHENIX -
i v BRAHMS o g0-19%(4) 7
— pA(dA), NSD x STAR —
i ALICE X  NAS5OQ |
- 4 PHOBOS .
- .
~ ,«*.‘m N
- AN il o S0.103(.2)_
B Aﬁ--@ """"" H
- X Inl <0.5 -
lIII| | IIIIII| | IIIIII| | IIIIII| ]
10 10° 10° 10*
\ Sy (GeV)
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= dNcn/dn scales with s©

= |ncrease in central A+A
stronger than in p+p
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Centrality dependence of dNern/dn

50—

% -
= o
~ 8 o
Lol Al o
Ca g o
6 — i ¢

8

T *

s [ ¢
2"' 4 _—7&
< | 0 Pb-Pb276TeVALICE = Au-Au 0.2 TeV
= |
E_: 2 |— * pp NSD 2.76 TeV
= | % pp Inel 2.76 TeV
L) n
~ . ol ol o

0 100 200 300
< Npart>

= dNen/dn / Npart increases with centrality

= Relative increase similar at RHIC and the LHC: Importance of geometry!
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400

N
0.2 TeV

(AN /dV((N_ /2) o,
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Nncrease of t
N Au-Au CO

<p;> [GeV/c]
o
[o'e} —h

o
o

0.4

0

-
. N

0.2

ne mean pr wWith Npart for 11, K, p

isions at \/snn = 200 GeV
PHENIX, nucl-ex/0410003v3
T T 1 " T "7 "1 "7 7T 1 [ T T 1 "1 "1 "1 ™71 7T ]
- P 1t P
i A A A A Y A A A A A
[k : [, .
i K™ - %4 K™ -
% _ . - ] | [ | [ | | [ | : __ . o . 0 O O O O O ]
- 1R _
a JT 1t JT
I__'. ° Py [ ) o o o o [ ) _' '6)0 o o O O @) @) @) O d
-"—"I—"—"—'l'—"-"I~"~".'I'_"_"I_"_"_i'_"_"I_"_".i'_"_';_"_".i'_-'_';_"_".i'_--_-l-_--_--.i | _"-"I—"—"—'l'—"—"li'_'-_-l':_--l_--_--;l-_-'_"I_"_"1'_"_';_"_"1'_“_';_"_".i'_"_'l'_"_".i |
0 50 100150200250300350 0 50 100150200250300350
Npart Npart

Strong increase for 2 = Npart = 100, relatively constant for larger Npart
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Nuclear stopping power (Au-Au at /snn = 200 GeV)

Brahms, PRL 93:102301, 2004

- A AGS NGy = Average rapidity loss
80 > Jp

v [ ES92ESTIEILT) i Initial rapidity:
- - B SPS SPS y
2 (oL (NA4) T Yp = 9.36
S 7L @RHIC o
E“ - (BRAHMS) | | RHIC Yo Net baryons after the collision:
O i | i '
< 40— ; | 2 Yp dNB—B
> [ 1 (y) = / y dy
Q i Npart 0 dy
% 20 ' e L

- S . ‘ Average rapidity loss:

(| L 0y) =yp — () R 2

4 4
= Average energy per (net) baryon
Y
E, = 100 GeV, (E) = (mT) cosh y dy ~ 27 + 6 GeV
Npart N ~~ o dy
—Yp E

= Average energy loss of a nucleon in central Au+Au@200GeV is 73 + 6 GeV
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.106.032301

Sjorken’s formula for the initial energy density

2dz  Assumptions:
<>

*« = Particles (quarks and gluons)

S, materialize at proper time To

.+ m Position z and longitudinal velocity
(i.e. rapidity) are correlated

Consider total energy in » SO as if particles streamed freely
slice at z = 0 at time 1o

from the origin

z=rTsinhy
E = — —— — — —_— — —
LAzl Adz il Adylodzlo A dy |7
A = transverse area
1 dEt
— , ~ 1f
. A-19 dy y=0 0 m/e

J.D. Bjorken, Phys.Rev. D27 (1983) 140-151, 2417 citations on inspire.net on Feb. 16, 2016
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—nergy density in central

1 dEt
A-To dy

E =

y=0
1 dET

Jy.n) —
A (y.m) i, g
with J(y,n) ~ 1.09

Transverse area;:
A =mR5, with Rpp ~ 7fm

Central Pb-Pb at /sy = 2.76 TeV.
dE+ /dn = 2000 GeV

Energy density:
ELHC — 14 GeV/fm3

Db_

-
o

e, T [GeV/fm?/c]

~ 2.0 X ERHIC for TO — lfm/c

P collisions at the LHC

PHENIX, arXiv:1509.06727

® PHENIX 0-5% Au+Au A

A CMS 0-5% Pb+Pb

_ 6 ?

¢
‘ ¢

I + Even at \/snn = 7.7 GeV the
+ estimated initial energy density
is above ec = 0.34 GeV/fm?

2 3
10 10 10" s [GeV]
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Freeze-out volume and emission time
from two-pion Bose-Einstein correlations
~ 6000 —————F———————————————

[ep]
=
Y—
p

E895 2.7, 3.3, 3.8, 4.3 GeV ]
NA49 8.7, 12.5, 17.3 GeV 1
CERES 17.3 GeV -
STAR 62.4, 200 GeV ]

PHOBOS 62.4, 200 GeV ]
ALICE 2760 GeV ]

S zoooé %% ¥
"

long
o)
o
o
o

I

side

R
N
o
o
o
III L L L L)
elxXxmED»

om)** R_,R
w
o
(@»)
o

1000 Vio,LHe = 2 x Vo, RHIC
O~ B0 71000 71500 2000
(@N_/dn)
ALICE, Phys.Lett.B 696 (4), 328
© 1oL A E89527,33,38 43 Gev - Freeze-out volume:
"\._: [ A NA498.7,12.5,17.3 GeV 3/2
< rop§ geREsITeCey | b Vio ~ (27)™* Rout Rside Riong
8 O PHOBOS 62.4, 200 GeV 1
- ® ALICE 2760 GeV 7 . . .
| ° Aé%ﬁw | Emissiontime: T ~ Riong\/mt/ Tt
6r 5 ]
af At ] V/PbPb central @t the LHC: = 5000 fm?
2 TitHe = 1.4 X Trraic 1 Vpp =~ 800 fm3

O s s 0 iz 14— VPoPocentral ® 6.25 x Vpp
(dN_/dn Y
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Summary: Global properties

= Up to 18000 charged particles in the full rapidity range in a single central
Pb-Pb collisions at /sy = 2760 GeV

= Energy density in heavy-ion collisions at RHIC and the LHC as estimated
with Bjorken’s formula well albove critical energy density

» Even at (Jsnn= 7.7 GeV

= Bose-Einstein correlations of identical pions:
Fireball in Pb-Pb at the LHC lives longer, and expands to a larger size
compared to lower energies
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4. Strangeness and the statistical model



s stangeness enhancement a QGP signal?

2(s3) ratio of newly created ~ m Bare quark masses in the QGP
_ valence quark pairs : :
As (0T + (dd)  before strong decays (Ch|rall symmetry restorahorw) VS.
0, A, ..) constituent quark masses in
207 e K p collisions hadronic reactions
i SpS m T pci)l1.11§1ons | |
0.6 L PbPb v bp collisions » Easier to produce strange quarks in
i } { o e e collisions the QGP
w; ;{ {i gt+tg—=s+s, g+g=s+s
[ 1 RHIC
04 F - Q ~ 2m. ~ 200 MeV
[ AuAul :
os b . [ N+N—N+AN+ K,
~t ¥
: }}_ ﬁ i % ! 1 Q ~ 670 MeV
S L { 1 I L
021 1 HF = Strangeness equilibration time in
- hadron gas too long to reach
' | equilibrium
: arxiv:0907.1031
R TS = Strangeness enhancement: one of
rdblewski factor” Vs (GeV) the earliest QGP signals
Acta Phys. Pol. B16 (1985) 379 J. Rafelski, B. Miiller, PRL 48 (1982) 1066
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O_

trangeness

P relative to p-

—-Nnhancement Iin

Ph at Jsnw = 17.3 GeV

Enhancement E

= ()

Y

Npart

)p—Pb

0-40% Pb-Pb
at \Jsnw=17.3 GeV

+ WAQ97,
PLB 449 (1999) 401,

0 CERN-EP/99-29
N
.
m N
+ . p-Be reference

1- _ _ _ instead of p-Pb:
h Kg A = A = Q+Q2 similar behavior

S S (NA57)

0 1 2 1 2 3

Strangeness ISI

Strangeness enhancement increases with s quark contents
(up to factor 17 for the €2 baryon)
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=/Tt and /1t enhancement in

Ph-Pb at \/snn = 2.76 TeV

K/m || p/mt ||NMK°|| =/t || Q/mt || d/p ||He/d|[iH/mt|| $/K ||K*/K
i ALICE Preliminary ° pp\Vs=7TeV
¢ Extrapolated (Pb-Pb 0-10%) * p-Pb \sy, =5.02 TeV
0.4 | | .
% Extrapolated (p-Pb 0-5%) VOA Multiplicity (Pb-Side) 0-5% —
i ' ' ' * Pb-Pb \sy, =276 TeV, 0-10% °
‘ L. S
0.2 - ) o .—.'—' E ¢
o Lx1 43 | x05 x 30 x 250 x 50 «100 | x410° x2 | x1

