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asymmetry in the transverse plane at finite impact parameter

.. dxdy (x*—y?)p(x,
eccentricity - e = —%

Snellings 2011

larger gradient and stronger flow in-plane - v, > 0 - elliptic flow

d—(b x 1+ 2vycos(2¢)

€2 + HYDRO RESPONSE — va

Event Plane (Reaction plane) must be reconstructed-in each event
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Mean p, reflects the transverse collective flow

- stronger expansion — larger flow — larger [p.]
- overall flow constrains evolution time, EQS, bulk viscosity

12 —————
p+Pb, V5 =5.02 TeV
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PB, Bzdak, Skokov, 1309.7358
- flow fluctuations + [p_ ] fluctuations
- transverse flow fluctuations — additional information

Mean transverse momentum in an event

1 N i
[p] =52 i PL
Fluctuates from event to event
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How to measure
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- statistical (thermal) fluctuations of pr must be subtracted
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Size fluctuations <+ p, fluctuations
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proposed by Broniowski et al. Phys.Rev. C80 (2009) 051902 :
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two-shots calculation
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Size fluctuations <+ p, fluctuations

N, =100

<r?>"2=3.14fm N, =100 <r?>"2=2.38fm
<p.>=622MeV

<p->=563MeV

[fm]

y

PB, Broniowski 1203.1810
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Physical and statistical fluctuations
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measures the variance of the “collective” p, (red points)
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PHENIX data vs. hydro.
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Viscosity effects on hydro response
N,=100

POTRTIS 1/s=0.08, {/s=0.04, T'=150MeV, w=0.4fm

y— 1/s=0.16
T,=140MeV

S {/s=0.08
w=0.6fm

P S SN S SO A YA I e o

<r?>12 (fm)
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> size fl. < p; fluctuations
hydro. response not modified by

> viscosity

Tr

smearing

core-corona

P;:o+ conservation

centrality def.

vV vy VY VvYyy

<ApgApg>"?/<<pr>> (%]
HH
o
-

c [%]
» too much fluctuations?

nucleon Glauber model — quark Glauber model
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Wounded nucleon model

dn4gE AB dnNP?
dn — "Tpart dn
- full scaling (Bialas, Bleszynski, Czyz, 1976)

dnNg? AB
d;] X Npart

- partial scaling (with centrality)

Rualy =0)

2

1
1 2 3 4 5 6 7 8 9

very good (full) scaling for d-Au at RHIC (Bialas, Czyz, 2004)
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Broken scaling for A-A

T T T
F 8 scev o 7
3 r QM ® 200GeV -
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parl>

- dependence on centrality
- p-p point too low
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Wounded quark model - pp scattering

- three quarks distributed in each nucleon p(r) ~ e~"/*

- recentering
- Gaussian Q-Q wounding profile
- parameters fitted to reproduce N-N scattering

2.0 T T T T
— /5= 7000 GeV
Ses E =200 GeV |

(200GeV, ogg = 7Tmb, rgq = 0.29fm)  (7000GeV, ogq = 14.3mb, rgp = 0.30fm)

- small change of nucleon size with /s
- increase of ogg with /s
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dNgy/dn | Qw
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Wounded quark scaling in AA

m UAS, p+p. \/3‘ =19.6 GeV
o UAS, p+p, /5 = 200 GeV
® ALICE, p + p, /s = 2760 GeV
[+ PHENIX, d + Au, VSnN = 200 GeV
A PHENIX, *He + Au, VENN =200 GeV
x PHENIX, Cu+ Au, \/syy = 200 GeV/
[0 PHENIX, Au + Au, \/syy = 19.6 GeV N
© PHENIX, Au+ Au, \/syy = 200 GeV
* PHENIX, U + U, \/syy = 193 GeV
Lo ALICE, Pb+ Pb, \/syx = 2760 GeV {)

I i }g@@ % it Wﬁ@ﬁ

L DEDDIPIIED |
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b
% boge p e - very good (full) scaling at LHC
1 - approximate scaling at RHIC

LHC - 3 partons , RHIC - 2 partons 7
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How many partons?

