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The Little Bang

.. . .. final detected
Relativistic Heavy-Ton Collisions particle_distributions
/

made by Chun Shen Kinetic
freeze-out

i Hadronization
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__free streaming
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Shen, Heinz, arXiv:1507.01558
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Collective flow in HI Collisions

—— ///
U. Heinz, arXiv:0810.5529
Asymmetry Collective Momentum
in source expansion anisotropy

distribu- of fireball
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R. Samanta (AGH UST) Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021 3/42



Momentum anisotropy

PHOBOS arXiv:0711.3724 Bilandzic, Snellings and Voloshin arXiv:1010.0233

Momentum anisotropy as fourier expansion of flow harmonics

dN
—dpd(b de +Zv,, Yeos [n (¢ — V)]
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[ Harmonic flow coefficients

y(fm)
o

x(fm) x(fm)

Alver, Baker, Loizides, Steinberg arXiv:0805.4411

Coefficients of harmonic flow

% x 14 2wy cos[2(¢p — W3)] + 3vzcos [3(p — Wa)] + . ..
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Elliptic and Triangular flow

Elliptic flow Triangular flow

Triangular flow

o V, — Elliptic flow e V3 — Triangular flow

(*] V30(€3

@ & — Triangular
deformation in source

o V20(52

o & — Elliptic deformation
in source
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Collective flow fluctuates from event to event

Fluctuations of harmonic flow

® Theoretically, V,, = v, e/ ™,
angle

vp = flow magnitude and ¥, = flow
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Collective flow fluctuates from event to event

Fluctuations of harmonic flow

® Theoretically, V,, = v, e/ ™,
angle

vp = flow magnitude and ¥, = flow

® Due to source asymmetry, £, fluctuates event by event.
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[ Collective flow fluctuates from event to event

Fluctuations of harmonic flow

® Theoretically, V,, = v, e/ ™,
angle

vp = flow magnitude and ¥, = flow

® Due to source asymmetry, £, fluctuates event by event.

® So, the harmonic flow vector V,, fluctuates from even by event
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[ Collective flow fluctuates from event to event

Fluctuations of harmonic flow

® Theoretically, V,, = v, e ", v, = flow magnitude and V¥, = flow
angle

® Due to source asymmetry, £, fluctuates event by event.
® So, the harmonic flow vector V,, fluctuates from even by event

® |n particular flow magnitude v, and flow angle W, fluctuates
separately event by event
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[ Collective flow fluctuates from event to event

Fluctuations of harmonic flow

® Theoretically, V,, = v, e/ ™,
angle

vp = flow magnitude and ¥, = flow

® Due to source asymmetry, £, fluctuates event by event.
® So, the harmonic flow vector V,, fluctuates from even by event

® |n particular flow magnitude v, and flow angle W, fluctuates
separately event by event

® Cumulant method is used to measure the flow coefficients
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[ Collective flow fluctuates from event to event

Fluctuations of harmonic flow

® Theoretically, V,, = v, e ", v, = flow magnitude and V¥, = flow
angle

® Due to source asymmetry, £, fluctuates event by event.

® So, the harmonic flow vector V,, fluctuates from even by event

® |n particular flow magnitude v, and flow angle W, fluctuates
separately event by event

® Cumulant method is used to measure the flow coefficients

® The two particle cumulant, v{2} = /(V,V}¥), where (...) denote
the event average
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Measuring moments of the flow harmonics ]

Cumulant method

> Experimentally, g, = & 2N ef ",

N = the number of particles
¢; = the azimuth of it particle
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Measuring moments of the flow harmonics ]

Cumulant method

» Experimentally, g, = E L,

N = the number of particles
¢; = the azimuth of it particle

» The two partlde CumUIant V{2}2 <qnqn>w1thout self —correlation
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Measuring moments of the flow harmonics ]

Cumulant method

» Experimentally, g, = Z L,

N = the number of particles
¢; = the azimuth of it particle
» The two partlde CumUIant V{2}2 <qnqn>w1thout self —correlation

» where,

<qnq:>without self —correlation — — 1 Z el n(¢i— ¢j
1751
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Measuring moments of the flow harmonics ]

Cumulant method

|
|~
=<

> Experimentally, g, = 7 Y jr; € "%
N = the number of particles
¢; = the azimuth of it particle
» The two particle cumulant, v{2}? = (g,q") without self— correlation

» where,

<qnq:>without self —correlation — — 1 Z el n(¢i= ¢j
1751

» Scalar product of the flows is used to measure the cumulants.
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Measuring moments of the flow harmonics ]

Cumulant method

|
|~
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> Experimentally, g, = 7 Y jr; € "%
N = the number of particles
¢; = the azimuth of it particle
» The two particle cumulant, v{2}? = (g,q") without self— correlation

» where,

<qnq:>without self —correlation — — 1 Z el n(¢i= ¢j
1751

» Scalar product of the flows is used to measure the cumulants.
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Measuring moments of the flow harmonics ]

Cumulant method

|
|~
=<

> Experimentally, g, = 7 Y jr; € "%
N = the number of particles
¢; = the azimuth of it particle
» The two particle cumulant, v{2}? = (g,q") without self— correlation

» where,

<qnq:>without self —correlation — — 1 Z el n(¢i= ¢J
1751

» Scalar product of the flows is used to measure the cumulants.

Only even moments of the flow can be measured !
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P(va/(vp), Plexf(en))

P(v3/(v3)), P(es/(e3))

P(vgl(va)). Pleg/les)

Distribution of the flow harmonics

R. Samanta
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Mapping the flow fluctuation

How can we map the flow fluctuations ?

» In general, the harmonic flow coefficients depend on the
momentum(p) and pseudorapidity (7).

dN

- x1+2V —i 264 3y, R
d¢dpd77 x 1+ 2([),77)6 + 3(p777)e +
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Mapping the flow fluctuation

How can we map the flow fluctuations ?

» In general, the harmonic flow coefficients depend on the
momentum(p) and pseudorapidity (7).

dN

- x1+2V —i 264 3y, R
d¢dpd77 x 1+ 2([),77)6 + 3(p777)e +

> Is it possible to map the flow V,(p,n) itself ? No |
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Mapping the flow fluctuation

How can we map the flow fluctuations ?

» In general, the harmonic flow coefficients depend on the
momentum(p) and pseudorapidity (7).

dN

- x1+2V —i 264 3y, R
d¢dpd77 x 1+ 2([),77)6 + 3(p777)e +

> Is it possible to map the flow V,(p,n) itself ? No |
» Can we map the moments of the flow V,(p,n) ?
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Mapping the flow fluctuation

How can we map the flow fluctuations ?

