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+ Anisotropic flow: Number of constituent
quark (NCQ) scaling

+ Tests of the chiral magnetic effect

+ Anisotropic flow: system response to
anisotropic initial conditions.

+ Flow fluctuations and nonflow
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(all) harmonics flow
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+ Introduction. High energy heavy ion collisions.
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BNL RHIC CERN LHC
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Ultrarelativistic nuclear collisions

vV Syv ~5 GeV ~17 GeV  up to 200 GeV ~2760 (5500) GeV

X (A=208 ) =
LHC Pb+Pb central collision: ~ 0.2 mJ !l
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From Quarks and Gluons to Hadrons and Nuclei

Pb+Pb @ sqri(s) = 2.76 ATeV

20101108 11:30:46
Fill ; 1482

Run : 137124

Event :
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From Quarks and Gluons to Hadrons and Nuclei

Pb+Pb @ sqri(s) = 2.76 ATeV
20101108 11:30:46

Fill : 1482

Run : 137124

Event :

| |
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Baryon Number
, Science 328, 58 (2010 STAR, Nature 473, 353 (2011)
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QGP@RHIC: Gas or Liquid?

Quark-Gluon Plasma = color deconfinement
+ thermalization + ?

Local color screening = deconfinement = “free” color propagation
over large (>> 1 fm) distances
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RHIC answer in the news

Universe May Have Begun as Liquid, Not Gas New State of Matter Is 'Nearly Perfect' Liquid

Physicists working at Brookhaven National

Associated Pfess ~ @l]c m(lﬁ‘]mgton p(lﬁt Laboratory announced today that they have
Tuesday, April 19, 2005; Page A0S created what appears to be a new state of matter

out of the building blocks of atomic nuclel, quarks
and gluons. The researchers unveiled their

New results from a particle collider suggest that the universe behaved like a findings—which could provide new insight into the

liquid 1n 1ts earliest moments, not the fiery gas that was thought to have composition of the universe just moments after the
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Brookhaven's Relativistic Heavy lon Collider
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The Universe consisted of a perfect liquid in its first m
results from an atom-smashing experiment.
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Early Universe was 'liquid-like’
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Shear viscosity / entropy density
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Major RHIC discoveries

EVIDENCE FOR A DENSE LIQUID

Two phenomena in particular point to the quark-gluon medium being a dense liquid state of matter: jet quenching and elliptic flow.
Jet quenchingimplies the quarks and gluons are closely packed, and elliptic flow would not occur if the medium were a gas.

Jetof particles
JET QUENCHING ELLIPTIC FLOW Fragment of

e - gold nucleus
In acollision of protons, hard Off-centercollisions

scattering of two quarks produces between gold nuclei
back-to-back jets of particles. produce an elliptical

region of quark-
L
|

gluon medium.
Proton

Elliptical quark-
gluon medium

The pressure gradients
inthe elliptical region
cause it to explode
outward, mostlyin

the plane of the
collision [(arrows).

In the dense quark-
gluon medium, the jets
are quenched, like
bullets fired into water,
and on averageonly
single jets emerge.

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The
quarks and gluons indeed break out of confinement and behave collectively, if only fleetingly. But this
hot mélange acts like a liquid, not the ideal gas theorists had anticipated.”

M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.
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In the dense quark-

gluon medlum,t.hejets 2P0 atantt.

are quenched, like S0 smantes
bulletsfiredintowater, g S5 5 .o.o.'

and on average only satm®a #—~———Quark-gluon
single jets emerge. » medium

“The physical picture emerging from the four (RHIC) experiments is consistent and surprising. The
quarks and gluons indeed break out of confinement and behave collectively, if only fleetingly. But this
hot mélange acts like a liquid, not the ideal gas theorists had anticipated.”

M. Riordan, W. Zajc, Sci. Am., May 2006, 34-41.

Three major RHIC discoveries (my “count”):

1. Large elliptic flow
2. Jet quenching

3. Constituent quark number scaling
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Anisotropic flow

Picture: ® UrQMD

Anisotropic flow =correlations

with respect to the reaction plane
(more general definition later)

Term “flow” does not mean necessarily
“hydro” flow — used only to emphasize
the collective behavior €=>multiparticle
azimuthal correlation.

Note large orbital angular momen-
tum in the system and strong electric
and magnetic fields!

