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.1 — Foreword : the PhD question

e QGP, physics of « ultra-relativistic heavy ions » 7!
the $100 question of any PhD student in turmoil.

- WhoamI?

Here, Nuclear physicist or Particle physicist ?
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.1 — Foreword : the PhD question

e QGP, physics of « ultra-relativistic heavy ions » 7!
the $100 question of any PhD student in turmoil.

- WhoamI?

Here, Nuclear physicist or Particle physicist ?

o 1% attempt :

Let's analyse the wording ... a) « ... heavyions... » = nuclear physics ?
b) but we sit at the LHC = particle physics ?
— Clueless
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.1 — Foreword : the PhD question

e QGP, physics of « ultra-relativistic heavy ions » 7!
the $100 question of any PhD student in turmoil.

- WhoamI?

Here, Nuclear physicist or Particle physicist ?

o 1% attempt :

Let's analyse the wording ... a) « ... heavyions... » = nuclear physics ?
b) but we sit at the LHC = particle physics ?
— Clueless
Aristolle ...
Diogenes ...

Jmmanuel fant . ® 2" attempt : resort to philosophy textbooks.

- Friedrich Nietzsche 4,k Nopis
Dlato ...

Jean-Paul Sartre ! » « The other holds the secret of what I am ... »
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.2 — Foreword : a sort of answer ...

Jumping-off point :
ask your PhD supervisor

WWW.PHDCOMICS. COM
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.2 — Foreword : a sort of answer ...

Jumping-off point :
ask your PhD supervisor

Long-standing inquiry,
that could boils down to 2 examples :

\ORGE CHAM © 2010

WiWW, PHDCOMICS, COM

1. Another PhD student, in nuclear physics, every day at lunch time :
"But you're just a particle physicist !"
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.2 — Foreword : a sort of answer ...

Jumping-off point :
ask your PhD supervisor

Long-standing inquiry,
that could boils down to 2 examples :

\ORGE CHAM © 2010

WiWW, PHDCOMICS, COM

1. Another PhD student, in nuclear physics, every day at lunch time :
"But you're just a particle physicist !"

2. LHCb member in a conference :
"It may be difficult for you, nuclear physicist, to do particle physics !"
(Looking at me, as serious as one could be, no tongue in cheek
but with a bit of compassion ...)
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.2 — Foreword : a sort of answer ...

Jumping-off point :
ask your PhD supervisor

Long-standing inquiry,
that could boils down to 2 examples :

\ORGE CHAM © 2010

WiWW, PHDCOMICS, COM

1. Another PhD student, in nuclear physics, every day at lunch time :
"But you're just a particle physicist !"

2. LHCb member in a conference :
"It may be difficult for you, nuclear physicist, to do particle physics !"
(Looking at me, as serious as one could be, no tongue in cheek
but with a bit of compassion ...)

- Well, ...
If everybody disagrees, it may somehow mean that you are kind of ... unique !
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Outline

A. - Quark-Gluon Plasma on paper :
|. Standard Model
ll. QCD
. QGP

— Pause : Questions —

B. - Quark-Gluon Plasma in practice :

V. Heavy-ion collisions
V. Parentheses : « pp vs. AA » or « from pp to AA» ?

— Pause : Questions —

C. - Experimental Signatures
VI. Strangeness (...)

References : VII. Quarkonia suppresion (...)
— arXiv hyperlinks throughout the slides ... VIII. Hydrodynamics
+ http://cerncourier.com/cws/article/cern/46055 IX. Jet hi
+ http://en.wikipedia.org/wiki/Quark-gluon_plasma . Jetquenching

+ http://public.web.cern.ch/public/en/LHC/Facts-en.html
+ CERN, Summer Student Prog. https://indico.cern.ch/conferenceDisplay.py?confld=91704
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+ Part. Data Gr.

cpepweb.org

.1 — Std Model : matter panel

ldea :

Physics of matter
at its most fundamental level

galaxy
10%' m

— diptych of Standard Model

Mass

GeV/c?

¥  Leptons spin =1/2

Electric
charge

¥ Quarks

Approx.
Mass
GeV/c?

Flavor

Electric
charge

1 W gest, (0-0.13)x10° 0 W w 0.002 2/3
@ electon  0.000511 ~1 || down 0005 173
N macire o+ 1(0.009-0.13)x10-9| 0 ©) chamm 1.3 2/3
4 muon 0.106 -1 | | (@ strange | 0.1 -1/3
W, heaviest i -9
Y nedioox | (0.04-0.14)x10 0 &) o 173 213

7 g = y \@ bottom 4.2 -3

Matter and its interactions = intertwined.
A particle that interacts = a particle that is observable.

~ DNA

B 108 m I nucleus

£ W, g
matter e =i
10lin &

o quark -
5 Tl <1018 m
Stable familly ...

How to recreate the unstable elements ?
Natural ways (cosmic rays) [
or artificial ones (colliders) IS

Key : E = mc?

— How can one speak about matter for a particle, if it does not interact ?
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http://www.cpepweb.org/cpep_sm_large.html
http://pdg.lbl.gov/2011/tables/contents_tables.html

.2 — Std Model : the 4 interactions

A. Gravitation

B. Electromagnetism

— light, atom formation (electrons),
whole chemistry (!), force of frictions, magnets,
information information technologies, ...