» In general, the harmonic flow coefficients depend on the
momentum(p) and pseudorapidity (7).

dN

- x1+2V —i 264 3y, R
d¢dpd77 x 1+ 2([),77)6 + 3(p777)e +

> Is it possible to map the flow V,(p,n) itself ? No |
» Can we map the moments of the flow V,(p,n) ?
» We could map the covariance : (V,(p1,m1) Vi (p2,m2))

(Va(p1,m1) Viy (P2,12))
V (Va(p1,m) Vi (pr,m)) (Va(p2,m2) Vi (p2,m12))

or the correlation :
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Forward-backward asymmetry

oF
Au+Au
[ b=6fm
L L L
<15 .10 -5 0 5 10 15
x (fm) z (fm)

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

Forward-backward asymmetry and twist

» Initial model: Glauber Monte Carlo — different distributions for
forward and backward going participants

» Different event plane angles in forward and backward
rapidities(space-time); result in a "Twist" — Torqued fireball .
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Visualizing FB asymmetry

Forward-backward flow angle decorrelation

22
200
18? /
16 /
14;*

z £

T 10— n
N3 Twisted event plane angles
6
a @ Event plane angle fluctuates
2 event by event
\\\\\\\\ o

C | o N
%0302 10" 0 "H0 20 30 40 @ Orientations of the twisted

Arg [deg] principal axes are random in
forward an backward
Bozek, Broniowski, Moreira arXiv: 1011.3354 rapiditiesl
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341D hydro evolution of the torqued fireball sozek, Broniowski, Moreira

Evolution of the torqued fireball

m The initial density for the twisted profile :

s(x,y,m) o< po(Rx, Ry)fe(my)) + p—(RTx, RTy)f_(ny|)

m Forward and backward going participants rotate the principal axis in the
opposite direction on transverse plane; causing a twist or torque.

m The twist survives the hydrodynamic evolution.

,g? 4 7"0+1fm/C ‘ o]
R 3fm/c =
2 — —  6fm/c
o 0
7
> =2 >
> ° f|reball torque
—4i.87% angle
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2-bin correlation observable
correlation coefficient, factorization breaking coefficient

primordial particles, torque events + notorque events charged particles, torque events 4+ notorque events

1.02

‘ 1.00 y =

o @ v} v o1 _ ??E\Hw\" -
1.00 & Y4 {7 D osf % ]
= #1 i : :

099¢ f%\ ] 096 \d
ossf oo (a) % % I
094 1

097F  primordial ] m -

~ 450MeV < pr<3GeV

0.96 - . . . 0.92 - . -
0 1 2 3 4 0 1 2 3 4

n n

cos(2Agp){2}
cos(2Arp){

FB angle correlations

<ﬁ > icF jes €0s [n(di — ¢;)])

cos(nl¥in) = = ) S V< V2 (B) >

@ Substantial nonflow contribution is present

@ 2-bin observables in 7 are dominated by nonflow !
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Flow decorrelation in transverse momenta: pr-bin

Correlations between two different p bins : First moment

» Flow vector factorization coefficient:

(Va(p1) Vi (p2))
VAVa(p1) Vi (p1)) (Va(p2) Vi (p2))

can be measured experimentally r,(p1,p2) < 1 ; correlation coefficient :
p(Va(pl), Va(p2))

ra(p1, p2) =
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Flow decorrelation in transverse momenta: pr-bin

Correlations between two different p bins : First moment

» Flow vector factorization coefficient:

(Va(p1) Vi (p2))
VAVa(p1) Vi (p1) (Va(p2) Vi (p2))
can be measured experimentally r,(p1,p2) < 1 ; correlation coefficient :
p(Va(pl), Va(p2))
» Flow magnitude correlation :

ra(p1, p2) =

(I Va(po)I[ Va(p2)I)
VAIVa(p1)) ([Va(p2) )

cannot be measured experimentally !

ra"(p1, p2) =
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Flow decorrelation in transverse momenta: pr-bin

Correlations between two different p bins : First moment
» Flow vector factorization coefficient:

(Va(p1) Vi (p2))
VAVa(p1) Vi (p1)) (Va(p2) Vi (p2))

can be measured experimentally r,(p1,p2) < 1 ; correlation coefficient :
p(Va(p1), Va(p2))
» Flow magnitude correlation :

ra(p1, p2) =

(I Va(po)I[ Va(p2)I)
VAIVa(p1)) ([Va(p2) )

cannot be measured experimentally !

ra"(p1, p2) =

» Angle correlation :

(IVa(p1)|| Va(p2) | cos[n(Vn(pl) — Wn(p2))])
(IVa(p)I | Va(p2)I)

which again cannot be measured experimentally !

" (p1, p2) =
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Gardim, Grassi, Luzum, Ollitrault arXiv: 1211.0989
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Experimental vs theoretical results

1.0 <p}<15GeVic 15<p}<2.0GeVic 2.0 <p}<2.5GeVic 2.5<p}<3.0GeVic
R o T T

09F CMSPbPb {5, =276 Tev 1

£
Q.
mc;»- 0.8 —+ VISH2+1 Hydro + I
~= MC-Glauber ~ MC-KLN
“ 07 mpata $--ns=020 --ps=020 § +
0-0.2% centrality vrfs =012 s =012
0.6 T=—n/s=0.08 —n/s=0.08 T T
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 0 05 1 15 2 25
a _ b a _ nb a _ nb a _ nb
ps - p; (GeVic) p3 - p; (GeVic) p3 - p; (GeVic) p3 - p; (GeVic)

CMS arXiv: 1503.01692

Observation

@ Results are qualitatively described by models

@ Can provide constraints on initial conditions
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Flow vector, angle and magnitude decorrelation

Let's consider two flow vectors : X and Y

> flow vector decorrelation(factorization breaking coefficient )

L (XY) (XY cos(AW))

(X2) (v?) (X2) (v?)

measures both the magnitude and the angle decorrelation.
(can be measured experimentally)
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Flow vector, angle and magnitude decorrelation

First moment

Let's consider two flow vectors : X and Y

> flow vector decorrelation(factorization breaking coefficient )

L (XY) (XY cos(AW))

(X2) (v?) (X2) (v?)

measures both the magnitude and the angle decorrelation.
(can be measured experimentally)

» flow magnitude decorrelation :

(X1 1Y)
x2) (V?)

(cannot be measured experimentally !)
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[ Flow vector, angle and magnitude decorrelation ]

» flow angle decorrelation

flow vec. decor. (XY) (XY cos(AW))

" flow magnitude decor. X1 1Y) (X'Y)

(cannot be measured experimentally !)
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[ Flow vector, angle and magnitude decorrelation ]

First moment
» flow angle decorrelation

flow vec. decor. (XY) (XY cos(AW))

" flow magnitude decor. X1 1Y) (X'Y)

(cannot be measured experimentally !)