XZ — the reaction plane

Fourier decomposition of single particle (semi) inclusive spectra:

d°N d*°N 1

= (1+2v, cos(A@) + 2v, cos(2AQ) + ...)

dp, dydAe dp dy 27

Directed flow

Elliptic flow

S.V., Y. Zhang
hep-ph/9407282

Z.Phys. C70 (1996) 665
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Constituent quark coalescence

S.V., QM2002

D. Molnar, S.V., PRL 2003

Low p; quarks f High p; quarks

In the intermediate region coalescence can be described by

2
3 d y = 2v /2
d3nM oc[ 3nq (Dq ~pM/2)] 9 2,M(pt) 2,q(pt )
d’p, d Py v2,B(pt)z3V2,q(pt/3)
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Constituent quark coalescence

S.V., QM2002

D. Molnar, S.V., PRL 2003

Low p; quarks f High p; quarks

In the intermediate region coalescence can be described by

2
: d % =2V %
d3nM oc[ 3nq (Dq ki) /2)] > 2,M (pt) 2,q(pt )
d'py 4P, v, 5(p)=3v, (p,/3)
@ -~ ©
.’0 \'0 Ooo Oo o
' 0,' 27N o
e - ~ [/ Y ® ~0
S0 .5° °©
o0 0.2 —
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i - bar}"on ..............
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Gas of constituent quarks — deconfinement ? 'z 0.05
E
0
0 1 2 3 4 6
P [GPV]
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Elliptic flow: Quark scaling
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- Constituent quark scaling holds very well. STAR, Phys Rev C (72), 014904 (2005)

Deviations are where expected.

- Elliptic flow saturates at pr~ 1 GeV, just at
constituent quark scale. An accident?
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Elliptic flow: Quark scaling
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- Constituent quark scaling holds very well. STAR, Phys Rev C (72), 014904 (2005)

Deviations are where expected.

- Elliptic flow saturates at pi~ 1 GeV, just at
constituent quark scale. An accident?
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Elliptic flow: Quark scaling
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- Constituent quark scaling holds very well. STAR, Phys Rev C (72), 014904 (2005)
Deviations are where expected.
- Elliptic flow saturates at p~ 1 GeV, just at Gas of constituent quarks — deconfinement !
constituent quark scale. An accident?
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LHC

ALICE preliminary, Pb-Pb events at\[s,, =2.76 TeV
centrality 10%-20%
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ALICE preliminary, Pb-Pb events at\/s,, =2.76 TeV
centrality 40%-50%
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Similarly at LHC, final analysis in progress.
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Dyscover fresh ideas in
expert commentanes
from the Amencan
Physical Society’s

free online publication

SICS

potlighting exceptional research

When two nuclel colide, their velocity vectors defise a reachon plane
The magnetic hedd created by the movng nucler leads 10 a local
violstion of P and CP symmelry for strongly mieracting, electncally
charged particles (quarks). Flactuations of the charge symmetry of
emtted parbicles, wiach have been observed by the STAR Collabora
tion at RHIC, may therefore be a sgaature of local panty wickabon.

See “Looking for parity wolshon n heavyon colisons” by B. Muler
MD ['"’)'\Scx‘> Owal"(')* l? 104
Bustrabon by Carin Can, after Phys. Rev. Lett. 103, 251601 (2009)

, September 16-24, , 2011

Chiral Magnetic
Effect

Charge separation along the
magnetic field would manifest
violation of parity (mirror symmetry)

Kharzeev, PLB633:260 (2006)

Kharzeev, Zhitnitsky, NPA797 67 (2007)

Kharzeev, McLerran, Wamnga, NPA803.227 (2008)
Fukushima, Kharzeev, Waringa, PRD 78:074033 (2008)

Voloshin PRC70:057901 (2004)

B. L \ln lev et al. [STAR Collaboration], Phys. Rev. Lett.
103, 251601 (2009),
B. L .\lu lev et al. [STAR Collaboration], |'h}'.-. Rev, (
81. 054908 (2010).
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Chiral magnetic effect. EDM of QCD matter.

LorB
I Charge separation along the orbital momentum:
EDM of the QCD matter (~ the neutron EDM)
Y/ (Local Parity Violation)
=z )

Chiral magnetic effect:
quark interactions with topologically nontrivial

gluonic field configurations = N;#Ng
@ magnetic field = charge separation

\ 78

D. Kharzeev / Physics Letters B 033 (2000) 200-204

or
M. Giovannini’” and M. E. Shaposhnikov(®! Induction of the electric field para||e| to the (Static)
Phys.Rev.D57:2186-2206,1998. magnetic field
Energy of gluonic field is periodic in Ngg : T
direction (~ a generalized coordinate) N R — N L = Q A !H"I'FR - NL
H =
Ng+ Np
BEX
5% .‘0"90.’,',0., 2500
“‘" "“‘.“‘\‘\::““‘:::;:“f\::‘:s“.‘:'." o’n’o,' ) A . A — Q
B L Y
! g a+
IInsta?_ntodn?_ and sphale(;otns a)re . The asymmetry is too small to observe
ocalized (in space and time) solutions : : i
describing transitions between different vacua it Smgle .event’ bu.t Is measurable
via tunneling or go-over-barrier by correlation techniques
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Chiral magnetic effect. EDM of QCD matter.

