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In relativistic heavy-ion collisions, anisotropic collective flow is driven, event by event, by the initial
eccentricity of the matter created in the nuclear overlap zone. Interpretation of the anisotropic flow
data thus requires a detailed understanding of the effective initial source eccentricity of the event
sample. In this paper, we investigate various ways of defining this effective eccentricity using the
Monte Carlo Glauber (MCG) approach. In particular, we examine the participant eccentricity,
which quantifies the eccentricity of the initial source shape by the major axes of the ellipse formed
by the interaction points of the participating nucleons. We show that reasonable variation of the
density parameters in the Glauber calculation, as well as variations in how matter production is
modeled, do not significantly modify the already established behavior of the participant eccentricity
as a function of collision centrality. Focusing on event-by-event fluctuations and correlations of the
distributions of participating nucleons we demonstrate that, depending on the achieved event-plane
resolution, fluctuations in the elliptic flow magnitude v2 lead to most measurements being sensitive
to the root-mean-square, rather than the mean of the vs distribution. Neglecting correlations

among participants, we derive analytical expressions for the participant eccentricity cumulants as
a fiinction of the niimher of narticinatine niicleons N..... keenino non-neclicihle contrihiitions 1n




Two Kinds of Glauber Models

Where is the matter? (Participant Eccentricity)

Correlations & Fluctuations



WAhat 1s a Nwclews?

A bound state of nucleons, with positions chosen
according to the Fermi distribution



WA 15 a Nwclews?

An average density distribution of nucleon positions
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Side view Beam-line view

Target A

OAB — /de{l N 1 N O-znelTAB( ]AB}
everything based on smooth, averaged densities



Take it from Che Cop

A bound state of nucleons, with positions chosen
according to the Fermi distribution
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6/ aaéer MonZ‘e Car/ O

Oimel = /dzb/d%’f‘---d%ﬁdzsf-~d285>< A complicated
Ta(s®) - Ta(sB)T5(sB) - Tp(sB)x 800-dimensional
B A integral, but
L= 1] 11 -6 — s +5P)] more intuitive!
j=1i=1
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Total cross section systematically larger in
optical approach




e/ /pS "’73 )

PHYSICAL REVIEW VOLUME 100, NUMBER 1

OCTOBER 1, 1955

Cross Sections in Deuterium at High Energies

R. J. GLAUBER

Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuselts

Recent measurements of nucleon attenuation at 1.4
Bev (where A=0.1X10" c¢cm) seem, on the contrary,
to reveal a substantial lack of additivity of the neutron
and proton cross sections, in deuterium.!'* Measure-
ments with incident protons and incident neutrons
both indicate that the deuteron cross section is less
than the sum of the free-particle cross sections. The
measured differences, although obviously subject to
uncertainty, amount to 9 mb and 6 mb respectively,
values to be compared with o(%,p)=42 mb and o(p,p)
=48 mb. |

(Received May 27, 1955)

Some simple considerations may be of help in
indicating the nature of the effect. At these energies
the attenuation of the incident amplitude by incoherent
processes such as meson production may be schemat-
ically represented as due to a certain amount of absorp-
tion of the incident wave by the nucleons. Since the
incident wavelengths in these cases are evidently much
smaller than the ranges of interaction, the nucleons may
be thought of as casting fairly well-defined shadows.
It is then clear that absorption or scattering by either
nucleon is reduced when it enters the shadow of the
other. Astronomers have long been familiar with a
time-reversed analog of this effect; the decrease in
luminosity of binary star systems during eclipses.




Optical vs. Glawber

® Not a purely academic question

® Nuclear configuration can shift
event to event, which is how we do
physics at RHIC (e.g. v2)

we average measurements, not vice versal

® Our techniques for estimating the
geometry should accomodate this
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OPZ(/‘CQ/ vs. MC
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20%—-30%
10%—-20% 6%—10%

0%—-6%

Generically, ignoring fluctuations leads to
underestimating Npart IN peripheral events
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Interpretation of data can be changed by using
different (i.e. wrong) Glauber approach



( ole of 6/ aaéer @ far/y 77/)785

® The Inelastic cross section shows
that Glauber matters as to whether
anything happens at all!