» In experiment we can only measure the scalar product of two vectors

XY
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[ Flow vector, angle and magnitude decorrelation ]

First moment

» flow angle decorrelation

flow vec. decor. (XY) (XY cos(AW))

" flow magnitude decor. X1 1Y) (X'Y)

(cannot be measured experimentally !)
» In experiment we can only measure the scalar product of two vectors

— —

XY

» So, we look for the second moment of correlations coefficient
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[ Flow vector, angle and magnitude decorrelation ]

Second moment

o flow vector decorrelation(factorization breaking coefficient )

2 _ )?Y/ - X2 Y2> (X2Y2) _ (X2 Y2 cos(2AW))
/ y4 / X4 /<X4> <y4>

measures both the magnitude and the angle decorrelation.
(can be measured experimentally)
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[ Flow vector, angle and magnitude decorrelation ]

Second moment

o flow vector decorrelation(factorization breaking coefficient )

,  (2(XY)2— X2y2) (X2Y2) (X2 Y2 cos(2AV))

INCTIRZ) XX (v

measures both the magnitude and the angle decorrelation.
(can be measured experimentally)

o flow magnitude decorrelation :

(X[ 1Y) (X2 v2)

JOXO (L Jxy vy

(can be measured experimentally !)
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[ Flow vector, angle and magnitude decorrelation ]

Second moment

o flow angle decorrelation

flow vec. decor. 2(XY)2=X2Y2) (X2 Y2 cos(2AV)

" flow magnitude decor. (X2 [Y]?) (X2 Y?)

@ That's why one is interested in the even moments of factorization
coefficient during model study.
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Flow decorrelation in longitudinal direction : correlation in n

N direction

Jia, Huo arXiv: 1402.6680

Correlations in 7 bins

@ Flow correlation in 7 can be constructed using 3-bin or 4-bin correlator

R. Samanta (AGH UST) Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021 22 /42



Flow decorrelation in longitudinal direction : correlation in n

N direction

Jia, Huo arXiv: 1402.6680

Correlations in 7 bins

@ Flow correlation in 7 can be constructed using 3-bin or 4-bin correlator

@ Flow vector decorrelation (angle + magnitude):

_ (Ve (=m) Ve (rner))
k0 = ) Vi )
_ (v (=m)va (1rer) coS[nk(Wn(=11) — Wa(1hrer))])
(vit () vis (mrer ) cos[nk(Wn(17) — Wa(10rer))])
~1-2F% —2F%

(3 — bin corr.)

R. Samanta (AGH UST) Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021 22 /42



Flow decorrelation in longitudinal direction : correlation in n

N direction

Jia, Huo arXiv: 1402.6680

Correlations in 7 bins

@ Flow correlation in 7 can be constructed using 3-bin or 4-bin correlator
@ Flow vector decorrelation (angle + magnitude):
rn,k(T]) — <Vnk(_77) V:k(nref»
(Vi () Vi (mrer))
_ (v (=m)va (1rer) coS[nk(Wn(=11) — Wa(1hrer))])
(vi ()i (11rer ) cos[nk(Wn(n) — Wa(10rer))])
~1-2F% —2F%

(3 — bin corr.)

@ FY — FB v, asymmetry — magnitude decorrelation
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Correlations in 7 bins

° 2Ft — FB event plane twist — angle decorrelation

W
(a5 (a3 (e} (et 05 () 0 (1) 45, (o)
) = Ry () = o e s
@ Tt gk ay (neer)) ®) 2 (1) (@0 Cleed) @5, (0D, () 5, )
TG Orer)
(n)q; Grer) T Mre)qn () G (1G5 )
-1 n ”r?! “Href L n Mref
| |
FCal- Tragker FCal+ FCal- Tra¢ker FCal+
i
i !
! G (M e () ! 9D, (1)
!
48 40 24 ! 24 40 49 49 40 =24 24 40 43 1N
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Correlations in 7 bins

o 2F,f:’f — FB event plane twist — angle decorrelation

@ Also, one can construct

_ Valemer) Vi M Va(=m) Vi (ref )y i o
Ro2(1) = O e Vi () Valn) Vi )y 217 €O)
(Vi (=12rer )V (1) V(=) v (ref ) cOS[n(W (= 11rer) — W(1) + W(=1) — V(ner))])
(Va(=1ref )Va(=1) V(1) Vin(1rer ) cOS[n(W (=1rer ) — W (=) + V(1) — W (nrer))])

i
~1-—2F"%

@) G D, (1) 45 Oe))

kgt
@) T J.((:;;i((ng)r:l,‘?:((nz[)j; O R = g 0 D, 8 The)
TG Orer)
ak @ @eer) T Nre) () G (N (eg)
K n Mret et ap n Tref
- = -1 B {= -l
FCal- Tra?ker FCal+ FCal- Tra?ker FCal+

: |

! G (M e () ! 9D, (1)
48 40 24 ! 24 40 49 49 40 =24 : 24 40 43 1N
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Correlations in 7 bins

o 2F,f:’f — FB event plane twist — angle decorrelation

@ Also, one can construct

_ Valemer) Vi M Va(=m) Vi (ref )y i o
Ro2(1) = O e Vi () Valn) Vi )y 217 €O)
(Vi (=12rer )V (1) V(=) v (ref ) cOS[n(W (= 11rer) — W(1) + W(=1) — V(ner))])
(Va(=1ref )Va(=1) V(1) Vin(1rer ) cOS[n(W (=1rer ) — W (=) + V(1) — W (nrer))])

i
~1-—2F"%

— effect of asymmetry is same in both numerator and denominator

@) G D, (1) 45 Oe))

kgt
@) T 7&?&(@?:;?((’:::,3); O R = g 0 D, 8 The)
TG Orer)
ak @ @eer) T Nre) () G (N (eg)
K n Mret et ap n Tref
- = -1 B {= -l
FCal- Tra{l:ker FCal+ FCal- Tra?ker FCal+

: |

! G (M e () ! 9D, (1)
48 40 24 ! 24 40 49 49 40 =24 : 24 40 43 1N

23 /42
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Correlations in 7 bins

° 2Ft — FB event plane twist — angle decorrelation

@ Also, one can construct

_ Valemer) Vi M Va(=m) Vi (ref )y i o
Ro2(1) = O e Vi () Valn) Vi )y 217 €O)
(Vi (=12rer )V (1) V(=) v (ref ) cOS[n(W (= 11rer) — W(1) + W(=1) — V(ner))])
(Va(=1ref )Va(=1) V(1) Vin(1rer ) cOS[n(W (=1rer ) — W (=) + V(1) — W (nrer))])

i
~1-—2F"%

— effect of asymmetry is same in both numerator and denominator

— only angle decorrelation due to twist
-
(a5 (a3 (e} (90 C1ee0) 65,000 C0) 05, (1)
) =+ Ry () = TR S el
@ Tl (a5 (e ® w2 = f D OO Tl
DG Orer)
"(n)q"(n o) T Mre)qn () Tn (D3 (rer)
- Ul Trn-r ref a7 n Trer
| |
FCal- Tragker FCal+ FCal- Tragker FCal+
I I
! !
! n (Nredn(n) ! 9D, (1)
s -24 ! 24 40 43 n

49 40 24 24 40 401 49 40
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Correlations in 7 bins

@ Measuring ra«(n) and R, 2(n), the magnitude and angle decorrelation can be

separated.
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ATLAS arXiv:1709.02301
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Correlations in 7 bins

@ Measuring ra«(n) and R, 2(n), the magnitude and angle decorrelation can be
separated.

@ Moreover we can see, ’ Magnitude decor. >~ Angle decor.

