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asymmetry in the transverse plane at finite impact parameter
Glauber model, KLN model, IP-Glasma

eccentricity - ε2 = −
∫
dxdy(x2−y2)ρ(x,y)∫
dxdy(x2+y2)ρ(x,y)

Snellings 2011

larger gradient and stronger flow in-plane - v2 > 0 - elliptic flow

dN

dφ
∝ 1 + 2v2cos(2φ)

ε2 + HYDRO RESPONSE −→ v2 (Ollitrault 1992)

Event Plane (Reaction plane) must be reconstructed in each event

Piotr Bożek Flow



Elliptic flow
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initial shape asymmetry transformed into flow asymmetry

strong indication of collective behavior
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208+208, 50000 events 
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σmixed model: 
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Directed flow v1 (rapidity even)

fluctuations −→ v1 6= 0
v1 in the event plane

D Teaney, L Yan 1010.1876

hydrodynamics reproduces data

Cab(∆Φ) ∝ 1+2v
2
1 cos(∆φ1)−K cos(∆φ)p

a
⊥p

b
⊥+. . .

correction for p⊥ conservation
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F. Gardim et al 1103.46045
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longitudinal dynamics
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Asymmetric emission
(Bia las, Czyż, Acta Phys.Polon.B36, 905 (2005)

fHΗ°L=f+HΗ°L+f-HΗ°L

f+HΗ°Lf-HΗ°L
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fH
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ρ(η, x, y) ∝ f+(η)N+(x, y)

+f−(η)N−(x, y)

dN�dΗd
2
xT

Η

xT

bremsstrahlung Adil Gyulassy, Phys. Rev.

C72, 034907 (2005)

fluctuating strings Bia las Jeżabek hep-

ph/0403254
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Tilted source −→ directed flow

tilted source→

transverse pressure + longitudinal pressure

∂τux = −
∂xp⊥

p + ε
= −

∂x(p + 2
3
η
τ

)

p + ε

∂τY = −
∂ηp‖

τ(p + ε)
= −

∂η(p− 4
3
η
τ

)

τ(p + ε)

­4 ­2 0 2 4
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Bozek, Wyskiel, Phys. Rev. C81, 054902 (2010)

- effect gets stronger at lower energies

- related to vorticity and Λ polarization

(Becattini et al 1610.02506)
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D meson v1

cc̄ shifted from the fireball

Adil Gyulassy (2005) jet tomography

Gargantuan DD̄ directed flow
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S. Chatterjee, PB PRL 120 (2018) 192301

Prediction
v1(DD̄) ' 5− 20× v1(charged)
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D meson v1

Quark Matter 2018
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Huge DD̄ directed flow observed

LARGE tilt of the fireball
- hydro initial state: v1, vorticity,

longitudinal correlation and correlations

- microscopic mechanism for large tilt?

charge splitting in EM field

S Das et al. 1608.02231
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 = 200 GeVNNsAu+Au, 

1.5 T∝ γ
 = 0.4 fm0τ

-1 = 0.035 fmσ

 D
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)
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S. Chatterjee, PB 1804.04893

- STAR@200GeV
Huge D v1, small splitting

- ALICE@2760GeV
HUGE charge splitting,
∆v1 � v1 ' 0
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I initial conditions + hydrodynamic expansion

I p⊥, v1, v2, v3 in AA

I vn - nonlinear

I quantitative studies of QGP properties and initial state

I tool to map the longitudinal dynamics and initial conditions

what about small systems?
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Elliptic and triangular flow in p-Pb

Hydro consistent with data
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PB, W.Broniowski, G. Torrieri arXiv:1306.5442; G.Y. Qin, B.

Müller 1306.3439; I. Kozlov et al. 1405.3976; A. Bzdak et al.

1304.34003, . . .

I v2, v3 consistent with hydro

Hydro generates the ridge
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Werner, Karpenko, Pierog, 1011.0375

v2,3 - hydro response to initial deformation !
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Elliptic and triangular flow in d-Au

(small) deformed projectile
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intrinsic deformation dominates over fluctuations
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Bozek, priv. comm.,

Bzdak, et al. 1304.3403, priv comm:
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large eccentricity - large flow component

collective response to geometry
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1. Elliptic and triangular flow

2. Hierarchy of v2 and v3 in p-A, d-A, He-A
collective response to geometry (final state effect)
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3. Flow from higher cumulants

4. Interferometry radii

5. Factorization at intermediate p⊥ and large ∆η
particles at intermediate p⊥, large η, correlated to geometry

6. Mass splitting of v2

7. Mass hierarchy of spectra (< p⊥ >)
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1. Elliptic and triangular flow

2. Hierarchy of v2 and v3 in p-A, d-A, He-A
collective response to geometry (final state effect)

3. Flow from higher cumulants

4. Interferometry radii
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c)

ALICE Data

p-Pb  5.02TeV  0-20%

right magnitude and k⊥ dependence of HBT radii
indication of space-momentum correlations

5. Factorization at intermediate p⊥ and large ∆η
particles at intermediate p⊥, large η, correlated to geometry

6. Mass splitting of v2

7. Mass hierarchy of spectra (< p⊥ >)
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Experiments indicate a collective response to initial geometry

I these effects can be described by hydrodynamics

I what does it mean?