2.4

oN,=2
oNp,=3
2112 N;: 1 % %—
o Ny=5 %
bt
_18F i 1
< % b
S 15 % i
= $
2 et bt f
1S S SR S
09 s I T &
os b | ALICE, /5Ny = 2760 GeV
o 100 200 300 400

(M)

- wounded quark scaling changes with effective number of partons
- for each N, N-N scattering profile reproduced
- number of partons increases with energy ?
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Eccentricities
1.0 T T T T T T T T
—— Pb+Pb,\/syy = 2760 GeV, wounded quarks
“““““ Ph+Pb,/sxx = 2760 GeV, wounded nucleons
0.8 |--- -+ AutAu/Exy = 200 GeV, wounded quarks

== Au+Au,/syx = 200 GeV, wounded nucleons

50 100 150 200 250 300 350 400
(Nw)

in AA

T T T T
Pb+Pb,/sxx = 2760 GeV, nucleons
Pb+Pb,/syn i
AutAu,/z

50

100 150 200 250 300 350 400
(Nw)

- very small effect of subnucleonic structure on eccentricities !
- similar as in wounded nucleon model with binary contribution
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Fireball size in p-Pb

=

<<r>> [fm]

0.5 —— wounded quarks B
— — wounded nucleons

..... wounded nucleons
(compact source)
.

50 100 150
Nch
E o & p-Pb 5.02TeV 0-20% E a) p-Pb 5.02TeV 0-20%
3 9 .
- wounded quark model gives small fireball size « o©2r B
2 ]
- compact source consistent with p-Pb data o Bozeketal i 1
1= Romatschke |
© Shapoval et al
(HBT, < p; >) A ALICE Data
1 o 05 1
k [GeV] k| [GeV]
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Fireball eccentricities in p-Pb

0.6 T ] 0.6 T ]

€ [ p+Pb 5.02Tev a) ] €, p+Pb 5.02 TeV b) ]

o5 >—r 4 0.5F E

F ~o ] ]

0.4F S~ _ E 0.4F E
0.3f E 03f

0.2F — wounded ks~ ; 02F T

[ — — wounded nucleons 1 — — wounded nucleons B

0-1; ------ wounded nucleons 7: o wounded nucleons 7:

E (compact source) ] (compact source) E

L L L L
% 50 100 150 % 50 100 150
Nch Nch

- significant eccentricities in p-Pb
- consistent with experimental observation of v, and vz in p-Pb
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p1 fluctuation quark Glauber model initial conditions

- . . .
0.06¢ Pb+Pb@2.76TeV
® quarks
R 0.05; m nucleons
A « ALICE
9 0.04f
& p+Pb@5.02TeV
3 O quarks
0.03 # * k
<lc: l];% O nucleons
2 0.02F '}
v e
0.01} ‘”“”‘!n
0.00:
0 500 1000 1500
dNn/dn

Quark Glauber model gives better description of initial volume
fluctuations
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Same in log scale

(a) Pb+Pb@2.76TeV
0.10 ; ® quarks
A i ; m nucleons
~ i .
2 0.05 Y ALICE
N H;IHI
g m iy
Y . ﬁii‘ilh .
a k
5_0.02 .
g p+Pb@5.02TeV i,
001, © Quarks &I;
O nucleons %

10 50 100 500 1000
dNep/dn

more than simple N~1/2 scaling

both experiment and theory — not minijets
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Size - p; correlation
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<N%> - predictor of the final p|

consistent with predictor of Mazellauskas-Teaney, PRC 2016
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(Size+Multiplicity) - p; correlation
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(b) Pb+Pb 10-20%
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p1 — p1 correlation in rapidity - ALICE preliminary

F=pig= L
b = (FB) = (F)(B) "
corr = <7
(F2) = (F)* 08 06 04 02 0 02 04 06 08
Backward Forward
S N e B e I LA A
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event generators have problems to reproduce data
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Forward and backward asymmetry

Ann.Rev.Nucl.Part.Sci. 57 (2007) 205

- Glauber Monte Carlo model — different forward and backward distributions

- different fireball shape at forward and backward rapidities

mul ty-mult

o

ity correlations flow angle-flow angle correlations

dozens of years, hundreds of papers PB, W. Broniowski, J.Moreira : 1011.3354

many effects sum up ... experiment and theory; picks up momentum
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p1 — p1 correlation in rapidity - hydro

Pb+Pb, |s,,, = 2.76 TeV
+
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reasonable description of the data
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p1 — p1 correlation coefficient - ill defined