Do CGC-shadowed calculations give Otot”?

® It can also give us a hint as to how
and where matter was produced
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Sudden Localized Participant Approach

’.9’5’

If total entropy is Ilnear with Npart,
let us also assume that the matter is created
where the soft interactions occur.

If it thermalizes suddenly, then this is the initial state
for hydrodynamic evolution




SPLAT

Sources are Participants, Localized At Thermalization
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Total produced entropy
scales linearly with Npart

Phys.Rev.C74:021902,2006
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ECCenz‘rz‘c/“z‘y

Overlap zone where matter
thermalizes has a particular
“shape” vs. impact parameter
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Generically, hydro predicts complete transfer of
spatial anisotropy into momentum anisotropy!

U9 X €

Hydro is sensitive to where the matter was (and not what!)

Cstd —



Track-based 200 GeV Au+Au
Hit-based 200 GeV Au+Au

Hit-based 130 GeV Au+Au

Hydrodynamic calculation

4
Optical /

Glauber,
2-component
Initialization

50 100 150 200 250 300 350
Phys.Rev.C72:051901,2005 <Npart>

hydro 707 0.6fm/c <:>TO ~ 1 fm/c hadronic
scales ¢~ 30 GeV/fm? e ~ 500 MeV/fm® scales
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Thermalization
Time

Energy

Length scale Geometry

Longitudinal

Dynamics Rapidity



" Sceal /nﬁ Behavior

NA49, Phys. Rev. C(68), 034903 (2003)

——— E, /A=11.8 GeV, E877
—@— E_,/A=40 GeV, NA49

—@— E_./A=158 GeV, NA49

—sf=— \[5,4,=130 GeV, STAR
—h— \[5,,=200 GeV, STAR Prelim.

25
(1/S) dN_, /dy

_2 iIs a simple “transverse
€ function of S density”

“pressure”



Is this hydrodynamic equilibration, or just the
approach to it? In any case, it seems to be universal

Energy

Geometry

Rapidity



Does v, follow € 7

PHOBOS

O Hits

® Tracks

0
0 100 300

PHOBOS QM2006 R. Nouicer

v2 does not go to zero when eccentricity should (b~0)
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PHOBOS

O Hits
® Tracks

PHOBOS QM2006 R. Nouicer



Eccentricity Fluctuwadions

participants @

Optical limit

Glauber Monte Carlo

We know nuclei are made of nucleons,
Why “insist” that an average density
matters for flow measurements?







Participants trace out overlap zone, but include
1. Fluctuations (finite number per event)
2. Correlations (it takes two to tango...)

(NB: these are snapshots of nucleon configurations, not stable nuclear states!)



Ce+Cus




Ce+Cus

Fluctuations can seriously deviate from nominal overlap
zone for small numbers of nucleons



Ce+Cus
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similar to “Standard eccentricity” €stq = 02+ (22)




Ce+Cus

Principal axes make sense if vo depends on shape
of produced matter (in SLP), not the reaction plane
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“Participant eccentricity”



Participant vs. Standard

PHOBOS MC .
nucl-ex/0610037 e ]¢e, CutCu

O
s
% Phys.Rev.Lett.98:242302,2007.
\ 5] ¢¢,. CurCu
E ]
+
= El (epan) Au+Au

- <8std> AU+AU

.
N

>
et
2
e
whed
C
O
QO
O
LUl

50 100 150 200 250 300 350
Number of participants




Sornet /7//73 Lorong...

