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Introduction: Centrality in Pb-Pb collisions (I)

- Proton-proton collisions: large multiplicities of charged particles
produced through multi-parton interactions (fluctuations in
gluon PDFs)

- Heavy-ion collisions: Larger system — much higher overall
multiplictty. High-multiplicity events also occur due to nucleon-
nucleon collisions

before collision after collision

- Additional measurement parameter — centrality — defined in
terms of N, (number of participants, aka “wounded nucleons”)

and N_, (number of binary collisions); characterises shape & size

of overlap region
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‘ Introduction: Glauber model 0,

e Problem: Impossible to directly measure centrality
—Impact parameter () on order of femtometres, N & N_, can't be

directly measured
— Theoretical models developed to estimate

Leading technique: Glauber model, named after
Roy Glauber (right)

e Basic assumptions (“optical limit"):

- Nucleons at high energy — undeflected due to
large momentum (linear trajectory)

— Nucleus large compared to nucleon-nucleon
force

— Motion of nucleons independent of nucleus
— overall cross-section described in terms of Roy Glauber (Nobel Prize, 2005)

nucleon-nucleon cross section
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Introduction: Woods-Saxon distribution (I)

‘ :

- Input for Glauber: inelastic nucleon-
nucleon cross section,
density profile of nucleus

P/Po

- Woods-Saxon distribution
describes nuclear density profile:

(r) = 00 (l + -u,'TE;’RE)
F 1 +exp((r — R)/a)

0.5

- Parameters (see table) determined ol
via e-nucleus scattering (depends
only on charge distribution of

nucleus) N e A R(fm) a(fm) w

- Differences between distributions Au 197 6.38 0.535 0

for protons and neutrons negligible Pb 208 6.68  0.546 0
H. DeVries, C.W. De Jager, C. DeVries, 1987
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‘ Collision schematics

- "Projectile” B colliding with “Target” A at relativistic speed
- Impact parameter b, flux tube of nucleon at s relative to
nucleus centre

Projectile B Target A
—
[\ __________ $b
SR I R ;__} _____ Al .
U Tb S Z—»

Y

a) Side View b) Beam-line View

- Probability per unit transverse area of nucleon in flux tube:
Ta(s)= ] pals,z4)dza
. p, = prob. of location per unit volume
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Optical-limit approximation

. Product of T, T, can be used to define nuclear “thickness
function”

Tag (b) = [Tq (s)Tp (s —b)d’s

- Units: inverse area — effective overlap area of specific nucleons
in A and B

. T(b) o

nel

"N = probability of interaction (o,

NN = (nhelastlc cross

section; elastic processes have little energy loss)
- Probability of n interactions then given by binomial distribution

AB + 7 - _ 1 AB—n
P[n,b}:( . )[:r,iﬂ{b) ol 1= Tas (b) o]
. Can be used to calculate N_, N_, G __*

part inel

oo ) CAB AB

ohtB — gﬂbdb{1_[1_nﬁ(ma{;{§' } Neoit (b) =Y nP(n,b) = ABTsp (b) oiiy
0 ) n=1
Npart (b) = 4/11 {1— 1—Tg(s— Jg{;{;ﬂ'ﬁ}dﬂs_
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- Simple approach to Glauber calculations

Alternative approach: Glauber Monte Carlo (I)

- Nucleons have straight-line trajectories, o independent of prev.
Interactions

- Nucleons distributed in 3D space according to Woods-Saxon (e.g. Au+Au,
Vs, = 200 GeV)

E o
-

0 5 0 5 10 A5 10 5 0 5 10 15
x (fm) z (fm)

- Impact parameter drawn at random from do/db = 2mb, collision happens

if distance between nucleons < V(o "V/m)
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Sample Glauber MC calculation

- Impact parameter distribution shown for Au+Au, Cu+Cu and d+Au
collistons

Au+Au (optical limit)

et
!

dol/db (fm)

_II
[,

1 Ll Ll Ll P T T N e e O N T YT T O T -
2 4 6 8 10 12 14 16 18
impact parameter b (fm)

- Optical approach in Au+Au leads to larger cross section — perturbation
seems small, but is significant (will come back to this later)
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Optical Glauber vs. Glauber Monte Carlo (I)

