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INTRODUCTION

- the physics we're ultimately after
ELASTIC AND RADIATIVE PROCESSES
- how partons interact with a medium
SINGLE HADRON OBSERVABLES

- the concept of medium induced energy loss
HARD CORRELATIONS

IN-MEDIUM JETS

MEDIUM RECOIL FROM HARD PROBES
- where lost energy reappears
SUMMARY AND OUTLOOK



HEAVY-ION COLLISIONS

Part |: Introduction

What is the motivation to study collisions with O(10.000) produced particles?

Central 200 AGeV Au-Au event in the STAR TPC



EXPLORING QCD

Aim: Explore Quantum Chromodynamics (QCD) in different limits

= write the chapter on 'Collectivity and Thermodynamics’ in the QCD textbook
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e high pr dynamics of parton scattering and gluon radiation

e low pp soft scattering dynamics

e rich vacuum structure: (gq), gluon condensate, instanton configurations. . .
e running coupling, (de-)confinement and the structure of hadrons

e thermodynamics of strongly interacting matter and a phase transition

e transport properties of strongly interacting matter, viscosity,. . .

What is our toolkit to explore all this?




TWwWO PARADIGMS

e reductionism:

The nature of complex things is reduced to the nature of sums of
simpler or more fundamental things.

— the way one usually thinks about high energy physics

e holism:

There are properties of a given system which cannot be determined
or explained by the sum of its component parts alone. Instead,
the system as a whole determines in an important way how the
parts behave.

— the way one needs to think in heavy-ion physics

= comprehensive modelling, one cannot e.g. separate high pr and low pr dynamics

In principle, knowing the QCD Lagrangean means we understand QCD.
In practice, it does not - far from it.



PROBING HOT QCD MATTER

If we are after 'Collectivity and Thermodynamics' in QCD, do we really probe
properties of hot QCD matter in heavy-ion collisions at collider energies?

We have O(10.000) particles in the final state, clearly there is massive production of
secondary particles, clearly the dynamics is predominantly given by QCD — but does
this qualify already for the claim that we see 'hot matter’?

More specifically:

e Is what is created in the collision thermalized?
— are phase space distributions of observed particles in equilibrium?

e Can what is created in the collision be called 'matter’?
— Is there enough final state interaction for collectivity?
— does the system evolve differently from elementary collisions?

L et’'s see some evidence for both claims. . .



EVIDENCE FOR THERMAL DISTRIBUTION

2
p-dp

e simple statistical ansatz for hadron yields n; = 29—;2 fOOO P B — ) JTTET
e for all hadrons and resonances, integrate over resonance widths

e calculate resonance decays

e depends on just two parameters, 1" and p,
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= almost perfect description of hadron yield ratios

A. Andronic, P. Braun-Munzinger and J. Stachel, Nucl. Phys. A 772 (2006) 167



EVIDENCE FOR THERMAL DISTRIBUTION

Well... maybe this is just phase space dominance? Maybe the yield in a single event
Is not thermal, but as we average over many, we tend to fill the available phase space
uniformly.

e note that the fit gets multistrange hadron ratios like /7 right!
= the implicit model assumption ng ~ n, ~ ng works!

e this is very different for p — p collisions at the same energy
— u and d quarks can come from the valence distribution
— § must come from sea or qg — ss or gg — SS

= evidence for secondary production of s with thermal abundance

e moreover, in p-p collisions strangeness must be conserved locally
— strong suppression factor as compared to Grand Canonical ansatz

= strangeness propagates freely across large distances — deconfinement?

Is there better and more evidence for collectivity?



FLOW AND MASS SCALING OF m | SPECTRA
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|. G. Bearden et al. [NA44 Collaboration], Phys. Rev. Lett. 78 (1997) 2080; T. R., Phys. Rev. C 70 (2004) 021903.



RELATIVISTIC VISCOUS FLUID DYNAMICS

The basics of relativistic fluid dynamics:

e energy-momentum and current conservation:
0,T"" =0 0ujg; =0
e energy-momentum tensor for zero mean free path (ideal hydrodynamics):
Ti’jl’/ = (e + p)uru” — pgh”
e for small mean free path: additional terms (viscous hydrodynamics):
TH = TH + TI™
where II*" contains various gradients, e.g. shear from velocity gradients
[T*Y = 7Y + APYTT and 7#7 = nV<“u’/> — T [A/;Agukc%ﬁo‘ﬁ + %W“’/(Vauo‘)} —

needs to include up to 2nd order gradients for stable, causal result!
e breakthrough in numerical treatment

Romatschke and Romatschke 2007, Dusling and Teaney 2007, Song and Heinz 2008, Molnar and Huovinen 2008



ELLIPTIC FLOW

Further important consequence of fluid picture: elliptic flow in non-central collisions

i

VN

independent collisions thermalized system
isotropic momentum distribution pressure maps spatial anisotropy
to momenum anisotropy

e pressure maps spatial anisotropy into momentum anisotropy

e angular distribution of hadrons: % = o=[1 4 2v; cos(¢) + 2vp cos(2¢) + .. .|

e the second harmonic coefficient v, measures this effect

Fluid dynamics should describe va(pr, Npart, - - )!




THE (ALMOST) IDEAL FLUID

It does — but with almost vanishing viscosity /entropy density 7/s:
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e superfluid Helium has /s ~ 10 times larger!
e mean free path is very small, strong collectivity

= origin of the 'near-perfect liquid’ picture

M. Luzum and P. Romatschke, Phys. Rev. C 78 (2008) 034915



BREAKDOWN OF FLUID PICTURE

Are all observed particles thermalized? Clearly not:
e spectator nucleons — go down the beampipe

e photons and leptons couple via QED
= mean free path a factor ~ 100 larger, escape without rescattering

e at high pr, spectral shape is not thermal but pQCD

— Tgee = 150 MeV
Tgee = 120 MeV
——- pQCD
pQCD + E-loss

5 % most central

RHIC Au+Au
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= we can distinguish remnants, bulk and probe

K. J. Eskola, H. Honkanen, H. Niemi, P. V. Ruuskanen and S. S. Rasanen, Phys. Rev. C 72 (2005) 044904
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THE BULK

e thermalized matter at momentum scales O(100) MeV (95% of particles)
— realizes QCD thermodynamics and collective phenomena
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e from lattice QCD: phase transition, no ideal gas behaviour
— above T partonic DOF, Quark-Gluon-Plasma (QGP)
— below T hadronic DOF, hadron resonance gas (HRG)
e expect to see deconfinement and chiral restoration at some point

A. Bazavov et

al.,0903.4379 [hep-lat]



THE ROLE OF LHC

Why is a 5.5 ATeV Pb-Pb collision interesting for phenomena at O(100) MeV?
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Crucial information in the excitation function of collective phenomena!