PHOBOS

O Hits
® Tracks

PHOBOS QM2006 R. Nouicer
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PHOBOS
O Hits
® Tracks

PHOBOS QM2006 R. Nouicer



VS. 4 rea/ Dens /‘Z‘y

PHOBOS QM2006

PHOBOS preliminary

200 GeV, AutAu, tracks 130 GeV, STAR
200 GeV, AutAu, hits 17 GeV, NA4S
130 GeV. Aut+Au, hits 4 GeV, E877
62.4 GeV, AutAu, hits

19.6 GeV, AutAu, hits

200 GeV. Cu+Cu, tracks

200 GeV, Cu+Cu, hits

62.4 GeV, Cu+Cu, hits

22 .4 GeV, Cu+Cu, hits

1/(S) (dN_ /dy) [fm™]
statistical errors only
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200 GeV

® Au+Au 35-50%
® Cu+Cu 3-20%

PHOBOS
Preliminary

: 1.5 2 2.5
PHOBOS QM2006 R. Nouicer pT (GeVlc)

Choose two bins with same Npart (~same density)
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200 GeV

® Au+Au 35-50%
® Cu+Cu 3-20%

PHOBOS
Prelimina
ry ® '

05 1 15 2 25 3 35
p; (GeVic)

PHOBOS QM2006 R. Nouicer

Unity of geometry, system, energy, pr
at same Npart




Configuration established early and preserved:
substantial viscosity would
generate new entropy due to inhomogeneities
under different geometric conditions




Data suggests geometry is “frozen in” immediately (SLP)

Thermalization
Time

Energy

Geometry



D{ig/ns Deeper

Initial success of participant eccentricity
raised many questions:

1. Robustness to nuclear density variations
2. Robustness to particle production model
3. Role of “correlations”
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6/ aaéer Pardareters
Cu+Cu Au+Au

Nuclear radius (R)
Skin depth (a)

NN cross section (Onn)
Minimal distance (d)

Participant

Reaction plane
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Mcdler Depoé 1C1on

— - Hard-sphere (R = 0.6fm) Ratio to Participants
hs 1 — e W= R

- - - . Gaussian (o = 0.3fm) f?:":‘_’. k

0.9
—— Participants (point-like)
0.8

0 50 100 150 200 _25_0 300 350
Number of participants

100 150 200 _ 2?0 300 350
Number of participants

Explored two implementations of “smearing” matter
Hard sphere and Gaussian

Smearing is a 5% effect at most between peripheral & central
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7, QI‘Z(/‘C/PQI?Z‘S vs. Collisions

— — Binaries (x=1)
- - - - Mixture (x=0.13)
Participants (x=0)

1.4

100 150 200 .2§p 300 350
Number of participants

100 150 200 . 2?0 300 350
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Npafrt

dN
“Two component model” an = Ny {(1 — ) > | chau}

At most a 10% effect between peripheral & central




Correlalions & ﬁ UL Ul 1 oNnS

® Something only accessible with
MC Glauber

® Lffect of fluctuations on vo estimation
® Corrected eccentricity scaling of vo
® Cumulants and correlations of nucleons




Cetrnmet/ants of €

® Basic intuition:
® if vo X €, and vz Is estimated by co

particles, t

AlS

moment o1

Vo and thus the eccentri

N one IS really measuri

va{n} ~(€")tn

® Cumulants are more natural

e {2}° = (€?)

Order of € cumulant should match order of vo cumulant

e {4} = 2(€?

relating n
Ng a higher

city

)* = (")
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o Nucleon &2}/<&

m Nucleon H4}/<=

Nucleon 6}/<=
— Quark €2}/<&
---- Quark &4}/<
Quark &6}/<=

eccentricity

'70 10 20 30 40 50 60 70 80 90 100

10 20 30 40 50 60 70 80 90 100
cross section [ % |

S
%

eccentricity
S
(=)

FIG. 3: Eccentricity cumulants calculated for Au+Au colli-
sions in a Monte Carlo Glauber model compared to (¢) as a
function of centrality (from left to right is from central to pe-
ripheral collisions, respectively). The symbols are the Monte
Carlo Glauber results using nucleons, the lines are for con-
stituent quarks (see text).