02F Pb-+Pb, Sy =276 Tev ]
& ALICE, 0.4<]n_ <08 ]
Eﬁ 0.15F 3
— [ ° ]
S E ﬁwﬁ@@mﬂwﬁ ]
+ 0 15 ) -
o + 4
= [ + %% 1
< 0.05 efficiency=100% N
i e efficiency=80% ¥4
[ + efficienc?/:SO% ]
0 ' -
0 20 40 60 80

Centrality %

b= <[pilalpLle > — <[pLla ><[pL]ls > _

VISPA>—<pa>)<pp>—<ps>?) \[ES, PPl

sensitive to acceptance, particle multiplicity

dominated by statistical fluctuations!
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[p1] — [pL] correlation coefficient

<Ipilalpile > — <[pila><Ipils > _

1 AL A
VG CP \/‘nA(nA—l) 2o IR}

T T
Pb+Pb, |5, = 2.76 TeV ]

1.2

= [ } ]
a 1= x % \ ]
Z»— [ Hydro Hydro+ .4 A
= 0.8 Flow Particlization ]
a [ 05% A 1
F 30-40 % 1
0.6 70-80% A ]

| I

0 1 2

n

p(lpr]; [pT]) =1

in the current model - strong correlations
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[p1] — [pL] correlation coefficient

1.1F T T B
I Pb+Pb, \ls  =2.76 TeV A
i %] " 30-40 % 1
~ 1 @ ] ]
= &%} v ﬁ% ]
= r ; 1
— 0.9} B
s r &%] I
a [ A efficiency=100 %, 3n=0.5 1% 1
0.8 [V efficiency=80 %, dn=0.5 ]
T O efficiency=50 %, dn=0.5 1
[ O efficiency=100 %, 6n=0.25 i

1

0 1 n 2

insensitive to acceptance, efficiency, multiplicity

true measure of flow-flow correlations
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Small decorrelation expected!

FB multiplicity fluctuations p2(n1, 12) ~< p(n1) >< p(m2) > (1 + alallyl 7772)
o T T T
Ew,@\ ATLAS p >02Gev || ATLAS ‘pY>0.2 cev [ ATLAS i p,>0‘2 Gev

A VS = 276 TeV, Pb+Pb, 7 pb™ V5, = 5.02 TeV, p+Pb, 28 nb™ Vs=13TeV, p+p, 65 nb*

\{‘u calc. from € n,)

sub,

direct calc. from C{"(n, )

sty

direct calc. from C3°(n_n,)

@) all charge pairs ] all charge pairs ] all charge pairs
- pairs
, " Wi | , n
200 300 100 200 300 150
‘ch Nch N-:h
Azimuthal flow decorrelations (3-bin measure)
CMS PbPb {5, = 2.76 TeV
100l g o o "
R -y LR
_ Rt N B ta e L3 %
£ ossp o #° L] o T o
= ' " o
£ ooofm sacweso o PE o E ]
0 a0<rp<s0 03<p?<30Gevie
osef™ ~Sponemiaes 4 pb>0Gevic r 1
0-0.2% centrality 0-5% 5-10% 10-20%
IR TOPTORNTORNTOR: ThcsweDRTRRTTRTTOIR Shucas SOOI
L L3 LE N Ll | -
e e, g, L.
 osf 8 = Bw B
& o o™
g o
= 0.90F
ossf-
20-30% a1 aos o e
050510 TS 26 60 b 10 15 3000 05 10 15 20 00 05 10 15 20
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small decorrelation of flow and multiplicity in pseudorapidity
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3-bin measure of [p, ] decorrelation

ror(An) = EZZE{Z;HZH%ZJIQQ Measure of [pr] decorrelation in

pseudorapidity

T T
Pb+Pb, \s, =2.76 TeV

1.2 -1
1= 1
s I ]
2"0.8 Hydro Hydro+ -
= I Flow Particlization 1
[ 05% A 1
i 30-40 % 1
0.6 L - 70-80 % ]

1 1 1
0 0.5 1 1.5 2

n

Strong [p,] — [p.] correlations? - should be measured
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Effect of elliptic flow on other observables

event shape engineering

select events with large go — harder spectra

3 St 0-5% | 5-10% ALIGE

[$]