Interestingly, /11 very similar in pp, p-Pb, and Pb-Pb
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Multiplicity dependence of Q/tt in pp, p-Pb, and Pb-Pb

-3
? >_<1O | | | lIIllI | | | Illlll | | I I_Illll I—
& a GSI-Heidelberg model THERMUS V3.0 model ) _
+ 1 ~ Pb-Pb-T,=156MeV ~ = Pb-Pb-T,=155MeV [ i ]
5 —  MC productions - pp \s=7TeV + B
—~ ~  —— Pythia6-Perugia2011-NoCR + + + 7]
+c} 08— — Pythia6-Perugia2011-WithCR === =77 == =77 . e
7L —— Pythia8-Monash-WithCR . B
+ B B ) —
S :
0.6 H + _
~ H H ALICE B
0.4— — Preliminary p-Pb | s, = 5.02 TeV —
B VOA Mult. Evt. Classes (Pb-side) 7
B s |pp (INEL)\s =7 TeV }
0.2— % = |Pb-Pb \ s, = 2.76 TeV —
B — .| Preliminary pp \s =7 TeV 7
- VOM Mult. Evt. Classes B
- /" —
O | | 1l 1 1 111 | | | l 1 1 1 11 I | | | 1 1 111 I |
1 10 102 10°
dN /d

< ch 77>|17|< 0.5

Significant increase in /1t with dNen/dn already in pp and p-Pb
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Particle yields from the hadron resonance gas

= |dea: Freeze-out of the QGP creates an equilibrated hadron resonance gas

= The HRG then freezes out with a characteristic temperature Tch close to Tc
which determines the yields of different particle species

= \WWhat is the appropriate statistical ensemble for the theoretical treatment?

canonical ensemble: grand-canonical ensemble:
N and V fixed, energy £ V/ fixed, energy E and particle
of the system fluctuates number N fluctuate

(Es + Epn = E, T is given) (T, u given)

heat bath T

heat bath T, u

system S
T,V,N

system S
I,V u

pp collisions, strangeness central A-A collisions, local
locally conserved strangeness fluctuations
possible,“there is a medium”

Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016

61



Canonical suppression for small volumes

—
od

Canonical Strangenes Enhancement

—
o
(=

Braun-Munzinger, Redlich, Stachel, nucl-

th/0304013v1

T=168, u, =266 MeV

----------------------
-
-
-
-
’f
L d

$2

102

<Npart>/2

= Particle densities in C and
GC approach are related

n}C( = nﬁc - Fs
_ Ik(2ngt V)
-~ Ip(2nEC V)

Nk . Density of particles with
strangeness K = |S|,
S=-1,-2,-3

In © Modified Bessel function
of the first kind

= \Volume V' is assumed to
scale as V' ~ Npart
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Particle yields Iin the grand-canonical ensemble

gi = (2 Ji+1) spin degeneracy factor

¥ oo
= Partition function Vg / ) /
0

F =pFf + m¢

InZ; = +p?dp In(1 + —(E; — w;)/ T
(particle species ): " 272 \p p In(1 £ exp(—(E; — pi)/ T))

“-” for bosons, “+” for fermions

. . T Oln Z; g [ p?dp
= Particle densities: i=N/V =— -
| ties:mi =N/ V on 2 /O xp((E — )/ T) £ 1

= [For every conserved quantum numlber there is a chemical potential:

pi = ueBi + pusSi+ pi ki

= Use conservation laws to constrain  V/, us, w1, Only two parameters

strangeness: Z niS; =0 — s et (7, bg) Boltemann
i Exam ple: / approximation
charge: V' nils; = £ ; N " n(p)/n(p) = exp(—2us/T)

— determine (T, pg) for
different \/snn from fits to
data
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x? fit of the statistical models to LHC data

Yield dN/dy

—
o
w

—
o
V)

—_i
o

Andronic, Braun-Munzinger, Stachel
arXiv:1106.632, arXiv:1210.7724, arXiv:1311.4662, talk A. Andronic Trento

1.6F

Pb-Pb \ SNN=276 TeV Pb- Pb ﬁ =276 TeV.

Data/Fit

1

o o
()] (0]
| |
@
— (O

o

- Data ALICE o 10% T I
— Stat|st|cal model fit (x 2/Ndf_33 0/1 4)
| T_156 o MeV M —o MeV v*5330 fm

(Data-Fit)/ o

ﬁfff;fﬁffffffffffffffff____________________________ffffffffffffffff______
+|||||||

W N L O o N WA
L
L
L

nnKKKOK*Oq)ppA 'EQQdSHeSHH

™~ 30 deviation for
protons and

= Overall good agreement with data anti-protons
= T=156+1.5MeV, us = 0 + 2 MeV, V = 5330 + 400 fm?
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http://www.ectstar.eu/sites/www.ectstar.eu/files/talks/andronic_trento14.pdf

Different thermal models give the same temperature

(mod.-data)/o .,

o

(mod.-data)/mod.

o
o
I I

(6)
T

o

ANV O N A
rTrryinri

]!

Ki

KO

K[o]p

Al=]e]d[iH]|He

g7 Not in fit

¢ Extrapolated

5 : : _=|
. ALICE Preliminary

Pb-Pb Vs, =2.76 TeV, 0-10% 3

Model

— THERMUS 2.3

== GSI

= *SHARE 3

\' V (fm)

! 5004 - 543
§ 5330 = 505
| 4476 + 696

- -
- —
o - .
1 .o
--------------------------------------------------------------------------------------------------------------------------------------------------------------------- -
—— .
. 11 .
mana -]
el T . T omm o -1
....................................................... N RN 1 8 A
I oo R NN ——— Al .
» Wi N 11 .
[ . T oo T
. [ )
— S
T T S —
| | . o e
I —
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JSnn dependence of T and s

update of PLB 673 (2009) 142

/>-\ B I ||||||| [ ||||||| I T T TTTTI I |_ />'\900 - I ||||||| I ||||||| I ||||||| I |:
) 180 B ] Q — |
2 - — 2 800 - -
— 160 [ D F0 1=__ -
— B H ) 3‘{3700 :_ —:
140 [ 1 600 =
120 |- 500 =
100 S 400 =
: fits of yields : - -
80 |- O dN/dy - 00 E E
60 | O 4 =3 E
- —— parametrization 1 100 —
40 — ] - .
B [ ||||||| [ ||||||| [ 1 ||||||| [ 1 I_ O B [ 1 ||||||| [ IIIIII| ..'|| L1 I

2 3 2 3

1 10 10 10 1 10 10 10
Vs (GeV) Vs (GeV)

= Smooth evolution of T and ps with /S
= [ reaches limiting value of Tim = 159 + 2 MeV

Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016 66



K/t ratio vs. /SnN

O
w

dN/dy ratio
o
N
@)

0.1

0.05

A. Andronic, arXiv:1407.5003v1

-0 K/t

- K/

B symbols: data, lines: thermal model

I

10°

\ Sy (GeV)

10 10

= Maximum in Kt/rt* (“the horn”)
was discussed as a signal of
the onset of deconfinement at
Jsnn = a few GeV

= However, in the GC statistical
model the structure can be
reproduced with T, ps that
vary smoothly with /snn
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< 200
< 180
— 160
140
120
100
80
60
40
20

0

-reeze-out poin

[
----- Lattice QCD
éﬁk —— Chiral EFT
DK f Ao
:.—;:::'::::r_:ﬁ:*y_‘
: O ]¢
lEarly Universe | y A
Thermal fits -
O Cleymans et al.
| Andronic et al.
A Manninen, Becattini ﬁ
% STAR (BES prelim.) O
® ALICE
0 200 400 600 800
ug (MeV)

s for Jsnn = 10 GeV from thermal
model fits coincide with ¢ from lattice calculations

= \What is the origin of
equilibrium particle yields?

» (General property of the QCD
hadronization process
(“particle born into
equilibrium”)

» Or does the hadron gas
thermalizes via particle
scattering after the transition”?

= Possible mechanism for fast
thermalization after the
transition: multi-hadron
scattering resulting from high

1000 Particle densities

Braun-Munzinger, Stachel, Wetterich,
PLB 596 (2004) 61
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Summary/questions strangeness

= Strangeness is enhanced in A-A collisions relative to ete and pp

= | HC: Strangeness enhancement in high-multiplicity pp collisions approaches
the enhancement in Pb-Pb
» Not predicted by Pythia
= QOrigin of the strangeness enhancement?

» Typical hadronic cascade codes (e.g. UrQMD) cannot explain the enhancement

» Does the volume associated with strangeness production becomes larger in
A-A collisions (relaxation of canonical suppression)?

» Can one understand the fast thermalization of the hadron gas?
» Or maybe coalescence of strange quarks from the QGP?

= Strangeness provides important information and probably points to QGP
formation

» However, a better understanding of the mechanisms of strangeness
enhancement is needed
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5. Space-time evolution of the QG




Annu. Rev. Nucl. Part. Sci. 2010.60:463

The initial parton wave function:

Gluon saturation

0?2 =20 GeV?2

02 =200 GeV?2

gluon density x G(x, Q?)

