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Physics with antiprotons

Why polarized antiprotons?
1. Annihilation ~ glueball/resonance

�𝒑𝒑𝒑𝒑 → �𝚲𝚲𝚲𝚲,�𝚺𝚺𝚺𝚺,�𝚵𝚵𝚵𝚵, �𝛀𝛀𝛀𝛀,𝝅𝝅+𝝅𝝅−,𝑲𝑲+𝑲𝑲−,𝝓𝝓𝝓𝝓
cleanest environments for gluon-rich 
annihilation and quark–antiquark 
hadronization

2.  �𝑵𝑵𝑵𝑵 interaction ~ partial-wave analysis
Polarization observables provide access 
to interference between different partial 
waves. 4
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Analyzing power

𝑷𝑷𝒚𝒚 perpendicular to the momentum 
vector gives the following cross section

𝒅𝒅𝒅𝒅
𝒅𝒅𝛀𝛀

=
𝒅𝒅𝒅𝒅
𝒅𝒅𝛀𝛀 𝟎𝟎

𝟏𝟏 + 𝑷𝑷𝒚𝒚𝑨𝑨𝒚𝒚 𝜽𝜽 ,

yielding the left-right asymmetry:
⁄𝑵𝑵𝑳𝑳 − 𝑵𝑵𝑹𝑹 𝑵𝑵𝑳𝑳 + 𝑵𝑵𝑹𝑹 = 𝑷𝑷𝒚𝒚𝑨𝑨𝒚𝒚 𝜽𝜽

𝑨𝑨𝒚𝒚 𝜽𝜽 ⇒ interference between different 
initial-state partial-wave amplitudes 5



25 September 2026

Unpolarized vs polarized 

Unpolarized data:
⁄𝒅𝒅𝒅𝒅 𝒅𝒅𝛀𝛀, excitation function, spin-density 

matrix elements 𝝆𝝆𝝀𝝀𝝀𝝀′
Polarized data
spin correlations, which have direct 
sensitivity to interference and relative phases
1) essential for partial-wave decomposition
2) stronger constraints on 𝐽𝐽𝑃𝑃𝑃𝑃of intermediate 

resonance 6
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OZI violation

A substantial OZI violation:
𝝈𝝈 �𝒑𝒑𝒑𝒑 → 𝝓𝝓𝝓𝝓 = 𝐭𝐭𝐭𝐭𝐧𝐧𝟒𝟒𝜹𝜹𝜹𝜹 ⋅ 𝝈𝝈 �𝒑𝒑𝒑𝒑 → 𝝎𝝎𝝎𝝎
≃ 𝟏𝟏𝟏𝟏 𝐧𝐧𝐧𝐧

7

a few 𝝁𝝁𝒃𝒃!
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Glueball search

Glueball search in �𝒑𝒑𝒑𝒑 → 𝝓𝝓𝝓𝝓
Glueballs are fundamental states predicted 
by QCD, dominated by gluonic degrees of 
freedom
�𝒑𝒑𝒑𝒑 → 𝝓𝝓𝝓𝝓 is a promising channel
• unexpectedly large cross section
• gluon-rich annihilation process
• sensitive to resonances with several 𝑱𝑱𝑷𝑷𝑷𝑷s
But a peak alone is not sufficient.
→ identification requires 𝑱𝑱𝑷𝑷𝑷𝑷, phase motion 
and interference 8
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Expected excitation function

9

D. Lee, J.K. Ahn, S.-i. Nam, Phys. Lett. 
B 866, 139528 (2025)
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New J-PARC experiment

10



25 September 2026

𝒑𝒑𝒑𝒑 and �𝒑𝒑𝒑𝒑

The signs of 𝒑𝒑𝒑𝒑 and �𝒑𝒑𝒑𝒑 scattering 
amplitudes:
 opposite for 𝝈𝝈, 𝝆𝝆 exchanges (𝑮𝑮 = +)
 same for 𝝅𝝅, 𝝎𝝎 exchanges (𝑮𝑮 = −)
𝑵𝑵𝑵𝑵 interaction: strongly constrained by 
extensive scattering data
�𝑵𝑵𝑵𝑵 interaction: annihilation + different 𝑮𝑮-
parity structure
How well do we actually know the 
individual �𝑵𝑵𝑵𝑵 partial waves?
How is the origin of the repulsive core?

11
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�𝑵𝑵𝑵𝑵 PWA

Nijmegen partial-wave analysis
D. Zhou and R. G. E. Timmermans, PRC 86, 044003 (2012).

3749 �𝒑𝒑𝒑𝒑 → �𝒑𝒑𝒑𝒑, �𝒑𝒑𝒑𝒑 → �𝒏𝒏𝒏𝒏 scattering data 
for 𝒑𝒑�𝒑𝒑 < 𝟗𝟗𝟗𝟗𝟗𝟗 ⁄𝐌𝐌𝐌𝐌𝐌𝐌 𝒄𝒄, giving excellent 
global description
However, spin-dependent data are much 
more limited than for 𝑵𝑵𝑵𝑵 scattering
Polarization data would provide 
additional constraints on individual 
partial waves 12
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Production of 
Polarized 

Antiprotons
13
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Production of polarized �𝒑𝒑s 

Three steps
1. Production of secondary �𝒑𝒑s 

Unpolarized
2. Production of �𝚲𝚲s from �𝒑𝒑𝒑𝒑 → �𝚲𝚲𝚲𝚲

Polarized
3. Decay of �𝚲𝚲s into �𝒑𝒑s

Polarized
14
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Production of secondary �𝒑𝒑s