218 Q wﬁ{ [ |Pb-Pb sy =276 TeV

— (2] - NN

E é 1'&&"‘% """" #'& 9}?” 0.5<n/<0.8

U) a \ 10 L L

w 10 20% 20-30%

= %21.1 + o Large- qlpcu Large- q;")c

gP g wg"“-ﬁ '”u o Small-q]"° o Small-q/*°

gl "'g'is'd'(g.ﬁ """" BHTeYY ¢' """" 9, 9,

\< Z 1 10 L L 1

< i 1;30—40% [ 40-50% ? [ 50-60%

L2 T gt 1 [ ~y

wo |~

= gﬁ A @o«wg T sﬁ! o

: Il Il L 111 Il ¢ % L 111 L L L
0 5 10 150 5 10 150 5 10 15

P, (GeV/c)

difficult to interpret
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Correlation of elliptic flow with other observables

covariance

1

cov(va{2}?,0) = ( e"?ie " (0 —(0)))

pairs ik
correlation coefficient

cov(va{2}2,[pL])
/ Var(v2) ayn Var(O) dyn

p(va{2}?,0) =

for [p.]

COV(Vn{z} 7[pL])
p(va{21 1p1]) = =

\/Var V2)dyn Var(pj_)dy,,
Note: variances exclude selfcorrelations

Var(v2)ayn = va{2}* — va{4}* .

Var(pL ) = Go. = = > (o= D)o ()
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Elliptic flow - py

p(vs{2}%, [p1])

0.3 T
Pb-Pb 2.76 TeV

SN

2
p(v2

op(vZ [p))
* Pearson coeff.

©
[
i

A oversampled events
1

200 400

part

o
o

positive correlation between v, and [p] ]

Piotr Bozek p_1 fluctuations, correlations, factorization breaking



Acceptance - efficiency effects

0.3r T T]
= 3 Pb-Pb 2.76 TeV A
_‘ - B
o + 4
— 0.2 .
N N B b
s F ]
a N ]
0.1 ]

[ OAn =14n,=175 5 ]

O: Y Anp:0.4 Anv:0.75 1

[ AAn =1An =1.75 eff. 50% 1

0 P M 1 1
0.5 200 400

Npart

correct definition of the correlation coefficient
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Triangular flow - p;

p(vs{2}, [p1])

0.3r T T

=] I Pb-Pb 2.76 TeV
_‘ - 4
o - 4
— 0.2 ) ]
we L O P2 [p ) ]
e 01k * Pearson coeff. R
T Aoversampled events

oF :

e}
o=
Ny
o
o
N
o
o

no correlation between v3 and [p, ]
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Comparing to experiment

Correcting for correlations with multiplicity !

p(va{2}?, [pL]) # 0

but also

p(va{2}2, N) #£0 . p([pL],N) #0
How to calculate the correlation at fixed multiplicity
Partial correlation coefficient (Olszewski, Broniowski 1706.01532)

p(val22, IpL]) = p(va{2}2, N)p([pL], N)
VI p(va{2)2 N)2/T— p([p.], N)?

p(va{2}?, [p1]) ~
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ATLAS results

QF— L e e e L N B Q’_ L e e LA s s
o F ATLAS Preliminary 4 o L ATLAS Preliminary ]
~& 0.3 Pb+Pb \s,, =5.02 Te i NG Pb+Pb \s,, =5.02 TeV 1
Z r 12 ]
Q L 4 Q = i
0.2f . 0.05 E

0.1~ . o g
L 1 0.0 E

L —e— 0.5<p_<2GeV ] -0.1- —— 0.5<p_<2GeV B

_0.170 T — - T B

r —&— nucleon Glauber MC Model ] L —&— nucleon Glauber MC Model ]

B v e b L 1S Cov v v v Lo L v v 1]

0 100 200 300 400 0 100 200 300 400

N part N part
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Factorization breaking

Flow at a and b does not factorize

(qn(2)a (b))
V/{(an(2)a5(2)) (an(b) a5 (b))

1 in(: ;
an(a) = — 3" exp™ %) = vy(a)exp™ ()

ra(a, b) = #1

=
factorization breaking in factorization breaking in p
102 - 1 + *'éi"‘ J I
ol @ : o *° st }
1 = 0.6 00-10% coe® L
S v § ¥ LI L PO it
T [ 02— ———————
Q ~f 1 1—deege Frgiet I
Z s E} % : € ic ﬁﬁfﬁﬂ .
097F  primordial — ' ee“"’ue
096 . - . :‘ 02 (‘IH;L is 1]H%| Hs! ZZH; 12 iw 1 xisx 2 uHs! 2 usi
P} P} [GeV/el
PB, Broniowski, Moreira 1011.3354 Gardim, Grassi, Luzum, Ollitrault 1211.0989
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CMS results - PbPb
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CMS results - PbPb
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CMS results - pPb
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Flow asymmetry + Twist angle

