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Dark Energy
Accelerated Expansion
Afterglow Light

Paltern Dark Ages Development of
375,000 yrs. Galaxies, Planels, etc.
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Big Bang Expansion

gluons — Quark-gluon plasma (QGP) - pre— g
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 QGP is recreated in experiments with

. g . ' uarks and Gluons
heavy-ion collisions (“little bangs”) 5

Critical point?

* Experiments at the LHC probe high-
temperature/low baryon chemical
potential region
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Heavy-ion collisions

Time—>
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o After thermalization time 7 ~ 1 fm/c — System . L
Initial state " ) o
Hard Collisions Evolution Hadron Freezeout

* Experiments seek to determine initial conditions
(IC) and the QGP properties

o Shear viscosity #/s and bulk viscosity (/s

« Hydrodynamic models can constrain IC and #/s,

Cls
e Strong interactions transfer initial geometric
anisotropy into final state momentum-space —
azimuthal anisotropy
* Anisotropic flow, an observable sensitive to

IC, n/s, Cls Central collision Peripheral collision
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Anisotropic flow

* Fourier expansion of azimuthal
distribution of emitted particles:

i x flp) = L [1 + 2i Vnei”¢]

9%0°
dqp 27 — v;

n=1 S

— V4

— flp)
B drawn values

. Complex flow vector V, = v e™*n

e With magnitude:

180°

v, = (cosn[p —",])

» and flow angle ¥,
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Anisotropic flow

* Fourier expansion of azimuthal
distribution of emitted particles:

i x flp) = L [1 +2i VneiW’]

9%0°
dqp 27 — v;

n=1 S

— V4

— flp)
B drawn values

. Complex flow vector V, = v e™*n

e With magnitude:

180°

v, = (cosn[p —",])

» and flow angle ¥,
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Flow vector fluctuations

e Flow vector fluctuates from
collision to collision

JHEP 09 (2017) 032

e Measured with:

i = TS S oL
'.l

v{2}  ((pp) v,cosnl¥, (pp) — ¥, 1)

w[2]
212 V PP 2
- e - 5 v{2,|An1>0.8} / v,[2,I1An>0.8]
’ =1 v{2}/ v,[2] (MC-Glauber, n/s = 0.08'
o ( ) N \P ( ) ‘{’ then : {2}/ v,[2] (MC-KLN, /s = 0.20)
Vn p T # Vn d d n p T ;é n’ c | 2{2}/ Zz[z] (Trento, n/:(TS))
Vn { 2 } /Vn[Z] < 1 Ev{2}/ v,[2] (AMPT, n/s = 0.08)

3 4
p. (GeV/ce)

 New precision measurements of flow vector fluctuations — Better constraints
on initial conditions and QGP properties
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JHEP 09 (2017) 032

Flow vector fluctuations _
 Another way to measure flow vector | S Ly \@NN=2.76Tev'
fluctuations is with factorization ratio 7, | Qij(mféf )(é?ALé?E)
VnA(p %9 P %)
ri’l — _ " (VISH2+1)
- MC-Glauber, r/s=0.08
\/ Vaa (. POV,ua(ph. ) .

r, (IEBE-VISHNU)
Trento, n/s(T)
| AMPT, r/s=0.08

« Chooses particles from different narrow pr
bins

e Tests factorization
?

VAP pr) = v, (p8) X v, (pr)

» 1, < 1 indicates flow vector fluctuations

* New precision measurements of flow vector
fluctuations — Better constraints on initial conditions e s e A S T e T e A T e S

and QGP properties p? (GeVic) p (GeVic) pZ (GeVic)
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The ALICE detector

* (General-purpose heavy-ion
experiment

* Designed to study physics of
strongly interacting matter

» Capable of dealing with very
large particle multiplicities

e Particle selection:
0.2 < ppr <5.0GeV/c
7| < 0.8

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020



ALICE preliminary VOM: 0-5% VOM: 5-10%

Pb—Pb ys, = 5.02 TeV
ml<0.8

e ] v.{2, |An| > 0.8}/v,[2, |An| > 0.8]