£

~e—
N~ —

\

D. Kharzeev / Physics Letters B 033 (2000) 200-204

M. Giovannini®® and M. E. Shaposhnikov'®

Phys.Rev.D57:2186-2206,1998.

LorB I 6
f—\»‘\///

Charge separation along the orbital momentum:
EDM of the QCD matter (~ the neutron EDM)
(Local Parity Violation)

Chiral magnetic effect:
quark interactions with topologically nontrivial
gluonic field configurations = N;#Ng

@ magnetic field = charge separation
or

Induction of the electric field parallel to the (static)
magnetic field

You([T) |

Home Videos Channels Shows

Hot Quark Soup Produced at RHIC

Search

12771236 o4 J60p &

St

Np—N;p =0 Np—N

5 A, = VR L
NR—FNL

0

Ars =—Az-= 7~

The asymmetry is too small to observe
In a single event, but is measurable
by correlation techniques
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Observable. Backgrounds

Voloshin PRC70:057901 (2004)

. Physical background (RP dependent).
Can not be suppressed %107
/\ -l I B PR B I LI I NN B I | BN Y B ] I LI I B | I LI I B | I l-
“a 04| AuAu 200 GeV | _
(cos(Pn + 0 — 2¥Rp)) = e U v HIJING 2
, . 4. : ., H - » HUING + v, .
= (COS J(i)a COS _\(:_)‘3{} — { :s‘an(‘) .\‘lllJ(‘)g? ‘}'@_0 2 B e uRQMD N
— :'i:(’l.ﬂl'l.f}:::' + Bln: o ”u Boui -le-- . : s = MEVSIM :
3 L a
= || — AY ........ ;. SR P
= “Flowing clusters”/RP dependent 8 i : B o ]
fragmentation o i -
/ ) i | ‘ '. -0-2 _+ -
(cos(Pq + 03 —2WRp)) = - -
_ [ el A N * . L .
— flr:!ust *-xCO:'—"'(f-.lf}cr + ':.:),’3 E(Dr:!ust),}clust I'Q,ciust 0.4} _
= Global polarization, v, fluctuations, I same charge] ]
L opp charge -
-O.GTIIIIIIlllllllllllllllllllllllllT
_ 70 60 50 40 30 20 10
ll. RP independent. (depends on method and B. 1. Abelev ef al [STAR Collaboration], Pls. Rev. L % Most central
in general can be greatly reduced) B, 1, A oL BTAR Colibaeion, i k. 0| /0 [WIOST C©
~ (+,+) and (-,-) results are combined as “same charge”
(cos(d, + dg — 20..)) = {c 5(0q + O — 2URp)) Vg . HIJING+v2 = added “afterburner” to generate flow
| ' ‘ ! | ' i MEVSIM: flow as in experiment, number of resonances
maximum what is consistent with experiment
Event generators: the signal is not zero,
but different from expectations (e.g. same
charge ~ opp. charge)
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Observable. Backgrounds

Voloshin PRC70:057901 (2004)

. Physical background (RP dependent).
Can not be suppressed

(i(}(')h‘((f)a + Qg — '_)l[/RP):; —
= (cos Ao, cos Apg) — -L’SinJ(‘) sin Agg)

= [(v1.av1.8) + B"™] — [{aqas) + B°*].

» “Flowing clusters”/RP dependent
fragmentation

(co8(@a + 05 — 2¥Rp)) =
— /£ ."ll. : + f R
— _..Plcz-u_st I"._CO:}(E'-:"'}H —|_ '::)ll'j.
 Global polarization, v, fluctuations,

Q(f)gj!ust )\ clust U2, clust

ll. RP independent. (depends on method and
in general can be greatly reduced)

x10~

/\ -l I B PR B I LI I NN B I | BN Y B ] I LI L I L I l-
0. 04} AuAu 200 GeV |
C Y HIJING -
S : 5 HIJING + v, ]
c\.'&0 ol e URQMD -
S T F = MEVSIM 2
+ 5 - o -
;e'_, || — AY ........ ;. DR s “9_,__ g —
7)) e . L -
o = S - _ - - =~
-0.24 - =
0.4f -
i same charge |
L opp charge -
-0.6 TI L 11 I L 11 I | . I L1 11 I | . I L1 11 IT
70 60 50 40 30 20 10

B. I. Abeley -f-u' STAR " W
S s e o %0 Mot central

1

(COS(@, + O — 2( ]

(cos(@, + Op — '.2'[/1,»1-’ )) U9

(+,+) and (-,-) results are combined as “same charge”
HIJING+v2 = added “afterburner” to generate flow
MEVSIM: flow as in experiment, number of resonances
maximum what is consistent with experiment

Event generators: the signal is not zero,
but different from expectations (e.g. same
charge ~ opp. charge)
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RHIC (STAR) Data vs models

B. 1. Abelev ef al \ AR Collabx -l'-l';.l'll_ Phys, Rev, Lett

103. 251601 (2009)

» Large difference in like-sign vs unlike-
sign correlations in the data compared to
models.