- Optical approach doesn't consider spatial coordinates of nucleons

- Nucleons see target as having smooth density (etkonal approach)
- Doesn't account for full physics of collision
~ Distortions between approaches in calculation of calculated N & N

coll/
esp. at large o, or for small A/ B

_,.l—ﬂ.._ T |||||. T T T ||||-|| -I T T TTTIm T T |: za 1zuu;k¢¢ NG Dp‘tl':al
c E « Optical Approximation 3 v [ e
= B B H [ ° Ny (MC)
a £ © Glauber Monte Carlo 3 Z" 10001 *% (O tlcal}
= 71F = i s — Noan ( p
.E GE 2 — Eﬂﬂ_— 1 NF
55 \ 8 E 600}
4;— e [
3E . = 400k
25— . E zuu:
1F E i
:-n il 1 1l L1 aanl 1
102 10" p 10 2 4 6 B 10 12 14 16 18 20
6,y (Mb) b (fm)

. 0"® converges between approaches for pointlike o, (left); little
difference for geometric quantities (right)
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Relating Glauber to real collisions (I)

. As mentioned, NIoart & N . not

. coll 12 10 8 6 4 2 0 <b(im)>
measured directly CE T T -
~ Observables (e.g. dN_ /AN, ) must |3 [ 50190 150 200 250 300 350 <Noar”
be mapped to these guantities via %10_1 S n|<1
Glauber calculations
- "Centrality classes”: percentiles
(fraction of total integral) of 02
centrality distribution.
- Convention: 0% = most central, ook BB E 2,
100% = most peripheral F RN 2 ke
50 70 80 50 9'55 Joroy (%) \
(9] i)
- Classes justifiable as we expect 1000 300 12001600 2000
. . N
monotontc relation between b and i

N_; peripheral — low mult,
central — high mult
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‘ Glauber observables

N_ scales with g* (hardness) of collision; jet events have higher

mult than minimum-bias collisions

- Assume majority of nucleon-nucleon collisions analogous to MB
pp events
Can estimate NV online via (energy deposited)/(<E> per charged

particle) (e.g. PHOBOS paddles), or offline by counting charged
tracks (e.g. STAR Time Projection Chamber, ALICE Stlicon Pixel
Detector)

Below: dN, /dn in PHOBOS for Au+Au collisions

5800 19.6 GeV|| 624 GeV|[ 130 GeV|[ 200 GeV
600 : : ' ﬁ
% [ [ I [ A A
a00f : : :
200} : : :
ﬂ: ..... : L1 1 L1 1 :_ Pnil T TS T N TR N T . : R N WA NN N NN W M
-5 0 5 - -5 0 5 5 0 4]
1 . , .
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Relating Glauber to real collisions (I)

- Monte Carlo approach can be

adapted to include detector effects e

— Detectors have finite resolution; no Au+Au 200 GeV
perfect 1-to-1 relation between b
and measured N,

- Detector effects in simulation allow
direct comparison between 10° L
calculated + real distributions of N :

10° b

Missing cross section
& MC Simulation

Counts

1(}2 PR T T T A T T T S R S S SR S B

- Allows e.g. trigger inefficiencies to 0 10 20 30
be accounted for Total Number of Paddle Slats Hit
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Estimating geometric quantities: ¢ (I)

- Total geometric cross section (integral

— 100

- . . . . . E 2 e

of distribution to right) simple in e AutAu (optical limit
Glauber MC approach g nf
60F
S0

- de Broglie wavelength small — 40f

quantum effects small - o ~ o E
geo tnel S
105_.-'" ‘
. . 0 246 TE 10 12 14 16 18

» Systematic uncertainty ~10%, mostly | impact parameter b (fm)

due to nuclear density profile 8. 14F  3040%
3;231 05 2m
-.:E . - ] - o
c . Q g B 0-6%

- Differences between optical + MC Z A
approaches lead to systematic R
differences in centrality binning for
events
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Estimating geometric quantities:

one colliston.

N,

P

art?

