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Phenomenology
of nucleus—nucleus collisions

® Heavy-ion collisions: general issues

® A globalobservableanisotropic collective flow
» underlying physics: thermalization of the=diun®

# anot-so-trivial problem: measurirsgisotropic flow

® A hard probejetspropagating through theedium

» modification of thget shape



Why heavy 1on collisions?

Prediction of (lattice)QCD/ effective models:
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Experimental efforts

Brookhaven RHIC - 200 GeV/ GANIL < 100 MeV/u
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2008: LHC - 5.5 TeVi
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Heavy-lon collisions

In order to characterize thieediumcreated in heavy-ion collisions,
plenty ofobservablefave been proposed.

® “Global observableguantifybulk features in the collisions

Particlemultiplicity, abundanceatios,momentundistributions,
flow phenomena. ..

5~ naturally call formacroscopic concepts: statistical physics,
hydrodynamics, ...

® “Hard’ probesaddress thenediunzinduced modification of
processes known in elementary-particle collisions

J /1) suppressionets ..
5~ rely on moremicroscopic approaches
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Heavy-ion collisions:
bulk vs. hard probes
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Particles withhigh momentaare rare, but their production mechanism
IS apriori better understood (perturbati@D): can probe théulk
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Heavy 1on collision:
nydrodynamic description

(0) Creation of a denseja? of particles

(1) At some timery, the mean free path is much smaller thaall
dimensions in the system

= thermalization (), ideal fluiddynamicsapplies
(2) Thefluid expands: density decreasasncreasessysternsize also)

(3) At some time, the mean free path is of the same order asythiem
size:ideal fluiddynamicdgs no longer valid

“(kinetic) freeze-out
Freeze-outsually parameterized in terms of a temperafljrg

If the mean free path varies smoothly with temperature, istarscy
requiresit, < 1y



Heavy 1on collision:
nydrodynamic description

At freeze-outparticlesare emitted according to thermal distributions
(Bose—Einstein, Fermi—Dira®oostedwith thefluid velocity:

dN p”uf@/
F— =C | exp| — p"doy,
dgp > Tf.o. \

particle momentum

freeze-out hypersurface

Consistentdeal fluiddynamicspicture required; , < 1j
=3
ldeal-fluidlimit = small-1¢ , limit

IZ" one can compute thepectrunin a model-independent waysing
saddle-point approximations (or the steepest-descelangt

N.B. & J.-Y. Ollitrault, nucl-th/0506045

Similarly, one can obtain analytical results forisotropic flow. .
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Heavy-ion observable:
Anisotropic flow

Non-centralcollision: Initial anisotropyof thesource

(in the transverse plane)

= anisotropicpressure gradients,
larger along theémpact parametd?

ﬁp- o, : : .. :
= anisotropicemission ofparticles

i‘ ) . anisotropic (collective) flow
dN dN
F— [1+2v cos(@ — Pr) + 2vacos2(p — Pr) + ...
d*p "~ prdprdy 1 cos(g ) (@ )
“directed “ elliptic”

“Flow”: misleading terminology; does NOT impiuid dynamics
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Anisotropic flow:
predictions of hydro

Characteristic build-up time af; is /¢,
typical system siz&’ \speed of sound

® 1, /e constant across differenentralities O (;.
\system eccentricity .

® 1 roughly independent of theystem siz€ Au—Au vs. Cu—Cl)

® 1, Increases with increasirgpeed of sound,

® Massordering of thevs (pr) of differentparticles
(the heavier th@article the smaller its)» at a givenmomentun)
V4 1

® Relationship between differenirmonics S
(v2)? 2

...can be tested experimentally!
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Anisotropic flow:
out-of-equilibrium scenario

>/|:U|

. . 1
Theflow grows with the number of collisions per parti }\g
n

ﬁnoomplete thermalization
|

1 Kn!

® 5 varies with the number of collisions undergone by particles

IZ" v, depends on the system size
breakdown of thescaleinvariance ofhydrodynamics

