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Polarization without polarization

• Polarization of virtual photon depends on the 
production mechanism 

• Polarization of virtual photon is reflected in angular 
distribution of lepton pair 

• Used to constrain production mechanism in 
elementary reactions (     Miklos’ talk) 

• What about nucleus-nucleus collisions?
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Drell-Yan process

• In CM frame: 

• Photon polarized along beam axis (quantiz. axis)
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Emission from a thermal system

• Thermal distribution of initial particles 

• Average over beam axis: polarization vanishes? 

• More detailed study:
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Polarization of spin-1 particle
• Three spin states 

• Decay of a polarized spin-1 particle
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Spin-density matrix

• State of ensemble specified by density matrix 

• Pure state 

• Expectation value of operator 

• Mixed state: incoherent mixture of  
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Spin-½ particle

• 2 x 2 hermitian matrix 

• Spin polarization vector 

• Pure state: 

• Mixed state: 

• Diagonalize:   
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Spin-1 particle

• Spin matrix 

•      hermitian, trace=1, 3 x 3 matrix: 8 parameters 

• Vector polarization:              (3 parameters)  

• Tensor polarization:              (5 parameters)
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In Ensemble

• Spin-density matrix can be diagonalized 

• In unpolarized system             , but often             ,    
i.e., no vector but tensor polarization!    

• In general vector and tensor polarization axes can 
be different.
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Lepton angular distribution
• Polarization state of virtual photon reflected in 

lepton angular distribution 

• General form (parity conserved) 

• Angles defined in photon rest frame 

• Different frames related through rotation:                  
Helicity, Collins-Soper, ….
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Reference frames
• Helicity frame 

• Collins-Soper frame

Bisector of angle  
between “beam” 
and “target”

Photon direction 
in target-projectile 
CM-frame 
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Emission from thermal system
• Consider Drell-Yan photon with  

• Quark distribution function 

• In fluid rest frame 

• spherically symmetric distribution 

• Photon momentum “breaks”                                         
spherical symmetry                                        
azimuthal symmetry persists                                                 
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Boltzmann limit

• Independent of direction of quark momenta 

• Yields unpolarized photons 

• Non-zero polarization for 

• Thermal polarization is a quantum statistical effect! 
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Anisotropy coefficients
• Static homogeneous thermal system 

•       only non-zero coefficient
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Effect of hydrodynamic flow

• Bjorken flow along x-axis 

• Photon emitted from                                                    
moving cell: tensor                                                        
polarized along z’-axis                                                                      
Wick helicity rotation 

• Transform polarization                                                    
to helicity frame (z).
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Anisotropy parameters 
• Tensor polarization along z’:                                    

axial symmetry about z lost!  

•                       ,                      (odd under              )                

•         odd under 
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Polarization with Bjorken flow

• Anisotropy parameters from moving fluid cell 

• Integrate over space-time evolution 
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Results (Bjorken)

• Photon rapidity             (polarization not boost invariant)
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Results (            )

• Local thermal equilibrium 
+ longitudinal flow             
anisotropic momentum 
distribution (Baym + 
Hatsuda + Strickland) 

• “Effective” momentum 
distribution (schematic) 

0 2 4 6 8 10
q

T
 (GeV)

-8

-6

-4

-2

0

2

λ
θ
 (

%
)

Static
Bjorken (HX)

Bjorken (HX′)

-6

-4

-2

0

λ
θ
 (

%
) Static

Bjorken (HX)

Bjorken (HX′)

(a)

q q → e
+
 e

-
       M = 0.6 GeV       y = 0

(b)

π
+

π
-
→ e

+
 e

-
       M = 0.6 GeV       y = 0

�✓ + 3��

'

x

z



Results (Bjorken + radial flow)
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NA-60 data

• Analyzed in Collins-Soper frame  

• Consistent with 

• Need more statistics, better in helicity frame (?)
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FIG. 3: Polar angle distributions of excess dileptons and of the vector mesons ω and φ.

Fig. 2 for 0.6<M<0.9 GeV and pT >0.6 GeV. The rapid-
ity coverage is 3.2<y<4.2 (+0.3<ycm<+1.3).

The results on the angular distributions have been
analysed in three different ways, distinguished by the
method and the associated statistical/systematic errors.
In the first and most rigorous method (1), the 3 struc-
ture function parameters λ, µ and ν are extracted
from a simultaneous fit of the 2-dimensional data on
the basis of Eq.(1), using a 6×6 matrix in the range
−0.6<cosθ<+0.6 (bin width 0.2) and −0.75<cosφ<0.75
(bin width 0.25). The restrictions in range are enforced
by regions of very low acceptance in the 2-dimensional
acceptance matrix, masked in the projections of Fig. 2.
The fit values are summarized in Table I for all 4 cases,
the two excess mass windows, the ω and the φ. Within
errors, they are all compatible with zero. It is reassur-
ing to see that this is also true for µ, as expected for a
symmetric collision system at midrapidity on the basis of
symmetry considerations [11].

In the second method (2), setting now µ=0, the
2-dimensional acceptance-corrected data are projected
onto either the |cosθ| or the |φ| axis, summing over the
two signs. The polar angular distribution is obtained by
integrating Eq.(1) over the azimuth angle (φ)
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while the azimuth angular distribution is obtained by
integration over the polar angle (cosθ)
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The structure function parameters λ and ν can then be
determined independently by 1-dimensional fits to the re-
spective projections. The data of the polar angular dis-
tributions together with the fit lines according to Eq.(2)
are shown in Fig. 3 for all four cases, using now 8 bins in
|cosθ| (bin width 0.1). The distributions are seen to be
uniform, and the fit parameters λ, included in Table I,
are again compatible with zero, within errors. To deter-
mine the parameter ν, λ (contained in Eq.(3)) is set to
the measured value of λ±σλ. The fit results for ν on the
basis of Eq.(3), keeping the small number of bins used in
method 1, are again zero, within errors (see Table I).

In the third method (3), the inclusive measured dis-
tributions in cosθ and φ are analysed. A 1-dimensional
acceptance correction is applied in each case, determined
by using (as now measured) uniform distributions in φ
(for cosθ) and in cosθ (for φ) as an input to the MC sim-
ulations. The number of bins in |cosθ| is kept, while that
in |φ| is increased to 10 (bin width 0.3). The data for
the azimuth angular distributions together with the fit
lines according to Eq.(3) are shown in Fig. 4. The dis-
tributions are again uniform, as are those for cosθ (not
shown, since hardly distinguishable from Fig. 3). The re-
sulting fit parameters for λ and ν (taking account again
of λ ± σλ) are included in Table I. As expected, the er-
rors are smaller than for the other two methods, but the
values of λ and ν are still close to zero, within errors.

Figs. 3 and 4 also contain the systematic errors at-
tached to the individual data points. They mainly arise
from two sources. The subtraction of the combinatorial
background, with relative uncertainties of 1% [1, 2, 3],

R. Arnaldi et al. PRL 102, 222301



Summary + Outlook

• Virtual photons from thermal source are polarized 

• Collective flow modifies shape of 

• Small effect, consistent with NA60 (CS vs. HX?) 

• Non-equilibrium (deformed momentum distribution) 

• Polarization due to magnetic fields & rotation? 

� vs. q?

Stronger effect?  Baym + Hatsuda + Strickland

Two directions:  
photon momentum + polarization axis 
expect richer structure