S ATLAS  Pb+Pb5.02 TeV,221b" ATLAS ! j ] ATLAS j
[+
ST - o B
e 18 g CC P88,
] r e B g ) =] 1 e B g
&} r o B g e [= R 1 o a
r 1) o 1 Q 8
0.95F o1l ° B -F e} 4
L © . ] e
F -59% =} 5-10% E 10-20% ©
0.9 [E raps - F 5] rops °qk B rape 4
[ @] Rzp2 [¢] [E Rapo ] [E Ry
S [ amias i j ATLAS | ' T ATLAS ! T
[+
Y OO B OO J B mgemoemoero e ]
[ 7@ 8 8 g 8 B =} 8 g8 =]
s | o ° o % & g ° e E
r =]
o] r ° a <) o =] o e = o
0.95F 4+ o 4 F ] e
i o ° e
F 20-30% © 30-40% ° 40-50% @ 5
0.9 [Ersp. 1t B rap» qF B ... i
[ @ Rz;zz IE’ H2|22 \El Rmz
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0 05 1 15 2 0 05 1 15 2 0 0.5 1 15 2
n n n

ATLAS arXiv:1709.02301

R. Samanta Flow fluctuation in HI collision OWKA: Dec.




[ Why magnitude decorrelation ~ angle direction ? ]

Simple model of vector decorrelation sozek, mehrabpour

Let's consider two vector: X,= V,+4, and Y,= V-5,
» It can be shown that, factorization breaking of flow vector:

XY, {00
<><3><vn2>_1 Wi

~

» factorization breaking of flow magnitude:

XoYo) g (00
xa(vzy (V)

» and flow angle decorrelation :

(Vicos(nAw)) _ | ()
vy W)
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[ Angle-magnitude correlations in pr : 2nd moment ]

» Flow vector square factorization coefficient:

<Vn(pl)2 Vn*(p2)2>
VAVa(pr)l#) ([Va(p2)I*)

could be measured experimentally
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[ Angle-magnitude correlations in pr : 2nd moment ]

» Flow vector square factorization coefficient:

<Vn(pl)2 Vn*(p2)2>
VAVa(pr)l#) ([Va(p2)I*)

could be measured experimentally

» Flow magnitude square correlation :

([ Va(p1)P|Vo(p2) )
VIVa(p1)[#) ([ Va(p2)I?)

Could be measured experimentally ! (unlike the rapidity corr. and the corr. in first moment)
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[ Angle-magnitude correlations in pr : 2nd moment ]

» Flow vector square factorization coefficient:

<Vn(pl)2 Vn*(p2)2>
VAVa(pr)l#) ([Va(p2)I*)

could be measured experimentally

» Flow magnitude square correlation :

([ Va(p1)P|Vo(p2) )
VIVa(p1)[#) ([ Va(p2)I?)

Could be measured experimentally ! (unlike the rapidity corr. and the corr. in first moment)

» Angle decorrelation :

flow vec. decor (Via(p1)? Vi (p2)?)
2

flow mag. decorr — (|Vi(p1)[2| Va(p2)|2)

([ Va(p1) 2| Va(p2) [*cos[2n(Wn(p1) — Wn(p2))])
(IVa(p1) 2| Va(p2) )

Could be extracted from the above two !
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Results : Elliptic vs Triangular flow

(a) Pb+Pb 0-5% 10 (b) Pb+Pb 0-5%

1.4<p,<3.0GeV

9 0.9
1.4<p,<3.0GeV r3(Pa;Pb)
8 12(Pa,Pb) 5 o——o r3(p.,ps)’
©
3 08 ® ra(Pasps)? % 0.8 e—— r3(paps)’
5 3z 5§ —-—-=-=---
(%) & 12(Pa:Pyp) o
’ , , <43 (Pa)* 45" (Po)* >
< * >
07 _ _ _ 92 (Pa)* G2* (Pb) 0.7 [<va(pal* > <V (pn)* >]1/2
4 4112
[<v2(pa)* > <v2 (o) >]
P <2 (Pa)° 92" (Pb)* > 06 <3 (P.)° 95" (P6)* >
[<va(pa)®> <v2(pp)® >]“2 [<vs(pa)®> <v3(ps)® >]”2
0.0 05 1.0 15 0.0 0.5 1.0 15
Pa—p»  [GeV] Pa—P»  [GeV]

P. Bozek arXiv: 1808.04248

In experiment it is difficult to use above formulas at high pT due to limited statistics !
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Flow decorrelation in pr with global flow

Correlations between global flow and the flow at a fixed pT

» One of the flow at a fixed pr (V4(p)) and another as global (momentum

averaged) (V).
» Such factorization breaking coefficients are statistically preferable and accessible !

Flow angle and magnitude fluctuations

NEW

P e oo M 5
PR —
-
'
o
o
e 4 e
AN i R e N R

« Deviation from (v#)/(v2)*~ py-dependent

« Deviation from unity — py-dependent flow
angle fluctuations flow magnitude fllictuations

+ > 5o significance in most centralities

Discovery of both flow angle and flow

+ ~ 5c significance in most central collisions

in most central

12021 - Fluctuations and correlations of flow

factorization breaking between V? and V?(p) can be measured
BIALASOWKA: Dec. 10, 20

Flow fluctuation in HI collision
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[ MOde| study Bozek, Samanta arXiv: 2109.07781

flow vector factorization

m2(p) = \/<

(VaVa(p)?)
[Val#) ([Va(p)[*)

Pb+Pb 5.02 TeV 0-5%

= Glauber + MUSIC
—« TRENTO + MUSIC
@ ALICE Preliminary

R. Samanta

0.5

1.0 1.5 2.0 2.5 3.0
p [GeV]

(AGH UST)

flow magnitude factorization

o) = L IVp)P)

VAIVal®) ([Va(p)I*)
108 Pb+Pb 5.02 TeV 0-5 %
1.00]

Flow fluctuation in HI collision

-= Glauber + MUSIC
-+ TRENTO + MUSIC
@ ALICE Preliminary

05 1.0 15 2.0 25 3.0
p [GeV]
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flow angle decorrelation

@ Flow angle factorization coefficient,

_ flow vec. decor  (V2V7(p)?)
Fa(p) = flow mag. decor — (|V,|?|V.(p)|?)
Vel 1Valp) cos(2n( — WD) _ (|Val*cosf2n(¥, — V(i)
VPV, (o)) = (2R

@ There exist a strong correlation between flow angle and flow magnitude and
they can be factorized.
v

11

Pb+Pb 5.02 TeV 0-5%

-
o

o
©

@ ALICE Preliminary

Correlator
o
©

Glauber + MUSIC TRENTO + MUSIC\\l ]
f —=— F2(p) —— Fa(p) ]
{v2* Cosd (w: (p)-y2)]) {v2* Cosl4 (¢ (p)-y2)l)

- 4 A 4

W

e
3

g
o

0.5 1.0 1.5 2.0 2.5 3.0
p [GeV]
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Can we measure flow angle decorrelation ?