Vo

V4 >1
(v2)* = 2

N

R.S. Bhalerao, J.-P. Blaizot, N.B., J.-Y. Ollitrault, Pl6B7 (2005) 49|
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Incomplete equilibration &
RHIC data

Experimental results seem to favor the out-of-equilibregenario:

w
~
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(1/S) dN_, /dy

NA49 Collaboration, Phys. Rev. €3 (2003) 034903

Scaling lawseems to work for RHIGIata(+ matching with SPS)
vo(Kn~t) increases steadily (no hintlatdro saturatioin thedatd
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Measuring collective flow

Complicated issue,, = (cosn(¢p — Pr))
...but theimpact parametdiand its directiond ) is not measured

® We showed that “standard” methods used to deterritmeare
unreliable

® We developed new methods, which allow the measurement of
unambiguous,, values

Original application of several tools of statistical plogsi
generating functioncumulantsLee—Yang zeroes

® These new methods have been adopted by experimentalists!
STAR, PHENIX,pHOBOS NA49, NA45, wags, ES95,FOPL...

Quantitativeflow physics is now within reach
N.B., P.M. Dinh, J.-Y. Ollitrault, R.S. Bhalerao, 2000-200
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Measuring collective flow

* v,1 —— With a new method

vy differs by about 20% ac-
cording to the method. ..

i ? 1 the new values are now com-
0.02— - — . . .
oot S I_— patible with well-established
L ..+ ..+ ... .11 physical constraints (symme-
0 01 02 03 04 05 06 0.7 08 09
N /N ax try)

+ 1st measurement of at RHIC

+ 1st determination of the sign of (positive) at RHIC
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Jet physics
In elementary collisions

In proton—(anti)proton o¢™ e~ interactions, one observgss of
collimated particles.

—

Thesgetsare perfectly described kyCD:

A jet = theshowermresulting from the successive emission of partons
(mainly gluons) by dast partonquark or gluon) as it propagates in the
vacuum.
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Jet physics
In elementary collisions

In proton—(anti)proton o¢™ e~ interactions, one observgss of
collimated particles.

W% Qg)'
QSSI Q'Qgg'
| >

Thesgetsare perfectly described kyCD:

A jet = theshowermresulting from the successive emission of partons
(mainly gluons) by dast partonquark or gluon) as it propagates in the
vacuum.
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MLLA : main ingredients

M odified L eadingL ogarithmicA pproximation

. . . 1 E;
Resummation of double- and single-logarithm$&in- andln AJet
£ eff
Intrajet colour coherence:
» Independent successivdranchingsg—gg, 9—qq, g—qg
o with angular ordering of the sequential partbgcays
at each step in the evolution, the 4
. &‘Q‘Q,Q_Q.U
angle between father and offspring S o
partonsdecreases > s S

# |Includes in a systematic way next-to-leading-order caiwvas
O(y/as(T)) !

® Hadronization through “Local Parton-Hadron Duality” (LB
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MLLA :
generating functional

Central object : generating functiong)[Q, ©; u(k)]

I~ generates the variousoss sectioné— ggg, — ggqq...) for ajet
coming from agparton: (= g, q, q) with energy in a cone of angl®

Zi[Q,0;u(k)] = e @Oy
/
Z/ d@ /dze §(Q,0)-w:(Q,0) 0482("“ 1)
-

X Pji(2) Z;[2Q, 0'5u] Z[(1 — 2)Q, ;4]
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MLLA :
generating functional
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Central object : generating functiong)[Q, ©; u(k)]

I~ generates the variousoss sectioné— ggg, — ggqq...) for ajet
coming from agparton: (= g, q, q) with energy in a cone of angl®

probability to have
Z ( w; (Q, @r no branchingwith angle< ©
between@ and®’
/
+ d@ dz@z (@, @’) wi (@, @) ) L
angular ordering -
J