» Bigger amplitude in like-sign
correlations compared to unlike-sign.

= | ike-sign and unlike-sign correlations
are consistent with theoretical
expectations

= ... but the unlike-sign correlations are small,
might have significant contribution effects not
related to the RP orientation.

= The “base line” can be shifted from
Zzero.

B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C
81, 054908 (2010).

x10~
/A\ I-l I | B I B | I L B A I | B A | I L | I | B B ' | D B B | I l-
o 0 4 | Au+Au 200 GeV —
9_‘0! Tt ¥ STAR -
- o HIJING -
N 0.2[ F“' A HUJING + v, -
o el © UrQMD -
+ I a  |OMEVSIM -
-@-d i r\¢ e e -
~— o _......; .......... i’l .......... ?. :'::"OQ* !_,,,s.‘!'fép'#
m i l-é _______ ;:'@ ......... o "‘
® - 4; ----------- WL - -
o B . -"""' %'7* - T
N~ _0.2 _(%)"_,,- ¥VV - —-—
0.4 -
I s Red : same charge | ~
i + Blue: opp charge |
-0'61._|||;'L:|”||||||1||||||1|||||||||1|—|
70 60 50 40 30 20 10
% Most central

(++) and <{-—) results agree within errors

and are combined in this plot and all plots below.
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Au+Au and Cu+Cu @ 200 GeV

v 1 0.3 Medium effects: quenching |
/A\ L L I EE ol b | I EEN [Ny | I L l B8 -8 l | B! S R l UL ()llClllallOl] ﬂll)b
o 1 B STAR. 200 GeV 5 | event by event
(4 i : = ‘
= - —a— same charge, AuAu |- i )
o i —=— opp charge, AuAu | _
T 0.5 i %, —=— same charge, CuCu |1 ,' ! quenched |  reaction
+ 4l —=— opp charge, CuCu g \ " plane
3 E A
-e_ . G 3
N o ;
- v N m —
0 O Mma R g —
o e G KR il
b % 2 O = a,a << — (l., ). Kharzeev, et al
- > - E
-0.5F ¢ © —
B 1 -
- “:) -
}- —
-1} G
B g _ -0 1 l L1l 1.1 l e I ] | l gecy jrej l -8 _J -1 l | Bl b ] | l IS o R | -
70 60 50 40 30 20 10 0
% Most Central
+/— signal in Cu+Cu is stronger,
qualitatively in agreement with “theory”,
but keep in mind large uncertainties due
to correlations not related to RP
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An dependences (AuAu200).

%107 x107
L s O ——
0.4 [STAR AuAu 200 GeV N & 0.4 [STAR AuAu 200 GeV 1
i Centrality 30-50% ] = i Centrality 10-30% !
- —e»— same charge - 0.‘ - —e=— same charge -
o~ 0.2 | —=— oppcharge & & 0.2 | —=— oppcharge -
+ E g + ki -
(o] E ] S E 7
e L ' * - e ¢ ;
8 0 i' """ *;++++i+++f+[ """""""""" 41"': 8 0 T....'....:=:‘§ —‘
Q ! QO : o @
il 3 + | ? i el B o . I
~ by - o -
0.2} w - 02" °* =
- P . R -
4 } ¢ ¢ i £ d
04 ° : 1 1 — 0.4+ | 1 o
0 0.5 1 1.5 2 0 0.5 1 2
AM AM
Typical “hadronic” width, Correlations at large An (and
consistent with “theory”. large Apt, see next slide) --
it is not HBT or Coulomb.
Not color flux tubes?
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LHC

x107
N =
— 1.5 ALICE Pb-Pb @\/5,, = 2.76 TeV
B'EK —¥- Same charge (++)
AN 11 —~— Same charge (- -) ||
lx:_ —+— Opp. charge (+-)
<
+
0.5 GR
-
1 ]
O 0 3w — — [ ]
& A8 Ziwm 2y S| S S
~~ WA ) VI
\ AR /)
-0.5F *"‘

0 10 20 30 40 50 60 70 80
centrality, %

ALICE: the signal is very similar to that observed by STAR.
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Further (future) tests

Sergei A. Voloshin PRL 105, 172301 (2010)

U+U very central collisions

All ("physics”) background effects
scale with elliptic flow.