104 10-3 102 10-1 X

Growth of gluons saturates at an occupation
number 1/as. This defines a (semihard) scale

Qs(x), 1.e., a typical gluon transverse momentum.

Y=In1/x

transverse size
of the gluons: 1/Q?

A
b Saturation
N
S\
w>
Dilute system
>
In A%xo In Q2
2
1 xG(x, Q) 1

2Nz —1) 7R2QZ  os(@Q2)
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The color glas condensate model

e
c
> é %Q

= Color glass condensate: @%} gueanacecees
. . . . ceetereeeeeee
Effective field theory, which describes g
universal properties of saturated gluons in e
hadron wave functions "f«aimémo

b=
o
d
P
=
g
d

R

= Separation of timescales:
Dynamical fields coupled to the static
color sources

= CGC dynamics produces so-called
glasma-field configurations at early times

» Strong longitudinal chromoelectric and
chromomagnetic fields screened on
transverse distance scales 1/Qk.

Annu. Rev. Nucl. Part. Sci. 2010.60:463
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Longitudinal expansion:
1+1 d ideal hydrodynamics (Bjorken model)

T=t/y=1ty/1-B2=+t2— 22 Thermodynamic quantities depend only
on proper time T (not on (t,z) separately)

—_— Initial conditions:

1 xH
— ' H — tl 01 01 — T
8(7’0) €0 u 7_0( Z) ™

B, =2z/t

For an ideal gas (e = 3p, € ~ T%) one obtains:

—4/3 —1/3
5(7):5()(1) | T(T):To(l> ,S:€+P:ﬂ
70 T T

With dV = dA 1 dy one gets for the entropy S:

The entropy per unit of rapidity
dS d /dS | .
——— =sT =const. — — =0 IS constant during the

dAdy dr

hydrodynamical evolution

dy
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Radial flow

’5;104 WO it Radial flow
4+ g TR R Pb-Pb\[s, =2.76 TeV, 0-5% centr.
cC I .. _
a f 82es e
< 1 O E_ s -
~— E O O _‘:}__t_—o—_._—.— y
; = Oo(x‘}g 9“*33 o -0 3——:: 5 ; . ‘ X
© S ' 8?‘33’-"... —o— T .
— - i S e, —O— +++
s 1k T e, |
~— - e .
~— i O —g—
C\JZ E_ 0000020000
O SR oo e e, Change of shape
-2 | oo R
10 & - +.o, | Of prspectra from
- .-
: @ —o— op to Pb-Pb as
3 = Arbitrary Normalization expected from
- radial flow
10-4 [N TN U SN N U U WU TN NN SN WO T TN AN WO TN TN SN NN T T S N N SN SN NN

o

0.5 1 1.5 2 2.5 3
P (GeV/c)
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1000 -
>
2 N O] 10 +
~ i
S| a
- 0.100
Y
— | | o001
N
107°
10~
10
. :
=|©
~
S| a
o
I~ 0.100:
Q.
| K
o\ 0.010
0.001

Blast-wave model:
Cﬂange of slope due to radial flow

;pions
00 05 10 15 20 25
wwwwwwww priGevio
~ (Br) = 0.65
\
protons |
6‘0‘ o5 10 15 20 ‘2‘5

pr (GeV/c)

lim iIn<1 dn)
pr—oo dpT pT dpT

1 [1-07
T\/l—I—ﬁT

The apparent temperature,
..e., the inverse slope at high
pr, Is larger than the original
temperature by the blue shift
factor:
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M, K, p Spectra and Blast-wave Fits at the LHC

ALICE arXiv:1303.0737

-y
()
&)

1/N, 1/2np_d*Ni(dp_dy) (GeV/c)™
2 3 & &

—
Q
w

Can extract Tkin and Bt from a simultaneous fit to the 1, K, p spectra
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—&— ALICE, Pb-Pb s, =2.76 TeV
—&— STAR, Au-Auy, |s,,, = 200 GeV

(x 100) )

K™ (x10) —

{ —Blast Wave Fit} _—_— p+p(x1) -

- - VISH2+1 0 S —

— @ .

— HKM 0

L - Krakow 0-5% Central collisions -
l 1 1 1 1 I | 1 1 1 l 1 | | 1 l 1 1 | | l 1 1 1 | l
0 1 2 3 4 4

p- (GeV/c)
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T und (B for Different Centralities at

RHIC and the LHC

ALICE arX|V 1303 0737

—~ 0.2 .
> SRR " ALICE, Fit Range = -
(b 0.18F n05<p <1GeVic
~ - o K02<p <1.5GeV/c -
= 0.16 - 80-90% p:0.3<p_ <SOGeV/c__
0.14 é e SN , —

- 70-80% ___: : s ] ]

F a LT %%% £, J-0%
0-1ESTAR, Fit Range T LR
0087 0.5<p_<0.8GeV/c 0-5% = =

| :K02<p <0.75 GeV/c .
ooa‘p035<p <1.2 GeV/c (a)_—

1 1 1 1 ~

025 03 035 04 045 05 055 06 065 07

(B.)

Average radial flow velocity in central Pb-Pb at \/snn = 2.76 TeV: Br = 0.65
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Radial Flow Velocities as a Function of /snn

A~

)

p —

|_

A
—
el

\

180
160
140
120
100
80
60
40
20

0.7

0.6
0.5
0.4
0.3
0.2
0.1

0

- s s 1 Rather weak \/snn dependence
— o _
et 4 of Tand B for Jsan = 10 GeV
| e E
’L * 4 =
- @ By , . H'lrF' -
A g -
central collisions (Au,Pb) E
® chemical freeze-out —i
T
B v
e, ot E
3 * 3
= kinetic freeze-out —;
= A FOPI (SIS) =
- ¢ EOS (AGS) i
- = NA49 (SPS)
b * STAR (RHIC) -
- \ ¢ ALICE (LHC) -
10 10° 10°
Vsyy (GeV)
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Basics of ideal relativistic hydrodynamics (1) oo oha

= Hydrodynamics: Effective theory describing the long wavelength limit of the
underlying microscopic theory

= Energy momentum tensor in fluid rest frame
(ideal hydro)
/ e 0 O O\
T _ energy density energy flux density T _ 0 P 0 O
momentum density momentum flux density d,R 0 0 P O
\0 0 0 P/
/
= Transformation to the lab frame | PrESSUTe
metric

4« tensor: diag(1, —1, —1, —1
™ = (e 4+ P)u"u” — P gt” 8 )

4-velocity: u* = dx" /dr = ~(1, V)

= Conservation of energy, momentum, and net-baryon current

v p 5 equations for 6
OpTy =0, Oug =0 unknowns:

0, = (gtﬁ) — (ux, uy, uz, e, P, ng)
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Basics of ideal relativistic hydrodynamics (2)

= Equation of state (E0S) needed to 14 -
close the system: 1.2} n=01m s
P(e, ng) < 1.0} c0S I',a'“'"
£

= Via the EoS hydrodynamics allows S 0.8}
one to relate observables with QCD & ,, ¢|

thermodynamics = 04
= |nitial conditions (e(x, y, 2)) 0'2
» Glauber MC ;)
» Color glass condensate 0 1 2 3 34
- | | e (GeV/fm)
= [ransition to free-streaming particles

normal vector to the
dN

E— — / f(x,p, t)p dg(x)/ freeze-out 3d hyper
d>p Y surface 2 in space-time

g / pdo(x) definede.g. by T =Tp
> exp (

B (27)3 P’”(>7<_)(;),M(X)> +1

Cooper, Frye, Phys. Rev. D10 (1974) 186
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Hydrodynamical modeling of the fireball evolution

temperature in GeV velocity vector
155— T=1.2fm/c 0.14 £155—T=7fm/c / 0.14
; > |
10| 10}
: —0.12 - —0.12
5| 5-
: 0.1 - lo.1
O_— 0__
5[ .08 50
10} 10
151 151
_ 'l B _

FEPE IR TR R TR BT
-5 -10 -5 0 &5 10 15
X (fm)

Explosive expansion of the QGP fireball
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Hydrodynamic modeling of heavy-ion collisions:
State of the art

= Equation of state from lattice QCD

= 2+1 d or 3+1 d viscous hydrodynamics

= Fluctuating initial conditions (event-by-event hydro)

= Hydrodynamic evolution followed by hadronic cascade

Schenke, Tribedy, Venugopalan, PRL108, 252301 (2012)

Schenke, Tribedy, Venugopalan, PRL108, 252301 (2012)

e
g | y[fm] 2 0o 2 y[fm]
2 2 4
X[fm] 4 B xIfmi 4 - 5
MC Glauber © g 8 IP Glasma © g8
initial condition initial condition
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Azimuthal distribution of produced particles

A

\

reaction plane

N ©.©

:I— x1+2 Z v, cos[n(p — V)]
14 n=1

Fourier coefficients: Va(PT,y) = (cos[n(yp — V,)])
elliptic flow triangular flow
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Origin of odd flow components

= Vo IS related to the geometry of the overlap zone
= Higher moments result from fluctuations of the initial energy distribution

Muller, Jacak, http://dx.doi.org/10.1126/science.1215901
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Hydrodynamic models: vo/e approx. constant

V2/8X

/ 0.24

Ex. Initial eccentricity
of the participants

0.22

0.2

0.18
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eo=4.5 GeV/im®

60=9.0 GeV/fm?

eg=25 GeV/fm3

4 6 8 10

ldeal hydrodynamics gives vo = 0.2 €

b (fm)

12
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How the v are measured (1):
—vent plane method

Cvent flow vector Qn

e.g., measured at forward Qn=>) €™ =|Qule™ = = Qux+ iQny
rapidities: k
Event plane angle 1

' : wnrec:_t 2 nv Wn x
reconstructed in a given event: ’ na an (Q Y Q ' )

Reconstructed event plane angle fluctuates around “true” reaction plane angle.
The reconstructed vn is therefore corrected for the event plane resolution:

rec

Vy = ‘;% , v,°¢ = (cos[n(p — V)], R, = "resolution correction”
n

What the event plane methods measures depends on the resolution
which depends on the number of particles used in the event plane determination:

(v where 1<a<?2

Therefore other methods are used today where possible.
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How the v are measured (2):

Cumulants average over all particles within an event,

tvvo-parlticle / followed by averaging over all events
correlations

_ i2(p1—p2) /2 non-flow contribution
{2} = <<e (12 >> — <V2 + 524>/ (Resonance decays, HBT, jets, ...)

