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Hot QCD Matter
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Lecture 1: Tools

Lecture 2: Initial conditions: partonic structure and global observables
Lecture 3: Collective flow and hydrodynamics

Lecture 4: Jets and other hard probes
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Nuclear geometry and hard processes:
Glauber theory

Glauber scaling for hard processes with large momentum transfer
» short coherence length = successive NN collisions independent
 p+Ais incoherent superposition of N+N collisions

— @ — — :/3’._:.\5\: Normalized nuclear density r(b,z):
"/ [ dzdbp(b,z) =1

Nuclear thickness function TA(b) = j dz ,o(b, Z)

Inelastic cross section for ~ _iner e CEE inel A)
p+A collisions: IpA _/db (1 1= Ta(b) o]

O_gjrd A. O_hard/db TA (b) Ao_hard
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Experimental tests of Glauber scaling:

hard cross sections In

Glauber scaling expectation:

for 7 GeV muons on nuclei

Ginel
M.May et al, Phys Rev Lett 35, 407 (1975)
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Measuring collision geometry |

Nuclei are “macroscopic”
=>»characterize collisions by impact parameter

Correlate particle yields from
~causally disconnected parts of =g
phase space ==y &

=» correlation arises from < T P o
common dependence on = ; ‘
collision impact parameter
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Forward neutrons

6/14/12

Measuring collision geometry ||
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* Order events by centrality metric
« Classify into percentile bins of
“centrality”

HI jargon: “0-5% central”

_|_

40-50%

Data

Glauber fit

A

® | &

Connect to Glauber theory via
particle production model:
* N, effective number of
binary nucleon collisions (~5-

10% precision)
* Npo,: NUmber of (inelastically

P I I I
5000

IIIIIII
10000

§ scattered) “participating”
nucleons
15000 20000
VZERO Amplitude (a.u.)
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Scaling of cross sections using Glauber theory
plays a central role in quantitative analysis of
experimental measurements and connection to
theory.

Let’s test it experimentally in A+A collisions...

Hot QCD Matter - Lecture 1



Glauber scaling tests at LHC:
Scaling of direct photon, Z, W yields in Pb+Pb vs p+p

EW bosons do not interact with Quark-Gluon hard / dp
Plasma — should see perturbative production Rap =
rates in Pb+Pb collisions <TAA> daha"'“d/de
l
CMS \[5,=2.76TeV L [PbPb)=6.8pub™ L, [pp)=231nb’ 95
1“11 IhllTII‘=I1-|'4lIiI T T | 7T 171 | T 11 | 17T 171 | 17T 17T 1ﬂ11 * L ICMIS ! | I ! T | I ! ! |T Iunl':ar:’airl'tyl ! ! I _
9 0 —s — PbLPb 0- 10% x 104 10 | PbPb {5, =276 TeV :“ i
g 0 it L e o
:g_ 10° — = PbPb 0-100% x10 § 10° fg - SES W >25CeVic nj<21 "]
— —— PP i —e— Isolated photon  [n|<1.44 |
1{}8 Systematic Uncertainty 103 O - -
A =
[_ﬁ 107 e JETPHOX (pp NLO) 107 .g_ 15 + .
6 6  r -
V 10 = g ‘ 10 u_i_ o : :
W 105F == ——— i 10° © 1 - + -------------------- R —
T ey " © - 7
Z 10°E === 10 © - )
O 3 . et +r 3 o i ]
o 10 E gm aQ 05 .
0 107 i gmz i ]
.‘lD PRI EFF I B A I=' PR PR ﬁ 1{] 0: PN I T R SR NN TR TN SN NN SR ST SN NN TN SN M | :
20 30 40 50 60 70 80 0 20 40 60 80 100
Photon E, (GeV) M [GeV]

Yields all scale with N,;,: Glauber scaling OK for hard processes
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Very simple question: can we understand the
total number of particles generated in a heavy
1ion collision (a.k.a. “multiplicity”)?

6/14/12

RHIC

« Silicon
ALIcE Tracker
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Electromagnet Calorimeter

e

Higfpy
Muon Spectrometer + Barrel trackenses



Let’s start with the “initial state”: what 1s the role
of the partonic structure of the projectiles?

PN

freeze out

hadrons

eluons & quarks in eq.