Correlations due to chiral magnetic effect
scale with (square of ) the magnetic field.

(a)

(b)

FIG. 1 (color online). Schematic view of central U + U colli-
sions: (a) up-tip and (b) body-body.

In both cases the magnetic field is small,
but elliptic flow is large in body-body.
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Further (future) tests

Sergei A. Voloshin PRL 105, 172301 (2010)

U+U very central collisions Try to identify other features

of the “topological bubbles”,
All ("physics”) background effects e.g. instanton “bubble”

scale with elliptic flow. : :
- decays isotropically,

Correlations due to chiral magnetic effect - into equal number of g-gbar
scale with (square of ) the magnetic field. pairs of all flavors.
2. A t'Hooft's interaction
1. —_— | - )
W Instanton subprocess:
L A chirality = 2 n¢
.I. | - |
\ o d 9 d :
- |- | R e R :
! Ty b :_; /
| iR Xk £ F 85
—— | ~ \ { ,_&'6 !
" ¢6° :
(b) | - .
| I RN
FIG. 1 (color online). Schematic view of central U + U colli- - = 99\\/4 2
sions: (a) tip-tip and (b) body-body. : g > 7 4 '{Q_g g :
| o
In both cases the magnetic field is small, | 4 k "
but elliptic flow is large in body-body. i SR . g x
: 7
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Further (future) tests

Sergei A. Voloshin PRL 105, 172301 (2010) . . srturbative > ST
— Try to identify other features Nonperturbative Phenomena
U+U very central collisions ) _ ] and Phases of QCD
of the “topological bubbles”,
All ("physics”) background effects e.g. instanton “bubble” Edward V. Shuryak
scale with elliptic flow. : :
- decays isotropically, N
[ [ . . l l
Correlations due to chiral magnetic effect - into equal number of g-gbar s ’,'
scale with (square of ) the magnetic field. pairs of all flavors. : é-_-__I -
e ST : : P S
o - t'Hooft’s interaction i il SN
( —_— | - ) ro Y N
- - Instanton subprocess: P
(a) | At — 30
) . A chirality = 2 ng¢ Moph & ——— ~ 2.5GeV
, - A 9°(p)p
]' ..\ {: 18 ¢
| _>|: | -+ ' 16 ¢+
,."‘ l'v' 141
: 12+
(b) § 08
06
FIG. 1 (color online). Schematic view of central U + U colli- oa bl \
sions: (a) up-tip and (b) body-body. ol NN
. . . ot it 4__-:_-.- B T——
In both cases the magnetic field is small, ° 2 dewmt Pt T
bUt e”'ptIC ﬂOW IS |arge In bOdY'bOdy FIG. 14. Energy spectrum of prompt gluons (solid line),
obtained from the numernical solution, and a thermal distri-
bution with T « 285 MeV (dashed line).
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Further (future) tests

Sergei A. Voloshin PRL 105, 172301 (2010) . . srturbative > ST
— Try to identify other features Nonperturbative Phenomena
U+U very central collisions ) _ ] and Phases of QCD
of the “topological bubbles”,
All ("physics”) background effects e.g. instanton “bubble” Edward V. Shuryak
scale with elliptic flow. : :
- decays isotropically, N
[ [ . . l l
Correlations due to chiral magnetic effect - into equal number of g-gbar s ’,'
scale with (square of ) the magnetic field. pairs of all flavors. : é-_-__I -
e ST : : P S
o - t'Hooft’s interaction i il SN
( —_— | - ) ro Y N
o Instanton subprocess: PR
(a) | At — 30
) . A chirality = 2 ng¢ Moph & ——— ~ 2.5GeV
, A , 9°(p)p
J' ..\ f: : Cl
[ (= ' i 16
,."‘ \ i 14}
: : 12 +
(b) : § 08
8,1 08
FIG. 1 (color online). Schematic view of central U + U colli- - oa bl \
sions: (a) up-tip and (b) body-body. : ol NN
C . . : ot it ;:_-.- ———
In both cases the magnetic field is small, : ° Y 2 Qewmt %7
bUt e”'ptIC ﬂOW IS |arge In bOdY'bOdy : FIG. 14. Energy spectrum of prompt gluons (solid line),
! obtained from the numernical solution, and a thermal distri-
e e, o oo o e e e e, v e e bution with 7" « 285 MeV (dashed line).