{4y = ((emtameman)) o ((ertame))

— <—V£l —+ 54>

cn{4} Is a measure of genuine 4-particle correlations, i.e., it is insensitive to
two-particle non-flow correlations. It can, however, still be influenced by
higher-order non-flow contributions, denoted here by 0Oa.

v,,{2}2 = {2}, vn{4}4 = —cp{4}
These observables measure (assuming o <<{vp)):
1 o° 1 o°
Vni12} = (Vi) 5 (Vo) Vni4} = (Va) — §<V—2>
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—lliptic flow of identified hadrons:
Reproduced by viscous hydro with n/s = 0.2

final results: arXiv:1405.4632

N
e ALICE preliminary
c03 Pb-Pb \S. = 2.76 TeV
-g Centrality 20-40%
=
- F v iV 4
8 o
0.2
S
o
L CGC, n/s=0.20
0.1 VISHNU VISH2+1
7T
0

4
P_ [GeV/c]

Dependence of v2 on particle mass (“mass ordering”) is considered
as strong indication for hydrodynamic space-time evolution
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Higher flow harmonics are particularly sensitive to n/s

1.4 . .

| n/s=0.08  -m- o
12 11/5=016 - 20-30%
D 1t
2 ;
EC 08 B * i +
) i
@ 04 ¢
2
> 027 -~ | °

O N
1 2 3 4 o) 6

Major uncertainty in extracting n/s from data: uncertainty of initial conditions
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n/s from comparison to data

arXiv:1209.6330

0.2 . . .
Vo =— | ATLAS 20-30%, EP
V3 =" | narrow: w/s(T)
0.15 | Vq wide: n/s=0.2 ]
>
pt [GeV]
Current status (Pb-Pb at \/sny = 2.76 TeV): arxiv:1301.2826
1
(n/s)qep ~ 0.2 = 2.5 X yy (20% stat. err., 50% syst. err.)
T
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Universal aspects of the underlying physics

100 us = Strongly-interacting degenerate gas of fermionic °Li
atoms at 0.1 uK

200 us = Cigar-shaped cloud initially trapped by a laser field

= Anisotropic expansion upon abruptly turning off the
400 us trap: Elliptic flow!

1
" n/s can be extracted: (77/s)sligas ~ 0.4 =5 X —

600 us | | A
[PhD thesis Chenglin Cao]

800 us

1000 ps The ultimate goal is to unveil the universal physical laws
governing seemingly different physical systems (with

1500 ps temperature scales differing by 19 order of magnitude)

2000 ps

John Thomas, https://www.physics.ncsu.edu/jet/research/stronginter/index.html
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https://www.physics.ncsu.edu/jet/theses/pdf/Cao.pdf

vo(o7) appears to be rather independent of /Snn

Ratio

L (a1) 10 - 20% | (b1) 20 - 30% -
02 _ = Fit to 200 GeV df}ta + E:I(# -
0.15} +' ""+* "’Lh
0.1 - T @R 0276Tev | )
. i ©®200 GeV 1 ¢ 19.6 GeV |

0.05 . 62.4 GeV A 11.5GeV

|:|39 GeV A 7.7 GeV
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D meson vz in Pb-Pb:
Heavy quarks seem to flow, too!

N o4 T | | | | ] | ]

. ALICE Pb-Pb, \ s, =2.76 TeV |

i Centrality 30-50% |

. —

0.2 _

N O O i

1] RIS 4

O b s o O _

i ¢ Charged particles, v,{EP,IAn|>2} .

= Prompt D°,D*, D* average, lyl<0.8, v{EP} |

B Syst. from data B}

-0.2— Syst. from B feed-down —]
| I | I | I | I | I | I | I | | I

|
0 2 4 6 8 10 12 14 16 18
pT(GeV/c)

Given their large mass, it is not obvious that charm quarks
take part in the collective expansion of the medium
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Collectivity in small systems:

2-particle correlation in pp at/s =7 TeV
CMS MinBias, 1.0GeV/c < P < 3.0GeV/c

away-side jet
correlation

» near-side
jet peak

yield per trigger particle 2
divided by uncorrelated

(mixed-event) qg O

background

No indication for collective effects in minimum bias pp collisions at 7 TeV

Klaus Reygers | Ultra-relativistic Heavy-lon Physics - A Brief Introduction | Schleching | February 2016 94



Collectivr

Two-parti

'V IN sma

cle corre

NINISINS

| systems:

ations In

Db_

PP collisions

50-60%

near-side
“ridge”

collective flow + jet correlations
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Collectivity in small systems:
Two-particle correlations in high-multiplicity pp and p-Pb

CMSN =110, 1 .0GeV/c<pT<3.0GeV/c (b) CMS pPb |'s,, = 5.02 TeV, 220 < NJi"™® < 260
p+p at ‘\IS =7 TeV L 1< p:i9<3 GeV/c
e 1< p:ssoc < 3 GeV/c
~ -
= -
o
QAl
ol<
2 - S
oz —_F

Flow-like two-particle correlation become visible in
high-multiplicity pp and p-Pb collisions at the LHC
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Comparison of vo
track multiplicity

Db_

IN

P and p-

PP for the same

CMS, arXiv:1502.05382v2

trk

| | | | | | | | | | | | | | | | | | I | | | | | | | | | | | | | | I | |

L CMS PbPb (s, = 2.76 TeV 1 CMSpPb s, =502 TeV -
0.10F 0.3< p_< 3.0GeV/c; Inl <2.4 500 o oL 03< p. < 3.0GeV/c; nl <2.4 _

= O O O 4

O
B @) 4
[ O
- ? T g 0 0 60005
>C\l i a 1 O O O

0.05(&" | T O VA2, IAnl>2} = go *WDA 0

= O Va4 . n +

i + v,{6} i [I]

] ¢ Vv.{8} |

o ViYZ)
T S T W (N SN SO T TR NN SN T SO SR NN S AT SO T SO NN SO S SO SN NN S T S S N T
0 100 200 300 0 100 200 300
Noffline Noffline

trk

= 2{8} measured: vz in p-Pb is a genuine multi-particle effect
= o Iin p-Pb only slightly smaller than in p-Pb
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Collectivity in small systems:
Mass ordering in p-Pb collisions

vo from fit of two-particle correlation, jet-like correlation removed by
taking the difference between central and peripheral p-Pb collisions

E 0_25 LI I LI L L L I L I L I L I L I LI L I
= i ALICE .
(C.,))h . p-Pb |s,,, =5.02 TeV :
a "°F (0-20%) - (60-100%) E
0.15— —
0.1F T
0.05 - -
N T T T DU TN o c et/

0.5 1 1.5 2 2.5 3 3.5 4
p. (GeV/c)

Consistent with hydrodynamic expansion of the medium als in p-Pb
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—lliptic flow not only in high multiplicity pp collisions”

ATLAS, 1509.04776

>C\l 0.1 p+p \s=13TeV -

DD@QOOQGQ:

0.05 -
- O O.5<p_t;<5.0 GeV

: 2.0<lAnl<3.0 |:|O.5<p$<1.0 GeV
| 0.5<p <5.0 GeV . 20<pP<3.0 GeV

20 40 60 30 100 120
N"eC

[Need to sort out apparent disagreement with CMS] ~ ch
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Summary/questions space-time evolution

= Hydrodynamic models provide an economic description of many
observables (spectra, flow)

= Shear viscosity / entropy density ratio in Pb-Pb at \/snn = 2.76 TeV from
comparing hydrodynamic models to data:

M 1
~02=25x — — 2.5 x —
(n/S)QGP S Imin,KSS A

= Appropriate theoretical treatment of thermalization and matching to
hydrodynamics”?
» Strong coupling or weak coupling approach?
» Weak coupling: Applicable at asymptotic energies, but still useful at current /snn

» Strong coupling (string/gauge theory duality), see e.g. arXiv:1501.04952:
Fast thermalization of the order of 1/7, but too much stopping?