B. B. Back et al. [PHOBOS Collaboration|, Phys. Rev. Lett. 94 (2005) 122303



THE PROBES

e probes — particles not in thermal equilibrium

e several auto-generated probes

— ~, eTe™: negligible final state interaction, view into the medium
— high pr quarks and gluons: interactions with the medium

— charmonia, heavy bound states: color screening in the medium

e are usually rare, either due to e.m. coupling or due to a large scale
e but production process can be factorized from the bulk due to the same reasons

e particle with known production, interacting with the medium
= probe of the medium, access to medium properties



JET TOMOGRAPHY

Jets and hard processes are the domain of colliders, but. . .

Au+Au 0-20% p:::: ~ 21 GeV

STAR preliminary

—

p: per grid cell [GeV]

20 GeV jet event in STAR

.. . Jets in heavy-ion collisions do not equal jets in p-p collisions
Can we exploit that to measure medium properties?



TOMOGRAPHY
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Tomography: Tool to measure density distributions

e use known source

e let it propagate through the medium

e study the change induced by the medium

= Invert the problem to reconstruct the medium density

We can't shine a 'beam’ of something through transient hot QCD matter — but we
have hard processes in the collision available



HARD PROBES

e fluid picture applies for Pr ~ few T" where T' ~ 100 — 300 MeV (bulk matter)
= what if Pp > T7 (rare process)

By uncertainty principle arguments, for typical RHIC or LHC kinematics:

e initial hard process probes length scales at which the medium is irrelevant
= expect production of high pr partons to be unmodified

e QCD evolution of a parton shower probes length scales ~ medium size
= expect medium-modified shower evolution

e hadronization probes scales > medium size
= expect hadronization to be unmodified by medium

Known production of a probe which is subsequently modified by
the medium, modifications are predominantly partonic physics and
hence likely to be calculable in pQCD.




TOMOGRAPHY COMPARISON

Medical imaging Heavy-lon collisions

external probe internal probe

clean probe/medium separation | scale separation between hard probe and soft medium
source position known hard vertex position probability distribution known
monochromatic source source distributed with pQCD parton spectrum

static target evolving medium

full acceptance limited detector acceptance

The situation in heavy-ion collisions is much more difficult!

Nevertheless, the basic principle is sound: The medium attenuates hard partons:



NUCLEAR SUPPRESSION

e suppression of single inclusive high Pr hadrons

Raa(Pr.v) d’?NAA /dprdy
AA\LT —
’ TAA(O)dQO'NN/dPTdy
e ‘'monojet’ phenomena, disappearance of back-to-back correlations
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4 of 5 high Pr hadrons are modified by the medium

= suggests picture of parton energy loss in the medium



TOMOGRAPHY GOALS

What can we hope to learn?
Three different conceptual areas influence the result:

e 1) production of a hard probe
— well enough under theoretical control

e 2) interaction of hard probe and medium
— this carries information about the medium DOF

e 3) time evolution of the medium while the hard probe passes through
— this carries information about the density evolution of the bulk

In medical imaging, one knows 1) and 2) and measures 3). Here, both 2) and 3)
are unknown. Thus, we cannot expect precise informations, but rather constraints
which must be used together with constraints from other measurements (remember
the holistic nature of the problem?).



TRANSPORT COEFFICIENTS

A generic way to characterize the effect of a medium on a hard parton:

e passage of a hard parton through a medium of thermal scattering centers

N » ﬁ A
‘ D
‘s -~

\o e2

e loss of momentum along the original parton momentum vector: €
e variance in fluctuation around é: é5
e variance in transverse momentum fluctuation: ¢

These transport coefficients depend on microscopical properties of
the medium. Therefore, measuring them means obtaining parts of
the tomographical information.




DRAG VS. INDUCED RADIATION

On first glance, it would seem that drag (é) corresponds to energy loss.

that is not necessarily the case since partons can be scattered off-shell:
e off-shell partons imply gluon radiation

e typical diagrams:

\
\
—_————f--
\
\

However,

e medium-induced radiation can take a large fraction of the original parton energy

e including this mechanism, all transport coefficients are potentially important



'THE MEDIUM DEGREES OF FREEDOM

model 1: gas of quasi-free quarks and gluons with thermal distributions

e large é from 2-2 pQCD processes (qg — qg,. . . ) where scattering partner recoils

e casy to model, but isn't a quantum liquid
— not in agreement with almost vanishing viscosity

e result (elastic recoil) depends on mass of scattering centers
— thermal field theory gives quasiparticle masses O(gT')

Underlying picture: the system is a collection of weakly coupled
quasiparticles where the collective effects are chiefly absorbed into
thermal masses and thermal screening of the coupling — more a
gas than a liquid.




'THE MEDIUM DEGREES OF FREEDOM

model 2: heavy static scattering centers

e ¢, ¢y = (0 since scattering centers never recoil
— only medium-induced radiation as cause of energy loss

e rather drastic limit of large thermal masses/ correlated regions

e somewhat ad hoc assumption

Underlying picture: the system is a collection of randomly
distributed strongly correlated regions which each can be
represented by a static colour dipole charge. Since the regions are
'large’, they cannot take much recoil energy.




