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Our data analysis

*  for this talk, ignore experimental error bars,
if small compared to data values

*  download data.  Reproduce 
curves and claims of ATLAS

*  transcribe arbitrary Ak convention to spin-1
and spin-2 density matrix elements

*  compute invariants, entanglement entropy, 
and covariants like \vec S



hadronic eigenvalues versus pT, same as qT

red: Born
blue: ATLAS data

what is this?

new: no precedent

PT of Z = our qT
qT

what is this?



S = −tr(ρ)log(ρ); 0 < S < log(N)

the entanglement entropy

pure unpolz

new: no precedent

PT of Z = our qT



curves: eigenvalues
dots: <X>, etc

PT

Avoided level crossing. 
Eigenvectors swap

“Z”
“X”

“Y”

new: no precedent PT of Z = our qT



0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

Sy

Sz

Sx

strange spin 
magnitude  

and 
directions

s-hat, unit

PT PT of Z = our qT

PT



X

Y
z-axis out of page
in rest frame of Z

unexpected structure 
in 

spin parameters  of Z

y

XYZ= collins soper

x

xyz= lab

qT

z

x
y

y

x z

z

sideways view of frame

z \times x=y

new: no precedent

arrows are ŝ⊥, ŝ · ŝ = 1



X

Y

z-axis out of page
in rest frame of Z

unexpected structure 
in 

spin parameters  of Z

qT

z

x
y

y

x z

z

x

xyz= lab
y

Y is  
pseudovector 

and T odd

sideways view of frame

arrows are ŝ⊥, ŝ · ŝ = 1



y

Y
z-axis out of page
in rest frame of Z

unexpected structure 
in 

spin parameters  of Z

x

xyz= lab

z

x
y

y

x z

z

rotational symmetry:
qT  itself is distributed

isotropically about the beam 

arrows are ŝ⊥, ŝ · ŝ = 1



!5

0

5

!5

0

5

2022

3D
holography

of the 
Z spin,

lab frame

(qx, qy, qz )

beam 

2% of Z’s are
polarized
pure state 
spinning
as shown arrows are ŝ⊥, ŝ · ŝ = 1



x

xyz= lab
y

2%  of 
Z’s are

polarized
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