Measuring flow angle decorrelation

@ Flow angle factorization coefficient,

11— . . ; :
Fa(p) (VEVE(p)?) Pb+Pb 5.02 TeV 0-5% Glauber + MUSIC
P 1.0 4
’ (IVal?|Va(P)I?)
L 09
] —=— F,
@ We can measure v, weighted angle % 08 i(f::)oswwz(p)_wzn
decorrelation : § 07 - )
(VEVi () (IVal'cosn(AW)]) | og T (oo
(Va2 Va(P)I?) {IVal®) ost
@ But we cannot measure simple angle 03 0 15 20 25 3.0
p [GeV]

decorrelation :

VARV, (p) ) 7 (o2 AvID

R. Samanta (AGH UST) Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021 31/42



Twist angle - flow magnitude correlation in 7] sozek, Broniowski arxiv: 1711.03325

1.2
(a) Pb+Pb 0-5%

":1.0 ol :'r:!.wt\w'gv_‘---.ﬂ.
ﬁ; -r .\ RETIE
Log . o : :
I
"T‘;OS T e .
S . ‘.
50.4 . e
'
8

0.2

0.0

0.0 0.5 1.0 1.5 2.0
Val<vy>

R. Samanta

(AGH UST)

Flow fluctuation in HI collision

m Strong correlation exists between
flow magnitude and twist angle

m Correct measure of angle decor.:

flow vec. decor.

decor. =
ANBAECOT = fow mag. decor.

(vicos(n(AV)))
(vd)
# (cos(n(AV))

m Weighting correlators by powers of v,
explains the hierarchy.

BIALASOWKA:
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Extracting the first order flow decorrelation

@ We can extract the 1st order flow angle decorrelation from the 2nd order
flow angle decorrelation by a simple approximation :

(| Val?cos[n(AW)]) \/(IVnI“COSPn(A‘U)D
(1Val?) ; (IVal*)

@ Meeasuring 2nd order flow fact. coeff. — 1st order flow fact. coeff.

@ Upper limit of 1st order flow angle decorrelation = /(1 + Fn(p))/2

1.01 ‘ ‘ ; ; ;
Pb+Pb 5.02 TeV 30-40 % TRENTO + MUSIC
1.00
S
% 0.991 {v2” Cosl2 (w2 (p)-y2)])
® * (v2?)
“: 2
8 %% )
0.97 (1+F> (p)
-
2
0.96 : : : : :
0.5 1.0 1.5 2.0 25 3.0
p [GeV]
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Semi-peripheral collision (30-40 %)

flow vec. decor. flow mag. decor.
11 1.05
Pb+Pb 5.02 TeV 30-40 % Pb+Pb 5.02 TeV 30-40 %
1.0 o ° ° 1.00 3 ° o
g g
q 09 = Glauber + MUSIC Sy 095
= « TRENTO + MUSIC < = Glauber + MUSIC

0.8 @ ALICE Preliminary 0.90 -« TRENTO + MUSIC
@ ALICE Preliminary

070 10 15 20 25 30 085
) X . X X Y 05 10 15 20 25 30
p GeV] p [GeV]

flow angle decor.

1.02
Pb+Pb 5.02 TeV 30-40 %
1.00
=
2098
E @ ALICE Preliminary N
5 096 \
S Glauber +MUSIC TRENTO + MUSIC *
—=— Fa(p) —— Fa(p)
0.94 \ |
(v2* Cos[4 (¢2 (p)-2)]) {va* Cosl4 (y2 (p)-y2))
- .
02 (') N ()

05 1.0 15 2.0 25 3.0
p [GeV]
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Observations

® The flow magnitude decorrelation is approximately one half of the
flow vector decorrelation:

[1— ()] = 511 = raalp)]
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Observations

® The flow magnitude decorrelation is approximately one half of the
flow vector decorrelation:

[1— (e = 511~ ma(p)]

® for central collision our model results reproduce the data.

R. Samanta (AGH UST) Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021 35 /42



Observations

® The flow magnitude decorrelation is approximately one half of the
flow vector decorrelation:

[1— (e = 511~ ma(p)]

® for central collision our model results reproduce the data.

® For semi-peripheral collision our model results do not reproduce the
data
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® The flow magnitude decorrelation is approximately one half of the
flow vector decorrelation:

[1— (e = 511~ ma(p)]

® for central collision our model results reproduce the data.

® For semi-peripheral collision our model results do not reproduce the
data

® For 30-40 % the data go slightly above 1 at high pr — may
indicate a significant non-flow contribution.

. Samanta (AGH UST) Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021 35 /42



Same for triangular flow (v3)

flow vec. decor. flow mag. decor.
11 1.05,
Pb+Pb 5.02 TeV 30-40 % Pb+Pb 5.02 TeV 30-40 %
10 1.00
2 s
= 09 s
g = Glauber + MUSIC o %
08 -« TRENTO + MUSIC = Glauber + MUSIC
0.90 -« TRENTO + MUSIC
07 . . . . .
0.5 1.0 1.5 2.0 25 3.0 00 05 10 15 20 25 30
p [GeV] p [GeV]

flow angle decor.

Pb+Pb 5.02 TeV 30-40 %

1.00

.
L N
5 0.95 N
e N
3 Glauber + MUSIC TRENTO +MUSIC *
0901 o Fs(p) —— Fa(p)
(vs* Cos[6 (¢s (p)-ys)]) {vs* CosI6 (w5 (P)-¢s)])
-. o A o
v v
0.85 (vs) (vs)

05 1.0 1.5 2.0 25 3.0
p [GeV]
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Factorization breaking between mixed harmonics non-finear response

Mixed harmonic corr. Qian, Heinz, He, Huo arXiv: 1703.04077

@ Factorization breaking coefficients(correlation) between mixed harmonics can
serve as a measure of non linear response of the hydrodynamic expansion
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Factorization breaking between mixed harmonics non-finear response

Mixed harmonic corr. Qian, Heinz, He, Huo arXiv: 1703.04077

@ Factorization breaking coefficients(correlation) between mixed harmonics can
serve as a measure of non linear response of the hydrodynamic expansion

@ General correlation coefficient between mixed harmonics can be defined as:

<Vr:(p) Vk Vn>
VIVan(P)P) (I ViP[ Vi ?)

—with one of the harmonics at fixed p1 and the others are global
—along with the constraint: m =k + n
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Factorization breaking between mixed harmonics non-finear response

Mixed harmonic corr. Qian, Heinz, He, Huo arXiv: 1703.04077

@ Factorization breaking coefficients(correlation) between mixed harmonics can
serve as a measure of non linear response of the hydrodynamic expansion

@ General correlation coefficient between mixed harmonics can be defined as:

<Vr:(p) Vk Vn>
VIVan(P)P) (I ViP[ Vi ?)

—with one of the harmonics at fixed p1 and the others are global
—along with the constraint: m =k + n

@ Form =4 and k =n =2, we have V§ - V4(p) correlation and for m=5,
k=2, n=3, we have V5(p)-V,2 V5 correlation and so on.
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Factorization breaking between mixed harmonics non-finear response

Mixed harmonic corr. Qian, Heinz, He, Huo arXiv: 1703.04077

@ Factorization breaking coefficients(correlation) between mixed harmonics can
serve as a measure of non linear response of the hydrodynamic expansion

@ General correlation coefficient between mixed harmonics can be defined as:

<Vr:(p) Vk Vn>
VIVan(P)P) (I ViP[ Vi ?)