P P @
P T 1. STAR, pp2pp, phase Il
X ¢ e
P . Look for: Mass distribution, multiplicities, quark flavor content of the
D L2 0 n clusters (PID c_orrglations, KK vs mmm, etc.), gngular distributi_ons,
unusual behavior in HBT parameters (production by coherent field)
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Flow fluctuations. “Nonflow”

>N | ALICE Preliminary, Pb-Pb events at \/s,, = 2.76 TeV | b)
04] (e\ "2 =<COS( ¢ =9, > < > +<5 43
, c » " “e i o ) q
P e, v2{4} 2<cos(2((p1 (pz))> <c0s(2((p1+(p2 —Q, (p4))> < > —<v2>
-".‘ . . - 1 " e
[ l...'... . 3 - . 2 1
0051 ¢ . The difference between two-particle and many-particle
- I Va fobarged backrons) correlation results are due to flow fluctuations and
i ] v,{2) (|An] > 1) nonflow.
Via ] vo{4)
o "] v,{6}
e 5] v,{8)
%0 90 200 90 40. 50 @0 700 80 c I | B ot I L)
centrality percentile > o\ 2 08
7 =x) 7
A H €=73 2 % :
s RP <y + x > 0.6
_"p‘h' "
0.4
0.2F
0
lllllllllllllllllllllllllllllll
0 2 4 6 8 10 12 14 16
impact parameter
Fig. 1. The definitions of the RP and PP coordinate systems.
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Flow fluctuations. “Nonflow”

N
> ALICE Preliminary, Pb-Pb events at \/s,, = 2.76 TeV

o1 4 v2{2}25<cos( 0, — 0, > < > V46248

gL UL L LT, v, {4 = 2<cos(2((p1 (pz))> <c0s(2((p1+(p2 —Q, (p4))> < >2—<v§>

-".‘ . . 1 " e
[ l...'... . 3 - . 2 1
005 & . The difference between two-particle and many-particle
Va fobarged backrons) correlation results are due to flow fluctuations and
5l T v,{2) (|An]| > 1) nonflow.
¥ C51 Vi)
o "] v,{6}
e 8] v,(8)
%0 90 200 90 40. 50 @0 700 80 c I | B ot I L)
centrality percentile > o\ 2 08
7 =x) 7
A € = Q r
A | 2 2 < 3
g K RP <y + X > 0.6
_" PP »
0.4
0.2F
0
AL 1l L1 1l L1 1 e e lllllllllllllll
0 2 4 6 8 10 12 14 16
impact parameter
The difference between v2[2] gnd v2[4} is almost
Fig. 1. The definitions of the RP and PP coordinate systems. fully saturated by eccentricity fluctuations according to nucleon

participant Glauber MC.
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“Ridge”. (Nonflow?)

B. |. Abelev et al.[STAR-Collaboration], Phys.
Rev. C 80 (2009) 6491

. x10*
= 470
o :

N~

Long range in rapidity and localized in azimuth correlations
have been observed in semi-central and central collisions.
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Radial expansion = 2-part azimuthal correlations

[arXiv:nucl-th/0312065]

pp collision

Y

(6\)‘\6\‘\1

All particles produced in the same NN-collision

(qg-string) experience the transverse radial “push” that is
(a) in the same direction (leads to correlations in phi)

(b) the same in magnitude (= correlations in p;)

Py

Px

AA collision

Px

/

P ) )
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Radial expansion = 2-part azimuthal correlations

[arXiv:nucl-th/0312065] S.A. Voloshin / Physics Letters B 032 {2000) 490494 493
e 2, 1 !
= | ]
— I A s | i |
3 1. D o }, ) i ‘
o | i 5 D <nt | o
3 ga R 810" =
_ 1 - F 3
| w02l | |
£y Rt T .‘
™D AD PP BYEY, PEETa ATTTa INTE1 LTTTT (OPTY FTTPI PR I
. -1 0 0050101502025 030.3504 04505
m=nm, (py )
Fiz. 3. (Color online.) Two pion A¢é distibution as function of ::p.;:: m the blazt  Fiz. 4 The averaze values of cost A¢) and coz(2A4) for the dizaibution zhown
wave model. Linesar velocity profile and T = 110 MeV have been azsumed m Fig. 3.
Figures are shown for particles from the same NN collision.
Dilution factor to be applied!
* * 2 2, |-
<uQ >: M<uu >: MO +8)= M +5 | thezlarge values of transverse ”
flow, pi# > 0.25, would contradict “non-flow
estimates in elliptic flow measurements
WAYNE STATE
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Correlation function. Pure hydro.