N

coll

Definition: participant (or “wounded”) nucleon takes part in at least

()

|III]III|I

.......

AlHAU N

coll

ALu+Au Npart
—_—— Gu+Cu N

coll

Cu+Cu Npﬁrt‘

\Spn = 200 GeV

.....

10
Impact parameter b (fm)

12

14

10?

0- 10%

10- 20%
20- 30%
30- 40%
40- 50%
50- G0%
G0- 70%
T0-92%
92-100%

Autfu at\ENN=2 00 GeW

100

I
400

Noart

1 1
200 300

10§

0- 10%

10- 20%
20- 30%
30- 40%
40- 50%
50- 60%
G- 70%
T0- 892%
92-100%

Aut+Au at \FNN=20D GeV

| 1
500

L1 Ll
1000

1500

Neou

- Smearing accounted for by fluctuations in random distribution
. Shape of N« N distributions due to peripheral events being

more likely
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Estimating geometric quantities: systemaitic (I)

HEIDELBERG
ZUKUNFT

uncertainties

- Systematics can be estimated by — 100p
varying model parameters: s F AutAu (optical limit
- Value of nucleon-nucleon cross section| 3 zf
- Woods-Saxon parameters 60F
- Detector resolution parameters WE
- Gausstian, instead of “black disc”, 0E
overlap function E |
- Centrality cuts tn experiment T s T e R r o
- Trigger efficiencies | impact parameter b (fm)
% ¢ 140 30440%
- Lower plot: Systematic difference of Z 1.05 Zm
N__ when considering optical and MC | ¥ 10— —
ik 0 100 200 300 400
approaches NS,
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Estimating geometric quantities: eccentricity (I)

SEIT 1386

- Overlap region of nuclet is not
spherically symmetric; more “almond-
shaped” — hydrodynamic evolution
leads to momentum anisotropy —
“elliptic flow"

- Eccentricity: v x2) L
‘= WIixy) 10°F 3

12 10 8 6 4 2 0 <b(fm)>
F T T T T T T T

T 50 100 150 200 250 300 350 <Npart>
T T T T T

*1;;) i<

daifdMgy (8-u.)

3

« Can be calculated in Glauber model in

“standard” or “participant” method 10" 00 o0 Tz00 fa00 2000
~ measuring eccentricity along reaction ——————
plane or principal axis of participant u_gf ], O0Cu 3
distribution e

@ 04_. EI(BSW}AU—AU _:

- Limiting behaviour for two methods very 023
different

050 100 150 200 250 300 350
part
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‘ EEEEEEEEEE * Phenomena in p-A and A-A: charged-particle yields (I)

SSSSSSSS

- Multiplicity determined in 1970s to be o S B
proportional to N ;‘530'_ b4 mﬁw_'
- Found to be roughly true for Au+Au < | ﬁ%’ ﬁ
collisions at varying RHIC energies (right, | Z | P ”“G"“i
PHOBOS) 201 ¢ :
- But particle density does not scale - H} ts H*E“G"‘”
linearly with N (below, STAR) ol ‘ Wy Hmm_
- Model agreements vary depending on e
approximation used for N (optical or P
T T N T T S
s S s S e ‘ 0 0 200 400

=
T T

o (ht+h)/2

1 -

(2/{Npart)) dNgy/dn
(%]

]
T T T T

Kharzeev Nardi: Kharzeev Nardi:
=225  x,..=0.1110.005 N n_=225 x_=010+0.005

1111 | 1111 I 1111 | 1111 I 1111 | 1111 I 1111 | IIIIIIII I 1111 I 1111 I 1111 I 1111 I 1111 | 111 II 1111
D 50 100 150 200 250 300 350 O 50 100 150 200 250 300 350 400
{Np it Optical Glauber (N arty MC Glauber
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‘ Phenomena in p-A and A-A: hard scattering (I)