—with one of the harmonics at fixed p1 and the others are global
—along with the constraint: m =k + n

@ Form =4 and k =n =2, we have V§ - V4(p) correlation and for m=5,
k=2, n=3, we have V5(p)-V,2 V5 correlation and so on.
@ In general, V4 and V5 can be decomposed in two parts: linear and non linear
part
Vo=VL+ VM (n=4,5); VM« VZ and VI o Va3
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Factorization breaking between mixed harmonics non-iinear response

Mixed harmonic corr. Qian, Heinz, He, Huo arXiv: 1703.04077

@ Factorization breaking coefficients(correlation) between mixed harmonics can
serve as a measure of non linear response of the hydrodynamic expansion

@ General correlation coefficient between mixed harmonics can be defined as:

<Vr:(p) Vk Vn>
VIVan(P)P) (I ViP[ Vi ?)

—with one of the harmonics at fixed p1 and the others are global
—along with the constraint: m =k + n

@ Form =4 and k =n =2, we have V§ - V4(p) correlation and for m=5,
k=2, n=3, we have V5(p)-V,2 V5 correlation and so on.

@ In general, V4 and V5 can be decomposed in two parts: linear and non linear
part
Vo=VL+ VM (n=4,5); VM« VZ and VI o Va3

@ So, VZ-V,(p) and Vis(p)-V> V3 correlations measures the non-linear coupling
between the higher flow harmonics with lower order.
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(V3Vi(p)
V{IVal*) ([Va(p)?) VIVRPIVED (1Vs(p)P)

(VaV3Ve(p))

0.9 09 Pb+Pb 5.02 TeV 30-40 %
) Pb+Pb 5.02 TeV 30-40 % P o
084 NIV Y e = =
= g Y N;’ 0.8F
2 e 07 ¥||=<
S= o[ $ o7p
& ~
| |% 0%t trento + music <] TRENTO + MUSIC
~ —nls = 0.08 M o6t A= IS =008 G uber + MUSIC
0.5 s nls =042 = Glauber + MUSIC --a- Nls =0.12
o.4l_als =016 ot 2 W8 2075 : :
“7 705 10 15 20 25 30 05 10 15 20 25 30
p [GeV] p [GeV]

@ But these correlations again can’t be measured experimentally !

@ So, we go to the next order : V3-V4(p)? and VZVZ - Vi2(p)
correlations
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V4 — V2(p) correlations

flow vector factorization flow magnitude factorization

(V3 V5 (p)?) (I Val*[Va(p) )

V(IVal®) (IVa(p)I*) V(IVa(p)B) ([Va(p)I*)

0.9
08 e Pb+Pb 5.02 TeV 30-40 %
TE Pb+Pb 5.02 TeV 30-40 % —~ *\":'x:
0.7p§= . ~|| 7 °®
— <
|| ost <z
2| |% o5 NI
* > - < o :
S| oa SHE TRENTO + MUSIC™
< ~ O he —&—nls =0.08
S||S 5t TRENTO +MuSiC 06 e o4 - Glauber + MUSIC
~ ¢ —a—nls =0.08 - s = 0.
0.2 e nls =012 = Glauber + MUSIC 05 —.a-Nls =0.16
—a-Nls =0.16 : 0.5 1.0 15 2.0 2.5 3.0
0.1
0.5 1.0 1.5 2.0 2.5 3.0 p [GeV]
p [GeV]
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[ V4 — VZ(p) angle decorrelations

Extraction of flow angle decorrelation

@ Measuring flow vector and flow magnitude correlation separately lead to the
extraction of flow angle decorrelation :

(V2 Vi (p)?)  _ (IVal*|Va(p)[*cos[8(W2 — Wa(p))])
(IVal*| Va(p)I?) (IVal*|Va(p)?)
- {[Va]*| Va|*cos[8(W> — Wa(p))])
B (IVa[*|Val?)

Pb+Pb 5.02 TeV 30-40 %

Study of the
factorization breaking of
mixed flow puts

e
3

Correlator
°
>

05 G:la:‘“l’?f +MUSIC TRENTO + MUSIC L. .
Y ___ﬁz'v_(m)z additional constraints on
0.4 2 v (v2* v’ (p)
. (ntvlCosBwaus®) (v, v, Cosi8 (wr-ys (B)) the initial state models !
0.3 (valve?) el (vz'va?)
05 1.0 15 20 25 3.0

P [GeV]
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.

» Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.

» Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:

o Flow vec. decor. = ——Vo(2)"Vs (2))
VAIVa(p1)I*) ([Valp2)I*)
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.

» Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:

o Flow vec. decor. = ——Vo(2)"Vs (2))
VAIVa(p1)I*) (IVa(p2)I*)

o Flow mag. decor. = —AL(eU P V() )
VAIVa(p)*) ([ Valp2)[*)
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.

» Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:

o Flow vec. decor. = ——Vo(2)"Vs (2))
VAIVa(p1)I*) (IVa(p2)I*)

o Flow mag. decor. = —AL(eU P V() )
VAIVa(p)*) ([ Va(p2)|*)

___flow vec. decor __ <Vn(P1)2Vn*(P2)2>
e Angle decor. ~ flow mag. decorr — {|V,h(p1)|?|Va(p2)|?)
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.

» Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:

e Flow vec, decor, = —=Ya(p)* V5 (p2))
VVa(p)*) (I Va(p2)[*)
o Flow mag. decor. = —AL(eU P V() )
VIVa(p)[*) ([ Va(p2)]*)
flow vec. decor <Vn(P1)2 V:(PZ)2>

° Angle decor. ~ flow mag. decorr (| Va(pP1) 2| Va(P2)[?)

» We measure the angle decor : W not (cos[2n(AW)])
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Summary and outlines

» Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

» First moment of flow correlations measures vector-vector correlations.

» Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:

e Flow vec, decor, = —=Ya(p)* V5 (p2))
VVa(p)*) (I Va(p2)[*)
o Flow mag. decor. = —AL(eU P V() )
VIVa(p)[*) ([ Va(p2)]*)
flow vec. decor <Vn(P1)2 V:(PZ)2>

° Angle decor. ~ flow mag. decorr (| Va(pP1) 2| Va(P2)[?)

» We measure the angle decor : W not (cos[2n(AW)])

» We study new correlations keeping one flow fixed and another flow as global
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Summary and outlines

v

Flow fluctuations can be probed by studying flow correlation (flow
factorization breaking coefficient) in transverse momentum or rapidity.

First moment of flow correlations measures vector-vector correlations.