IEBE-VISHNU
TRENTo-IC, n/s(T), C/s(T)
AMPT-IC, /s = 0.08

VOM: 20-30% VOM: 30-40% VOM: 40-50%

R T R S 1 -- .--.- -Q--‘---..--.‘- LR TR

25 3 35 05 1 15 2 25 3 35 4
p. (GeV/c) p. (GeV/c)
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vi2t/v,|2]

e Deviation of v,{2}/v,[2]

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20% from unity IN central collisions
Pb—Pb ys,,, = 5.02 TeV

m| < 0.8

2
e ] v.{2, |An| > 0.8}/v,[2, |An| > 0.8]
iIEBE-VISHNU

TRENTo-IC, n/s(T), C/s(T)
AMPT-IC, /s = 0.08

VOM: 20-30% VOM: 30-40% VOM: 40-50%
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25 3 35 05 1 15 2 25 3 35 4
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vi2t/v,|2]

High pr

e Deviation of v,{2}/v,[2]

ALICE preliminary VOM: 0-5%  E VOM: 5-10% £ 10-20° from unity IN central collisions
Pb—Pb ys,,, = 5.02 TeV

m| < 0.8

» Deviations increase with py

e ] v.{2, |An| > 0.8}/v,[2, |An| > 0.8]
iIEBE-VISHNU

TRENTo-IC, n/s(T), ¢/s(T)
AMPT-IC, n/s = 0.08

VOM: 20-30% VOM: 30-40% VOM: 40-50%

SRR - - - - - - - - | Saculs LRS- - - - - - - - - (Nt ~ - - - -

05 1 15 2 25 3 35 4
pT(GeV/C)
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vi2t/v,|2]

High pr

e Deviation of v,{2}/v,[2]

ALICE preliminary VOM: 0-5%  E VOM: 5-10% £ 10-20° from unity IN central collisions
Pb—Pb ys,,, = 5.02 TeV

m| < 0.8

» Deviations increase with py

e ] v.{2, |An| > 0.8}/v,[2, |An| > 0.8]

[EBE-VISHNU o pT—dependent V2 fluctuations
TRENTO-IC, 7/s(T), {/s(T)
AMPT-IC, 1/s = 0.08

VOM: 20-30% VOM: 30-40% VOM: 40-50%

SRR - - - - - - - - | Saculs LRS- - - - - - - - - (Nt ~ - - - -

05 1 15 2 25 3 35 4
pT(GeV/C)
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vi2t/v,|2]

ALICE preliminary VOM: 0-5% VOM: 5-10%

Pb-Pb ys. = 5.02 TeV
Ml <08

:"i"i----'}--'i---i----i--- '?'.'"i"'i".';'-"‘""','"'.'-"-?’;"""i"'

V4{2, |An| > 0.8}/v,4[2, |An| > 0.8]
3 3
iIEBE-VISHNU

TRENTo-IC, n/s(T), /s(T)
AMPT-IC,n/s = 0.08

VOM: 20-30% VOM: 30-40%

1"'- R R e — - = -2 = - -

I e ‘

15 2 25 3 35 : . . 3 35

P, (GeV/c) P, (GeV/c)
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Pb-Pb ys., = 5.02 TeV
Ml <0.8

by wt——

%] v.{2, |An| > 0.8}/v,[2, |An| > 0.8]
iEBE-VISHNU

TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, n/s = 0.08

VOM: 20-30% VOM: 30-40%
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VOM: 10-20%

R . -

VOM: 40-50%

4

?f"f"‘."'""""ﬂ‘ .......

05 1 15 2 25 3 35 4
pT(GeV/c)

VOM: 10-20%

VOM: 40-50%

15 2 25 3 35 4
pT(GeV/c)

» Deviation of v,{2}/v,[2]
from unity in central collisions

» Deviations increase with py

« pr-dependent V, fluctuations

 Higher order harmonics (n > 2)



vi2t/v,|2]

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb-Pb ys. = 5.02 TeV
Ml <08

- -?-fi---i-,é.-""'f‘f.!‘.?’f‘""i"' e — T g™

EIV.S{Z’ |?ﬂ|>0.8}/v3[2, An| > 0.8] . ® DeV|at|On Of Vz{ 2}/V2[2]

IR YRy from unity in central collisions

VOM: 20-30% VOM: 30-40% VOM: 40-50%

i » Deviations increase with py

?f"f"‘."'""""ﬂ‘ .......