SSSSSSSS

- Number of hard-scattering events
proportional to 7,

® 200 GeV Au+Au Direct Photon

S
s 2
rﬁ—E. 1 @ | Yy
Ny (D) = Tag(b) ot 4 2 © 200 GeV Au+Aun®
. . © 1.5
- Particle yields at RHIC + LHC LR + i
usually measured vs. transverse | 2 o —— ++ 2
momentum p. 0%
. e : 0.5+ O
- Can define nuclear modification ' °© o0 o
factor R,, — effectively ratio of ok
0 50 100 150 200 250 300 350
spectrum to that from proton- Noer

proton collisions

- Direct photons follow 7, scaling;
(N_A]?i}—l dﬂri-l_ﬂfde

Ran(pr) = = =7 - plons suppressed
- energy loss of partons due to
- Can be used to study energy loss hard scattering in QGP (“jet
in high-density medium quenching”)
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‘ Phenomena in p-A and A-A: eccentricity

0.03:—| I I {a) —:
0.06_— % -
Z;rll I‘l ] E % % s lﬁ $] qj E
>NG.04:— ;fé) . o —:
0.02:— % _:
» Hydrodynamics: initial-state spatial M PD e ALY E
anisotropy — final-state momentum & § | eraseCstan
antsotropy a: . } :
. . . 0.5— ]
- Second term in Fourier expansion of -~ ogh 8 : e & ¥ ]
dN/d®: 2v, cos[2(d - ¥))I; ¥, = angle of | = | | . :
. - c) 7
reaction plane ~ 03 % E
. Assumption: v, scales linearly with € £ 0ok ¢ o & E
> - ]
. Dividing measured v, by €: € _ drives o1f 4t E
part = ]

hydrodynamic evolution of system o e e e

part
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#t Phenomena in p-A and A-A: eccentricity fluctuations (I)

. RMS width of v, also measured; L: STAR, R: PHOBOS

|~ =E.E34rza..n:$j"

PHOEBOS preliminary

2.06

| o '].E

Y
(v,
Bid Hl

S -
5= 04 —
— ‘_‘H — —
e
Jz © i ]
N | € 02 [E]Ausau200Gev _
= E = i
o IE @ B ]
':' 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
L L L . L L L 0 100 200 J00
2 g g B 1w 12 14 M
impact parameter (b} (fm) part

- Agreement with € _ implies fluctuations accounted for by

fluctuations in initial-state geometry, meaning other sources
such as Colour-Glass Condensate unnecessary for description
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‘ Phenomena in p-A and A-A: J/V absorption in nuclear (I)

HEIDELBER
FT

ZUKUN
SSSSSSSS maftter

Due to large mass ( > A,,), charm quarks produced in early

stages of collision, not through thermal processes
- Can use pQCD calculations to determine production rate

J/Y suppression in heavy-ion collisions considered signature of
QGP (due to screening of cc binding by free colour charges
- but suppression also noticed in p-A collisions
- must be quantified before concluding on suppression in A-A
collistons (p-A system size considered too small to create

QGP)

Possible “cold nuclear matter” effects: modification of PDFs in
nucleus (shadowing); absorption of pre-resonant cc pairs
— Glauber model can be used for latter
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- Processes inhibiting formation can be parametrised with

constant absorption cross section o, .

. PNENOMenNa in p-A and A-A: J/V absorption in nuclear

()

. Break-up probabillity p_ :

oC

Pabs(b, 24) = Tans TA >(b,2a) with TA ~(b,2a) = / pa(b,z)dz

A

p+A A+B

o

nucleus A nucleus A

_____________________________

nucleus B

- "Normal” suppression level classified as:

Sa+s = exp(—L pg Tabs)

- "Anomalous” suppression beyond this (as seen at SPS energies
at CERN) seen as possible signal for QGP formation

18/07/2014 J. Wilkinson
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Glauber model in nuclear physics depends only on nuclear
geometry
Glves access to quantities that are otherwise unmeasurable (N_,

pan)
N, allows centrality-dependent measurements to be made and
compared between different experiments

- Calculation simple, implemented in very similar way

- Theoretical bltas small
Many heavy-ion phenomena explicable through geometry

-~ Multiplicity scaling with N,

- Role of anisotropy fluctuations in understanding elliptic flow

Glauber model plays major role in understanding nuclear
geometry in experiments at RHIC & LHC
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