= Can hydrodynamics provide a self-consistent description of collective effects
in small system (pp, p-Pb)?
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0. Jet quenching



Theoretical description of High-pr particle production:
Perturbative QCD

= Scattering of pointlike partons
described by QCD perturbation

-~ Fragmentation

theory (pQCD) (non-perturbative)
= Soft processes described by
universal, phenomenological —
functions f
» Parton distribution function from Hard Scatter B
deep inelastic scattering (perturbative) ::

Parton Distribution
In hucleon
(non-perturbative)

» Fragmentation functions from
e*e” collisions

= Particle production dominated by
hard scattering for pr =z 3 GeV/c

. AC Hadron
» However, 99% or so of all do= Z fa®fb®d0ab®Dc
particle from soft processes a,b,c
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Jet quenching in heavy-ion collisions

P+P

- | d

A-A collision: shower evolution in the medium, energy loss of the leading parton
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Jet quenching history

Energy Loss of Energetic Partons in Quark-Gluon Plasma:
Possible Extinction of High pT Jets in Hadron-Hadron Collisions.

J. D. BJORXEN
Fermi National Accelerdtor Laboratory
P.0. Box 500, Batavia, Illinois 60510

Abstract

High energy quarks and gluons propagating through quark-gluon
plasma suffer differential energy 1loss via elastic scattering from
quanta in the plasma. This mechanism is very similar 1in structure to

jonization 1loss of charged particles in ordinary matter. The dE/dx 1is

roughly proportional to the square of the plasma temperature. For

this effect. #&n interesting signature may be events in whizh the hard
collision occurs near the edge of the overlap region, with ona jet

escaping without absorpbticn and the other fully absorbed.

FERMILAB-Pub-82/59-THY

August, 1982

It is now believed
that radiative energy
loss (gluon
bremsstrahlung) is
more important than
elastic scattering
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Collisional vs. radiative parton energy loss

Collisional energy loss: Radiative energy loss:
E E-AE
E ME
|
|
+ AE | E-AE
|
X
(medium)
= Elastic scatterings with medium = |nelastic scatterings within the
constituents medium
= Dominates at low parton = Dominates at higher momenta
momenta
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Basics of radiative parton energy loss (1)

= Energy loss E in a static medium of length L for a parton energy £ — o

2 ( :
AE x asCFgl? g = - Cr — ¢ 3 for gluon jets

A 4/3  for quark jets

,u2 . typical momentum transfer from medium to parton per collision

A : mean free path length in the medium
BDMPS result, Nucl. Phys. B 483, 291, 1997

= | andau-Pomeranchuk-Migdal B oherent
(LPM) effect T dz
» Parton scatters coherently off coherent (LPM)
many medium constituents:
destructive interference
» Reduces radiative energy loss
E
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Basics of radiative parton energy loss (2)

3-momentum and energy
. . , of the radiated parton
Formation time (or length) of a radiated gluon:

(“time for the fast parton to get rid of its virtuality”)

W 1
ke wb?

¢
\

Zcoh = Teoh =2

The gluon acquires additional transverse momentum if it scatters with medium
constituents within its formation time (or formation length z.):

2

2 A H
kT = qZcoh — Tzcoh

W W
This results in a medium-modified formation length:  Zcon > P 7
2

A < zeoh :  Coherent scattering with destructive interference

A > zeoh ¢ incoherent multiple scattering
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Basics of radiative parton energy loss (3)

1. Incoherent regime (mean free path A > Zcon):

_dE_ 30sE
dz 7™ A
2. Coherent regime (A < Zcon) -1 dE
with medium thickness L > VE dz
Zconh (saturated LPM regime) coherent (LPM)

3. Coherent regime (A < Zcon)

|
dEN3a5 E :
dz mw™ \| § |
|
|
|
|

With L < Zeon
dE 3 L L
—— ~ 23l ¢
dz T coherence thickness

length of the medium
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Neol-scaled ¥ vields in pp compared to Au-Au

N/dp_dy (GeV/c) >

Q\

T

—h

o
&

1/[2np_]d

N — —
o OI\) ooo

I §
o CD|

—h
o
A

-5

—l
o

—6

—l
o

-7

—l
o

-8

—l
o

-9

—l
o

Tapn = (N o NN
® Au-Au — ° X @ 200 GeV [0-10%] A = (Neoll) /ine
.A o p-p X @ 200 GeV x T%% “increagg in parton Iuminosity”
h 3 NLO x T2 [CTEQS, KKP, 1 =p ~2p ] per collls[’on when going from
E\ [W.Vogelsang] PP to AA
.
\
"R
-’\ Without a medium,
| .
= hadron yields for
|
.:\\ pr =z 2-3 GeV are
"n_% expected to scale
LN with Nool
u S
A
[ | .\\
" o x| Observation:
' Clear suppression w.r.t.
III|III|III|III|III|III|III|III|III|III| NCOllscaling

O 2 4 o6 8 10 12 14 16 18 20

o (GeV/c)
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Discovery of Jet Quenching at RHIC (ca. 2000 - 2003)

PHENIX Au+Au (central collisions):

n:g | : Sc:recw | dN/de‘A+B
10:_ " B O N RAB: <T > % do /d ‘ '
- I GLV parton energy loss (dN%dy = 1100) AB Tinv/APT |p4p
Y g where <TAB> < C0||> /Ulnel

| 1 1T 1 Ii
P>
[= <
P—o
<
=
v
-
"
: |
—%-
.: ::z

—
<
-

o ]
N
S
(=2}
(o]
-
(=
-
N

= Hadrons are suppressed,direct
photons are not

840,44 No energy
T? ? A+ T . + loss for y‘s 1
e e 0z a6 '
p; (GeVic) ~—

= Evidence for parton energy loss energy loss \
forqandg
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A simple explanation for the rather flat RFaa at RHIC:

a Constant fractional parton energy loss
; " e LAV 1 '
T° spectrum without energy I0ss: o7 dpy X E w1 without energy loss

¥ spectra at RHIC energy (ysnn = 200 GeV)
described with n = 8

Constant fractional energy loss:

Apr .
6:IQSS = — 1I'e'1 p/7_ — (1 - E:IOSS)pT
PT

Resulting Raa:

Raa = (]. — €|oss)n_2 = ECloss = 1 — R}}\/A(n_2) ~ 0.2 for Raa ~ 0.25

—

<
N

ay

—
<
w
L

F

.I
v
..u
%
0..

= .'

C s,

L . / .

s with .

'energy loss ™.
] E‘(EIoss = 02) :

— —
S ©°
< "N

—
(=
~

4."
P.“
IIII I"flllllll

AT PR gy "
0123 45 6 7 8 9510

cross section (arbitrary units)
(=
'S
M

—
<
-}

P, (GeV)

Raa depends on the parton energy loss

and the shape of the pr spec

trum

In this simplistic model the constant Raa = 0.25 implies a constant fractional
energy loss of about 20% in central Au+Au collisions at 200 GeV
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Single-particle Raa in Po-Pb at the LHC:
Qualitatively similar observation as for

_Q 2 L | L | | L | L | L | T 11 | L | L | L | L
o i * Nn- — i
L ' u bt Pb-Pb (ALICE) ©® M PPD 'Sy = 5:02 TeV, NSD (ALICE)
0T 1.8 41 pbPb(CMS) - * 1 Pb-Pb |5, =2.76 TeV, 0-10% (CMS) -
£ 186 (s =276 TeV, 0-5% | | &b W*, Pb-Pb |5, =276 TeV, 0-10% (CMS),
2 U v Z°, Pb-Pb |5, = 2.76 TeV, 0-10% (CMS) -
0 1.4 — ge ]
1.2} ImE | e

» — __._
1 ﬁ_*';""'* """""" L (. % """""""" 7
L ® )

0.8 \ [ | 5
0.4 ? - H .
0.2 ]

O 11 1 1 I llllllllllllllllllllllllllllllllllll

0O 10 20 30 40 50 60 70 80 90 100

p_ (GeV/c) or mass (GeV/c?)