Multiple interactions drive
the collision dynamics
=>we need to understand
the initial (incoming)
state...
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Perturbative QCD factorization in hadronic collisions

Hard process scale Q“>>A%,cp

pPQCD factorization:
parton distribution fn f,, ~
. . Tet /< Detector
+ partonic cross section ¢ [ ,

+ fragmentation fn D,

Proton Remnant

p=—>| I a
X=momentum (uud)
fraction of hadron d
carried by parton D(z, 1) is fre _
(infinite Lragmentatiep  ~*
momentum frame)

6/14/12
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Q2 evolution of Parton Distribution and
Fragmentation Functions

Aab—>cd
E;ITO-ocfa/A( ® fys (%, Q? @4 " ®Dh/c(zc

Parton Distribution Fucntions (PDFs) Q2 evolution
and fragmentation functions are not
calculable ab initio in pQCD - small Q2

They are essentially non-perturbative in

origin (soft, long distance physics) and ‘ |
must be extracted from data at some I_
scale Q,°

PQCD then specifies how PDFs and
fragmentation functions evolve from Q,?
to any other scale Q% (DGLAP evolution
equations)
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Precision measurements of proton structure:
Deep Inelastic Scattering (DIS) of e+p

proton in "e" momentum frame

|  No transverse
. momentum

e  |0<x<1

x = fractional longitudinal
momentum carried by
the struck parton

/s = ep cms energy
Q?=-g°= 4-momentum transfer squared
(or virtuality of the "photon”)

6/14/12 Hot QCD Matter - Lecture 2

12



Probing the structure of the proton with DIS

Define a new quantity F,:
parton density for flavor i

Sum over quark flavors charge for flavor i

If a proton were made up of 3 quarks, each carrying 1/3 of proton’s momentum:

i a(x) = 6(z — 1/3)
2 L —
/\ with some smearing
/3 X

*If partons are point-like and incoherent then Q2 shouldn’t matter
Bjorken scaling: F, has no Q% dependence




Measurement of proton F,

ZEUS
% x_ﬁjz/Frs_/"_{f_%Dgégfﬂ —— ZEUSNLO QCD fit
/&) [ x=0.000253 - .
£ ///j a ot rcr Tour de force for perturbative QCD:
~ L L / // X=
= 3 7/ /. x=0.0008
i,  ZEUS 96/97
/ x=0.0013 + BCDNMS

Q2 does matter!

v NMC

* Partons are not point-like
and incoherent.

 Hadronic structure depends
) on the scale at which you
e probe it!
R ff Spectacular agreement with
. e s DGLAP evolution
Q(GeV?)
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Parton Distribution Function in the proton

d O_ab—>cd

dt ® Dh/c( Q )

Low Q?Z2: valence structure .
— Q? evolution (gluons)

ag 03 —
—— ZEUSNLO QCD fit
0.7 o (M) =0.118

/)
0
tot. error . XUy X |
N4 r
(W)
X

0.6 —N\
CTEQ 6M
05 MRST2001

04 xg(x 0.05) /
: Vi xd‘,

QCD fits

W (H1+4BCOMS
B (H1+4BCOMS
[1(H1+BCOMS
~ (1)

total uncertainty
exp. + a, uncert,
exp. uncertainty

0.2 0.05) 9 / \
= :
0
107 107 o' 1 | 8
X T T B I
| 01 o 0wt
Soft gluons X

Valence quarks (p = uud)
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Gluon saturation at low X
Fix Q2and consider what happens as X is decreased. ..

wt QCD Fits
O20F | W(H1+BCDMS) total uncertainty < A
X | B (H1+BCOMS) exp. + o uncert. - : QZ{Y)
o | [](H1+BCOMS) exp. uncertainty c saturation & s
’ —(H1) I region ¢
X L
19+ > .
* =
(=20 Ge? o
o
ﬁ o
10 S
’ ©
| g
— g £ } BFKL
5 o S
[ o —
3 c
\ 0 F
Doy b In A2 2
MR R | R QcD In Q

Problem: low x gluon density cannot increase without limit (unitarity bound)
Solution:
gluons carry color charge
«if packed at high enough density they will recombine
=>gluon density is self-limiting

6/1 ;
=>»gluon saturation !



