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The goal

e−

e+γ∗

production

decay

Angular distribution of the dilepton
⇓

Information on the polarization states of the virtual photon
⇓

Information on the production mechanism

I Early stages and onset of thermalization in HIC
(P. Hoyer, PLB 187, 162; E. Shuryak, arXiv:1203.1012)

I Parton anisotropic momentum distributions in HIC
(G. Baym, T. Hatsuda, and M. Strickland, PRC 95, 044907)

I Help disentangle different production mechanisms in elementary reactions
(E.S., M. Zétényi, and B. Friman, PLB 764, 282)
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Spin-density matrix
I Pure state: |ψ〉 =

∑
λ cλ|λ〉

Expectation value of an operator 〈O〉 = 〈ψ|O|ψ〉
I Mixed state: incoherent mixture of |ψi 〉 with statistical weight ai

ρ =
∑
i

ai |ψi 〉〈ψi | =
∑
λ,λ′

ρλλ′ |λ〉〈λ′|

ρλλ′ =
∑

i ai c
(i)
λ c

(i)∗
λ′ . Expectation value: 〈O〉 = Tr(ρO)

Example: Spin-1/2 particle (2× 2 hermitian matrix):

ρ =
1
2

(1 + ~P · ~σ)

I Spin polarization vector: ~P = 〈~σ〉 = Tr(ρ~σ)

|~P| = 1 Pure state

0 < |~P| < 1 Mixed state

|~P| = 0 Completely unpolarized mixed state
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Spin-density matrix for spin-1 particles
I Three polarization states (in rest frame)

Transverse to ~q: ε(±1) = ∓ 1√
2

(0, 1, ±i , 0)

Longitudinal to ~q: ε(0) = (0, 0, 0, 1)

I Spin-density matrix: hermitian 3× 3 matrix

ρ =
1
3

[
1 +

3
2
~P · ~S +

√
3
2

∑
i,j

Tij(SiSj + SjSi )

]
~S are the spin-1 operators

I Trρ = 1 (8 parameters)
I Vector polarization: ~P = 〈~S〉 (3 parameters)
I Tensor polarization: Tij = 1

2

√
3
2

(
〈SiSj + SjSi 〉 − 4

3δij
)
,

∑
i Tii = 0

(5 parameters)

One can have tensor polarization without vector polarization
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Lepton angular distribution

spin-1→ spin- 1
2 + spin- 1

2

e−

e+γ∗

production

decay

Photon rest frame

x

y

z

~pe

φe

θe

dσ

dΩe
∝ Tr( ρOdec )

= N
(
1 + λθcos2 θe + λφsin2 θe cos 2φe + λθφsin 2θe cosφe

+ λ⊥φ sin
2 θe sin 2φe + λ⊥θφsin 2θe sinφe + parity violating terms

)

λθ =
ρT − ρL
ρT + ρL

I Transverse: ρT = ρ−1−1 + ρ+1+1
Longitudinal: ρL = 2ρ00
(ρ =

∑
λ,λ′ ρλλ′ |λ〉〈λ′|)

I Completely transverse polarized: λθ = +1
Completely longitudinal polarized: λθ = −1

I Photon polarization reflected in angular distribution
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Reference frames

Anisotropy coefficients depend on the reference frame

targetbeam z

γ∗

CM frame

targetbeam zCS

Spin− 1

rest frame

zHX

I Helicity (HX): z-axis along photon momentum
I Collins-Soper (CS): z-axis along bisector between beam and target
I Different frames are related by rotation
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Examples

q̄ (π−)q (π+) z

e−

γ∗ rest frame

e+

θe
I Drell-Yan process: qq̄ → γ∗ → e+e−

dσ

dΩe
∼ 1 + cos2 θe

λθ = +1. Virtual photon is completely transverse polarized along beam axis

I Pion annihilation process: π+π− → γ∗ → e+e−

dσ

dΩe
∼ 1− cos2 θe

λθ = −1. Virtual photon is completely longitudinal polarized along beam axis
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Virtual photon emission from a thermal medium

qq̄ → γ∗ → e+e−

π+π− → γ∗ → e+e−

I Thermal average of initial particles momenta p through Fermi or Bose
distribution

f (p) =
1

e(u·p)/T ± 1
I Fluid rest frame uµ = (1, 0, 0, 0) ⇒ Distribution is spherical symmetric

Photon momentum ~q breaks spherical symmetry,
but not azimuthal symmetry

I Photons are only tensor polarized
I |~q| → 0 ⇒ No anisotropy ⇒ No photon polarization
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Boltzmann limit

q + q̄ → γ∗ → e+e−

e+(q = p1 + p2)

e−

q

q̄

γ∗

(p1)

(p2)

π+π− → γ∗ → e+e−

e+

γ∗

e−

π+

π−

ρ

(q = p1 + p2)