— Attraction of
massive bodies.

D. Strong force

— Cohesion of nucleus
cohesion of quarks.

— Radioactiviye,
role in the core of the Sun, ...
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|.3 - Std Model : interaction panel

// Strong (color) spin =1 A

Bosons 1. Strong interaction e | Eroc
; NET ) ectric
convey the interactions ... gluons - GeVie? | charge

Intensity : 1 | (g} 0 0

N

x._ gluon
e [l [l L]
2. Electromagnetic interaction
A& ) [ ~ | S photons
Vi &y 4 Intensity : = 1/137
A Unified Electroweak spin =
Mass Electric
GeV/c?2 | charge
. . 80.39 1
3. (Electro)weak interaction W
4. gravitational interaction W-, W+, Z0 w 80.39 +
. W bosons
graviton Intensity - < 10°% Intensity : =10° | ZY 91.188 0
\ Z boson /
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http://hasylab.desy.de/images/content/e8/e76/index_eng.html

1.1 — QCD : basic rules

Charges : 3 colours = red, green, blue + anti-colours

Key feature 1: quark confinement
« no isolated quark » — obligation to be colour neutral !

H A D R O N S Ac 1:11] l'L1|]:.:;EB-H"“-.,‘___“

= /
— )

9€0Z 1 z0/rel-day/sqe/Bio Aixie//:dpy

/ \
BARYONS MESONS

Valency quarks : Valency quarks :
90,0, With 3 colours q,q, with 1 colour

or g,9,d, , with 3 anti-colours + 1 anti-colour

About PDG Downloads Resources Non-PDG Databases Contact Us

News The Review of Particle Physics

The 2011 web edition of K. Nakamura et al. (Pamcle.Data Group), 1. Phys. G 37, 075021 (2010)
Particle Listings, and 2011 partial update for the 2012 edition.

Summary Tables, and

pdglive is now available.

The Reviews, Tables, and pdglLive - Interactive Listings
Plots section will be
2 . Summary Tables

updated in late 2011.

Reviews, Tables, Plots (2010)
Particle Listings

From the 6 elementary quarks — > 200 existing hadrons .. || mcmee o=

Figures in reviews Archives

Atomic Nuclear Properties Astrophysics & Cosmology
HEP Papers People Institutions PDG Outreach

Funded By: SPIRES HepNames  SLAC database  Particle Adventure

USHOE arxiv.org PDG list cPeEP

art. Data Gr ap.9 - us e
. - . CERN Documents History book
.....
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http://pdg.lbl.gov/2011/reviews/rpp2011-rev-qcd.pdf
http://arxiv.org/abs/hep-lat/0212036

1.2 — QCD : confinement

e The potential of strong interaction rises with the distance !

(different from gravitation, from electromagnetism ...)

Phenomenological E = mc?
approach : Adao.he | 00000 @ N
V;(gt?D . mgt S —i— A‘?‘ " ......... ‘ ..............
3 7 @ W0 —
~ coulombian at small / _ \ _ ON | oM |
distance (d ~0.1 fm)  ~ like a spring |

at larger » fragmentation
distance
o \Why?

— 8 gluons do carry a colour charge (rg, rb, gr, ...),
so can interact together

but also

Quarks & Leptons

by F. Halzen and A. D. Martin v b Note 1 : quite # from photons

in QED ...
_ Note 2 : gauge Group = SU(3),
= non-Abelian gr. ...

“
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I1.3 — QCD : confinem!/ run"e coupli"® const.

The potential of strong inter. P = 4aghic e
rises with the distance ! QCD— —g37 . A
= — 1A non-perturbative e Why?
I http://arxiv.org/abs/0709.4426 | regime
0.2 [, i : 9 — 8 gluonsdocarrya
N » HERA combmation § (ex : LQCD) colour charge (rg, b, gr, ...),
j i (hep-ex/0306033) so can interact together
015 [ ii i i
e 1| perturbative Consequence :
i o, (M) = 0.1189 £ 0,0010 ] regime running of the Coupling
01E I[IE' Bethle, hep-elt.'ﬂﬁﬂﬁﬂ.ils} g i
. - o0 . (pQCD) constant, a,...
(b) ESf (GeV) T~
< — R
Large distance ... Small distance Towards asymptotic freedom ...
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http://arxiv.org/abs/0709.4426

lll.1 — QGP : confinem!/ asympt. freedom

v 192 | ~ —EFﬂ- +Kr- b type 1_/,-»";.:&‘59
e Deconfinement | o L
,, ' Typical potential for a couple
Let'S imagine a partiCU|ar th|ng that 2 ® ; ) A q1/q2 confined within a hadron
is still white. ] — 2 __jwwmacr
/’: i type! 2
= QGP ! — s
S e R i
(/] electromag. plasma) o s on frue " (fm)
, Flie i ~ 0.9 fm
Let's imagine we bring hadrons
closer and closer type (17 : Confinement type | 2 | : Deconfinement
— confinement + screening ... ‘0 ® /@ g oo o o/ finc @
\ /L '-...\ / . o . N )
“m,___../ S .’/ ._ ® @ ® / o0 @
TN A e ®e¢%,°® o /i o
o0 - d "o

Continuous interactions of partons,
but free to move within a medium.