RHIC energies

= NoO suppression for
v, W+, Z°%in Pb-Pb

= NoO suppression of
hadrons in p-Pb

= Strong suppression

of hadrons in Pb-Pb
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Medium properties from charged hadron Raa(o7)

= Fit of various models to Raa(p7) at RHIC and the LHC

= Jet transport parameter loss for radiative energy loss at the highest
temperatures reached (for Eparton = 10 GeV, QGP thermalization at

To = 0.6 fm/c):
i ) 4612 at RHIC,
73 7 1 3.7+14 at LHC,

A 1.2=x0.3 2 T=370 MeV,
17 { 19407 GoV/Imat 475 Meyv,

Jet Coll., Phys.Rev. C90 (2014) 014909

= Result relies on standard hydro description of the medium evolution

= Conjectured relation to n/s:

T3 n weakly-coupled QGP: K =1 Majumder, Miiller, Wang,
e K; strongly-coupled QGP: K <1 PRL, 99 (2007) 192301
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T, K, p Raa: Suppression independent of hadron
species for pr =z 8 GeV/c

<
<
C

0.8
0.6

0.4

0.2

ALICE, arXiv:1506.07287

| 1 I 1 1 I LI I LI I | LI I I 1 I 1 I |
i ALICE 0-5% Pb-Pb \s\,=2.76 TeV ]
- . T+ -
B m K'+K ]
L A p+ ﬁ _
i ]
— T 4
.......... [ L=
| 120 A A | | 1 T + *— —
1 1 I 1 1 1 I 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 i
0 2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

= Raa(p) > Raa(K) = Raa(m)
for 3 < pr< 8 GeV/c

= Similar p, Kand 1t Raa
for pr > 8 GeV/c

Leading-parton energy
loss followed by
fragmentation in QCD
vacuum (as in pp) for
OThadron > 8 GeV/c"
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D meson Raa: Charm quark energy loss similar to

quark and gluon energy loss AE, > AE,,. > AE. > AE,
ALICE, arXiv:1203.2160 Vs X/
2( 2:I 1 T 1 T 1 T 1 11 | T 1 | T 1 | T 1 | 1 I_ CO|OrfaCt0r dead cone effeCt
oC 18 ALICE (gluon emission suppressed
B 0-20% centrality at forward angles for slow
1.6F Pb-Pb,\S,, = 2.76 TeV quarks)
- oo = Strong suppression also for D
14f * Average D', D, D, lyl<0.5 mesons (which cannot be
N o Charged particles, n|<0.8 , ,
l.er s CMS non-prompt J/y, |y|<2.4 explained by shadowing)

1F = Suppression of D mesons and

pions (surprisingly”?) similar

0.8
0.65— » Pions mainly from gluons
0 42_ » Dead cone effect for c and b
- = Still hint for expected
0.2 i :
T hierarchy?
O [ 1 1 [ 1 1 [ 1 1 [ 1 1 [ 1 1 [ 1 1 [ 1 1 [ 1 1 [ 1 1
c 2 4 6 8 10 12 14 16 18 » However, need to carefully

6
P, (GeVic) consider also the steepness

of the initial parton spectra
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Centrality dependence of Raa for pions and D mesons

ALICE, arXiv:1506.06604

< 1 .4 T T | T T | 1T T | 1T T | 1T T | 1T T | T T | T T
<C — _
@ Pb-Pb, |5y, =2.76 TeV -
1.2~ A n*(ALICE) 8<p <16 GeV/c, |y|<0.8 —
B m D mesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 |
1— (empty) filled boxes: (un)correlated syst. uncert. ]
B Djordjevic et al. Phys.Lett.B 737 (2014) 298 |
L e ot i
0.8— — — D mesons —
0.6 |
- 50-8000:2' ~ -
0.4— $”> ~ ]
- Q"-..._\ ~ —
N 0 ERRET N . . LT .\.. ~ _
- 40-50% CTINERTS—
0.2~ 30-40% 50 300, \\\i 2
o , _ 10-20% e
| m* shifted by +10 in (Npart> 0-10% |
O [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1

0 50 100 150 200 250 300 350 400

<I\Ipar’[>

= Npart dependence similar for
pions and D mesons

= Actually expected in parton
energy loss calculation
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ALICE, arXiv:1506.06604

<1.4IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
< ~ _
DX - Pb-Pb, |sy=276TeV -
1o ® D mesons (ALICE) 8<pT<16 GeV/e, |y|<0.5 ]
- @ Non-prompt Jiy (CMS Preliminary) —
= 6.5<p_<30 GeV/c, |y|<1.2 CMS-PAS-HIN-12-014 —
1— (empty) filled boxes: (un)correlated syst. uncert. .

0.8

0.6

0.4

0.2

Djordjevic et al. Phys.Lett.B 737 (2014) 298
- = D mesons
— = Non-prompt J/y

L)
L]
...
...
...

...... Non-prompt J/y with ¢ quark energy loss

~O e, T, —
S, T,
~ L, e ﬂ\
NS T NULL,, T,
—~—lte,, Tea,,
7 F\\ g, T,
40-50% — e
30-40% o E S~
20-30% }. _

* £0.1000 ] 10-20%

(*) 50-100% for non-prompt J/y 0-10% |
OIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 50 100 150 200 250 300 350 400

N
< part>

—vidence for smaller energy loss for b quarks
than for ¢ quarks

b quark energy loss via
non-prompt J/:

K
4

< B (cT =491 pm)

Evidence for the expected
energy loss hierarchy between
c and b quarks
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Jet suppression In

Db_

Raa = 0.5 In central col

ATLAS,

0-10 %

ISIONS

m 1 30-40 %

Ph at \Jsnn = 2.76 TeV:

¢ | 60-80 %

arxXiv:1411.2357
< T T
< -
C

anti-k, R =0.4 jets

2011 Pb+Pb data, 0.14 nb™

\/sNN =2.76 TeV

2013 pp data, 4.0 pb™

Interestingly, there
IS not much of a pr
dependence of the

jet suppression

400
p_[GeV]

R AA

" 2013 pp data, 4.0 pb™

——
[ 2011 Pb+Pb data, 0.14 nb™

L L
anti-k;, R =0.4 jets 7

\/SNN =2.76 TeV 1
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Summary/questions jet quenching

= Collisional and radiative parton energy loss

» Radiative energy loss expected to be dominant for light quarks
= Evidence for expected quark mass dependence of the energy loss
= QCD inspired models are capable of reproducing many features seen in the
data
» Medium properties can be constrained

= \What’s next”?
» First generation of models focussed on leading-particle energy loss
(“medium-modified fragmentation function”)
» Need to describe full parton shower evolution in the medium
» Can one eventually describe parton energy loss based on first principles?

» Can one connect heavy-quark energy loss to string theory via the gauge/gravity
duality?
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/. Charmonium and bottomonium



Charmonium and bottomium Quarkonia: tightly

bound, smaller radius
V(r) [6ev] than light mesons

) 1
4500+ y (4415)
v (4160)
- v (4030) Of 1
N 4000+
L v (3770)
o v (3685)
5 Ne L oe1™ ,“Xcz
£ 35007 (3590) % c0 (3510) (3555) -1t §
Jly 1S 1P 2S
30004 e __— (3097) z
(2980) t I I , *
J 0 ! 21
L o l l l l bb
GONIN0O @if}b s ==
-3 . '
0 05 10
r [fm]

= Non-relativistic treatment for heavy quarks (mec = 1.3 GeV, mp = 4.7 GeV)

= Charmonium and bottomium states reproduced by V(r) = LA
solving Schrodinger equation using Cornell potential: o

o =1 GeV/im, a=1/12
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Debye screening in the QGP

= Matsui, Satz (Phys. Lett. B 178 (19806)):

» Potential between two heavy quarks is modified in the QGP, preventing initially
produced charm anticharm quarks to form a J/

» J/P suppression is a QGP signal

= Simple parameterization of the screened potential (*Debye screening”)

1 pr screening radius - Debye mass
- —€ —1
V(r T)=—Je " +or depends on rp=1/p

' o temperature: pw=p(T)oxcg(T)T

= Basic idea: heavy-quark bound state melts in the QGP if rop 2 o

= [here is a dissociation temperate 74 for each state Can the different To's serve

(“Sequential melting”): as a QGP thermometer?
State J /Y (1S) xc(1P) U T Xb Y’ X, Y
T,/ T, 2.0 1.2 1.1 > 4.0 1.8 1.6 1.2 1.2
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Heavy quark potential for different temperatures from
attice QCD

arXiv:1302.2180v1

SRR ’VIAVZ\V A
{7 />

oFF PR TERIR

T=147MeV
178MeV o
194MeV 4 :
L/ 222MeV v ]
- # 320MeV -
o 442MeV »
Y 479MeV o

0.1 0.2 0.3 04 05 06 0.7 0.8 09 1
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Interaction range and J/ rac

as a function of the temperature

1.5

1.0

0.5

Interaction range vs T

ry(T) [fm]

T/T,

R[fm]

2.5

J/P radius vs. T

IUsS IN the medium

H. Satz, hep-ph/0512217

-
-
-
-
-

------

-
-
-

-’
="
-
‘,

‘4
L4
‘4
L d

Jlpsi

= J/ radius becomes larger with increasing T

= No bound state anymore for T =z 2 T¢
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A new twist: Braun-Munzinger, Stachel, Nature 448 (2007) 302

J/P might form again from deconfined charm quarks

Development of
Start of collision quark—gluon plasma Hadronization

Low
(RHIC)
energy

High
(LHQ)
energy

= Requires large number of initially produced ¢ cbar pairs: N,/ N2,
= Expect J/YP suppression at SPS, RHIC and J/p enhancement at high energies
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—xpected J/U signal with or without statistical
recombination of charm quarks

Kluberg, Satz, 0901.3831

statistical recombination

(W

J/ Production Probability

thermal dissociation

Energy Density
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Time scales

Collision time: teol = 2R /Vem (RHIC: 0.1fm/c, LHC: 51073 fm/c)

1
2m.

