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Deblurring

Richardson-Lucy algorithm

Deblurring process

P. Danielewicz, Phys. Rev. C 105 034608 (2022)
W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)
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Deblurring

Richardson-Lucy algorithm

Construct

Transfer matrix

N(X) =Originalimage
n(Y) =Measured image
P(Y|X) = Blurring probability
n(Y) = f dx P(Y1X) N(X)

P. Danielewicz, Phys. Rev. C 105 034608 (2022)
W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)

The 4t Korea-China joint workshop | 10t July 2025



Deblurring

Richardson-Lucy algorithm

Construct

Transfer matrix

N(X) =Originalimage
n(Y) =Measured image
P(Y|X) = Blurring probability

n(Y) = f dx P(Y1X) N(X)

P. Danielewicz, Phys. Rev. C 105 034608 (2022)
W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)

Estimation
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Deblurring

Richardson-Lucy algorithm N (X) = Restored image at rth iteration

NP (X) = ND(x) f dY n(¥)

n(Y)

P(Y|X)

Construct Richardson-
Transfer matrix Lucy algorithm

N(X) =Originalimage
n(Y) =Measured image
P(Y|X) = Blurring probability

n(Y) = f dx P(Y1X) N(X)

P. Danielewicz, Phys. Rev. C 105 034608 (2022)

W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)

Estimation
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Deblurring

Richardson-Lucy algorithm

N (X) = Restored image at rth iteration

NT*D(X) = N (X) J dy ?()1(/))13(14)()

Construct Richardson-

Transfer matrix Lucy algorithm

N(X) =Originalimage
n(Y) =Measured image
P(Y|X) = Blurring probability

n(Y) = f dx P(Y1X) N(X)

P. Danielewicz, Phys. Rev. C 105 034608 (2022)
W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)
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Deblurring

Richardson-Lucy algorithm N (X) = Restored image at rth iteration
n(Y)

NTFD(X) = N (X JdY P(Y|X

(X) (X) 2O (Y1X)

Construct Richardson-

Transfer matrix Lucy algorithm

N(X) =Originalimage
n(Y) =Measured image
P(Y|X) = Blurring probability

n(Y) = f dx P(Y1X) N(X)

P. Danielewicz, Phys. Rev. C 105 034608 (2022)
W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)
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Triple differential yield

= Triple differential yield can be written as
functions of momentum, rapidity, and
angle relative to reaction plane.

= Reaction plane consists of impact
parameter axis (x) and beam axis (z) in
heavy-ion collision.

= pX: Momentum parallel to plane
= p¥: Momentum perpendicular to plane

¢ =¢, — Prp
3
e.g.) Collective flow can be extracted by d°N o (1 + 2v,cos¢p + 2v,c0s2¢+..)
triple differential yield. prdprdyded
_YLAB
Yy<eYo=—F(fy — 1
NN
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P. Danielewicz, Phys. Lett. B (1985)

Reaction plane dispersion

Reaction plane angle blurring in methodology Q — 2 WiDri (_|_1 (3’0 > ()_1)
L#J wi=49-1 (y, <-0.1)
= Reaction plane (RP) angle can be 17— atan(&) L 0 (elsewhere)
determined by Q vector from emitted RP Q,
charged particles in heavy-ion collision. . .
9ed b y Simulation
* Flow model a4
= 100 % efficiency assumption >

= Reaction plane angle has been “blurred” in
determination from Q vector method. 1

real —

rp. = Real RP angle from simulation
- Pest = Estimated RP angle from Q
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SPIRIT

SAMURAI Pion-Reconstruction and lon-Tracker

» SPIRIT 2016 experiment @ RIKEN

= Equation of state
TPC (Time Projection Chamber)
Placed in SAMURAI magnet (0.5 T)

9LAB

1.8

1344 x 864 mm? of pad plane area
1328n + 124Sn @ 270 MeV/u
10850 + 1125n @ 270 MeV/u

= Stronger blurring problem due to anisotropy in
azimuthal angle will be solved via deblurring
process.

B III|III|III|III|III|III|III|III|III|III
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P. Danielewicz, Phys. Lett. B (1985)
Reaction plane dispersion -~ 8

Reaction plane distortion in SPiRIT

» Reaction plane (RP) angle can be
determined by Q vector from emitted

X
o §+1 ¥y > 0.1)
charged particles in heavy-ion collision. . .
J9ed p y-ion Simulation (0 (elsewhere)
» Considered only forward particle za
= SPIRIT efficiency filtered in flow model 2

» Due to the detector inefficiency, reaction
plane angle distribution has been distorted

_ real —

RP Real RP angle from simulation
esti = Estimated RP angle from Q
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P. Danielewicz, Phys. Lett. B (1985)
Reaction plane dispersion Q= p wibri