(Loss of indentity + memory ...)

State of surrounding nucleons :
L, inter-hadron distance

ap, nucleon radius

: | . ]

Critical threshold - L~ap
L= g~ (1.8/0.9)*. py ~ 8. py

~1.8fm
~ 0.9 fm

pp- typical nuclear density  ~ 0.17 nucleon/fm?3

Tuesday, July 12" 2011
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1.2 - QGP : phase diagram

New phase predicted

Tc ~ 170 MeV pewwpror 0\ |LQCD calculations ...
d el Confinement 2003
~2.5x10"”? K
(to be compared with T T
o s = phase of partons
., in the core ...) .
B deconfined
7 and
_ pﬁﬁﬁordia\ Quark-(j‘:luon Plasma thermalised
% se (10°9)  AcdgEed (intern. thermodyn. eq.)
. OIS — S
- ";?}W-". RHIC o — B
o 150 -+ Hadrcr‘fic as 14 l 1 =
aé‘ P : 3 . x 3 3
® ool "HY 127 x X X X 1 <
o E I";._,:-\ K 10 | ) ) LHC | (3
Neutron Stars 8 I 3 flavor —— 18
\ "Solid" state i Sbs 2 flavor @
"Ordinary" state T il 6+ “2+1 flavor” % =)
i \8%8% | Net baryonic density 0 flavor 3
1 | | | 5 f | 8 (normalised, d/dg) 4 ] g
| 2 1R
H arsc rog. | neor. S.ou . o
denSIty ~ 1 _2 X 1 018 kg/m3 0 ) IF.K h, P gTh Phy SL ppl. 1563 (2004}) 106 5“
(Kheops pyramid in a pinhead) 100 200 300 400 500 600

T (MeV)
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http://arxiv.org/abs/hep-lat/0401031

1.3 — QGP : the 2 infinities

Light nuclei Protons and neutrons Quark and gluon plasma
Noyaux [égers Protons et neutrons Plasma de quarks et de gluons

e ad Inﬂu!rm of the
Limiverse.
L différenchetion des forces
o #Mn- il mmgw aual provogee |l.

toeic rncler

/P—ralans &
and nesirons ‘
§ link themselves
AR parkens M dbsaieael paly phdives reaidia, w
“|‘"”" !Dge!ﬂer!db Tonz b et ! dlrpa, el e peioes nayisert .

ahions liek
T, /' themiselves together

Les protons et ke .
meutrons se Nemt et . M,
forment has ROpaNY L. B - z
I TEOTIHTHES. (uarks amd .

- . to form protons and
Nh’tf"ﬂ.’ls

Ltecarons are . -'Ff .
T
Lex Aectrom o ey A skmorsens ot riemettunt
EETIOrT DTN YT PR LT R

£ L
-
9% of act il atter b onosted. ?5

5 dher AT achaeli oo ol

[
e Franng,, _i"'-, .
.
- .

MO Secaid

L ODONNINE sevande !

o .-" .
""" FRT—

i provan

. AP oRen ARG

ArAaa dRpATIAT

I procau ¢ ! e
. i

At sl
cpas dhakur

© ALICE, CERN




Part B

@
O

In pract

QGP

Pb+Pb @ sqrt(s) = 2.76 ATeV
2010-11-08 11:29:52

Fill : 1482

Event : 0x0000000042B1B693

Run : 137124




IV.1 — Heavy-ion coll. : Bjorken scenario

@
£y . Free particles
= A

t~ 20 fm/e

Hadronic gas

Mixed phase

— Remark : P Pre—equilibrium

No such thing as a live vision !
but always, an observation based
on remnants from

the past Temperature
i I
|
(NB : phys_lcs ~102%s Texitial? _ =~ Hadronic gas —|
/ electronic readout > 10-'? s) # 0N gel ey e R ons - -
| / | e RN OV T : ree hadrons
Tchemical ' | T AN e PR o by
freeze—out R . T oy 0
N - - A
E::: 1 - ge
Tkinetic | =z T
freeze—out | | = :
| ; Time
= —QGP — == ——— Hadronic phase
m.l'Calf Elip fi
fre ez

Tuesday, July 12" 2011 Antonin. MAIRE@cern.ch — IPHC Strasbourg / ESC 2011 21/36



IV.2 — Heavy-ion coll. : facilities

PH

Al
)

RIS
ENIX

Tuesday, July 12" 2011

PDG (coll. params)