r(n) =1—-2Fm=1-2F>y—2F™y

the two can be separated using
3-bin and 4-bin correlators aATLAs 1700.02301

Ro(n) = = (= rer)ah (Man(=maq (rer) > 2Ft
< an(=nrer)ay (=man(n)ay (nrer) > ’

flow angle decorrelation
(b)

backward fi rd

S o < q(—=1)2q* (Mrer)? > asy twi

mo(n) = ———————5— ~1—=2F"7n—2F"5n
’ 2 4% 2 n,2 n,2
< a(n)?q*(nrer)? >

flow angle+flow magnitude decorrelation

Jia, Huo 1403.6077 rn2(n) first measured by CMS 1503.01602

talk by W. Broniowski
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twist angle and flow magnitude decorrelation
3+1D hydro model

a) Pb+Pb 0-5%
magnitude decorrelation
N “magnitude decorr. + twist”
o
g twist
38 <cos{2[@2(pa)-w2(Ps)l}>
0.8
r2(Pa:Py)
07 ———————
<V2(Pa)Va(Pb)>/[<V2(pa)?><V2(pp)?>]"?
0.0 0.5 1.0 15
Pa-pPp  [GeV]
surprising result: “inverted hierarchy”

magnitude decorr. < “magnitude decorrelation + twist” < twist
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central versus peripheral

0—-5% 30 — 40%

a) Pb+Pb 30-40%

a Pb+Pb 0-5%
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6 | T r—e—- - s
© 08 <cos{2[@(pa)-w2(pp)I}> ©
r2(Pa,pp) 0.98} r2(Pa:pp)
07f - = — =~ = — ] v (B oo oll<va (D) 2112
<Va(Pa)Va(Pb)>/[<V2(Pa)2><Va(Pp)?>] 12 - <V2(Pa)V2(Pb)>/[<V2(Pa)*><V2(Pb)*>]
0.0 05 1.0 15 0.0 05 1.0 15
Pa—pp  [GeV]

Pa—py  [GeV]

the “inverted hierarchy” effect is stronger in central collisions
large elliptic flow in semi-central collisions — less fluctuations

p_1 fluctuations, correlations, factorization breaking
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elliptic versus triangular

Vo V3

a) Pb+Pb 30-40% 1 b) Pb+Pb 30-40%

] s
5 5
e 3
5 I ey ~ '
© © 08 <cos{3[@s(pa)-ws(pp)I}>
0.98} r2(Paipb) r3(PasPr)
cvlo vl T<va(p.) 2, 11/2 07p == == = — — 5. 2112
<V2(Pa)V2(Pb)>/[<V2(Pa)*><V2(Pb)*>] J <V3(Pa)V3(Pb)>/[<V3(Pa)2><V3(Pb)2>]
0.0 0.5 1.0 15 0.0 0.5 1.0 15
Pa—p»  [GeV] Pa—py  [GeV]

the “inverted hierarchy” effect is stronger for v3
triangular flow - fluctuation dominated
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Correlation between flow magnitude and twist angle

a) Pb+Pb 0-5%
a0 A e
G . TN
Los
$ .
Noe * .
=
s
504
13
8
0.2
0.0
0.0 0.5 1.0 15 2.0

Vol<vy>

> strong correlation between flow magnitude and twist angle

v

events with large flow have smaller twist angle

v

twist angle measure < cos(AWV,) > o (n)°
“magnitude decorr.+twist” < q2(1) @3 (Nrer) > x (v2)?

v

different weighting by (v2) powers explains “inverted hierarchy”
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Correlators weighted by powers of v,

a) Pb+Pb 0-5%

Correlator

°
@
oy
5
B
k]
z

<G2(Pa)2" (Po)V2*>/[<V2(Pa) v2*><va(ps) v2*>]"

Va(Pa) v*><va (o) v, 51"

0.0 0.5 1.0 15
Pa-pp  [GeV]

P hierarchy of correlators consistent with expectations
* 4
<qn(Pa)’-'l,-, (Pb)Vn>

(an(Pa)ay (Pp)) (an(Pa)ay (Pp)v3)
V/(an(pa)ag (pa)vi) Can(pp)az (pp)vi)