THE MEDIUM DEGREES OF FREEDOM

model 3: strongly coupled system

e no well-defined quasiparticles
e possibly tractable using gauge/gravity dual

100 X Ae(X, X, Ve,  (v=0.9,2=5.5)

X, (I/nT,)

-10 -5
X=2z-vt (1/nT)

e strong drag, lost energy excites soundwaves



CONNECTING WITH OBSERVATIONS

Transport coefficients are not directly observable: Unlike in CT imaging, we do not
usually know parton kinematics before the interaction with the medium. We even
don't know parton kinematic after interaction with the medium — all we observe is
hadrons.

e infer information from changes in statistical averages of hadron distributions (R4 1)
— best statistics
— very averaged process, no detaild tomographical information

e hard back-to-back hadron correlations (14 4)
— worse statistics
— more differential information

e hard y-hadron correlations (144)
— almost complete access to parton kinematics before medium interaction
— suppressed by e, /s, very poor statistics

e full jet reconstruction
—s difficult to do in heavy-ion background
— in principle complete information on medium-induced flow of energy/momentum

So, what is it we have to calculate, knowing the probability for energy loss P(AFE)?



HARD P-P COLLISIONS

hard pQCD vertex /

___/
parton distribution functions

doNN—=h+X Z fz-/N(:vl, QQ) ® fj/N(x% QQ) R Tij—fik ® D;}cofh(/z,/‘?“)
fijk



HARD AU-AU COLLISIONS

hard pQCD vertex hot and dense medium

0 6l /i»\#:\
0
OQ N Y

nuclear pdf’'s

do AA—7+X Zd AA—>f—|—X <Pf(AE,E)>T44® vac (Z /LF)

Omed Tvac f—m
f
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17k



SUMMARY

To take away from this chapter:

e aim of heavy-ion physics: to address collectivity in QCD

e requires modelling a complex system where parts can seldom be isolated

e experimental evidence for thermalization and collectivity, i.e. bulk matter

e bulk matter behaves like an almost ideal fluid

e non-thermal particles can act as probes of bulk properties — this is tomography
e particles from initial hard processes can act as tomographic probes

e experimental findings leds to the concept of partonic energy loss

e transport coefficients ¢, € and €5 can classify models for the medium DOF

e energy loss is one building block in a long pQCD calculation



ELASTIC AND RADIATIVE PROCESSES

Part II: QCD parton-medium interaction

How do we obtain (P(AF))?



QCD ELASTIC ENERGY LOSS

e assuming a gas of quasi-free partons
— variety of 2—2 diagrams in QCD

e one incoming parton is hard, the other is thermal

e thermal Debye masses ~ g1’ screen singularities

q P -=-=-N ,
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- — = = S= = =<
~ - ~
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e the hard parton may have a different identity after scattering

e elastic processes with ¢ and b quarks are therefore very different



QCD ELASTIC ENERGY LOSS

e relative importance depends on availablility of thermal scattering partners
— gluon reactions dominate

® Total quark scattering rate

- - ® Total gluon scattering rate
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e 'lost’ energy is carried by recoil of partner
— transport cross section rather than cross section determines energy loss

J. Auvinen, K. J. Eskola and T. R., 0912.2265 [hep-ph].



QCD RADIATIVE ENERGY LOSS

e assume a medium characteried by a constant value of ¢

b\ ‘\
/ /
medium interactions '\

1 \
7 4
1 1

- \
\ \
A e el il induced radiation
" - formation time
/, t=w/ k%

- hard parton

\ \ - j P

/

-
~ g
'l

N

medium interactions

e time to radiate a gluon: 7 ~ w/Q? ~ L
e virtuality picked up during that time: Q% ~ ¢L ~ quw/Q?
e typical radiated energy w. = Q*/§ = ¢*L?/§ = GL*

e gluon energy spectrum per unit pathlength for single emitted gluon (w < w.):

dl A dllscatt (g Cj . We
W ~ ~ g/ —; Incl. phase space ~ /—
dwdz Tcoh dwdz Tcoh W W




QCD RADIATIVE ENERGY LOSS

e this yields quadratic pathlength dependence for constant ¢

(AE}z/ dww—fv/ dw\/ ~ We ~ —L2

Thus, if a single elastic reaction causes the average energy loss (AFE,;) then
o (B! = L+(AE,;), i.e. linear pathlength dependence
o (E'9") = [?G, i.e. quadratic pathlength dependence
= radiative energy loss parametrically dominates for long pathlengths
e strongly coupled AdS/CFT results can generate even an L? dependence
Thus, can we use this to estimate the parton spectrum by a power law and calculate
Raator) ~ (sm) = (1-5e)

No! Absolutely not!



PROBABILISTIC TREATMENT MATTERS!

e folding of parton spectrum with different P(AFE)

| ' |
031 typical energy loss
— smoothed geometrical suppression
® —— semi-opaque medium I
—— hydrodynamical evolution (quarks)
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=0
J
o L
0.1P
Nl Nkttt
0 5 10
AE [GeV]

1

0.75

— hydrodynamics
0.5 { geometrical suppression N
L g
025 I{LT* - If*ﬂ;il -
=== RN
| . | . |
OO 5 10 15
Pr [GeV/c]

* PHENIX data
typical fractional energy loss

typical energy loss
— smoothed geometrical suppression
— semi-opaque medium

e (AF) ranging from 4 GeV to 120 GeV lead to very similar results
— what is seen is the probability of having no or small energy loss
— mean energy loss is not probed

e cannot use simple average of single reaction n times

T. R., Phys. Rev. C 74 (2006) 034906
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ITERATING IN-MEDIUM DIAGRAMS

To get a fully probabilistic picture, allow any number of elementary reactions

e assuming independent recations: Poissonization

<AE z;w> exp [ / dwj—i]

— not strictly consistent with formation time and finite medium length
— but 'good enough’, as we are interested in the limit of few reactions

P(AE)pan = ) — [H / dwz

e assuming correlated reactions: rate equations or Monte-Carlo codes

— take into account energy degradation or full transverse kinematics



ITERATING IN-MEDIUM DIAGRAMS
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G. Y. Qin, J. Ruppert, C. Gale, S. Jeon, G. D. Moore and M. G. Mustafa, Phys. Rev. Lett. 100 (2008) 072301



SPACE-TIME AVERAGING

Are we done? No - we just computed the result for a single parton path, now we
need to average over all possible parton paths:

Hard vertices for impact parameter b have a probability distribution given by

TA(I'O -+ b/Z)TA(I'O — b/Z)
Taa(b) ’

P(:C()a yO) —

where T4(r) = [dzpa(r, 2).