Extraction of flow angle decorrelation could be possible by the separate
measurement of 2nd moment of flow vector and flow magnitude
decorrelation:

o Flow vec. decor. = ——Va(p)*Vy (2)")

VA Va(p)*) ([Va(p2)[*)

([ Va(p1) | Va(p2) ?)
VIVa(P)*) (IVa(p2)I*)

___flow vec. decor __ <Vn(P1)2Vn*(P2)2>
e Angle decor. ~ flow mag. decorr — {|V,h(p1)|?|Va(p2)|?)

We measure the angle decor : W not (cos[2n(AW)])

We study new correlations keeping one flow fixed and another flow as global

o Flow mag. decor. =

Measurement of mixed flow factorization coefficient (new) measures the
non-linear coupling and provides additional constraints to the models
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Thank you !

for your attention
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[ FB asymmetry and twist

The emission profile

@ The emission profile defining the initial density in the (x,y,7;) has the form:

F(mys %, ) o< p(x, y) () + p—(x, y) e (n-11)
where, fj:(’I]”) = f;:(:l:nH)f(nH) with

(m) — m0)? ey S
F(m) = expl——25—0Im|—n0)] & fe(my) = § “5=, ~nm <11y < 1
n
1, Nm < 1))

y o
Twist of p}incipal axis due to FB asymmetry
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341D hydro evolution of the torqued fireball sozex, sroniowski, Moreira

1l FCqy)=F,. () +F-(Gpy)
o faw | £y
506; 7NN
s 2 G\
0.4 RN
0.2} 7/ \
/ AN
0 \ SN
-5 -25 0 2.5 5

Evolution of the torqued fireball

m The profile ;. (f~ ) is peaked in the forward (backward) direction in
]

R. Samanta (AGH UST)
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Correlation for other observables

multiplicity-multiplicity tr. momentum - tr. momentum
(N()N(12)) — (N()) (N r2)) Cov(lprlelprle)
e i 2 Var Var
(N () (N (i) V/Var ([prle) Var (lpr]F)

Pb+PL1, VS = 2.‘76 TeV
o p‘ I 31;10 %
Eol E
. H ;t HN 1l
0.9F 1 I 3
A efficiency = 100 %, dn=0.5

0.85F v efficiency = 80 %, 3n=0.5 ]
efficiency = 100 %, 3n=0.3

L L L
-0 0.5 1 15 2
n

2 ERRW

2 . -
ATLAS arXiv: 1606.08170 Chatterjee, PB arXiv: 1704.02777

measurements in rapidity bins are plagued by non-flow effects !
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Twist angle and flow magnitude decorrelation
3+1D hydro model Bozek, Broniowski arxiv: 1711.03325

3-bin measures »

m flow vector decor: (@ Pb+Pb 0-5%
1.0
r (,’7) _ <Vn(—77) V:(nref»
. =
<Vn(77) Vr;k(nref» 5 0.9
m flow magnitude decor: Sos e <cosEhvny

jo

Vi (Va(=1)Va("rer)) 0.7] <T2=na2" (Ne>I< ()" (o)
rn (77) -
Va(mVa(Mrer)) | == -=-
<Va(=N)V2(Nrer)>I<v2(N)V2(Mrer)>
0.6
m and flow angle decor : 00 05 10 15 20 25 30 35
n
(cos[n(Vn(—=1) — Wa(nrer))]) 0-5 % : Elliptic flow

ra () = (cos[n(W(n) = Wa(ner))]) |
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Observations

» Surprising result: Inverted hierarchy

» flow mag. decor. < mag + twist angle decor. < twist angle decor.

» signifies correlation between flow magnitude and twist angle

(a) Pb+Pb 30-40%

(a) Pb+Pb 0-5%

5 s
% =
z ®
8 3
© 08[ _cos(2Ap(n)>/<cos(2Aw(-n))>
o 0967 _cos(28p(-n))>/<cos(2By(n))>
) ¥ io
0.7} <Ga(-Maz" (Mrer)>/<2(M)az" (Mrer)> <alen) e (e >/< G2}z (et
<Va(=N)Va(firer)>I<Va(M)Va(Airer)> 094 cva-mValen)>I<Va(n)Valtee)>
06 00 05 10 15 20 25 30 35

00 05 10 15 20 25 30 35
n n

Central vs peripheral collision

Observations
» Inverted hierarchy is stronger in central collision

» Large elliptic flow in in semi-central collision — less fluctuations

Flow fluctuation in HI collision BIALASOWKA: Dec. 10, 2021
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Elliptic vs trianglar flow

Pb+Pb 30-40%

(a) Pb+Pb 30-40% 1.05
(b)

Correlator
Correlator

o
©
o

<cos(2Ay(-n))>I<cos(2Ay(n))>
0 —

Qa1 (Mro)>/< (M) (rat)> Scos@Ay(-n))>I<cos(3A¢(m)>
_____ 0.75 N "
<q3(=Mqs"(Mrer)>/<q3(M)q3" (Mrer)>

094/ <y (- Valten)>I<va(mvalmier)>

0.70 - /-
00 05 TIT IE 20 Zi io s <V3(=N)V3(Mrer)>/<Va(N)Vs(rer)>
00 05 10 15 20 25 30 35

n
n

Observations

» Inverted hierarchy is stronger in triangular flow

» Triangular flow (v3) is dominated by fluctuations

BIALASOWKA: Dec. 10, 2021
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Correlators weighted by powers of v,

14 Observations

(a) Pb+Pb 0-5% .
10 ® hierarchy of correlators matches
with the expectation:
Lo (Va(=m) V, (1rer )) Va(=n) Vy (mref) v,)
(_% <V"(n)vn* (Tlref)) <Vn(77) Vn* (nref)vn2>
£ogf-—-—-—-- (Va(=m)V, ("hef)‘/:>
S | <cos(2au(-n)>/<cos2Au(n)> < VeV (rer) VY
o —————
0.7} <q2(=1)q2" (Mrer)>I<q2(M)G2" (Mrer)> ® The more power of v, Weighted
<o) (Ve <) (v — the more correlation is found
0.6 .. eeeeeenenannn
<Q2(-1) 2" (Nrer)V2*>1<q2(N) G2 (Mrer) V2*> o ar . .
e R ® Significant correlation exists

0.0 0.5 1.0 1.5 2.0 25 3.0 35 . .
n between flow magnitude and twist

angle — also could be measured

Elliptic flow experimentally
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Factorization of factorization breaking

Approximate factorization

@ flow magnitude factorization breaking :

1.008° a Pb+Pb 0-5%
@ o V2 (V2(=m)V2 (nref))
" () = > >
(va(m)vi (1ref))
0.95
@ twist angle factorization breaking:
S 0.90 S o
& ~
g Ry 2(1) = (Vo (=nrer )V, (M) Va(=m) V' (1ref )
n, =
© 0.85 (Va(=7ref )V (=1 Va(n) Vi (Mrer))
r212;2(n)
080l © = — = — Rypzz2(n) @ angle+ magnitude factorization breaking :
------- Rayza() 12" ()
ek (VE(=n) V32 (Mrer))
078 ) = =
00 05 10 15 20 25 30 35 (VE(m) Va2 (rer))
n

@ approximate factorization relation :

Elliptic flow (2nd moment)

2
rn,2(1) 2 1y (1) * Rn 2(n)
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Central vs peripheral