Charm pair formation: 7ez = ~ 0.08fm/c

QGP formation: TQGP,SPS ~ 1fm/c, TQGP sps < O.5fm/c, TQGP,LHC < O.lfm/C

Hadron formation time:  Thadron = 1fm/c absorption of
pre-resonant state

In nuclear matter
CERN SPS energies and below: tecoll ™~ TQGP = Thadron
— pre-resonant state can be absorbed in cold nuclear matter

Separation of scales at the LHC (and also RHIC):

teoll K TQGP < Thadron

Interpretation of the J/ signal easier at the LHC (and at RHIC)
as absorption in cold nuclear matter should not be irrelevant
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J/P suppression at the CERN SPS and at RHIC

é - Nuclear modification factor - nge §uppression at
A o PHENIX. AusAn. ”[1222] """" r vet midrapidity at the CERN SPS
- O PHENIX, A:+A:: |§|i035¢ 12% s‘;s:’ . and at RHIC, in spite of
T % NASO, P+Pb, D<y<t, + 11% syst. larger energy density at RHIC
0.8 & NABO, In+ln, 0<y<1, + 11% syst.

P — NA3S, S+U, ey<l, 2 1% syst. = RHIC: suppression large at
L E,IJQE{J forward rapidity, in spite of
0.61T % @ 0 larger energy density at mid-

| e & N
i | H% rapidity
0.4/~ . @ EHob = Not easy to explain in pure
- 4 7 @ @{"‘ dissociation picture
0.2_— @
i Rap — dN/dpT|a. g
:l 1 1 | | | I I | I I | I | I .| | | I .| | | I | | | I | <TAB> >< d0-|nv/de’p—|—p’

% 50 100 150 200 250 300 350 400
New  where  (Tag) = (Neoll) /Tina
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J/ suppression at

1.2

J/p
AA

0.8

0.6

0.4

0.2

0

0

- WALICE (2.5<y<4.0, +15% syst.

EE.E::III
o

= &
= =

LI

1

forward rapidity

), \Syn=2.76 TeV -

), \'Sy=0.2 TeV

. @ PHENIX (1.2<y<2.2, +9% syst.

200 400 600 800 1000 1200 1400 1600

dN_, /dn |n=0

4 2‘:1'2‘ B ALICE (lyl<0.8, +13% syst.), \s=2.76 TeV -
(OC | e PHENIX (lyl<0.35, 12% syst.), |'s,,=0.2 TeV

1 L o e 1

0.8 —

i $ T

061 H H .

04— H B EI —

0.2 —

i mldrlapldlty | | | | | I:

00 200 400 600 800 1000 1200 1400 1600

RHIC and the LHC

arXiv:1407.5003

dNy/dn | _

Much less suppression at the LHC in spite of larger energy density
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the regeneration mechanism
arXiv:1510.00442
=

S :E1_ 4L m ALICE (lyl<0.8, +13% syst. uncert.)
s R Statistical Hadronization Model ]
iol Transport Model (Zhou et al./Tsinghua) -
L Transport Model (Zhao et al./.TAMU) -
1 :—‘ ---------------- _:
0.8 i T T |i| -
0.6 ... . - 1__
0.4 :_ L —:
0.2 -
- Pb-Pb \s,,=2.76 TeV -
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

OO 50 100 150 200 250 300 350 400
Npart

J/P Raa at the

= [wo different approaches

» Statistical hadronization
at the phase boundary

» Kinetic recombination of
charm and anti-charm
qguarks in the QGP
(hep-ph/0007323)

= |mportant model input:
number of initial charm
quark pairs
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J/V Raavs pr at RHIC and the LHC (0-20%)

ALICE, arXiv:1510.00442

< 1.4r
f . Pb-Pb \|s, =2.76 TeV and Au-Au |s,, =0.2 TeV
1 2 — B ALICE Jy — u'u, 2.5<y<4, centrality 0%—20% global syst. = + 8%
i ¢ PHENIXJ — u*u’, 1.2<lyl<2.2, centrality 0%—20% global syst. = + 10%
1 __ .......................................................................................................................................................
0.8
0.6 B Iﬂ H
0.4 |E m
020 @ & H EF
O_IlllllIII|IIII|IIII|IIII|IIII|IIII|IIII
0 1 2 3 4 5 6 7 8

P (GeV/c)
Much less suppression at low pr, consistent with regeneration picture
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J/P seems to flow, too — Support for thermalization of
charm quarks in the QGP

ALICE, arXiv:1303.5880v4

~ 0.3
> - @ ALICE (Pb-Pb \s,, = 2.76 TeV), centrality 20%-60%, 2.5 <y < 4.0
| —— Y. Liu et al., b thermalized
~ mmmeas Y. Liu et al., b not thermalized
0.2

—  X. Zhao et al., b thermalized

global syst. =+ 1.4%

IIII|IIII|IIII|IIII|IIII|IIII|IIII|1_III|IIII|IIII

T R N S-S T A N ¢
pT(GeV/c)
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Y at the LHC:
Y(2s) and Y(3s) more suppressed in Pb-Pb than Y(1s)

CMS, 1208.2826

) T T 1 T T 1 T T 1 | T T 1 | T T 1 | T T 1 | T T 1 — 800 T T T 1 T T 1 | T T 1 | T T 1 | T T 1 | T T 1 | T T ]
~ . 50— - o N ]
S CMSppis=276TeV | £ | ” CMS PbPb |'s, =2.76 TeV 1
® i 1 T 700 —
0] i lyl < 2.4 1 O n Cent. 0-100%, lyl <2.4 1
s 40 p! >4 GeV/c 1 oS 600F p! >4 GeV/c =
< 0 L, =230 nb" 1 < F L. =150 ub” -
2] n - ]
& : 1 2500 —
G 30 1 8 ﬁ :
- t . N t ]
1] i T e data | i 1] 400 e data | -
- + — total fit - - — total fit ]
I B Y b (A BRREEEEES background | R I N FUIEE background 4
201~ ) 7 300- | =
: * : 200:_ ............ _:
I NIRRT AN NE Ok T T - .
! 4 L WL I - ]
0 ‘ 1L 1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L 1 1 O_I L 1 1 | 1L 1 1 1 | 1L 1 1 1 | 1L 1 1 1 | 1L 1 1 1 | L1 1 1 | L 1 1 I_

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

Mass(utw) [GeV/c?] Mass(utw) [GeV/c?]

Qualitatively consistent with sequential melting for the Y states
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Y at the LHC: Raa VS Npart

CMS, arXiv:1208.2826

% T 1T | T 1T | T 1T | T 1T | T T | T 1T | T 1T | T T < T 1T | T 1T | T 1T | T 1T | T 1T | T T | T 1T | T 1T
= T g < g
@ 1.4 CMS PbPb \ sy, = 2.76 TeV - 14 CMS PbPb \ sy = 2.76 TeV -
< —— stat. unc. L. =150 ub™ i i Y(1S), stat. unc. | =150 ub" i
Q12 syst. unc. lyl <2.4 o 1.2 Y1), syst.une. o) 5 4 ~
— _ " _ B Y'(2S), stat. unc. . i
~ I pp unc. p, >4 GeVlc |7_ h; Y(2S), syst. unc. P, >4 GeVic i
£ T - - :
o L . [ 30-40% _
g’ 0.8/~ 40-50% - 0.8/~ 40-50% 20-30% —
Q : 20-30% i | 50-100% 10007 i
= 0850 100% 30-40% i 06 + + " 510% 0-5%.

_ 0-5% _ _ } i
0.4 ) + 10-20%  5-10% _| 0.4— + .
L ® _ L |:i| _
- @ - — @ -
0.2~ + ~ 0.2 i $ —
} . ] } q.] ]
0 B L 111 | L 111 | L 111 | L 111 | L 11 1 | L 111 | | 1 | | L 11 1 | O B L 111 | L 111 | L 111 | L 111 | L 111 | ?I | 1 | | I@ | | L 111 i

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

Npart Npart

Y(1S) appears to be suppressed stronger than one would expect
from the Y(2S) and Y(3S) suppression alone (feeddown)
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Summary/questions guarkonia

= [wo main effects discussed in A-A collisions

» Suppression due to color screening in the QGP

» Regeneration of quarkonia for sufficiently large numbers of deconfined ¢ quarks

= /snn dependence of J/U production consistent with regeneration picture
(at RHIC and, more pronounced, at the LHC)

» However, need stronger constraints on initial number of charm quarks from
hard scattering

= What is the appropriate description of the J/ regeneration”
= Does the melting scenario hold for Y production at the LHC?
= Can vields of Y states serve as a QGP thermometer?
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8. Thermal photons and lepton pairs



The role of direct photons in heavy-ion physics

= Escape medium unscathed

T=1.2fm/c T=4.] fm/c

= Produced over the entire
duration of the collision
(unlike low-pr hadrons)

» Test of space-time
evolution, in particular of
the hydro paradigm

= EXperimental access to
initial QGP temperature (7)

QGP photon rate ry (lowest order):
dr. E, T
5 d3p k2

C

2 _—E,

X aas ‘e /Tlog

Total emission rate:
4
fy OX T
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A complication for the temperature measurement:
Slueshift due to radial flow

3
T E d nyoce_ ’Y/Teff
Y d3
N/ Y~ Py
= —>
1+ 6f|ow
d | A Tefr = x T
1 — 5f|ow
0.50 C. Shen, U. Heinz, J.-F. Paquet, C. Gale, PRC 89 (2014) 4, 044910
| ~ Daseline - /’// 2 for /BﬂOW:O.6
0.45} © © photon spectrum w. equilibrium rates " .~
® ® photon spectrum w. viscous rates e 60@“
0.40F — equilibrium emission rates & @@oﬁo
>
O 0.35} | |
< = | arge blueshift at late times
> when T ~ 150 - 200 MeV

v 0.25
—

= Extraction of initial
temperature from data
requires comparison to
(hydro) model

0.20f
0.15¢

0.39700.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

T (GeV)
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Known and expected photon sources
IN heavy-ion collisions

Photons in A+A

rd N

Direct Photons Decay Photons
/ J/ \ \ (M°>vy, n—ovy, ...)
hard Preequilibrium thermal Jet-medium interaction

/N /N /N

direct bremsstrahlung/ QGP Hadron gas jet-y- medium induced
fragmentation conv. Yy bremsstr.