J. Takahashi er al..arXiv:0902.4870v1

Page

Yogiro Hama,'! Rone Peterson G

Chan,'
¢

Andrade,’ Fradéngue Grassi,! WerLiang

Takeshit Osada,® Carlos Eduardo Agutar,® and Takesht Kodama®

d’N
N yipg AG dAN

-~

After “flow” subtraction (dashed line on the upper
right plot)
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Single “hot spot”

R. P. G. Andrade, F. Grassi, Y. Hama, W. -L. Qian, Nucl. Phys. A854, 81-88 (2011).

I K]
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8 Te=7.0m [GeV/im?] i i
13.80 3.05
12.20 2.70
10.60 2.35
9.00 3 2.00 3
7.40 ;—:' 1.65 ;'—:'
5.80 1.30
420 0.95
2.60 0.60
1.00 0.25
0.06 0.07
Instead of a “bump” due to a push-out of a “hot spot” by radial flow,
it appears that the high density region actually “blocks” the development of
radial flow in this direction, leading to a dip with two “side-splashes”.
Note that the “dip” and the "“bump” lead to _positive correlations,
the “ridge”, but the details (e.g. harmonic decomposition of the correlation
function is different)
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Density decomposition g, aetal

o

positions
of hot spots

iro Hama,' Rone Peterson G, Andrade,’ Frédéngue Grassi,! WerLiang

Chan akeshit Osada,* Carlos Eduardo Agutar,® and Takesht Kodama

It is difficult to select events with (only) one hot spot at
a given position ==> we will proceed in a different
direction.
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Density decomposition

+ +

1 .
- { ‘ \I' — —
X (fm) + -
Yogiro Hama,! Rone Peterson G, Andrade,’ Frédérigue Grassi,! Wei-Liang —I— o 00
i Fakeshit Osada,® Carlos Eduardo Aguiar,® and Takesht Kodama
" v, .

‘P1,3 \{13

Derek Teaney and Li Yan

. 1 1
e" “*? =1+ ikr cos¢ — Ekzr2 cOs” () — gik3r3 cos” @+ ...
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Density distributions

Yep rotated

h2d

Entries 1738841

8_"'|_"'I"'|"'|_"'I"'|" Mean x 8.325e-06

E : i Mean y 3.752¢-05

6 B ' | . |rmsx 2133

E RMS y 2671
4r -
2F 4
0F B
2F =
-4F | g
-6 , 2
-8 E | | L1 l Ll Figep.n Bigig-g l 1 1 l 1 g

-8 6 4 -2 0 2 4 6 8
10k Pb+Pb events, b=8 fm
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Density distributions

‘Y rp rotated h2d [\, rotated | h2dr
Entries 1738841 = Entries 1738841
8 Tr T[TV [TV P [ YT T[T T T[T T [ 7" "|Meanx 8.325e-06 8 e T| Mean x -3.344e-06
E : | Meany 3.752¢.05 B Meany 9.495¢.05
i . |rmsx 2133 & | RMs x 2.067
6 : RMS y 2.671 6 : RMS y 2.722
4 = 4+ =
] = 2f =
oF . oF S
-2 - 2 -
41 g 4F :
61 g 6 .
-8 :1 Bl | l ra gl ‘ L1 l T I Ll l L1 g -8 :, » s 2l 2
8 6 4 -2 0 2 4 6 8 -8 6 8
10k Pb+Pb events, b=8 fm
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Density distributions

Vep rotated

h2d

o S I R S PO A

S N A O

Entries 1738841
Mean x 8.325e-06
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| ‘Pz rotated |
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RMS x 2.526
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Density distributions

Vep rotated

h2d

Entries 1738841
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Density distributions

Yep rotated h2d | ¥, rotated | h2dr
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Density distributions

Vep rotated

h2d

o S RN AR AR AR NAR A

S N A O

| RMS x

Entriecs 1738841
Mean x 8.325e-06
Mean y 3.752¢-05
2133
RMS y 2.671

lll'lllllllllllllllllllllllllll

8 6 4 -2 0 2 4

6

(o o)

| ‘PZ rotated |

h2dr

8!" L A L | | 73 g | LI B | L | L |
GEEF BRAE RARH BRLE ARAN LLES

Entries 1738841
Mean x -3.344e-06

Y, rotated

Moan v O AQEa NE

¥, rotated h3dr
Entries 1738841
8[_1!llllllilllilllitlltlllll Mean x 4.357e-05

h4dr

8|:"'l"'l'"I"'l"'l"'l"