RHIC LHCT
(Brookhsaven) (CERN)
Physics start date 20 2000 2004 20012 20049 | 2010
Physics end date
Particles collided pp (pol.) An Au Cu Cn d Au p Fb Ph
Meaxamum beam 0.25 0.1 TeV /o 0.1 TeV /o 0.1 TeV fo 7.0 276 TeV/n
energy (TeV) 14% pol ’ ! i ! ' ! (3.5) (1.38 TeV m)
Lumino=ity o 85 (pk) 0.0040 {pk) 0020 (pk) 0.27 (pk) 1.0 = 104 1.0 10 ?
(1070 em—25~ 1) 55 (ave) 00020 (ave) | 00008 (awe) | 0.14 (ave) (170) (1.3 = 107"
Time: Lutween 107 107 321 107 2405 10.5
collisions (ns) (49490 (1347T)
Full crossing angle (j rad) 0 =z BN = 100 {0
Energy spread (units 1079) 0.15 .75 0.75 1.75 0.113 0.11
e : ’ o . ‘ 0.116)
Bunch length (cm) 55 0 0] a0 ?'.1.5.] ?._?-1.
(5.87) (5.83)
Beam radins - . 16.6 1549
{ T 5 4 1
(10— m) A 1 H : (45) (45)
Froe space at 1 I8 98
interaction point (m)
Particles per bunch 7 45 d: 10 11.5 e
(units 1010) 1 0.12 0.45 N & 0.007
Bunches per ring - - 2808 502
PET Species H Hi A - [T (62)
Circumference (km) 3.834 26.650
Interaction regions & total, 2 high & 2 ]Jig:;l = 1 dﬁ]igﬂlﬂi
} {2
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http://pdg.lbl.gov/2011/reviews/rpp2011-rev-hep-collider-params.pdf

IV.3 — Heavy-ion coll. : RHIC & LHC

"arge -adron ollider

-"CostS‘ 350 M€ ‘
Pers. : ~ 3000

f“Aés‘-’

Vel s




( ppand AA)



V.1 — pp vs. AA : different physics ?

G(H*) = 1 fm O (Pbe2*) = 7 fm

4>
<

ptp(lH) g ®

® »

Pb+Pb( 3, Pb )

CMS i CMS Experiment at LHC, CERN

j| Data recorded: Sun May 23 07:22:37 2010 CEST =z
! Run/Event: 1360886 / 36977523 |L.‘L‘9--;
5. Lumi section: 374 : A

Oroit/Crossing: 97891214 / 201 /4,-- 1 =
: i . p
i
y B /

CMS Experimanl al LHE, CERN
Data raconded: ion Mow 8 11:300:53 2010 CEST
Run'Event 150431 ! 30470

Lurni saction: 173

VS, = 2.76 TeV

At the same VS, the question is : (Notes -

(p+p) x 207 = 1 x (Pb+Pb) ? 1. the “NN” — VS < 570 TeV

2. the achievable energy density )
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V.2 — pp vs. AA:

p+p, Min. Bias

Tuesday, July 12" 2011

p+p, High Multilplicity

- @

® »

- @

o »

Pb+Pb, low centrality

Antonin.MAIRE@cern.ch — IPHC Strasbourg / ESC 2011

continuum of physics ?
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http://cdsweb.cern.ch/record/1305398

V.3 — pp vs. AA : multiplicity

http //a erV I’g/abS/1 01 1 . 391 6 lanl.arXiv.org > nucl-ex > arXiv:1011.3916

Nuclear Experiment o A
____________________________ o . > S | | < 1 http://arxiv.org/abs/1011.3916
NET SN (SOOI ... ». NS r] Charged-particle multiplicity density at mid-rapidity in central
- HLING 2.0 [5] Pb Pb P
-Pb collisions at sqrt(sNN) = 2.76 TeV
™ DPMJET Il [8] q ( )
- Albacete [7] The ALICE Collaboration
—— Levin et al. [8] (Submitted on 17 Nov 2010)
Kharzeev et al.
ot 1= The first measurement of the charged-particle multiplicity density at mid-rapidity in Pb-Pb collisions at a centre-
— Kharzeev et al. [9] of-mass energy per nucleon pair sqrt{(sNN) = 2.76 TeV is presented. For an event sample corresponding to the
—— Kharzeev el al. [10] most central 5% of the hadronic cross section the pseudo-rapidity density of primary charged particles at mid-
B 121 Armiesto et al. [11] rapidity is 1584 +- 4 (stat) +- 76 (sys.), which corresponds to 8.3 +- 0.4 (sys.) per participating nucleon pair.
Eshola et al. [12] This represents an increase of about a factor 1.9 relative to pp collisions at similar collision energies, and about a
B N .. . LS factor 2.2 to central Au-Au collisions at sqrt(sNN) = 0.2 TeV. This measurement provides the first experimental
L] Boazek et al. [13] constraint for models of nucleus-nucleus collisions at LHC energies.
Sarkisyan ot al. [14]
Humanic [15] Subjects: Nuclear Experiment (nucl-ex)
. 2[;00' = Cite as: arXiv:1011.3916v1 [nucl-ex]
dN,/dn

|
|

pp NSD UA1
pp NSD STAR

@ PbPb(0-5 %) ALICE A pp NSD ALICE ! : :

S rronas PR e ol http://arxiv.org/abs/1012.1657 o 4#° —4
A AuAu(0-5 %) BRAHMS -+ pp NSD CDF 3 ﬂ:#':’ ¢ C’#

* AuAu(0-5%) PHENIX ¢ pp NSD UA5 oc 213 - o hed ?