If the probability of energy loss along a given path (determined by medium, vertex
ro = (2o, Yo), rapidity y and transverse angle ¢ is P(AE),q:; We can define:

1 2m e o0
<P<AE, E)>TAA:%/Odgb/de/dyOP(anyO)P(AE)path-



INTERMEDIATE SUMMARY

model of medium DOF = | elementary energy loss process

|
AE

correlations between reactions = | iteration of elementary process

Y
P(AE)

model of medium geometry =| space-time averaging

4
(P(AE))

folding with pQCD spectrum and fragmentation function

4

observables, R4

e non-trivial to invert the problem and extract medium DOF or geometry evolution

e and still an approximation, since. . .



THE FRAGMENTATION FUNCTION

Conceptual issue: partons produced in a hard process are not on-shell

e fragmentation function D%, (z, u7) encodes the following physics:

e radiation from the highly virtual initial parton via ¢ — gg,9 — gg and g — qq
(perturbatively calculable for Q >~ 1 GeV)

e hadronization (non-perturbative)

uoneziuoipey

—

e virtual parton formation time 7 ~ E/Q?, hadron formation time 75, ~ Ej/m3
— part of the shower evolution takes place in medium

e Why would it be correct to compute for a single hard on-shell parton?



ENERGY LOSS VS. IN-MEDIUM SHOWER

Single inclusive hard hadron production:

e dominated by showers in which a single parton carries most of the momentum

-
-
-

-
\~
N -

N

—

e unbiased hard jet events — multiple low pr hadron production

/

For single inclusive hard hadron production:

= fragmentation function ~ hadronization of leading parton
= medium effect =~ reduction of leading parton energy
= if hadronization happens outside the medium, the two factorize!

= Medium-induced energy loss good concept to describe leading hadron only

= use full medium-modified fragmentation function otherwise



QCD SHOWER EVOLUTION IN VACUUM

e in MC picture, tree of splittings a — b, c

e evolution variables t = In Q%/Agcp and 2

e differential branching probability at scale ¢:

z4 (1)
Ia—>bc<t) — /

()

dz
2

Qg

_Pa—>bc<z)
T

with kinematic limits z4 dependent on parent and daughter virtualities M. and

_41—|—z2

(1—-2(1-2))?

Py qq(2) Py—g9(z) =3

T 31—z

2(1—2)

Pyg(z) =

= L2

e probability density for branching of a occuring at ¢,,, when coming down from ¢;,,:

dP,

dt — Zla%bc(tnﬁ
m b,c

exp

tm
- / dt' Y Ta—pe(t')
tin b,c

= realized as MC code in PYSHOW, HERWIG,. . .




SHOWER EVOLUTION IN POSITION SPACE

jet evolution equations < momentum space
medium description < position space

e model average time for a parton b to branch from parent a as

Ly, E
() =5~ 5

Q; @2
e actual branching time in given event from probability distribution

P(7) = exp [—;—;]

e assume all partons are on eikonal trajectory determined by the shower initiator

= position of all branchings in spacetime known and connected with medium model



MEDIUM-MODIFIED BRANCHING

e change parton kinematics during propagation

* multiple soft scattering leads to medium-induced virtuality (RAD)

7'3‘|‘7'a
AQ? = / 4C4(0)

0
a

* in a strongly coupled medium, a drag force appears (DRAG)

Tg‘i‘Ta
AE, = / " acop()

T. R., Phys. Rev. C 78 (2008) 034908



MEDIUM-MODIFIED BRANCHING

e change splitting probability in Kernel

* enchance singular part of splitting kernel by (1 + fi,eq) (FMED), e.g.

P

41422 4 (201 + fined)
q—>qg(z):§1_z:>3(

T —(1+z))

= assume fed ~ [ d(p(¢) to link with spacetime evolution

N. Borghini and U. A. Wiedemann, hep-ph/0506218; K. Zapp, G. Ingelman, J. Rathsman, J. Stachel and U. A. Wiedemann, 0804.3568 [hep-ph].



MODIFIED SHOWER COMPARISON

Comparison between energy loss and medium-modified FF:

E =20 GeV
d->h"

10%F

D(z)

L1

144
¢
i ¢

¢ Vacuum

* RAD, <AQ™> = 10 GeV~
DRAG, <AE> = 10 GeV

. FMED,f =10
med

e medium-modified FF: depletion at high z — 'energy loss’

e enhancement at low z: 'lost’ energy appears as soft hadron production

(U

e hadronization mainly probes z ~ 0.7, MMFF and eloss 'similar’

T.R., Phys. Rev. C 79 (2009) 054906



ENERGY LOSS VS. IN-MEDIUM SHOWER

1) medium-induced energy loss for the leading parton, then vacuum fragmentation
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(BDMPS, ASW, (D)GLV, AMY, some HT results)

2) in-medium shower, followed by hadronization in vacuum
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(recent HT, JEWEL, YaJEM, Q-PYTHIA, Q-HERWIG)




SUMMARY

To take away from this chapter:

e basic QCD parton-medium interactions are elastic 2 — 2 and radiative 2 — 3
e pathlength dependence of energy loss is a decisive criterion

e average energy loss does not work, a probabilistic framework is needed

e need to keep track of position space as well as momentum space

e all observable quantities contain some degree of averaging in position space
e energy loss is an approximation for leading hadrons from a shower

e full in-medium shower MC codes exist, but are much more complicated



SINGLE HADRON OBSERVABLES

Part Ill: Single hadron observables

2+1d viscous CGC, 20-30%, in plane 2+1d viscous CGC, 20-30%, out of plane

y [fm]

X [fm] X [fm]

What physics causes the suppression in single hadron spectra?