(p1)

(p2)

∫
d3p1
E1

d3p2
E2

1
e(u·p1)/T ± 1

1
e(u·p2)/T ± 1

∼ e−(u·q)/T

∫
d3p1
E1

d3p2
E2

I No photon polarization independently of photon momentum

Photon polarization is due to quantum statistics!
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Results (static and Bjorken expansion)

Helicity frame (HX) Collins-Soper frame (CS)
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I Static case: λθ → 0 for qT → 0, and for qT →∞ (Boltzmann limit)
I λθ changes sign from the Helicity to Collins-Soper frame
I Frame invariant combination: λ̃θ =

λθ+3λφ

1−λφ

I Experiments: sum over qT 10 / 15



Realistic models (Preliminary)

dσ

dΩe
∝ ρµνLµν

ρµν = ρTP
µν
T + ρLP

µν
L
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I ρT , ρL taken from: Rapp, Chanfray, Wambach, NPA 617, 472;
Rapp, Wambach EPJA 6, 415; Urban, Buballa, Rapp, Wambach, NPA 673, 357
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Polarization with realistic models (Preliminary)
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λθ = ρT−ρL
ρT +ρL Large polarization!
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Experimental results (NA60 and HADES)

Collins-Soper frame
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FIG. 14: (Color online) Ratio of measured and simulated dielectron center-of-mass polar distributions dN/dθc.m. (a) and helicity
distributions dN/dα (b) for three mass bins: Mee < 0.15, 0.15 < Mee < 0.5, and Mee > 0.5 GeV/c2 (from top to bottom).
The error bars are statistical. The Pluto cocktail simulation was done assuming isotropic emission and decay of the dileptons
(see text). The curves are fits to the data yielding the anisotropy coefficients, i.e. polar A2 and helicity B. The coefficients Ax

2

and Bx result from fits (dashed curves) to the η-subtracted ratios (triangles).

show an intermediate-mass pair excess over long-lived
sources a factor 2–3 stronger than the one observed in
elementary and 12C+12C reactions. We have discussed
the enhancement in the integral pair yields as well as

differentially in the pair mass and transverse mass distri-
butions. We have argued that this behavior signals the
onset of influence of the nuclear medium on dilepton pro-
duction. We have isolated the emission from the medium

Ar-KCl at 1.76A GeV
(HADES Collaboration), PRC 84, 014902 (2011)

I NA60: λθ ' 0, but large error bars
I HADES: large polarization λθ ' 0.5
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φ meson polarization (STAR)

λθ =
3ρ00 − 1
1− ρ00

, ρ00 = ρL

ρ00 vs pT : 2nd vs 1st order EP  

Aihong Tang    Chirality Workshop              
Galileo Galilei Institute 19-22 March 2018 
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The relation between the two measurements will be discussed later in this talk�
A. Tang, Chirality Workshop, Florence 2018; C. Zhou QM2018

I Noncentral collisions: large global angular momentum
⇒ Vorticity ⇒ Particle polarization

I Vorticity or just thermalized medium?
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Conclusions

Summary
I Anisotropy coefficients as a tool to understand heavy-ion collisions
I Virtual photons from (unpolarized) thermal sources are polarized
I Collective flow affects shape of anisotropy coefficients
I Realistic models give large polarization

Outlook
I Analyze different elementary reactions
I Anisotropic momentum distributions ⇒ nonequilibrium
I Effect of vorticity and magnetic field (polarized medium)
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Diagonal form of the spin-density matrix

ρ =
1
3


1 + 3

2Pz +
√

3
2Tzz 0 0

0 1−
√
6Tzz 0

0 0 1− 3
2Pz +

√
3
2Tzz



I In unpolarized system Pz = 0, but often Tzz 6= 0,
i.e., no vector but tensor polarization!

I In general vector and tensor polarization axes can be different
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Medium and flow

Static uniform medium
I Photon rest frame: fluid velocity ~v opposite to photon "direction"
I Only λθ 6= 0

Longitudinal Bjorken expansion
zHX

~qLAB

zHX ′

δ

vz > 0

~qLRF

vz = 0

beam axis

I vz = z/t along beam axis
I Photon polarized along zHX ′

defined by its momentum in local
rest frame

I Rotation δ between zHX ′ and zHX
(Wick helicity rotation)
⇒ λθ, λφ, λθφ 6= 0

I Frame invariant combination:

λ̃θ =
λθ + 3λφ
1− λφ

Longitudinal Bjorken + Radial expansion

I All coefficients λθ, λφ, λθφ, λ⊥φ , λ
⊥
θφ 6= 0
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Results (Bjorken + radial expansion)

Helicity frame (HX)
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I v⊥ = v0r⊥/R0 (Transverse to beam axis)
I The position of the minimum shifts towards higher qT as v0 increases
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