Reaction plane distortion in SPiRIT

X
| _J+1 (y, > 0.1)
Wi = 0 [sewhere)
Simulation (100 % & Simulation (elsew

real
LPHF’
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Triple differential yield

Deblurring of flow model + SPIRIT efficiency filter

Consistent Z-axis scale

SPIRIT efficiency

Yo
Particle= Deuteron

270 MeV/u
Restored

The 4t Korea-China joint workshop | 10t July 2025

- . 05 = 05
E Y= 0 -~ E Y= 0 -~
= P > o04f P > 0.4
Z_ (-2- [)3:— {.2. U3
g < F <
;— [=3 0.2;— o 0.2
— 0.1?— 0.1
2 oF 0
— —0.12— ~0.1
‘ —0-2§— -0.2
= ~0.3F ~03
E_ 270 MeV/u 045_ 270 MeV/u 0.4
- Flow model T Flow model + Det. filter e
_I | | | | | | | | | | | | | | | | | | | | | | | | _I | | | | | | | | | | | | | | | | | | | | | | | |
0.5 1 15 2 0. 0.5 1 15 > —0.
yD YD
Original image — Blurred image
g g Blurring 8 Deblurrlng

0.5 1 1.5 2
YD

Restored image

14



Triple differential yield

Deblurring of experimental data

Consistent Z-axis scale Particle= Deuteron

. 0.5p 05

= Clear triple differential 3 o4t P, > 04t

y|e|d g“ 0.3;— g-' [}_3;_
= In-plane momentum = %% e 02
VS 0.1;— (}.1;—

. . oF 0=
normalized rapidity ¢ o
-0.2F -0.25

. . . —0.32— > 124 _[)_3;_

" Lower intensity in _04f 270 MoV/y " ~0.45 270 Mev/u
blurred image due to _D_%E..l._...|..E".‘P.-We.5‘.”ﬁl|....| _0_%5....||...|.F‘°?5F°|”?"... e
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Flow parameter

Deblurring of experimental data
Particle= Proton Particle= Alpha
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= Corrected: Conventional analysis result

3
» Measured: No corrections (From Q) N (1 + 2, cosd + 2v,cos2d+..)
prdprdydd 1COSP 2V COSEPT

= Restored: Deblurring result
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Summary

» Deblurring, the process to remove blurring effect by camera (or
detector), has been applied to make clear image of triple
differential yield in heavy-ion collision.

= Triple differential yield from SPIRIT data due to the
methodology and detection inefficiency has been restored.

» Restored triple differential yield shows nearly consistent results
of v1 and stronger v2 flow parameters.
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Backups

Richardson-Lucy algorithm

= Acting blurring to the original image
causes measured image.
» n(Y) = [dX P(Y|X) N(X)

* Yielding from Bayesian
consideration, Richardson-Lucy
handles deconvolution iteratively.

P. Danielewicz, Phys. Rev. C 105 034608 (2022)
W. H. Richardson, Journal of Optics Society of America 62, 55 (1972)
L. B. Lucy, The AstronomicalJournal 79, 745 (1974)

N (X) = Originalimage (distribution)

n(Y) = Measured image (distribution)

P(Y|X) =Blurring probability

Q(X|Y) = Complementary probability to P(Y|X)

n(y) = j dX P(Y|X) N(X)

QX|Y) n(Y) dYdX = P(Y|X) N(X) dXdY

P(YIX)N(X)
[dX'P(Y|X) N(X")

QXIY) =

Jay QXIY) n(Y)

N = =T rom
P(Y|X)N™ (X)
(r) —
Q (le) de/ P(lel) N(r)(Xr)
N(T+1)(X) — de Q(r)(le) n(Y)

[dYy P(Y|X)
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Rough assumption
n =¢&eN
N =n/¢e
¢ = efficiency
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Backups 1328 + 1245n @ 270 MeV/u

SPIRIT experimental data 2 proton 2 deuteron 2 triton
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= mid-central collision y: < i#]
120 120 Qy
ok ik Wrp = atan(=7)
= Backward rapidity cut in analysis o 06 X
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" Yo < -0.3 (for 3He) 0z \ 02 | - W +1 (y, > 0.1)
" Yo < -0.5 (for others) 9" 95 405 0 05 1 V02 % 95 405 0 05 1 15 er2 L 0 (elsewhere)
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Backups

Deblurring of flow model + SPiRIT efficiency filter
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Backups

Flow parameter from the deblurring of experimental data
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Backups

Flow parameter from the deblurring of experimental data
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132Sn + 124Sn @ 270 AMeV (0.03 < b, < 0.2)
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Backups

Flow parameter of conventional method
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Backups
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Backups

Dehliirrino nf exnerimental data
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