« pr-dependent V, fluctuations
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ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20% ° H|gher Order harmor"CS (n > 2)

Pb-Pb ys., = 5.02 TeV
Ml <0.8

'4"*"'#"}"'{"""" . g - - --+--+--+---+--+—---|-- e {2}/ w[2]and v {2} /v,]2]

D vl on) > O81.f2 ol 0. consistent with unity

iIEBE-VISHNU
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, n/s = 0.08

VOM: 20-30% VOM: 30-40% VOM: 40-50%
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vi2t/v,|2]

1.2F= ALICE preliminary VOM: 0-5%

Pb-Pb ys. = 5.02 TeV
Ml <08

VOM: 5-10% VOM: 10-20%
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Deviation of v4{2}/v,|2]
from unity in central collisions

Deviations increase with py

pr-dependent V, fluctuations

Higher order harmonics (n > 2)

vii2}/wa2] and vy{2}/v,]2]

consistent with unity

Suggests V; and V,, does not
fluctuate with py



Factorization ratio r,

 Deviation of r, from unity observed @
— Factorization is broken

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb—Pb ys, = 5.02 TeV
ml < 0.8

(81 ro{2, |An| > 0.8}
IEBE-VISHNU

TRENTOo-IC, n/s(T), Us(T
AMPT-IC, s = b g

VOM: 30-40% VOM: 40-50%

0.2< ptT < 0.6 GeV/c

05 1 15 2 25 3 35 0.5 15 2 25 3 35 05 1 15 2 25 3 35 4
p? (GeV/ce) pf; (GeV/c) p? (GeV/c)
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Factorization ratio r,

 Deviation of r, from unity observed @
— Factorization is broken

1 o= ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%
Pb—Pb s, = 5.02 TeV
ml <0.8

e Deviation increases as _
difference | p{ — p+| increases [l e b -08

TRENTOo-IC, n/s(T), Us(T
AMPT-IC, s = b g

VOM: 30-40% VOM: 40-50%

0.2< ptT < 0.6 GeV/c

05 1 15 2 25 3 35 0.5 1 15 2 25 3 35 05 1 15 2 25 3 35 4
p? (GeV/ce) pf; (GeV/c) p? (GeV/c)
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Factorization ratio r,

 Deviation of r, from unity observed @
— Factorization is broken r — —
o VS—NN il A : o OM: 5-10% VOM: 10-20%

m| < 0.8

e Deviation increases as

83 1,{2, |An] > 0.8)

AMPT-IC, n/s = g.g)’sq

. a t . ’
difference ‘pT — pT‘ INcreases . EBEVISHNY o

VOM: 40-50%

o Strongest breakdown of
factorization in central collisions

05 1 15 2 25 3 35 05 1 15 2 25 3 35 05 1 15 2 25 3 35 4

p2 (GeV/c) p2 (GeV/c) p? (GeV/c)

(D
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Factorization ratio r,

 Deviation of r, from unity observed @
— Factorization is broken r — —
o VS—NN il A : o OM: 5-10% VOM: 10-20%

m| < 0.8

 Deviation increases as
difference | pf — pi| increases PN e b -08

TRENTo-IC, /s s(T)

AMPT-IC, n/s = g.g)’sq

VOM: 40-50%

o Strongest breakdown of
factorization in central collisions

) AISO prediCted by 05 1 16 2 25 3 35 o5 1 15 2 25 3 35 05 1 15 2 25 3 35 4
hydrodynamic calculations P (GeVic) p? (GeV/o p? (GeVic)

(D
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Factorization ratio r,

 Deviation of r, from unity observed @
— Factorization is broken

1 o2 ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb—Pb s, = 5.02 TeV
Ml < 0.8

 Deviation Increases as
. a t .
difference | pt — py | increases

VOM: 20-30% VOM: 30-40% VOM: 40-50%

|

o Strongest breakdown of
factorization in central collisions

0.2< ptT < 0.6 GeV/c

) AISO prediCted by 05 1 16 2 25 3 35 o5 1 15 2 25 3 35 05 1 15 2 25 3 35 4
hydrodynamic calculations P (GeVic) p? (GeV/o p? (GeVic)

» Factorization of V; not broken,
or at least within few percent
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C(¥, ¥

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

VOM: 20-30% VOM: 30-40% VOM: 40-50%

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020 10



C(¥, ¥

 Newly proposed observable:

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

VOM: 30-40% VOM: 40-50%

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020 10



a [
C(P4, ¥
 Newly proposed observable:

C(Y4, W) ~ (cos 2n[¥Y,(p}) — ¥, (pp])

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

VOM: 30-40% VOM: 40-50%

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020 10



a [
C(P4, ¥
 Newly proposed observable:

C(Y4, W) ~({cos2n[¥Y,(p}) — ¥, (p])

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

VOM: 30-40% VOM: 40-50%
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a [
C(P4, ¥
 Newly proposed observable:

C(W:, W) ~(cos2n[¥,(pf) — ¥, (pD)])

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

e If C(W4, W) < 1, indication of flow
angle fluctuation

VOM: 30-40% VOM: 40-50%

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020 10



a [
C(P4, ¥
 Newly proposed observable:

C(Y4, W) ~({cos2n[¥Y,(p}) — ¥, (p])

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

e If C(W4, W) < 1, indication of flow
angle fluctuation

* No deviation from unity within :
uncertainties -
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a [
C(P4, ¥
 Newly proposed observable:

C(Y4, W) ~({cos2n[¥Y,(p}) — ¥, (p])

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%

Pb- Pb SNN =5.02 TeV
Ml <0.8

e If C(W4, W) < 1, indication of flow
angle fluctuation

* No deviation from unity within :
uncertainties -

e Hint of C(W4, ¥!) < 1in

central collisions
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a [
C(P4, ¥
 Newly proposed observable:
C(¥;, ¥, =({cos2n[Y, (p7) — ¥, (pp])

ALICE preliminary VOM: 0-5% VOM: 5-10% VOM: 10-20%
Pb— Pb Ys, = 5.02 TeV

Ml <0.8

e If C(W4, W) < 1, indication of flow
angle fluctuation

* No deviation from unity within : Vot 40-50%
uncertainties -

e Hint of C(W4, ¥!) < 1in

central collisions

» Suggests that flow angle does not
significantly fluctuate in peripheral
collisions

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020 10



Correlations of flow

e Symmetric cumulant

(Vavm) = (Vi) vm)

ABClm) == vy

» Probes correlation between v, and v,

o Differential study might bring better
sensitivity to IC and QGP properties

2 2N /.2 5
NSC(”, mpT) — <Vn vm(pT) > <Vﬂ><vm(pT) >

Vi) Vi(Pr)?)

Emil Gorm Nielsen (NBI), ICPPA2020, 07/10/2020 1

o
Hydrodynamics

SC(4.2)/<vj><vj::.~, n/s=0.20
SC(4.2)/(v;><jv;',‘=. n/s(7) param1,2,3.,4
SC(3.2)/{V;}(:V;:I=. n/s=0.20
SC(3.2)/{v)(V,), n/s(T) param1,2,3 4

20 30 40

Phys. Rev. Lett. 117 (2016), 182301

{T SC(4.2)/::jvjj>(vj>
VIV AYEY:
‘ & SC(B'?"/"‘VT’(V;}

AMPT: String Melting
O SC(32/(V (V)
[ SC4,2)(v*) (V")

50 60 70
Centrality percentile




ALICE preliminary VOM: 5-10% VOM: 10-20%

Pb—Pb Ys = 5.02 TeV
Ml <0.8

8 NSC(3,2(p.))

T

= NSC(4,2(p)))

IEBE-VISHNU
TRENTOo-IC, n/s(T), {/s(T)
AMPT, n/s = 0.08
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, /s = 0.08

VOM: 20-30%

1.5 2 25 3 35 05 1 15 2 25 3 385 05 1 15 2 25 3 35 4
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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o 0.4 ALICE preliminary VOM: 5-10% VOM: 10-20%
Pb-Pb ys,, = 5.02 TeV

. NSC(3,2,)and NSC(4,2,)

i <0.8 mostly constant with p
@ NSC(3.2(p,) ’ '

T

= NSC(4,2(p)))

IEBE-VISHNU
TRENTOo-IC, n/s(T), {/s(T)
AMPT, n/s = 0.08
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, /s = 0.08

VOM: 20-30%

1.5 2 25 3 35 05 1 15 2 25 3 385 05 1 15 2 25 3 35 4
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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. NSC(3,2,)and NSC(4,2,)