SINGLE HADRON OBSERVABLES

e 80% suppression in central 200 AGeV Au-Au collisions - what does this mean?

1 ' | ' | ' |
i | ® PHENIX data 10% central AuAu at 200 AGeV|
0.8 N

0.6 -

0.4_— }ﬁi { ® ‘
021 §§§§§§§§§§§§§ﬁ§§§2; 1]

<
<
(a2

o 5 10 15 20
e problem: hydrodynamics knows 7', ¢, s, but not ¢

— need model like § = const. - s,§ = const. - €3/* to connect

e thus, we have one free parameter to fit a straight line
— this is bound to work. . .

e but - we can adjust the parameter and predict non-central collisions



PINNING DOWN PATHLENGTH

e surface bias: we see hadrons because they never crossed the medium
— no energy loss for partons produced on the periphery

e spread in-plane vs. out of plane in Ra4(¢) related to

strong surface bias weak surface bias

near side near side

e strong surface bias (medium very opaque for large pathlength/ high density regions)
— more emission in-plane because the emitting surface is larger

e weak surface bias (emission also from the medium core)
— more emission in plane because (z) < (y)

= no clear qualitative signal



PINNING DOWN PATHLENGTH

e normalization of R44(b) increases for peripheral collisions due to

e drop in average density
— this is seen for any scenario of parton-medium interaction

e drop in average pathlength
— this probes pathlength dependence in a qualitatively characteristic way
= expect R4% > RT3 > R, for non-central collisions

For increasing b, R44 rises and a spread between in-plane and out of
plane emission opens:
normalization < average density, average pathlength
spread < hydro density profile, emission geometry, pathlength
difference. . .




PINNING DOWN PATHLENGTH

20-30 %

40 - 50 %

e PHENIX in plane
e PHENIX out of plane
—— radiative (2+1d)
|—— AdS (2+1d)
—— radiative (3+1d)
elastic (3+1d)

RAA

04 t

e PHENIX in plane

e PHENIX out of plane
—— radiative (2+1d)
— AdS (2+1d)

e clear dependence on hydro model (3+1d hydro causes larger spread)

= need to investigate systematically

e elastic fails to reproduce spread and normalization
= large component of elastic energy loss disfavoured by data

e AdS pQCD hybrid reproduces normalization best and has largest spread
= indication for non-perturbative re-interaction of radiated gluons




PINNING DOWN GEOMETRY

e difficult problem, what is measured is a final state in momentum space
— probe all fluid dynamical evolutions leading to that final state
— we don't know what that group is

e test a few contenders instead
— CGC (sharp) initial state vs. Glauber (smooth) initial state

— viscous (entropy production) vs. ideal (entropy from initial state)
— 3+1d vs. 2+1d
— low (long hadronic evolution) vs. high decoupling temperature

e try to identify generic trends

e need to run both L? and L? dependence!



PINNING DOWN GEOMETRY

20 - 30 %

I ! I ! I
e PHENIX in plane
e PHENIX out of plane

— 2+1d ideal

—— 2+1d viscous CGC

—— 2+1d viscous Glauber
3+1d ideal

40 - 50 %

I ! I ! I
e PHENIX in plane
e PHENIX out of plane

— 2+1d ideal
—— 2+1d viscous CGC
—— 2+1d viscous Glauber

L) ae

1.2

AA

& 0.6

0.2

20-30 %

- |—— 2+1d ideal

| |— 2+1d viscous Glauber

I ! I ! I
e PHENIX in plane
e PHENIX out of plane

—— 2+1d viscous CGC
3+1 d ideal

40 - 50 %

10

0.8

04

| — 2+1d ideal

| |—— 2+1d viscous Glauber

I ! I ! I
e PHENIX in plane
e PHENIX out of plane

—— 2+1d viscous CGC

. L)

10



PINNING DOWN GEOMETRY

e low decoupling temperature (long thermal evolution) favoured

e AdS/QCD hybrid L° dependence reproduces normalization and spread better
— however weak coupling pQCD is not out yet

e viscosity increases the spread

e initial state geometry is a small effect
— not surprising for L? or L weighting which suppress early times

= some information about the density evolution is emerging



PINNING DOWN GEOMETRY

e probability density for production vertex, given an observed hadron

2+1d viscous CGC, AdS, 20-30%, out of plane 2+1d viscous CGC, 20-30%, out of plane

6 6

X [fm] X [fm]

e visually different degree of surface bis
— yet translates into relatively small observable quantity

e can we do better?



SUMMARY

To take away from this chapter:

e there is a free parameter connecting thermodynamics and transport coefficients
e this parameter is determined using the single hadron suppression in central collisions
e the extrapolation to non-central collisions is the crucial test for models

e spread between in-plane and out-of-plane emission most interesting

e elastic energy loss must be small

e no clear decision between weak and strong coupling, but strong coupling favoured



DIHADRON CORRELATIONS

Part IV: Hard back-to-back correlations

leading hadron intrinsic k_

leading hadron

/ (trigger)
~ 7 e

subleading hadrons

energy depoéifis/r{

subleading hadrons

near side away side

) d+Au Au+Au, 20-40% _ Au+Au, 0-5%
).06F 0.06- ).06F
E ‘ ‘
o | | |
,_| £1.04 D.04 2.04]-
r I I i
.02 0.0 ’IJJ-[‘ .02

D_ H 1 ] E_ H L 1 D_ |-|.|" 1 I

0 Ad bl 0 Ad T 0 Ab bl

How does energy loss affect back-to-back correlations?