1 AuAu(0-5 %) STAR » - b

A J o

7
AuAu(0-6 %) PHOBOS <

- 0 Pb-Pb2.76 TeVALICE © Au-Au 0.2 TeV

(dN/dn)/(( Npan>l2} \ Syy = 2.76 TeV
=9
il
(dN/dn)/(« Npa rt);'2) \ Sy = 0.2 TeV

III|IFI|III|III1III|II

T
*
&
Lo b b b b
]

) * pp NSD 2.76 TeV 1
2 B
. a # pp Inel 2.76 TeV

http://arxiv.org/abs/1011.3916 ]

0 | 1 | ,J,,ll L 1 1 l,lll] i i L 4 i n| i I 1 |1[|)01 1 1 1260| I 13601 L 1 1460
3
10? 10 \ Sy (GeV) ( Npar[>
ALI-FUB-15 ALI-PUB-8812
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http://arxiv.org/abs/1012.1657
http://arxiv.org/abs/1011.3916
http://arxiv.org/abs/1011.3916
http://arxiv.org/abs/1011.3916

V.4 — pp vs. AA : thermal models

|
Temperature I
A |
L
' - :
Teritical 7 ., I - Hﬂdm‘mc gas —
# P ne y = Free hadrons ——=
Tchemical ~ | -l b \D vy
freeze—out g.i : ‘ 1 : .
=~ ' P4
5 [ h| - (
Thanetic | ) | .
freeze—out | | T
| ! : Time
T ] T
=-—QGP — "~ — Hadromc phase

i Cr &my, kf-'"i‘f_-? ;
ica lic: f,
| frea: Geza_
. e‘fe“‘ouf @ oy

Key : Grand-canonical formalism

(equilibrium, conservation of all quantum numbers, ...

2 free parameters :
Baryo-Chemical potential

+ Température at the chemical freeze-out, T,

— T ~TC

MODEL

Tuesday, July 12" 2011 Antonin. MAIRE@cern.ch —

Statistical thermal models :

description of the system at
the chemical freeze-out
i.e. system # QGP !
but a gas of hadrons in equilibrium

(Fit to the data : rate of production
and ratios between patrticles)

1T 117 17 17 1T 1T 1T 17T 1T T T T1
~ot- s, =200 GeV

;
t
|

P |

(9002)291:222¥ SAud’1onN

-1 [ZoNro N
0

=y

b

_O_

A

—_—

o

T T

O STAR

0O PHENIX o
A BRAHMS oL
T=160.5, Hb=20 MeV

¢ IR T=155, u, =26 MeV —
N I Y A Y O A B
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http://arxiv.org/abs/nucl-th/0511071

Pant G . I




Vi.1 - Strangeness :

Historical signature :

= Gluon fusion : gg — ss

from Rafelski & Muller, Phys.Rev.Lett 48 : 1066 (1982)...

Experimental results :

But # “smoking gun”

“strangeness enhancement”

enhancement ?

Q QL
oM . m T
o v Inclusive p = ) e TP ]
(=] Q
o |Oep a |Oom=s Tl
(=R (=R = A T
910_D nE %_(— 910‘ A Q4T JE J‘—__
2 ot g -
E %iif_ﬁ ]
s & ? ;2 ﬁ |
H T1 i T
S z I = 18 ]
z 8 k3 108 |
P %iﬁ-? B
Tyvie T Yo
(@ 2y o2
:
III| 11 I L1111 1 IIIIIII| 1 IIIIIII| L1111
1 10 107 N 1 10 10% Npg

NAS7, STAR

— complex phenomenon,

leading to long-standing debate
a. Normalisation to pp, pA
b. Centrality dependence
c. Canonical suppression,

(ex.:

@ Need proper study of the benchmark system : pp ...

Tuesday, July 12" 2011

)

@ S quarks seem thermalised as u,d quarks

— Sbelong ¢ .|
to bulk -

physics ... 1}

10

10 ¢

T T 1 I T T 17T T T 1T 1T T T T1
; e Vsy=200 GeV 3
3 o S
D"‘___L—J___ (|\
o STAR 1
= O PHENIX o =
F A BRAHMS - o
[ —— T=160.5, u=20 MeV £
————— T=155, p,=26 MeV , ]
E L 1 1 1 1 1 1 1 1 1 1 I [ N I
TKpAZOQOKKDPAZQdds KA A”
TtK'p AZOQuU o rnpp KKAP
30/36
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http://dx.doi.org/10.1103/PhysRevC.77.044908
http://arxiv.org/abs/nucl-th/0511071

VIl.1 — Quarkonia : J/¥, Y... suppression ?