Gluon recombination 1n nuclel

Uncertainty principle: wave fn. for very low momentum
(low x) gluons extends over entire depth of nucleus

Define gluon density per unit area in nucleus of mass A:

G A (377 Q2) 2 2
pr S G (2,Q0) ~ A G (2,Q7)
T 4 R~A"
Gluon recombination cross section: o _
g Recombination occurs if:

Ogg—g ™ @

prOgg—sg > 1

Saturation momentum scale Q.. satisfies

self-consistent condition:

sat 7TR124 580‘3

6/14/12 Gluon recombination for Q2 < Qs.at2

Nuclear
enhancement

of Qg
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Saturation scale vs nuclear mass

R —
[ e
(O]
n e
N
o
0.1
A2 What’s that?
QcbD -
-rl
200 ‘J ‘ ; l‘ i e
120 40,72 408 1o -
A \_Y_? A_Y_’
RHIC LHC
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Color Glass Condensate (CGC)

dN&

« O kt-factorization: drdZp,

1 . .
x [ 2k s d(x1, ke) $(x2, [pe — kt|)
n=0 L

A==0.24+03

ch
_ gluon-hadron duality dI; - %K? o« QZ(Vs,b) \/S_;’S@part
1 l-h n n=0 \ n =10
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Can we see Saturation experimentally?

Asymmetric deuteron+Au collisions at RHIC:
Look at forward 2-particle correlations

Back-scatter off Au-nucleus: low x InAu g =
Triggered hadron

Associated hadron

Saturation picture: '

“mono-jets” Perturbative picture: |. %~Dm
Pilute parton Back-to-back jets = | ®

system Maono-

(d@teron)
®

Tet 7J
6/14/12 Hot QCD Matter - Lectur:

.
g

Jet Proton Remnant
i
(4 b X, f e B
. l:l'l.ll{U {ﬁﬁﬂ]
T is balanced by

many gluons
Dense gluonfield (Au) .



What are we plotting? 2-particle
correlations in azimuthal angle

g
Triggered hadron

0.2_— — p+p min. bias

4<p, (trig)<6 GeV/c ﬁsﬂn ]

pr(assoc)>2 GeV/c

| Trigger

/ \\

1/Ny1ger AN/A(A0)

trigger
! PR T T T R T T A M T T T L1 Lo
-1 0 1 2 3 4
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Unzorrected Coincidence
Probapility {ragjan™)

Uncorrected Coincidence

STAR: d+Au forward azimuthal

correlations
p+p Centrality Averaged d+Au

p+p —> m'n°4X, Vs = 200 GeV |, d+au = n°n+¥, Vs = 200 GeV pe rtu rbatlve Jet
0.0225F 57 GeV,/c, 1 GeV/C< pra<pr 2 002230 pu>2GeV/e, 1 CeV/e<prsipy
0.02F <y r=3.2, <ns>=3.1 gi‘ 0.02¢ L r=3.2, <sr =32
01750 §'§.0175§
0.0150 B >c.015f
; £ 20015
E o= L 4 =y
0125F E5.0125F + _
E £8 001} ﬁ)_) Bl e
o0 P (uud) (iiid)
0.0075F 0.0075F Peaks
[ B E Ay ©
0.005- Keqks 0.005r, o 0474£0.M
£ ¢ O E Al -
00025 LR 0 0414001 || 0005 i%T‘ R ™ 1.20x08 -~
o breliminary 7 CEPEY oLlreliminary . £ .
-1 4] 1 2 3 4 -1 0 1 2 o
Aip Ap
Peripheral Cefitral
dAU —> ROP4X, Vs = 200 GaV, 0<T0me<500 S TAY “’1:;2 :’ = 210(? s;"'-<2002<fﬂm<4000
oo1el  pus2 GeV/ic, 1 GeV/e< pra<pn 0 Pru>2 GeV/e, 1 GeV/e<prs<pry
- . 1 <> =3.2, <ng>=3.2 Jr+ <p>=3.1, <ns>=3.2
§0.014r + s CGC+offset
2
Leonz
7 _
2 ,
3 o.m: 4+ t
Fan)
5 0.008
o i _
0.006 L Peaks
[ Peaks 0.011 by o
0.004 O> v @ 3 s 0
E , .02 - : : .
O_Oozﬁf.,s,,TAR I e 0.005-3 STAR n 1.6 ). CGC Model : Albacete+Marquet
oo Preliminary €7 .  Preliminary¥'s" €

ot (arXiv: 1005.4065)
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J. Albacete, Hard Probes 2012

Forward di-hadron angular correlations in RHIC dAu data

‘i’{ Central dAu collisions
0,028 - . . -
%H © Snpemnay  coccaeusns || Bt maybe not:
0.024 Py = Pg = 1 GeWic <xg=3.2 — Albacsts-Marqust
5 ooz f % non-CGC” calculaions ConvenFionaI pQCD
= mechanisms plus
0.02 -
O conventional nuclear
0018 effects work as
o018 well...