PINNING DOWN PATHLENGTH

e advantage of back-to-back correlations

L2pathlength dependence L pathlength dependence

4‘7 - 4‘7

near side near side

e expect (due to surface bias of trigger) ~ factor 2 in away side pathlength
= magnifies pathlength effects as compared to R4 4(¢)

Large difference in predicted away side per-trigger yield (or 14 4)




PINNING DOWN GEOMETRY

e How large is the degree of surface bias?

initial state suppression grey medium core black medium core

A ==
/ \\ \:z >
] |
-~
in plane U in plane in plane
- ~— /L>
<~ N

~—_

- \T'>
e

\)
-~ < T 2 —-—

'
out of plane out of plane out of/ lane ~
~ < .
<<l _ o _______ < S o <| - ___
< << S < -
in plane ¢ out of plane in plane 0] out of plane in plane ¢ out of plane

Qualitatively different expectations for 1 4.4(¢)




v-H CORRELATIONS

e replace one hadron by a photon

e kinematics (up to intrinsic k7) given by photon
— clean information on initial energy

e little bias in photon trigger
— photons (almost) always escape
— no bias, no matter how the parton side is modified

e some complications
— fragmentation photons, parton-photon conversions. . .
— low statistics



v-H CORRELATIONS

e \What does it buy to know the initial energy?

| ' |
: I+ typical energy loss
0.3 typical energy loss ' =3 = smoothed geometrical suppression |
— smoothed geometrical suppression || o + semi-opaque medium
® — semi-opaque' medium _ ] SQTO'S i 4 hydrodynamics
— hydrodynampal evoluqon (quarks) o~ geometrical suppression
0oL — — hydrodynamical evolution (gluons) | >Q 0.6
3 =
= = .
B 04r L]
o) 2 = x ¥
01 B 0o ~ ; - ;
a02F p % 2 + §
/ B * A Y i
\ |
VEF- ST ORI —== il S 0 5 10
0 5 10 15 20 h
AE [GeV] py [GeV]

= in principle, a lot! Resolves differences far beyond what R4 4 can do

T. R., Phys. Rev. C 74 (2006) 034906



COMPUTATION OUTLINE

Modelling is done in a MC simulation framework:

e generate a hard back-to-back parton pair according to LO pQCD
— take care of initial state effects (nPDFs), intrinsic kr,. . .

e follow the path of each parton through the evolving hydrodynamical medium
— In eikonal approximation, tests have shown that corrections are small

e compute gluon radiation from leading parton / shower evolution
— different prescriptions, ASW, YaJEM, . ..

e hadronize the emerging partons, assuming it happens outside the medium
— FFs for leading parton, Lund model for shower

e apply any experimental cuts
— count yields of remaining hadrons

Needs substantial amount of CPU-time (O(10.000) h), but is easily doable on a grid
facility.



PINNING DOWN PATHLENGTH

e per-trigger yield for an 8-15 GeV trigger hadron

008} | -

STAR data
®-@ radiative
elastic
0.06 ®-e® AdS |

yield per trigger
o
o
=
I
|

o '\' 7

momentum bin

e confirms earlier conclusions with regard to pathlength dependence

e 4 GeV is not enough for a pQCD -+ fragmentation model to work
— other sources of hadron production are important

T. Renk and K. Eskola, Phys. Rev. C 75 (2007) 054910



PINNING DOWN GEOMETRY

e more systematics — look at 744(¢)

e data taken, but vet unpublished

50-60% 50-60%, AdS
1 1 T |
o3t Bl o ;SK
0.6~ 0.6 E\E }
»—;F: i B '_':g I
04+ 1= 04r-
®-02+1d ideal . |®-®2+1d ideal
@0 2+1d viscous CGC e 2+1d viscous CGC
021 |®®2+1d viscous Glauber 0.2~ |®®2+1d viscous Glauber
| | | | | | | | | | | |
03 4 5 6 03 4 5 6
PT [GeV] PT [GeV]

e no geometry suggests a black core
e even theory statistics-limited. . .

e trends as established already — AdS results show stronger effect for large b
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v-H CORRELATIONS
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L
—— Zhang (p+p)
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T

------- Renk-ASW

----- Renk-YaJEM

—— Zhang

------------- Zhang (n°+h*)
Qin

N
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N 2 R
0.6 0.7

trig
7 = passoc/,

9

e comparable with h-h results

— rather wider trigger range

e no low zp enhancement!

— implications for in-medium shower models
— a posteriori justification of energy loss

® [44 inv-h =~ R4 of quarks

— not much information beyond R 44



SUMMARY

To take away from this chapter:

e h-h correlations magnify pathlength effects

e h-h correlations give a qualitative signal of medium opaqueness / surface bias
e v-h correlations provide the full kinematics

e results confirm earlier conclusions based on R 44

e h-h measurements show no signal of completely opaque core

e v-h show signs of non-perturbative energy redistribution



JETS IN HEAVY-ION COLLISIONS

Part V: Medium-modified jets

Au+Au 0-20% p::: ~ 21 GeV

STAR preliminary

—

—
T

i

i

pt per grid cell [GeV]
'S
i

Where does lost energy go?



JETS IN HEAVY-ION COLLISIONS

e not tractable using the energy loss picture
— use an in-medium shower MC code

e results shown from YalJEM
— vacuum baseline given by PYSHOW

e three different models for parton-medium interaction

— RAD: induced radiation by explicit change of parton kinematics
— DRAG: AdS/CFT type drag force causing energy loss from shower
— FMED: induced radiation by enhancing the branching probability

® NO precise measurements yet

e domain of LHC kinematics



MODIFIED SHOWER COMPARISON (II)

Averaged over 3-d hydrodynamical medium evolution, data comparison is possible:

e does the distortion of the FF shape matter for observables?