X P]’L(Z) ][ZQv @,; ’LL] Zk[(l o Z)Qa @/; ’LL]
/

splitting functioni — jk 2Q : ki ~z2(1—-2)Q
o
Q>
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MLLA: limiting spectrum

The parton distribution in get with “energy = = In IS given by

Aeff\
Infrared cutoff

“Limiting spectrum’

. 4Nc e+100 d
Dhm<CIZ,T,Aeﬁc) _ T )/ 1%

— " "®(—A+B+1, B+2; —vT)

bB(B + 1 —i0co 271
with
AN, a 11 2Ny 11 2
A= B = - = —N.+—=%, b= —N.——N
b p CT 3N aE 3 ¢ 3
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Jetsin elementary collisions:
MLLA vs. data

dN

din(1/x) e"'e” - charged hadrons
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Jetsin elementary collisions:
MLLA vs. data

dN
din(1/x) e"'e” - charged hadrons
- ® OPALVs=91 GeV
6 * TASSOVs=14GeV
- —— MLLA K"=1.28
5 —— MLLA K"=1.46 q

Aeff:1253MeV
T

Good description of the data alsopp collisions (CDF...)
MLLA is reliable! even for larger)
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Influence of themedium:
the emerging view

pp collisions:

Fast partonslissipate their energy while traversing tine:diurn only
those created close to the edge can escape and emgege as
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Influence of themedium:
a possibility

® The hump of theimiting spectrumis mostly due to the singular
parts of thesplitting functions

® |n medium the emission ofoft gluonsby afast partonncreases

5~ One can modeiediunzinduced effects by modifying the parton
splitting functionsPj;(2). ..

... and especially thesingular parts

1 2(1 + fmed)

qu(z):§ 1~

— (14 2)

fmea > 0 = Bremsstrahlungncreases

N.B. & U.A. Wiedemannhep-ph/0506218
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Influence of themedium on
the parton spectrum

dN

din(1/x) Limiting spectra for a jet witlEje;=15 GeV
. in medium,f.=0.8
- -=--- invacuum
6
5
s e
31
2
1
””” 1
- &
1 2 3 4 X

Imeq fixed to reproduce? , « I redistribution ofradiated partons
high pr (largex) — low pp (smallx)
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Medium-induced modification
of the associated multiplicity

|deal case: photon jet
5~ photon giveget energyFEr

® Counthow manyjet particleshave a momentum larger than some
givencut P£" after propagating through theedium

N(PT Pcut)medlum

® For ajetin vacuumwith energyEr, the spectrum is known
= one knows (measurementyvacuum MLLA )

N(PT > Pjgut)vacuum

N Compare/\/(PT Pcut)me dium with N(PT > Pcut)vacuum
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Medium-induced modification
of the associated multiplicity

| N (Py = P&
1.2 N(PT = P—?-Ut)

in medium , Ejet=15 GeV ——

in vacuum

0.8
0.6
0.4
0.2

. P$ (GeV)

In the presence of aedium less particles foPr = 1.5 GeV
(particle excess foPr < 1.5 GeV!)
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Medium-induced modification
of the associated multiplicity

' N (Pr = P medi
I ( T '(I:'UI)m medlum’ Ejet:15 GeV——
1.2 N (Pr = PT in vacuum
1 7 —————————— i .|.' I i T T T T T ]
: LA 080-40% _
08 x stop 5% -
i o )
0.6 o i
I < ;
04 i < @ | 0
e > B g - -
I L A o I
02 ! I - I .L i
| O 1 2 3 4 PCUt G \/)
“““““ e
2 4 P, (Gevic) T

In the presence of aedium less particles foPr > 1.5 GeV
(particle excess foPr < 1.5 GeV!)

cf. §star PRL 95 (2005) 152301
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Hadron spectra

What if thejet energyis unknown. . .