0.014

Uncertainties in current CGC phenomenological works:
« Need for a better description of n-point functions: [D. Triantafyllopoulos's and T. Lappi's talk]
+ Better determination of the pedestal: K-factors in single inclusive production?
RHole of double parton scattering?

[Heikki Mintysaari's talk] (m)

correlated uncorrelated

Sarfaman, Vioglmng, 10006123
» Alternative descriptions including resummation of multiple scatierings, nuclear shadowing an
cold nuclear matter energy loss seem possible...




Next step: p+A at LHC (November 2012 run)

r C. Salgado, Hard Probes 2012 3

1OB¥_I TTTITH [ IIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T IIIIIII| T Illlfg
107 p+Pb @ LHC (7 TeV+2.75 TeV) , =
10° :_ Present nuclear DIS 2¥ _
= and Drell-Yan in p+A 4 N E

- d+Au @ RHIC 5
10° W

ﬁ; E D<y<3.2 »
g 10 7 :
C :
10°e 2 3
E ., )~ -
_ 102 = :.' 1l F=
Region of greatest = — 3
Interest: low xand | 10\ &° .4/ it
low Q2 " % [ ey DISHRY)/
1;5_I IIIIIIIi L1 I7IIIII | IIIiIIIi | IIIIIIIi | IIIIIIIi 1 IIIIIIIi 1 IIIIE
107 10° 10° 10* 10° 10* 10" 1
xA
A

Hard Probes 2012, Caglan pA at the LHC 4



Summary thus far

QCD is remarkably successful in describing the partonic stucture of the proton
over a vast kinematic range

There are good reasons to expect signficant modification of this structure in heavy
nuclei =» saturation

« Some experimental evidence in favor of saturation in forward d+Au
correlations at RHIC

« LHC p+Arun this November will provide a wealth of new data to address
the issue in more detail (crucially: much smaller x)

Does any of this play a role in high energy nuclear collisions?
Let’s go back to our original question: what generates all the particles?

N
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Multiplicity measurements

Count the number of charged particles per unit pseudo-rapidity

Simplest “bulk’ observable that characterizes the collision

RHIC LHC

Nov 7, ~1:30

ojection Chamber +
Electromﬁn‘e‘t Calorimeter

+ Silicon
ALICE Tracker

HiEY
Muon Spectrometer + Barrel trackenses
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Charged particle multiplicity

ALICE PRL, 105, 252301 (2010), arXiv:1011.3916

Illllllllllllll|

0 Il | 1 | I I | | | | | 11 1 11 | | 1 | | N I |
2 3 |
10 10 \Snn (GeV)

LHC: 2 dN /dn /<N_,>=8.3£0.4 (sys.)
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dN_/dn: model comparisons

PRL, 105, 252301 (2010), arXiv:1011.3916

Vsyn=2.76 TeV Pb+Pb, 0-5% central, |n|<0.5
dN_/dn = 1584 * 76 (sys.)

HIJING 2.0 [5]

® DPMJET Il [6] } pQCD—based MC

UrQMD [7]
"""""""" ° /Albacete[S] -~
Levin et al. [9]

Kharzeev et al. [10]
Kharzeev et al. [10] >- Satu ration

Kharzeev et al. [11]
Armesto et al. [12]

° Eskola et al. [13]

—
¢ Bozeketal[14] |
Sarkisyan et al. [15] WAGs

Humanic [16]

g

2000
dN,_,/dn

N ,
1000 150

o

pp extrapolation

) 1 dN

Energy density estimate (Bjorken): ° () =3 = Ar dn (mz)
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dNch/dn: Centrality dependence

PRL, 106, 032301 (2011), arXiv:1012.1657

LHC scale

E In|<0 1 =
X i 44
~ 875 4 @r)c#‘frﬁ] 1 o
| — HIJ¢ ] "
T bet © \ 1 |3
] B HI] i ¢ B “
6— { '?Q 2.5% bins  —3
— # | —_
8 7 | 8
E : *¢ | ‘E
=% L _2 a
E 4= ALICE RHIC - E
X | %0 PbePbVsy=276Tev  oAu-Au 02Tev | X
S L .4 B
-:E 2__ * ppNSD2.76 TeV Interpolation between _ 1 "':E
% i % pp Inel 2.76 TeV 2.36 and 7 TeV pp : %

9|€3S J|HY

1 | 1
0 100

200
(N__)

1 | 1 1 | 1
200 300

peripheral

>

central part
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Striking centrality-independent scaling RHIC=» LHC
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Does saturation play a role?