E =20 GeV
| | d->h" ‘ 1
102 :L e vacuum N i * KI_SI%]NIX data
* 2 2
b + ° RAD, <AQ >= 10 GeV 0.8 B - YaJEM —
+ DRAG, <AE>=10GeV | 3
F . . FMED,f =10
1+ h - v . | 0.6 =
—~ = - © . :E T
S LT - |
S £, *. 1 04 ﬁ .
ZE > : - . E I EE VE '
10- | i i ¥ — EEE E If}r ] °
; 02 pagastegalilieel
SRR

N R T lJ{ % | 20

0 0.2 0. 0.6 0.8 1 s/

e results for all scenarios similar to analytical energy loss model
— perhaps not a surprise, as R4 is very insensitive
— shape change in R 44 is insignificant



ENERGY LOSS

e pathlength dependence of the MC?
— does it cope with the quantum interference responsible for the L? dependence?

charm quark, E = 100 GeV, é\l =5 GeVz/fm

100 ‘ ‘ ‘

— YalEM
— YalJEM, formation time randomized

75 L’ dependence -

50

<AE> [GeV]

251

e ¢ const., L increased
— if formation time not randomized: initial L? dependence, then finite energy limit

— if formation time randomized: L? dependence almost invisible

e reason for L? dependence:
— coherent summation of medium effect during gluon formation time in RAD scenario

= MC framework is indeed able to deal with the relevant physics



LOW pr HADRON PRODUCTION

e looking at £ = In[1/z] magnifies low z particle production:

E =20 GeV
d->h"

—eo Vlacuurrll
1—RAD, <AQ™> = 10 GeV’
gll- - DRAG, <AE> = 10 GeV |

«FMED,f =10
med

6 _

e medium-induced radiation as in RAD or FMED enhance the hump-backed plateau
e a drag force in which energy is transferred to the medium does not

e picture of RAD and FMED: 'lost’ energy reappears in low Pr hadron production
— perturbative redistribution of energy in the jet cone

T.R., Phys. Rev. C 79 (2009) 054906



CONNCETION TO ¥-H CORRELATIONS

e [ 44 correlated yield in the cone opposite to v, normalized by p-p
— averaged over 3-d hydrodynamical medium evolution, 144 in v-h:

b=24fm
1.5 ‘ ‘ \ ‘ \ ‘ \
| e 5-7 GeV photon, ASW
1.25- « 9-12 GeV photon, ASW .
i — 5-7 GeV photon, YaJEM 1
1+ — 9-12 GeV photon, YaJEM .
2075+
0.5
0.25r
00

e assumtion: lost energy in ASW nonperturbatively distributed in medium
e perturbative low z hadron production in shower should be visible
= Ia4 > 1 not seen in either preliminary STAR or PHENIX data

=> possible hint of non-perturbative energy redistribution in medium

T. R., Phys. Rev. C 80 (2009) 014901



TOWARDS JET OBSERVABLES

Problem 1: Cannot distinguish medium and jet at low Pr:

any low Pp hadron correlated with the jet axis may be correlated because. . .

e it is part of the hadronization of the perturbative shower
e it is bulk medium recoiling from the jet-medium interaction
e it is, due to a similar bias, accidentially correlated
(e.g. unmodified jets tend to emerge | surface — direction of radial flow!)

Problem 2: The hadronization models may not be valid at low Pr (in the medium)

e at present we can only compute reliably above a Pr cut
= need to worry about bias (excluding events with lots of soft production)

LHC jet expectations are proof of principle! Real predictions will
require knowledge of experimental jet finding strategy — lots of
issues hidden in the small print!




Thrust distribution for typical medium path:

P(T)

100

JET OBSERVABLES AT LHC (I)

. '.n
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e induced radiation tends to make the event more spherical

e difference between RAD and FMED for Pr cut

T. R., Phys. Rev. C 80 (2009) 044904



JET OBSERVABLES AT LHC (II)

2 and 4-jet fraction for typical in-medium path for a back-to-back pair:

Clustering with a resolution scale y,,,;, based on distance measure

yi; = 2min(E?, Ef)(l — cos(6;;)/E2,

100 GeV quark 100 GeV quark, P, >4 GeV
1 1 |
0.8 0.8
= =
206 2 0.6
2 e
B B
804 .04+
= =
0.2 02L-"
L /’// \'\§
- Z Se -
e R e
0-5 O—5 -4 -3 -2
10g 10(ycut) 1Og 10(ycut)

T. R., Phys. Rev. C 80 (2009) 044904



JET OBSERVABLES AT LHC (III)

Jet shapes for typical medium path:

. Eif(r—R;)
qlint(h R) - > Ei0(R—R;)

100 GeV quark 100 GeV quark, P> 4 GeV
10 T T T | T 10 T T T \
— vacuum — vacuum
— RAD — RAD
81 — DRAG | 8r — DRAG |
FMED FMED
El 13 of -
B B
s 4r /\ 154 |
2 ] 7
0 . ‘ ! ‘ T I ‘—'—_—: 0 ) ‘
0 0.2 04 0.6 0.8 0 0.2 04 0.6 0.8
r [rad] r [rad]

T. R., Phys. Rev. C 80 (2009) 044904



JET OBSERVABLES AT LHC — TRIGGER BIAS

Given a 100 GeV quark shower initiator — what is the energy detected within typical
experimental cuts (cone radius R or Pr)?

vacuum

0.15F

0.1

— no cuts
— P, >2GeV

PT >4 GeV

R<0.6
PT>2GeV,R<O.6

— P.>4GeV,R<0.6

dN/dE [1/GeV]

/

[

.

RAD
- 0.15F B
— Nno cuts
_PT>2GeV
PT>4GeV
= R<0.6
18 0.1 P.>2GeV,R<0.6 .
= ._PT>4G&AR<06
[aa
2
Z.
- 2005 —
. L //\\\\\\\\
e Y
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Ok
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E [GeV]

100
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e medium-modified jets are unlikely to be found with correct energy

T. R., Phys. Rev. C 80 (2009) 044904
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SUMMARY

To take away from this chapter:

e jets in heavy-ion collisions are difficult

e jets show where energy lost from leading parton is recovered
e the medium tends to broaden and soften the jet

e at low Pr, no indication that pQCD works!

e theory is proof of concept, no more and no less



PART III
Part VI: Medium recoll

1 dH;Edll , i
N* d(a) e .

0-5%

Is energy redistribution non-perturbative?