V{an(pa)ag; (b)) (an(Pp)az (b)) \/{an(pa)ags (pa)v2) (an(pp)as (pp)v2)

P> the correlation between flow magnitude and twist can be measured experimentally
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Correlator

Measuring separately magnitude and angle decorrelation

b) Pb+Pb 0-5%

1.4<p,<3.0GeV

09|
< G2 (Pa) 92" (Po)* >
08 [<va(pa)t> <va(pa)*>]™
o7 <Va (P va (P>
[<va(pa)*> <v2(po)*>]"*
0.0 0.5 1.0 15
Pa=pp  [GeV]

P flow magnitude factorization breaking (square)

2 (PR (pe))
1 (P, pp)) = —er L) IPL))
(vA(P2)) (VA (pb))

P angle-+magnitude factorization breaking

(an(pa)?ay (Pb)?)
v/ (an(pa)25 (Pa)?) an(P)2 a5 (b)?)

(angle+magnitude f. b.) ~ (twist angle f. b.)(flow magnitude f. b.)

Note: same effective power of g,

(similar factorization decomposition measured by ATLAS for 1)

fluctuations, correlations, factorization breaking
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central versus peripheral

0-5% 30 — 40%

b) o 1
) PosPb 0-5% I Pb+Pb 30-40%

‘_—~—: 0.99

1.4<p, <3.0GeV

o
©

1.25¢p, <3.0GeV

Correlator
Correlator
o
©
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< q2(Pa)* 42" (Po) > L,
0.97 <G2(Pa)® 42" (P0) >
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——————— i 096f — - — - — - -
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angle decorrelation ~ magnitude decorrelation ~ % flow decorrelation
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elliptic versus triangular

V2 V3
1.01 N
a) 40"
Pb+Pb 30-40% PosPb 30-40%
1.00
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g
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e T 081 [<vi(pa)*> <vs(po)>]
[<va(pa)*> <v2(p)*>]
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0.0 05 1.0 15 0.0 05 1.0 15
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angle decorrelation ~ magnitude decorrelation ~ % flow decorrelation
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Principal component analysis

02f F @) Pbpb @ s =276 TeV 3
: 0-10% 1

ERy —"‘“"‘"""*"""'""’"*»;-—#’:

{an(Pa)ar(pb)) =
A0y (0)(Pa) s (0) (ps) + A1 (pa)w(l)(pb) +.

0.2f

351 0.1:

A

ittt q subleading modes break factorization

0.15 T 1 1 1
0.1
= i 2
70,05 n( C1 |20 VADv Dy 1
51 Pas Pb) 3 <
o’ \/ w0 (pa) VA WO)(py)

2 3
pr (GeV/c)

Bhalerao, Ollitrault, Pal, Teaney 1410.7739
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Principal component analysis for higher order correlators

0.005
@ VO N
0.004f <<q2(pa)’qz"(po)>>
<<Va(pa)?va(pp)>> - ==
0.003
€ Pb+Pb 0-5%
T 0.002
ES -
0.001
0. S———
-0.001
0.0 05 1.0 1.5 2.0

2 2 2 2
<< qn(pa)’ay (pp)” >>=< an(pa)a, (pb)° >

2 2 2 2 2 2
<< Vn(Pa) vapp)” >>=< va(pa) va(pp)” > — < va(pa)™ >< valpp)” >

= VOV (py) + vV (pa) D (pp) + ..

similar shape of eigenvectors — similar shape of factorization breaking

Piotr Bozek
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factorization breaking for higher powers of flow

P flow factorization breaking

! Po+Po 0-5% on ) — (an(P)as (Pb)
e B (an(P2)a; () (an (P (P

0.9

ra(Pa,py) P flow? factorization breaking

0.8; @ r;(pa,ps)’

Correlator

2 2
— pupe (an(pa)®dp (Pb)°)
07 <@l e V/(an(pa)?a3 (a)?) (an(pb)? a5 (P5)?)