The measuretadron spectruns the convolution of
® aparton spectrumx 1/(pr)"

# the “fragmentation function’)’ (z, )

dr 1 dr 2" _ Pr
b _Dh D" -1
dPT / (pr) = /a:? J (x as)

which can be computed withiMILLA for both ajetin vacuum and a
jet propagating through aedium

= gives thenuclear modificatiofiactor /7 4 4

Bielefeld, October 27, 2005 N. BORGHINI —p.25/32



Nuclear modification factor

- A PHENIX Au-Au — 7%, 0-10% centrality

0.8} —— MLLA, f_.,~0.8,n=7

0.6
i 0.4 } %
o hlk‘

02* { 1 L l +

““““““““““““““““““““““ PT (Ge\/)
2 4 6 8 10 12 14

Reasonable agreement with PHENtX results:
Formalism can account for a factor 5 suppressiohigh-p spectra
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Phenomenology
of nucleus—nucleus collisions

Complementarybservableyield alternative views of the physics
Involved in heavy ion collisions at ultrarelativistic egers

® collective flow a mature observable, which provides information
on thebulk: equilibration (kinetic and/or chemical)?

IZ~ macroscopic approaches > Statistical physics)

...but not only:flow of rare or ofthigh-p particles

#® jets rare phenomena, but which involve processes that can be
computed from first principles: reliable reference!

Numerougetsat LHC, over a wide kinematic range
5~ new physics opportunitiegntrajet multiparticle correlations

Monte-Carlo implementation(s) of the new formalism
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Phenomenology
of nucleus—nucleus collisions

@ (to-do list?)

® Jet physicsn the medium

® A bridge between micro- and macroscopic description:
dissipative phenomena

Microscopicenergy redistribution, using a realistic Monte-Carlo
code ofmediuninduced effects, vsviscous fluiddynamics
(gluon Bremsstrahlungs. Mach cong

Interplay between the Yang—Mills fields invoked in mechargof
fast-thermalizatiomndprompt parton®
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Phenomenology
of nucleus—nucleus collisions

Extra slides
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Methods of flow analysis

Bielefeld, October 27, 2005

Anisotropic flowis usually measured usirigo-particle correlations

(cos2(d1 — 92)}~ (cos2(d1 — Pp)){cos2(Pr — ¢2)) = (v2)*

Assumptiorrall two-particle correlationare due tdlow. ..
...which is obviously wrong!

“Non-flow’ sources of correlationgets, decayof short-lived
particles,global momentum conservatipguantum effectetween
Identical particles, etc. can bias the “standdidiv analysis

The bias Is comparatively larger for smaligistems

£ New methods for measurirfgpw have been developed
cumulants of multiparticle correlationlsee—Yang zeroes

(N.B., P.M. Dinh, J.-Y. Ollitrault, R.S. Bhalerao, 2000-200
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Measuring collective flow

M
Generating functiofdr,, (z) = <H(1 + 2z cos ngbj)>

g=1

® |[f no flow. system made ahdependent sub-systems

Gu(z) =] Gow.(2)

subsyst.
= thezeroef (+,, are unchanged whell increases

® |nthe presence afollective flow the position of thezeroeds
x 1/M

= Thefirst (“Lee-Yang”)zeroof G,,(z) givesv,
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Jetsin Au—Au collisions at
RHIC

Study of theazimuthal correlationbetween
(D a “leading particlé momentumPr,,,.., Origin of azimuths, and
(2) “associated particlesnomentumPr .+ < Pr < Propa.x, azimuthe

03—
STAR 200 GeV Il Ay I<1.4

e Central 0-5% Au+Au
—flow:v2 =7.4%

STAR 200 GeV | Ani<1.4
e 60-80% Au+Au

— flow: v2 = 24.4%

— —_—
= =
< <
=] =]
~N —— pp data + flow —— pp data + flow
> P
© e
o 14
w w
O S
) <)
v i<
- =
< <
N N
— ™ 0 L
| T | | | | | | P | | | | |
3 -2 1 0 3 -2 1 0

1 2 3 1 2 3
A ¢ (radians) A ¢ (radians)

5= No recoil jet(¢ ~ 180°) in central Au—Au events
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