See also CERN, SSP https://indico.cern.ch/conferenceDisplay.py?confld=91704, lecture 2

Debye Screening

W B0 -~

> F —
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https://indico.cern.ch/conferenceDisplay.py?confId=91704
http://arxiv.org/abs/1105.4894

http://en.wikipedia.org/wiki/Elliptic_flow

VIil.1 — Hydrodynamics : 2 aspects

L |

-

;*W‘?ﬂ

2 manifestations :
J.Y. Ollitrault (1992), Voloshin (1
a. Radial flow
b. elliptic flow, v2

9_

10 -1, = I-1.=
£ . . 32fiic 4.0 e
Pb+Pb, b=7fm = 5\ r\,\;
M Rastay
| - http://arxiv.org/abs/hep-ph/0006129
T 15 O U SN S nw 8.0 fm/c
-10 -5 0 5 10 E
X (fm) £ ; BN ] 2N o
= —— |1+ 2v,cos[n(¢p—"T . (1
0 d*p Qﬂptdptdy( ﬂzzl " n(9 R}]) 1)
" where F is the energy of the particle, p the momentum, p;
the transverse momentum, ¢ the azimuthal angle, y the
“10] | s | rapidity, and ¥p the reaction plane angle. The reaction
10 -5 0 5 1010 -5 0 510
x(fm) X(fm)
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http://en.wikipedia.org/wiki/Elliptic_flow
http://prd.aps.org/abstract/PRD/v46/i1/p229_1
http://arxiv.org/abs/hep-ph/9407282
http://arxiv.org/abs/hep-ph/0006129

VIll.2 — Hydrodynamics : results

radial flow in most central coll.

PHOBOS: Phys. Rev. Lett. 89, 222301 (2002)

—
o
L]

Au+Au (central) calculations:

»

| Au+Au (central) data:

STAR: Phys. Rev. Lett. 86, 402 (2001) 1o B s PHENDS 2 0-10%]
Hydra KJID-5%] -10 STAR r* [5-10%]

STAR: Phys. Reuv. Lett. 90, 032301 (2003)

— —
¥ D

= === Hydrop[0-5%] x107

[NLD pCO] « T, [0-5%]0.2, n*

[NLD pQCO] « T, [0-5%]0.2, K « 107
[NLD pQCO] « T, [0-5%]0.2, p « 107

PHOBOS  [0-156%]
BRAHMS - [0-5%]
PHENIX K" [0-5%] 10
STARK' [5- 10%]x 10

STAR K [0-5%] »

PHOBOS K [0- 15%] x 107
BRAHMS K [0-6%] x 10
PHENIX p [0-5%] x 10
STAR p [0-5%] = 107
PHOBOS p [0-15%] x 10
BRAHMS p [0-10%] = 107

[>dbk W =08 @

lanl.arXiv.org > nucl-ex > arXiv:1011.3914

Nuclear Experiment

Elliptic flow of charged particles in Pb-Pb collisions at 2.76 TeV

The ALICE Collaboration
(Submitted on 17 Nov 2010)

d’N/(n dp2dy) (GeV/c)”
S L2

—
<
W

We report the first measurement of charged particle elliptic flow in Pb-Pb collisions at 2.76 TeV with the ALICE
detector at the CERN Large Hadron Collider. The measurement is performed in the central pseudorapidity region
(letal <0.8) and transverse momentum range 0.2< p_t< 5.0 GeV/c. The elliptic flow signal v_2, measured using

the 4-particle correlation ggthad

(stat) +/- 0.004 (syst) in tHe 40-50% centrall'tyr class.

0.2 near p_t = 3 GeV/c. COmmm
Some hydrodynamic model predlc‘uon

gaverse momentum and pseudorapidity is 0.087 +/- 0.002
he differential elliptic flow v_2(p_t) reaches a maximum of
BMsions at 200 GeV, the elliptic flow increases by about 30%.
ich |nc|ude viscous corrections are in agreement with the observed

increase. o 0.08 - f — - T —r .._
Comments: 10 pages, 4 figures 0.06 :_ + _: 10-?
Cnas,  avioirsstavs Iyitsen oot L ¥ 3 108
F ! il " ® ALICE . -9
s T few | 1% 1 2 3 4 5
_ : R S| p; (GeVic)
v2 in semi-central coll. 002 el o
oub | com | At low pt, quantitative agreement
005 *; e between data + ideal hydro model
0,08 sl sl ~ no viscosity, perfect fluid !
\[Syy (GeV)
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IX.1 — Jet quenching : no back-to-back

With QGP ...
In A+A

collisions

h-

hadrons /

W
q

I\
hadrons
h- Inp+p
collisions
No QGP ...

Tuesday, July 12" 2011

(1/Nj;f)d2Nﬁf/dndpr

R 44 (pr) — <

Parton energy loss
by gluon bremsstrahlung
in AA collisions

Neott) (1/NEY)d*NEY /dndpr
Like trying to run n:g LENN N [ Y I B LA B B -
in the middle of the crowd o AR S
(small mean free path ...) | T ¢ { _______ |2
here, ex. : n* | 1<
M@@ﬁﬁ% i 18
Exercise : consider the photon f 1o
case for Raa ... Expectations ? ~ 19
I _E
_3 1 E }J—I 10
http://arxiv.org/abs/nucl-ex/0306024 H ¥ ﬁ?ﬂ N o
E 4 . ’_l_, U e o
3 * AutAu central ] - * >
T o d+Au central STAR _ il
% ! a p+p ] 0‘1-——I 1 1 | A;‘_J | | 1 1 1 1 | | 1 1 I_
- ' 5 10 15 20
2.0. : ! p, (GeVic)
'g‘ I-| - ’ .- ] ALI-PUB-3135
b 4 i.'. .i.-.*.\_,*,l:*:'.*

" A¢ (radians)
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http://arxiv.org/abs/1012.1004
http://arxiv.org/abs/nucl-ex/0306024

Conclusions :



Conclusions

QGP physics = unique, ... (as the other fields of HEP can be !)