THE NON-PERTURBATIVE FRONTIER

There are some issues with the in-medium jet picture:

e conceptually: how to distinguish between a low pr jet and medium parton?
— once qp ~ 1I', there is no criterion to tell

e kinematically: if jet is modified by the medium, so is the medium by the jet
— energy/momentum gain and loss terms of the jet must be compensated by medium

e phenomenologicaly: low pr enhancement of hadron production not seen in ~-h
— flow of energy/momentum out of the jet cone

Since we propose a fluid picture for the bulk, it is natural to assume energy and
momentum in the bulk are carried by fluid excitations

= jet energy loss excites some kind of shockwave in the medium

e explicitly part of the strong coupling AdS/CFT QCD picture

A localized perturbation leading to a response potentially allows
to measure yet other transport coefficients — such as the speed of
sound c;.




SHOCKWAVES

e angular distribution of particles correlated with a trigger hadron

Au+AuSoIidSymb°IS Illlllllllllllllllllllllllllllr-Illlllllllllllllllllllllllllllr.IlllIIIlllllllllllllllllllllll'
0.4 d+Au Open Symbols 1r 0-12% STAR I;igeliminary 1 1 e 30< p‘Trlg <4.0GeV/c -
* 30<p’<40GeVlc | = 40<p <60GeVL ||

A 60< p‘Trig <10.0 GeV/c

()

: 1.3<p®* <1.8 GeV/c

1N, x AN/I(A9)
N

.
—h

e at low Ppr, medium result very different from vacuum
— double-hump structure

e for large trigger and large associated Pr, vacuum shape restored
— but suppressed, cf. energy loss picture

e consistent with bulk medium recoil from the hard probe, shockwave

M. J. Horner [STAR Collaboration], J. Phys. G 34 (2007) S995



SHOCKWAVES

e assume energy transfer into the fluid medium — shockwave excitation

e ideal hydrodynamical calculations with additional energy/momentum source terms

Radiative Contribution
To=200MeV, v=0.999 A=,
240

| 230

220 >
=3

210 -

200

190

x [frn]
Bethe-Bloch source term HTL source term
B. Betz et al, 0812.4401 [nucl-th] R. B. Neufeld and B. Muller,0902.2950 [nucl-th]

e proof of concept only, no proper averaging over trigger surface bias

e phenomenological hydro-inspired model including proper averaging reproduces data



WHY IS UNDERSTANDING THE DATA COMPLICATED?

e shockwaves interact with the collective flow field

Position space:

ISpr—T— —
e t=2fm/c
e t=5fm/c
T =10 fm/c
T=15fm/c
t=20fm/c| _]

10~ .

y [fm]

20

Momentum space:

d3N m uflow s ushock —
E =_9 /daup“ exp il a a )~
d’p  (2m)3 Ty

flow and shockwave
are aligned

flow and shockwave
are perpendicular

= signal depends on the relative alignment of flow and shockwave

T. R. and J. Ruppert, Phys. Rev. C 73, 011901 (2006)



WHY IS UNDERSTANDING THE DATA COMPLICATED?

To get the relative alignment of flow and shockwave, we need:

e the distribution of vertices of origin, given the observed trigger
— we calculated this earlier, depends on geometry and parton-medium interaction

2+1d viscous CGC, AdS, 20-30%, out of plane 2+1d viscous CGC, 20-30%, out of plane

y [fm]
y [fm]

X [fm]

e the space-time picture of energy loss into the medium
— depends on assumed parton-medium interaction

4 4
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WHY IS UNDERSTANDING THE DATA COMPLICATED?

e surface bias in position space and alighment bias in momentum space
— but in hydrodynamics, position and flow are correlated!

= wild event by event fluctuations, strong dependence on hydro background

8 ,4 T T T T T 1 .5 I ‘ i
— eveng ] ® PHENIX data
— even . — T densit
= 8.3 — event3| | o E A CONSILY
3 event 4 3 box den§1ty ‘
= event 5 o 1IF — T, density, Bjorken _
;6:'0 8oL 43 % — box density, Bjorken
] e
5 <
g5t 1%,
= S 0.5 %
- 1<
S / :
7 9 1 | 1 | 1 | ! 0 A T I\
' -2 0 2 0 2
¢ [rad] ¢ [rad]

e the observed angle is driven by the combined bias, rather than c,

e needs a lot more insight into the hard physics before quantitative conclusions!

T. R. and J. Ruppert, Phys. Rev. C 76 (2007) 014908



3-PARTICLE CORRELATIONS

e |s this event-by-event fluctuation even qualitatively correct?
— observe 3-particle correlation

e calculated as factorized 2-particle correlations (no true 3-particle correlations)
e calculated background subtracted

e cach particle from shockwave is correlated with away side parton

e no correlations among particles in shockwave

(in reality: momentum conservation shared among O(20+) particles)



3-PARTICLE CORRELATIONS
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T. R. and J. Ruppert, Phys. Rev. C 76 (2007) 014908.



3-PARTICLE CORRELATIONS

e possible to get to the data
— qualitatively, the physics seems to be there

¢ insanely sensitive to what one assumes for medium evolution, interactions,. . .
— basically an unconstrained problem

e experimentally, comparatively easy to get
— but theoretically a nightmare to treat

Currently not possible to use the correlations to extract medium properties!

(don’t trust claims made to that effect)



SUMMARY

To take away from this chapter:

e there is some evidence for a recoil of the medium from a hard probe

e this seems to cause large angle correlations characteristic of a shockwave
e qualitatively, hydrodynamical models can show such shockwaves

e addressing the problem quantitatively is very complicated



SUMMARY OF LECTURE

To take away from these lectures:

e we don't really know much about QCD
— for collectivity, even qualitative understanding is often absent

e heavy-ion physics aims to close part of that gap
— usually the challenge is finding the right model, rather than computing corrections

e hard processes can serve as probes of collective bulk matter
— provided careful and comprehensive modelling is done

e some tomographical information has already been obtained
— awaiting data with LHC statistics to really get into details

The end!