ALICE preliminary VOM: 5-10% VOM: 10-20%
Pb- Pb sNN =5.02 TeV

i <0.8 mostly constant with p
@ NSC(3.2(p,) ’ '

T

= NSC(4,2(p)))

IEBE-VISHNU ¢ - o V4 and VZ correlated

TRENTOo-IC, n/s(T), {/s(T)
AMPT, n/s = 0.08
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, /s = 0.08

VOM: 20-30%

1.5 2 25 3 35 05 1 15 2 25 3 385 05 1 15 2 25 3 35 4
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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. NSC(3,2,)and NSC(4,2,)

ALICE preliminary VOM: 5-10% VOM: 10-20%
Pb- Pb sNN =5.02 TeV

i <0.8 mostly constant with p
@ NSC(3.2(p,) ’ '

T

= NSC(4,2(p)))

IEBE-VISHNU ¢ - o V4 and VZ correlated

TRENTOo-IC, n/s(T), {/s(T)
AMPT, n/s = 0.08
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, /s = 0.08

* V3 and v, anti-correlated

VOM: 20-30%

1.5 2 25 3 35 05 1 15 2 25 3 385 05 1 15 2 25 3 35 4
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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ALICE preliminary VOM: 5-10% VOM: 10-20% ° NSC(3 ,ZPT) and NSC(492pT)

Pb—Pb Ys = 5.02 TeV

i <0.8 mostly constant with p
@ NSC(3.2(p,) ’ '

T

= NSC(4,2(p)))

IEBE-VISHNU ¢ - o V4 and VZ correlated

TRENTOo-IC, n/s(T), {/s(T)
AMPT, n/s = 0.08
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, /s = 0.08

* V3 and v, anti-correlated

VOM: 20-30%

» Strength of the correlation
not pr-dependent

1.5 2 25 3 35 05 1 15 2 25 3 385 05 1 15 2 25 3 35 4
P, (GeV/c) P, (GeV/c) P, (GeV/c)
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ALICE preliminary VOM: 5-10% VOM: 10-20% ° NSC(3 ,ZPT) and NSC(492pT)

Pb—Pb Ys = 5.02 TeV

i <0.8 mostly constant with p
@ NSC(3.2(p,) ’ '

T

= NSC(4,2(p)))

El
[EBE-VISHNU - .
TRENTo-IC, 7/s(T), /s(T) V4 clgle ) correlated
AMPT, 1/s = 0.08
TRENTo-IC, n/s(T), {/s(T)
AMPT-IC, 1/s = 0.08

* V3 and v, anti-correlated

VOM: 20-30%

» Strength of the correlation
not pr-dependent

* Hydro caculations mostly

15 2 25 3 35 05 1 15 2 25 3 35 05 1 15 2 25 3 35 4 underestimate NSC(n, m_ )
p, (GeVi/c) p, (GeV/c) p, (GeVi/c) PT
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Summary

» Precision measurements show pr-dependent V, fluctuations

» No indication of V; and V, fluctuations, if they exist they are within few
percent

* Flow angle fluctuations not significant with the available statistics

. Differential study of symmetric cumulants show pr-independent NS C(B,ZPT)
=1l A'AY C(4’2pT)

* These results will further advance our understanding of flow and constrain
hydrodynamic models
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Thank you for your attention!



a [
C(Y,, W)
. Two particles from p£ and two from p-,

(cosnlef + @i — @5 — @) /

(cos n[pf + ¢} — @§ — @})
_ v (PH* v, (pr)?* cos2n[¥ (p%) — P, (pD)])
(v (p9? v, (P5)?)

C(P4, W) =

 Assuming non-flow is the same:

C(Y4, W) ~ (cos2n[¥,(p}) — ¥, (p])

. C(P%, ¥ < 1



a [
C(Y,, W)
. Two particles from p£ and two from p-,

(cosnlef + @i — @5 — @) /

(cos n[pf + ¢} — @§ — @})
_ v (PH* v, (pr)?* cos2n[¥ (p%) — P, (pD)])
(v (p9? v, (P5)?)

C(¥,, ¥, =

 Assuming non-flow is the same:

C(P4, W) ~((cos 2n[¥,,(p}) — ¥, (p])

\

- C(W,,¥,) <1 ——,  Decorrelation of flow angle at p{ and p