Ydirect -— “incl — “Ydecay

Small signal (O(10)% or smaller) at low pr (1 < pr < 3 GeV/c), where
thermal photon from the QGP are expected
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Feynman diagrams

q Y q Y q q
\\‘J/ \\// Y
QGP: @ ® ©
8 q q 8 q q
A Y nt Y

Hadron gas:
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The Statistical Subtraction Method

= |dea: Cancellation of uncertainties common to photon and m® measurement

1

“Ydirect — 7Yincl — "Ydecay — (1 — R_) * Yincl
Y

R’Y: “Yincl — “Yincl /’Ydecay

0 0
“Ydecay M aram T

/ param

measured decay photon calculation

= \Which uncertainties cancel (partially)?
» Calorimeter: global energy scale, energy non-linearity

» Photon conversions: conversion probability, photon selection

= Method pioneered by WA80/98 at the CERN SPS

» WAO98 made the first direct-photon measurement in A-A
» Interpretation at SPS energies difficult (initial state effect or QGP photons?)
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Direct photon excess in Au-Au at /snn = 200 GeV

1.6}
1.4}

1.2} 1
0-20% }

c) | | |
% PRL 104, 132301 (2010) |

1.0

1.6

1.4}

1.2}

1.0

PHENIX, arXiv:1405.3940

conversion method

f;iéﬁﬁé 9%{ {

vertikal photon method |

(b)

¢ Present data

l,_-\;7 . “Yincl

“Ydecay

= [wo experimental
techniques

» Virtual photons
(y* — e*e),
extrapolated to
my- =0

» Photon conversion
combined with m®
tagging using e.m.
calorimeter

s 20-25% excess In
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Direct photon excess in Pb-Pb at the LHC

" 0-20% Pb-Pb VS = 276 TeV | i
| @] ALICE i
. —— NLO pQCD PDF: CTEQ6MS5 FF: GRV i
15— 71 JETPHOX PDF: CT10, FF: BFG2 " —]
— JETPHOX nPDF: EPS09, FF: BFG2 S _ RpQCD L 1 _|_ N fYPQCD
- (allscaled by Noy)  —(Z] ol gm . ~ — coll
: II o O = : ,ydecay
10— T s —
] | ] . calculated based
| 20-40% Pb-Pb |s,, = 2.76 TeV | d 10 "
[+ ALICE i measuredad 11~ spectrum
| — NLO pQCD PDF: CTEQ6MS5 FF: GRV i
1.5— 71 JETPHOX PDF: CT10, FF: BFG2 | N -
~ JETPHOX nPDF: EPS09, FF: BFG2 - :
B (all scaled Qy N COII) ¢ + . I 7] - pQCD ag rees Wlth data for
1 _0__ -] o [elele]t _’____ _________ - _ _______________ B ,O T= 5 Ge\// C
. , ] - = Fvidence for an additional
40-80% Pb-Pb s, = 2.76 TeV i
- 40807 PO PO V=276 Te ) ohoton source at lower pr
. —— NLO pQCD PDF: CTEQ6MS5 FF: GRV -
1.5— 1 JETPHOX PDF: CT10, FF: BFG2 _ |
- JETPHOX nPDF: EPS09, FF: BFG2 -
- (all scaled by N_,,) ]
1.0— |
i i ALICE, Physics Letters B 754 (2016) 235
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The direct photon puzzle
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Plots: Paquet et al.,
arXiv:1509.06/38

= Au-Au at RHIC

» Models fall to
describe direct
photon data

= Puzzle has two
parts

» Yields
> Vo
= Pp-Pb at the LHC

» Similar trends

» However, No
puzzle with
current
uncertainties
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Dileptons: Motivation

hadron gas
= | ike photons, negligible final state interaction

JU
= Search for in-medium modifications of vector \ p*
mesons (Mee < 1 GeV)

AN

» 0 can decay in the medium T
(Tovacuum =~ 1.3 fm/c < medium lifetime)

» Broadening of the p In the medium,

relation to chiral symmetry restoration? quark-gluon plasma

= Thermal radiation from the QGP and access to q C
early temperature? (Mee > 1 GeV)

= Constrains space-time evolution

= Pioneering measurements by CERES a er
at the CERN SPS

» Di-electron excess for mee > 200 MeV
» Hints towards modified p meson in dense medium
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QGP temperature via dimuons NAGO,
Eur. Phys. J. C 61 (2009) 711

at SPS energies? Eur. Phys. J. C 59 (2009) 607

Slope of dimuon mr spectra: Hadron
gas + flow for M < 1 GeV, non-flowing
partonic source for M > 1 GeV?

Temperature via dimuon mass
spectrum: unaffected by radial flow

— 350 |
] > 1 NAG60 In-In '
6l In-In chhfd'l]}Sﬂ foh) ) dimuons
107F s | dN,/dn>30 ‘
: - S LMR N
- v excess dimuons 30:9300_ .................................. ............. R ............................... .LMR,W/ODY .......... |
- ¥ Renk/Ruppert — ] T

107F * Hees/Rapp I 1
';,:;- E % Duslin g [Zahed 250 «’ ................................ . hadrons(n,1],p,m,¢) L
108 1
E 200__ +++ ............ ..... + ...................................................................... -
: ‘: : °
10°

(d°N,,/dndM)/(dN _ /dn) (20 MeV)™

15&: .................................. ................................ e .................................. .......... :_
T=205+12 MeV

I 'IIIIIII|'

_1|}lIIlllIIJlJllIJllllJlll::.-f"
1070 0.5 1 1.5 2 25

M (GeV)

. 100 . | .
0 15 2 25

M (GeV)

dN/dM x M3/? x exp(—M/T) Tert = 200 MeV for M > 1 GeV consistent
for M >1 GeV with slope of mass spectrum!
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Summary/questions thermal photons and dileptons

= Direct photon puzzle

» Measured yield and vz above state-of-the-art hydrodynamic calculations
at RHIC (while these models nicely fit hadronic observables)

» Similar trend at the LHC, but no puzzle with current uncertainties
= \Where is our understanding incomplete”

» QGP and hadron gas photon rates incorrect?
» Modeling of the space-time evolution?
» Strong pre-equilibirium photon production and flow?

» Exotic new photon sources”?
> ...

» Something on the experimental side?
= Di-electrons and di-muons

» Point to modifications of the p meson width in a hadron gas
» Di-muons at the CERN SPS seem to indicate Tagp = 200 MeV
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Final remarks

= QGP formation in heavy-ion collisions considered to by established
» Hydro models with strongly-coupled thermalized partonic phase
(i.e., a QGP phase) nicely describe a wealth of data
» Self-consistent description on a hadronic level conceptually difficult

= Next steps

» Characterize the medium in more detalil

- In particular: Establish connections between observables and quantities calculated
from first QCD principle (example: g-hat from lattice QCD)

» Establish QCD phase diagram
» Establish/disprove QGP formation in small systems (e.g., pp)

= Connect to other physical systems (e.g. ultra-cold atoms) to better
understand universal aspects of the underlying physics
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—xtra slides



Two-Particle correlations in pp collisions

ATLAS, 1509.04776

ATLAS o.5<p_j’b<5.o GeV  ATLAS o.5<p_'j‘:b<5.o GeV
\s=13 TeV : 10=<N gi0<30 \s=13 TeV

108 LN \\\\\\\\\}'// R

NN /N
L R A( »"v “w “4 7'
RN
ORGAN
\O&s

C(An,Ad)
C(An,Ad)

.
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Charged hadron pr spectra in pp and Pb-Pb at the LHC

Pb-Pb \/s,, =2.76 TeV

arxXiv:1012.1004

—— scaled pp reference
o 0-5%
o 70-80%

P, (GeV/c)
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Strangeness enhancement: Centrality dependence

) relative to pp/p-Be

part

Yield /(N
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ALICE, arXiv:1307.5543v3
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Data on Strangeness Enhancement

?, - v v NA57, nucl-ex/0601021v2
8 B part / Pb—Pb part p—Be -
CU 1 1
< o
C L
LL
10 — -
B 53
.
1 o e S e
- A = A = Q +Q°
I |
Particle

Similar enhancement in Pb-Pb using p-Pb or p-Be as reference
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Deconfinement and chiral transition on the lattice

figures taken from hep-ph/0509068v1

0.3 ——— 06—
0.5~ :
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0.3+
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0 | | | 0 |
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B B
Polyakov loop chiral condensate
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vo In pp collisions: CMS vs ATLAS
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o/t and K/1t Ratios vs. prin pp and Pb-Pb
ALICE, PLB 736 (2014) 196
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Strong increase of p/mt ratio at pr = 3 GeV/c in Pb-Pb:

due to

radial flow alone?
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