> —
e o 514 ° . — _
N 8 - A LY : —

)y i ¢¢¢ 4 W qrarnongae-- .

2t set 1 T ey | N

7] B i | &

byt s

. 6 . 13 7
--N.. B # _ ___N_ .

E LY LE 3

< 4__‘4‘ 12 = S
% . ®0 Pb-Pb2.76 TeVALICE o0 Au-Au 0.2 TeV | % %

B 5  + ppNSD2.76TeV 4132

= [ x pplnel2.76 TeV 1 2 IR e . N R SN
= ¢ 1 2 Color Glass Condensate

| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 2
0 100 200 300 200 Ao .
. h I * (Npart> 200 - Conﬁr?ementRelglme .
peripnera a0 e o 105
central A 1% f )

RHIC LYJ

: : LHC
Expectation from saturation models:

izati - dN<" A
factorization of centrality and energy ~ +/s/sn - £(N
dependence: dn /s0 - f(Npart)
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dN./dn vs. centrality: models

Two-component perturbative models

« Soft (~Npart) and hard
(~Nbin) processes

Saturation-type models

o Parametrization of the saturation
scale with centrality

6/14/12

PRL, 106, 032301 (2011), arXiv:1012.1657

o L
=, 9~ ® 0 Pph+Pb, Vsyy=2.76 TeV .
S [ e S g
= T e L : i
< 8- e jf_é
= [ T s
=5
T P AT
= [ ‘
o | ” . . -
Z 6, S comene DPMJET I [10]
S — . — HIJING 2.0 (sg=0.23) [11]
st 4 —— HIJING 2.0 (sg=0.20) [11]
- ——— Armesto et al. [12]
B + ----------- Kharzeev et al. [13]
4 P Albacete et al. [14]
— | | | | | | | | | | | | | | | |
0 100 / 200 300 400
Albacete and Dumitru (arXiV:1011.5161): part
» Most sophisticated saturation model:
evolution, running coupling
* Captures full centrality dependence...?
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Summary of Lecture 2

Initial state: approaching quantitative control

Final charged multiplicity closely related to initial gluon multiplicity:

dN9

Good evidence that gluon
saturation in nuclei plays a role

S | @ PoPb0s%ALCE A ppNSD ALICE
810~ = PbPb(0-5%)NASO O pp NSD CMS
< | 4 AuAu(0-5%)BRAHMS * pp NSD CDF
B | * AuAu(0-5%)PHENIX o pp NSD UA5 o1
- - . . e 81— O AuAu (os:/o)smn * panggg%:'?
Smooth evolution of multiplicity = [ 7heeenmeses i
S o
. - . s or
with collision energy and system z |
. T 4
S1Z€e o
o: L !
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Why Is any of this surprising? How could It
be different?

Thermalized system: massive re-
Interactions, generation of large
numbers of particles and softening
of momentum spectra

expect stronger dependence on

energy and system size...? ~

P

Apparently not the case §-
ZO

Next lecture: additional news about
equilibration.

6/14/12 Hot QCD Matter - Lecture 2

PbPb(0-5 %) ALICE
PbPb(0-5 %) NA50
AuAu(0-5 %) BRAHMS
AuAu(0-5 %) PHENIX
AuAu(0-5 %) STAR
AuAu

]
u
A
*
]
v (0-6 %) PHOBOS

A pp NSD ALICE
o pp NSD CMS
* pp NSD CDF

o pp NSD UA5
% pp NSD UA1
x pp NSD STAR
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Simpler case: deep Inelastic scattering (DIS) of e+p

NC: ee+p—oe’+X, CC:.e+p-o>v(v)+X

electron

259 GeV — sira
i "‘

e(K) e'(k’)

T

p(P) X(P’)

(k) v(K’) V() Q**2 =21475 y=0.55 M=198
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Glauber Theory for A+B Collisions

Nuclear overlap function:

Tug (5) = / ds Ty (3) Tx (g_ 5) B

A
Average number of binary NN collisions for
B nucleon at coordinate sg: s° m A

N4 (5— gB) — ATy (5_ gB)  ginel B& //{;)

participants

Average number of binary NN collisions for A+B
collision with impact parameter b:

NAB()) = B / dig Ty (55) -NIA (5 —gB)

— AB y TAB (b) -Oinel

nn
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