S
=

e
S

14 16 18 20

Impact parameter (b
pactp (b) culation of € and therefore the determination of the cor-

Interestingly, moments even of &siq track each
other, except for <&sta> In peripheral & central

nucl-ex/0312008, submitted to PRC



Bhalerao & O//itract/t

Bhalerao & Ollitrault
suggested that while
2-particle cumulant

IS systematically higher,
4-particle cumulant
goes back to
“standard” eccentricity

Phys.Lett.B641:260-264,2006

50 100 150 200 250 300 350 400

Number of participants

0.6
0.4

0 2 IR Ay,

ok
0 20 40 60 80

Number of participants

FIG. 2: Standard eccentricity &5, participant eccentricities
e{2} and {4}, and reaction-plane eccentricity (erp), vs the
number of participant nucleons for a Au-Au collision (top)
and a Cu-Cu collision (bottom).
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Fluctuadions and v,

Does PHOBOS
reaction plane
method measure
mean or RMS of v2?

Simulations, with
N particles and
background fraction
fokg let us extract:

(v3)* = v2{ EP)
VS.

O

Typical PHOBOS resolutions
are 0.1-0.5 = x=2
Typical vz fluctuations:

R = +/{cos (2¢h1 — 215)) o /U3 = 0.4 — 1242} = 1.08v,

(upper limit)
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Corrected Sca/ /ng

® Au+Au, 200 GeV
O Au+Au, 62.4 GeV
e Cu+Cu, 200 GeV
O Cu+Cu, 62.4 GeV

PHOBOS preliminary
B 200 GeV, AutAu, tracks

1/(S) (dN_ /dy) [fm?]

1/(S) (dN_ /dy) [fm?]

Not a major change, but a slight flatterning at
large dN/dy/<S>
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Correlations in A+

smooth densities
(leading to “standard” eccentricity)

standard Glauber MC
(nucleons collide in pairs,
fluctuations & correlations)

“mixed” Glauber MC
(sample nucleons from
different collisions,
fluctuations & coO [oNns)

NB: no correlations between nucleons in a nucleus
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ﬁ(// MC vs. Mixed MC
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2nd Cumulant is higher than mean
4th Cumulant is slightly lower than mean

Mixed events always have lower € than full MC,
down by 30% in Cu+Cu
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Analptic Calccladion

B &O d e rived a. Se m i - —— full MCG | Ratio tolepan{4} from full MCG
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analytic form for the N
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Agrees with Mixed MC
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A Closer Z.oo,é at Cu+Cu

LI I L L AL LA L
full MCG i Ratio to &, {4} from full MCG T

1 — u—

— = Analytic (eq.B37) | ! -

- = = = Mixed MCG
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%0 a0 e 80
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7778 D/‘/’ ference

The pairwise collisions
of nucleons as
the nuclel collide
Induce genuine

which enhance the
fluctuations




Conc/usions

These are all different
models of how nuclei
collide and produce matter

Based on comparisons with data,
still seems to be
the most realistic

There Is no simple way
(e.g. cumulants)
recover the “ideal” geometry




Sammary

® Optical Limit vs. MC approach to
Glauber Modeling

® Participant eccentricity
® Comparisons to experimental data

® Role of fluctuations & correlations
® [rreducible feature of MC approach
® Not included in most existing models




TG/ dé(éer MC

® PHOBOS Glauber MC has been used to
generate most of the results shown here

® Near release (pending PHOBOS approval)

® C++ code, interfaced with A. Running the Code
QOOT SyStem 200T0Ge%/(?n((e.ljgNiN iu—ZAQumbC)OH(iSiOHS ?tl \/? :a

ne would construc
TGlauberMC object by issuing the commands:

® Document explaining use oot [0] L runglauber_X.¥.Cr

root [1] TGlauberMC glauber("Au","Au",42);

Oatte rn S y Wlt h a feW where the first ROOT command compiles, links and loads

the compiled macro ? including the Glauber code as ex-

COm pariSOn d iStri butiOnS pl‘clméned in ‘(?hral])oter 2 of the ROOT users’ guide. t

vents can
functions

e generated interactively using the two

® Let us know if you are interested in using
(or testing) it!