— concept, experiment, evidences ...

f A Soft Mechanism(s) at Fr'agme.ntaﬁon. and
| Dynamics of bulk I intermediate p.? I quenching of jets
s , ! Dynamics of hadronisation | Properties of the medium
3 Partonic I [
© equilibration I Hadronisation I Tomography
ge) processes time scales
O 0 | : |
=4 fo\} medium effects v
© | . I .
>
5 0 / /c? Pr
2-3 GeV/c 6-8 GeV/c:

Thanks to Boris Hippolyte, Christian Kuhn ...
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Appendices

App. A — Heating or compressing ?
App. B —2D,*He
App. C — Deep Inelastic Scattering

App. D — the « Black Hole » issue
App. E — Quark condensate + chiral symm.
App. F —the LHC machine
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Temperature (Mel)

A.1 — Heating or Compressing ?

Quark-gluon
plasma

250
200]
150]
100]

50]

Baryonic fluid s
0 T

EA
‘0 .
Q Compressing :
Q
= e .o
[ ] -
@ - - . . ay @
:':L.: 5 : - : E compression 4 ': -
8
[T 7 = "’ Q
o®
‘Te Heating :
T =0
nz= 0 . . a ™
H / e L g &
¢/ " 2 e I:D> . 'u."uo.
d : : énergie .; : i..J=
.. ‘I' .'i L
( Nq-"g )
~ volume
“B =3.u
¢ - Mparyons ~Mbaryons
B~ volume
\. v,
MNet Baryonic

£, noyaux
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B.1 — Anti-nuclei

ALI-PERF-4884

Tuesday, July 12" 2011

dE/dx in TPC (a.u.)

650
600
550
500
450
400
350
300
250

III]II

o 40 —:

- 33 W .
L - S —
- 30 J; =
- og | -
- Performance f =
L T 20 —
— 2010 1-05-18 -
= HE‘ 15} 7
5 10 ‘o -]
5 | —

ok T TN =

1 2 3 4 L G -

® o T (Geviich)

[ e -
- "He ]
— 20 L ] » =
- ey S -
= L DY o O
— Bethe-Bloch parameterisation '® 'r. [ L -]

=4

b—

PR R | PR

-k |11
L]

2 25 3 35 4
Rigidity £ (GeV/c)

a0l

Antonin.MAIRE@cern.ch — IPHC Strasbourg / ESC 2011

39/36



DESY

C.1—=D.LS. : sea of partons
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http://hasylab.desy.de/images/content/e8/e76/index_eng.html

D.1 — Black Holes

The Black Hole Case: The Injunction Against the End of the World
http://arxiv.org/abs/0912.5480

You stupid ! you have just used
the Large Hadron Collider,
haven't you ?

http://en.wikipedia.org/wiki/AdS/QCD
http://en.wikipedia.org/wiki/AdS/CFT_correspondence
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http://arxiv.org/abs/0912.5480
http://en.wikipedia.org/wiki/AdS/QCD
http://en.wikipedia.org/wiki/AdS/CFT_correspondence

E.1— Chiral Sym.

L = i yH (0 —1gA,)Y —m’mf;——F“,F”"
QCD = ! ’}’V( p ) 3 #1 = I .
1 2

In
M CONDENSAT a, a,
WO = i pOYp + 1P OYg POy o)
B¢
?na'u? = m(@ﬂ!_gwg + @ng D) 1.50 | .
<qq=>(T)/<qq>(T=0)
1.25
¢ In normal life, LOO | o f
exists a quark condensate 075} [ ?
with a non-zero value on average | .,
— The vacuum is not that « empty » ... 0251 i
~ quark sea N -
~ explanation of the dynamical 0 05 10 llf” 2
mass of the hadrons ... ) (d)

e |f chiral symmetry is restored (QGP ...) — The vaccuum is really « empty » !
SU(3), and SU(3), = 2 different worlds

Quarks are massless
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= Il. Accélérateur LHC



1.2 — La machine LHC: 14TeV 4s10-15%3m3

e Des accélérateurs :

il existe / a existé différents accélérateurs dans le monde ...
SIS a GSI, LEP au CERN, HERA a DESY, RHIC a BNL,
Tevatron au FNAL ...
— Tevatron = une des 2 machines les plus puissantes au monde
— collisions p-p a 1,96 TeV
— LHC = l'autre ...

e Le LHC en 1 chiffre :

Pour avancer en physique des particules, il faut désormais :
— collisions p-pa2x 7 TeV /
— collisions Pb%*— Pb%* a 2x 2,76 TeV

— 14 TeV = E__(moustique en vol) ...

T ——

Tout ¢a pour ¢a ?! Mais ... 14 TeV dans le volume d'un proton,
soit : E__(moustique en vol) dans V(moustique) / (10%)°

Antonin. v Bleuc#d ' @neargie siaisla densité d'énergie. 4436




11.3.. — La machine LHC : en 8 chiffres

Faisceaux de protons a 7 TeV impliquent ...