Entries 1738841
Mean x 3.685¢-05

Maan s D ONOA AE |

P, rotated

h5dr

8lllIlll'llllllllllllllllll

-~

Entries 1738841
Mean x -4.393e-06
Meany .0.0001216

10k Pb+Pb events, b=8 fm

A

Int. School of Nucleaw Physics, 33rd, Cou

'V, rotated h13dr
Entries 1738841
8 B LA LA BLEL LT PLEL LN Pl B LI B Mean x-0.0006856
- Mean y -1,755e-05
6 & RMSx  2.483
B RMSy 2349
41 F
2 r
0 g
=2 =
41 =
6 a
_8 B T BTN TN AE T BN AT AN A AN AN O AT AN AN T AR T AT 1
8 6 4 -2 0 2 4 6 38

Use;, tRICE, Sy, dSepltemder 1o -24, , ZULL

S A. Voloshin

YNE STATE

UNIVERSITY



> 0

Page

~ Centrality 30%-40%

e v.(2}

0.3

A
8}

¢

v,{2}
v,{2}
V5{2}

[ mm- V2 (l]fS = 00)
[ — Vo ()]/S =0.08)
B - - - V3 (']/S = 0.0)

.05

0.1

[ — Vg (n/S = 008)

’9

=

2 i J 2 I 2 J I 2 2 i J

0.1

A
=
¢

| Centrality 0%-2%
v{2}
v4{2}
v.{2}
v {2}

]
= =y

Aol [l

29

Int. School of Nucleawr Physics, 33rd Course; ERICE, Sicily, September 16-24, , 2011

3
P, (GeV/e)

PRL 107, 032301 (2011)

-l 1 l L I I8 0 B ] I 1 I | W 5 UK ] I | I RO l = ) i
1.01 F Centrality 0%-1%, |n| < 0.8 =
B e |An|>1 a
1.008 : Vsaesl2, 1AM > 1) :
1.006 F 3
1.004 | D AT
S 1.002 | -
0.998 f§ ’[ e A
0.996 F. - ]
- 20<p, ’ <3.0 1
0.994 ¢ 1.0<p;:”:<2.o -
0.992 | . B2 ] N e

2 3 4

Ad (rad)

FIG. 4 (color online).

The two-particle azimuthal correlation,

measured in 0 < A¢ < 7 and shown symmetrized over 27,
between a trigger particle with 2 < p, <3 GeV /¢ and an asso-
ciated particle with 1 < p, <2 GeV/¢ for the 0%—1% centrality
class. The solid red line shows the sum of the measured aniso-
tropic flow Fourier coefficients v,, v, vy, and v (dashed lines).
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pt dependence of “odd” and “even” v

i) Even and odd v, with spectators and flow fluctuations N

x107°

.1

> " Pb-Pbat\/s,, = 2.76 TeV
E 157w (1/40) xveven (2-party 20-30% Viscous hydrodynamic
- - (1780) > v {pions} 20-30% calculations for pions:
8 L Luzum (priv. communication) : .
'S 1 Viscous hydro: n/s = 0.08 f M. Luzum (prlvate- COm.)
o - PHOBOS Glauber MC Method:
O 050 [ w:“:n {ggg} g-ggz’f B. Alver, et.al.
Sp @ vi{zDe) 080% .? arXiv:1007.5469 (2011)
OF . L
I o 2-particle correlation fits:
: n : : talk #560 by A. Adare
_05 __ | | | st|at. error only
0 0.5 1 1.5 2 2.5
transverse momentum, P, (GeV/c)
- Similar p_ shape of even and odd v {ZDC} and
v, extracted from Fourier fits of two particles correlations
* Much smaller signal with spectators (~1/40)
O -
E Ilya Selyuzhenkov 27/05/2011 ANNECY 2017 7
The origin of both is the same -- density gradients
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Density decomposition

We can also address the “individual” shapes by
femtoscopy! ... but this is another talk

Ch lakesht Osada,® Carlos Eduardo Agutar,® and Takesht Kodama

| -
2 b S b | & 4 Y
/ &a e *p(z) = p(k), 5
Derek Teaney and Li Yan
ikr cos ¢ . 1 2.2 2 1 =7 3NE 3
e :1+zkrcosq)—5 r~ COS q)—gzkr COS™ @ + ...
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Summary

®m Heavy ion collisions is a unique laboratory to study QCD,
including physics of hadronization, properties of QCD vacuum.

= Anisotropies in particle production appear to be a very
sensitive tool for such studies.

+ Constituent quark number scaling -- an important observation
which might reveal the dynamics of hadronization.

+ Anisotropies in particle production in a very strong magnetic
field of colliding nuclei could provide a unique “playground” for
direct experimental studies of nonperturbative QCD effects.

+ Flow fluctuations, quite accurately measurable experimentally,
provide another observable very sensitive to the initial state of
the system evolution / wave function of the fast nucleus.

+ “Nonflow” due to interplay of “hot spots” and radial flow, and
flow fluctuations due to fluctuations in in the “shape” are different
descriptions of the same phenomena.
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