I can hydrodynamics be applied to small systems?
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Hydrodynamics in small systems?

Hydrodynamics K < 1

H. Niemi, G. Denicol 1404.7327

large gradients in the evolution
higher order corrections,

effective viscosity reduced
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Pressure asymmetry - generic feature
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Why hydrodynamic works I
Hydrodynamics works even for large pressure asymmetry

Hydrodynamics works with PL � P⊥

Heller, Janik, Witaszczyk 1103.3452

full solution converges to hydro
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Why hydrodynamic works II
pressure anisotropy irrelevant for flow
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Can hydrodynamic work in small systems

1. Mean free path

I for η/s = 0.08

Lmfp =
3s

4πnp
' 0.15− 0.3fm

2. Quantitative hydrodynamic model requires dominance of
hydrodynamic modes

I estimate of minimal size R (Spalinski 1607.06381)

RT > 2π
√

2Tτπ η/s ' 1− 3

3. AdS/CFT

I in numerical AdS/CFT: RT > 1, (Chesler 1601.01583)

I minimal size R > 0.5fm

Hydrodynamics works down to Nch = 10− 30 (ATLAS, CMS)

Success of hydrodynamics not accidental!

Break down of hydrodynamics difficult to observe ( non-flow, jets . . . )
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Collision with a polarized deuteron

Motivation: collectivity vs CGC dispute

PB, W. Broniowski PRL 121 (2018) 202301

I JP = 1+, can be polarized – not SF!

I predominantly 3S1-wave

I small (∼ 5%) 3D1-wave admixture
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Collision with a polarized deuteron

Motivation: collectivity vs CGC dispute
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Wave function

|Ψ(r; j3)〉 = U(r)|j = 1, j3, L = 0, S = 1〉+V (r)|j = 1, j3, L = 2, S = 1〉

Explicitly, with the Clebsch-Gordan decomposition onto states
|LL3〉|SS3〉,

|Ψ(r; 1)〉 = U(r)|00〉|11〉+ V (r)
[√

3
5 |22〉|1−1〉 −

√
3
10 |21〉|10〉+

√
1
10 |20〉|11〉

]
. . .

Orthonormality of the spin parts yields

|Ψ(r, θ, φ;±1)|2 = 1
16π

[
4U(r)2−2

√
2
(
1−3 cos2 θ

)
U(r)V (r)+

(
5−3 cos2 θ

)
V (r)2

]
|Ψ(r, θ, φ; 0)|2 = 1

8π

[
2U(r)2+2

√
2
(
1−3 cos2 θ

)
U(r)V (r)+

(
1+3 cos2 θ

)
V (r)2

]
. . . the U(r)V (r) terms are not so small!
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Quadrupole deformation

Eccentricity with respect to a fixed axis at ΦP

ε
|Ψ|2j3=0

2 {ΦP }=

∫
d3r r2{2

√
2

5 U(r)V (r)− 1
5V (r)2}∫

d3r r2{2
3U(r)2 − 2

√
2

15 U(r)V (r) + 11
15V (r)2}

'0.11

ε
|Ψ|2j3=±1

2 {ΦP } ' −0.47ε
|Ψ|2j3=0

2 {ΦP } ' −0.05
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Ellipticity of the fireball relative to polarization axis

Monte Carlo Glauber model d+Au

centrality 
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∼30% reduction compared to ε
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2 (nucleons from Au)
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OBSERVABLE - v2 relative to polarization axis

dN

dφ
∝ 1 + 2v2 cos [2(φ− ΦP )]

v2 ' kε2, k ∼ 0.2
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For j = 1 nuclei, the tensor polarization is

Pzz = n(1) + n(−1)− 2n(0)

v2{ΦP } ' k εj3=±12 {ΦP }Pzz

−0.5% . v2{ΦP } . 1%

One-particle distribution - can be measured precisely !

Fixed target experiments - easier to polarize
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I Heavy Quark tomography
D meson flow probes the 3D distribution of matter in the
fireball

I Tuning the shape of the fireball with polarized deuterons
deformation can be oriented on the polarization axis
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Distribution of ellipticity (most central)
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