[<va(pa)*> <va(ps)*>]™

3 % (y)?
%Wn} P flow?® factorization breaking
[<v2(pa)* > <v2(ps)*>]
0.0 0.5 1.0 15 2.0
3
pr [GeV] (an(pa)?ar (pb)*)

V/(an(pa)3 a7 (pa)?) an(P)?a; (b)?)

a way to measure higher moments of the decorrelation
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» pr fluctuations
» prt correlations
» pr-flow correlations

» factorization breaking
flow decorrelation, angle decorrelation, magnitude decorrelation

> higher order factorization breaking

» Measure

» Calculate
hydro <+ cascade < CGC

Piotr Bozek p_1 fluctuations, correlations, factorization breaking



Two component model

~ A4
« - ¥ PHOBOS (Glauber from HIJING)
8 3.5
£ ¢
= 3F
) r
s, [ B PHOBOS [1]
5 25[. ® pp (2
‘e - EKRT [9]
2; -------- Kharzeev/Nardi [8]
] | —HIJING [7]
0 100 200 300 400
Npart

dNg 1—
Tnh X TaNpart + aNcoII

- binary (Ngoy) contribution o = 0.1 — 0.2
Kharzeev, Nardi, 2000

- maybe due to hard processes

-hard to incorporate in models of initial fireball
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quark-diquark model

o 200 GeV
4]0 624 GeV

dN/dn/(W/2)
&

(AT T

2_

© — quark-diquark model
0 100 200 300 400

W

- subnucleonic structure !

- wounded quark model (Bialas, Czyz, Furmanski 1977, + ... many others )
- quark-diquark model fitted to p-p scattering

- helps in describing RHIC A-A data (Bialas, Bzdak, 2006)

p_1 fluctuations, correlations, factorization breaking
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Constituent quark model - PHENIX

PHENIX 2015
Aiv, o — Ai‘
z% L ® 200 GeV Au+Au Z% r
0 w |
s | A 200 GeV *HevAu S5l A1 *+ i
5, + 200 GeV d+Au 4 g0 %#ﬁ + ++++
o5 ] i |
g g ﬁﬁ

+ 200 GeV Cu+Au

W TR S I

0.5 A 200 GeV Cu+Cu 1

—H + 62.4 GeV Cu+Cu b

PHENIX | [ PHENIX ]
c\\\\\\\\\\\\\\\ 0 T I S I S NI ST

0 50 100 150 0 200 400 600

Ngp Ngp

- three quarks per nucleon

- Q distribution in N from electron-proton

- hard-sphere Q-Q scattering (8.17mb at 200GeV)

- fairly good scaling with Ng, problem with p-p point

- recent (2016) calculations : Lacey et al., Zheng et al. , Loizides,
Mitchell et al.
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N-N profile matters

T T
2.1 |0 standard i
o Pb from Alvioli et al.
[ © hard-sphere qq profile

09 7\ | ALI(‘:E VSNN = 2760 GeV']
0 100 200 300 400
(Nw)

- bulk properties sensitive to modeling of N-N scattering
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Multiplicity distribution p-A, p-p

- +Pb 5.02TeV
1+ P+p Inl<l ALICE param. 107 P
| o S wounded quarks+NB 5
0.001;‘4-._\ — - wounded quarks § i
-~ +NB+string fluct. 10
5 107%}F
z
O =
107°F 107
10712} wounded quarks + NB
10—5 | ——— wounded nucleons + NB
-15 . cMs
10 N T T T SN T TIOT T
0 20 40 60 80 100120 140 160 180 200 220

Ney

- overlaid negative binomial distribution for each wounded quark
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p-p scattering

Eos8 pHp
A 07 .
0.6 T T 7 N
€, p+p 7TeV ] ¥ 0.6
05 €, 0=0.2fm ] sk .
0.4F E L == RS
E 0.4F=""
03f
0.2 7TeV, 0=0.4fm
o T 7 TeV, 0=0.2fm
E — — 276TeV,0=0.2fm
OT\H\HH\\H\\HH\\H\\HH\\H\\HH\

- significant eccentricities in p-p
- small size of the interaction region 0.4fm

Nch
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Wounded quark Glauber model for pp, pA AA

Quark distribution in nuclei and Q-Q scattering
adjusted to reproduce N-N scattering

Particle production scales with number of wounded quarks at LHC

Semi-microscopic description of subnucleonic structure in p-Pb,
consistent with experimental data

Small deformed interaction region in p-p

Indication of an increase of the effective number of partons with /s
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Caution - additional fluctuation may change the results

T T
r 1
[ GLISSANDO, Pb+Pb@2.76TeV
?l [ —— quarks 1
v ——- quarks+l" (k=1) 4
g\lo-lj — - — quarks+ (k=0.5) /7"/ i
A Foo-me nucleons ] ]
g ]
1072l Ll L
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