1. vitesse = 99, 999 999 1 % de c,

. longueur = anneau de 26,7 km de circonférence
. champs magnétiques = 8,33 T

. courant de bobine =11 850 A

. température =19K=-271,3°C

. pression = 10- 13 atm

. énergie stockee dans le faisceau = 346 MJ

collisions = 600.10° s

© N o o A WN
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11.3.c. — La machine LHC : courber ...

Faisceaux de protons a 7 TeV impliquent ...

Objectif : maintenir un proton de 7 TeV

3. Champs magnéﬁques = 8,33T sur une orbite de 27 km ?
4. courant de bobine =11 850 A =
ipo6le
5. température =1,9K=-271,3°C | Comment générer B ?
— | =RWE

bobine

Soit, et pour canaliser un tel courant ?
— bobine supraconductrice ...
Oui, mais a quel température ?
— T =

bobine

Et comment se fait le refroidissement ?
— hélium superfluide.

Tuesday, July 12" 2011 Antonin.MAIRE@ce



11.3.ce — La machine LHC : accumuler ...

Faisceaux de protons a 7 TeV impliquent ...

1. Faisceau =
2808 paquets, ~10" p/paquets
diam. =16,6 ym
L =7,595 cm

paquet

7. énergie stockée dans le faisceau = 346 MJ 2. Pertes tolérables ~10 mW/cm?®

8. collisions = 600.10° s 3. Pb : physique de la rareté

< 40 interactions entre les

2.10" protons des 2 paquets
en approche
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[11.5.. — Un détecteur : exemple d'ALICE

31 pays
111 Instituts
103 membres

dans

16x16x26 m?®
10 000 t
80 M€
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[11.5.. - Un détecteur : exemple d'ALICE

Situation
en
Aout
2003

L
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[11.5.c — Un détecteur : exemple d'ALICE

Situation
en
Juillet
2008
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[11.5.« - Un détecteur : exemple d'ALICE
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Les collisions noyau-noyau (A-A) ne sont pas toutes
“centrales”™ la zone de recouvrement des nucléons peut
varier... C'est cependant dans les collisions les plu
centrales que la densité d’énergie est la plus élevée donc
la probabilité de former un QGP...

®
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" |
oSyt A0

Le nombre de particules dépend de la centralité de la collision

(7))
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N — >

ALICE Vs, = 2.76 TeV %

_ participants S

Q.
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v : ‘\‘;
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elg g8 | 2 ] 4
dlelesie | o | o~
Higlg| 8| & | © % >
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Multiplicity
Nombre de participants (N_,.): nucléons dans la région de recouvrement

Nombre de collisions binaires (N, ): nombre equivalent de collisions
inélastiques nucléon-nucléon
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Institut Pluridisciplinair
Hubers ©

R Recombinaison / Coalescence vs. Fragmentation o/
T : : systeme dilué de partons
Hadronisation d’'un parton: fragmentation O virtualité élevée
Si 'espace des phase est rempli 0

systeme dense de partons

. virtualité basse

de partons: on peut envisager unes ©
hadronisation par ®ec

. . O
recombinaison / coalescence ° °

La fragmentation dans le vide de quarks ©
de haut p; est en compétition avec la
recombinaison dans le milieu de quarks & 107
de faible impulsion c\:l> 10
14,
@
a) 6 GeV/c pion avec 1x 10 GeV/c quark: fragmentation O] 10'; 7
b) 6 GeV/c pion avec 2x 3 GeV/c quark: recombinaison Q0 10:3
c) 6 GeV/c proton avec 3x 2GeV/c quark recombinaison é 13_4
= I
, % 107 sesyrrrsrnssrrril i
Mesures: Rapports Baryon/Méson % 10 T 2
Constituent Quark Scaling (e.g. v,) "’E 107 %7/ T
T 1 L L |1 Ty I
Corrélations avec contributions Soft+Hard B e=d 10
P, (GeV/c)

“...requires the assumption of a thermalized parton phase... (which) may be appropriately
called a quark-gluon plasma.” Fries et al., PRC 68, 044902 (2003)

Remarque: initialement invoqué pour décrire le devenir des fragments de faisceaux 2 x p.
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V. Grille de calcul



IV.1 — La grille de calcul : enjeu

&

1 MEGA : 108
. ~ 78 Mpx 1 GIGA: 10°
1 TERA : 10"

40.106collisi0hS/S><78.106octets 1PETA: 10

, e, 3.10" octets| .
o Atténuer la difficulté : ~ Octetsis 1 CD : 700 Mo

Se ramener a < 100 Mo/s, par expérience,
en période de prise de données
— ~ 10-15 Po/an,
= possible via une sélection grossiere, a la volée.

* 10-15 Po/an ...

A chaque seconde : CMS enregistre 100 Mb Pile de ~20 km
1CD/ 7 secondes de CD A
Chaque jour : CMS enregistre 10 To (10 000 Gb)
14 000 CD.j™

Or : 4 expériences sur le LHC du CERN ot
Production de 30 To par jour
Tuesday, July 12 2011 43 000-CDjjoursoit 3@ Chsminlrg / ESC 2011 55/36




IV.2 — La grille de calcul
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solution

Démultiplier,
Répartir la charge ...

— ferme de fermes de PC

T ¥

Tier-2 centres
(about 130)

o i
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