1.2 1.01
(@) Pb+Pb 0-5% (@) Pb+Pb 30-40%
=10 ...:---g-wgw.r'-\"'-"' =1.00F | . e w.,-.n--ygv-uw
§ e%, Ve Y : I e 00 o
A . % N . I % 'V' AR
Los - . £ REAE 28
S L . . ISN 0.99 ; ‘“-., . -
] . . o R
~o06 Y e ° & o % e, %
£ : £ :
IO AR 5098 .
S04 L L. = e
z T .
%02 o 0.97 .
0.0 0.96
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5
Vol<vy> Vol<vy>

Stronger correlation in central collision

R. Samanta

(AGH UST)

Flow fluctuation in HI collision
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Elliptic vs triangular

1.01 11
(a) Pb+Pb 30-40% (b) Pb+Pb 30-40%
1.0 02 o8 QURYATLIQFO] M yPe oo 2o
5100 O o T = % .,?_x_ fi-:*;s_! VTS
\ o :._ .:--r“‘.’ oo o . N e %o 2
1 e, Sl %, o 4 0.9 ce LI
£ J [ < ° LN
S 0.99 . C % .. = . _..- .
3 S R Sosl
N e = . .
L s I .,
< 0.98 E So7 .
3 . 3
N .
8 0.97 . 8 .
. 0.5
0.96 .
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
vol<vy> vil<vs>

Stronger correlation for triangular flow v3
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Correlator

Same for triangular flow

1.1

11
(b) Pb+Pb 0-5%

8
<cos(3Ay(-n))>/<cos(3Ay(n))>

{0 ——
0.7} <q3(=1)qs"(Mrer)>/<q3(M)q3" (Mrer)>

0.6f oo
<Q3(-)as" (Mre)Vs*>/<q3(1)q5* (Nrer) v3*>

Correlator
e o
~ ©

=4
o

0.5

04

00 05 10 15 20 25 3.0

R. Samanta (AGH

(b) Pb+Pb 30-40%

<cos(3Ay(-n))>/<cos(3Ay(n))>

0 ————
<qs(=Mqs"(Nrer)>/<q3(N)qs" (Mrer)>

<Q3(-1)qs" (Mrer)Va>>I<qs(M)G5* (Mrer)V2>>

<Q3(=Mqs" (Mrer)Vs*>1<qa(M)qs* (Mrer)V2*>

35 00 05 10 15 20 25 30

n

Flow fluctuation in HI collision BIALASOWKA
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Elliptic vs Triangular flow

@ Pb+Pb 0-5% (b) Pb+Pb 0-5%

5 0.9 1.4<p,<3.0GeV ———— 5 0.9 1.4<p,<3.0GeV N
s & ‘\
e ]
E —m — E - —
© <cos{2[y2(pa)-w2(Pu)]}> o 08 <cos{3[ys(pa)-ws(pp)1}>
0.8
r2(Pa;Pb) r3(Pa,Pp)
07 ——=—=———- 07 ——=————=
<V2(Pa)Va(Po)>/[<va(pa)*><va(ps)*>]"? <V3(Pa)Va(pp)>/[<va(pa)*><vs(ps)?>]"?
0.0 05 1.0 15 0.0 05 1.0 15
Pa-Pp  [GeV] Pa=P»  [GeV]

P. Bozek arXiv: 1808.04248
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Central vs peripheral collision

(b) Pb+Pb 30-40%

@) Pb+Pb 0-5%

- ~
5 0.9 1.4<p,<3.0GeV —_ s 0.9 1.25<p,<3.0GeV
2 5
e g
E | o, _ 5 rme—e—e—- -
3 <cos{2[W2(pa)-wa(Pu)1}> o 08 <cos{3[y3(pa)-ys(Po)I}>
0.8
r2(Pa;Pb) r3(Pa,Pp)
07 —————=-= 07 ————==-=
<V2(Pa)Va(Po)>/[<va(pa)*><va(ps)*>]"? <v3(pa)va(Pp)>/[<Vs(Pa)*><v3(pp)?>]"2
0.0 05 1.0 15 0.0 05 1.0 15
Pa=py  [GeV] Pa—pp  [GeV]

P. Bozek arXiv: 1808.04248
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Central

(a) Pb+Pb 0-5%

0.9
1.4<p,<3.0GeV

§ r2(Pa,Pp)
é 08 o——o ry(paps)
3 — o
07 __ . __<%PeSa(e)>
[<va(pa)*> <va(pp)*>]"?
06 < g2 (Pa)® a2* (ps)* >
[<v2(pa)® > <v2(po)® >]1/Z
0.0 05 1.0 15

Pa—p»  [GeV]

vs peripheral collision

(b) Pb+Pb 30-40%

1.0

1.25<p,<3.0GeV

0.9
- r3(Pa,Pb)
]
g 0.8 &— r3(p.,ps)
8 —— 13(paps)’

0.7

0.6

0.0 0.5 1.0 1.5
Pa=P»  [GeV]

P. Bozek arXiv: 1808.04248

R. Samanta (AGH U Flow fluctuation in HI collision



The other definition

The usual correlation (p)

One could use a normalization :

e (p) = (Vo[ Va(p)[?) — ([ Val?) I Va(p)?)
VIVal%) = (IVal?)?) (IVa(p)*) = (IVa(p)[?)?)

But that gives quite different result !

flow vec. decor. flow mag. decor.
1 1.05
Pb+Pb 5.02 TeV 0-5% TRENTO + MUSIC Pb+Pb 5.02 TeV 30-40 % TRENTO + MUSIC
L]
1.0 1.00 « = x °
K = y 3
- _ =
Qo9 V2 vy (o) Q 095 (v’ vs* (p) =
e = o~
s V) (" e < SIS x
08 (22" (p)) . & 0.90 (v*)(v* (p))
(va? va? (P)-(v2?) (va* (P)) {va? v (p){v2%) (v () X
x *
0.7 ((v*)=4v2) (v (o0)~(v2? 1Y) i 0.85| ((v227) (" (o)=(v2? 1Y) X
@ ALICE Preliminary ' @ ALICE Preliminary
06 0.80L > . . . .
0.5 1.0 15 2.0 25 3.0 05 1.0 15 2.0 25 3.0
p [GeV] p [GeV]
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Equivalence of different normalization ]

Scaling of data

@ The ALICE collaboration use different normalization in their data, namely

for vector and magnitude correlation :

V2V (p)?) Vo2 Va(p) |2 .
TP VT A By vy respectively

@ We divide them by a factor <<‘|\y£|‘>>2 , the baseline of the plots, and we have:

(VaVa (0 (1VaD i (Va2 Va(P)2) (1V21)
(IVal*) (IVa(P)I?) (IVal*) (IVa(P)I?)

@ But we use the definitions: (Vv (p)*) and (Vo | Vo(p)[*)
VAVal®) ([Va(R)I*) VAVal®) (I Va(p)[#)

@ The difference between the two normalization is a factor :

(Vae)D(IVaD? VIVEED o V/AVED
VAN avz(eD 2l = Izl — (viD
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