J-PARC
Japan Proton Accelerator Research Complex 

15
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Production of secondary �𝒑𝒑s

𝝅𝝅𝝅𝝅𝝅𝝅 beamline: under construction

16

production 
target

30-GeV primary proton beam

intensity: 𝟏𝟏𝟏𝟏𝟏𝟏 𝐌𝐌𝐌𝐌𝐌𝐌 at max (𝟏𝟏𝟓𝟓-𝐤𝐤𝐤𝐤 loss)
momentum: 𝟐𝟐𝟐𝟐 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄 at max
momentum resolution: ⁄𝜟𝜟𝜟𝜟 𝒑𝒑 = 𝟎𝟎.𝟏𝟏𝟏
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Production of secondary �𝒑𝒑s

𝝅𝝅𝝅𝝅𝝅𝝅 beamline: under construction

All the negative particles are included
17�𝒑𝒑: ~ ⁄𝟏𝟏𝟎𝟎𝟔𝟔 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬  (𝟒𝟒.𝟐𝟐 𝒔𝒔)
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Production of secondary �𝒑𝒑s

𝑲𝑲𝑲𝑲𝑲𝑲 beamline: planned
Separated secondary beam using RF 
separators

Much higher �𝒑𝒑 intensity
~𝟕𝟕,𝟓𝟓,𝟐𝟐 × 𝟏𝟏𝟏𝟏𝟔𝟔/𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬 for 𝟔𝟔,𝟖𝟖,𝟏𝟏𝟏𝟏 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
 

18

𝟐𝟐𝟐𝟐-𝐤𝐤𝐤𝐤 loss
slit: optimized for 𝑲𝑲−

Negative pions 
are removed
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Production of �𝚲𝚲s 
P.D. Barnes et al., PRC54, 1877 (1996). 

�𝚲𝚲s from �𝒑𝒑 + 𝒑𝒑 → �𝚲𝚲 + 𝚲𝚲 
are polarized
open circles:
    𝟏𝟏.𝟔𝟔𝟔𝟔𝟔𝟔 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
filled circles:
    𝟏𝟏.𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
PS185 experiment at 
LEAR/CERN 19

𝐜𝐜𝐜𝐜𝐜𝐜𝜽𝜽�𝚲𝚲
∗

𝑷𝑷
𝒅𝒅𝒅𝒅

/𝒅𝒅
𝛀𝛀
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Decay of �𝚲𝚲s into �𝒑𝒑s

Decay angular distribution
In the �𝚲𝚲 rest frame

𝒅𝒅𝒅𝒅
𝒅𝒅𝛀𝛀∗ =

𝟏𝟏
𝟒𝟒𝟒𝟒

𝟏𝟏 + 𝜶𝜶�𝚲𝚲𝑷𝑷�𝚲𝚲
∗ ⋅ �𝒑𝒑�𝒑𝒑∗  

with
    𝜶𝜶�𝚲𝚲: decay parameter
𝑷𝑷�𝚲𝚲
∗ : �𝚲𝚲 polarization vector

    �𝒑𝒑�𝒑𝒑∗ : daughter antiproton direction
  (unit vector)

20

𝜽𝜽∗
𝑷𝑷�𝚲𝚲
∗

𝒑𝒑�𝒑𝒑∗

𝒑𝒑𝝅𝝅+
∗
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Decay of �𝚲𝚲s into �𝒑𝒑s

Polarization vector of �𝒑𝒑s
�𝒑𝒑 polarization in the �𝒑𝒑 rest frame can be given 
by the Lee-Yang’s equation:

𝑷𝑷�𝒑𝒑
†

=
𝟏𝟏

𝟏𝟏 + 𝜶𝜶�𝚲𝚲𝑷𝑷�Λ
∗ ⋅ �𝒑𝒑�𝒑𝒑∗

�

�

𝜶𝜶�𝚲𝚲 + 𝑷𝑷�Λ
∗ ⋅ �𝒑𝒑�𝒑𝒑∗ �𝒑𝒑�𝒑𝒑∗  

+ 𝜷𝜷�𝚲𝚲𝑷𝑷�Λ
∗ × �𝒑𝒑�𝒑𝒑∗ + 𝜸𝜸�𝚲𝚲�𝒑𝒑�𝒑𝒑∗ × 𝑷𝑷�Λ

∗ × �𝒑𝒑�𝒑𝒑∗

using variables in the �𝚲𝚲 rest frame 
21

self-polarization: 𝜶𝜶�𝚲𝚲�𝒑𝒑�𝒑𝒑∗

spin transfer: 𝑷𝑷�𝒑𝒑
† − 𝜶𝜶�𝚲𝚲�𝒑𝒑�𝒑𝒑∗
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Decay of �𝚲𝚲s into �𝒑𝒑s

Polarization vector of �𝒑𝒑s

𝑷𝑷�𝒑𝒑
†: �𝒑𝒑 polarization in the �𝒑𝒑 rest frame

𝑷𝑷�Λ
∗ : �𝚲𝚲 polarization in the �𝚲𝚲 rest frame

�𝒑𝒑�𝒑𝒑∗ : �𝒑𝒑 direction in the �𝚲𝚲 rest frame
�𝚲𝚲 decay parameters
𝜶𝜶�𝚲𝚲 = −𝜶𝜶𝚲𝚲 = 𝟎𝟎.𝟕𝟕𝟕𝟕𝟕𝟕 ± 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 
𝝓𝝓�𝚲𝚲 = −𝝓𝝓𝚲𝚲 = +𝟔𝟔.𝟓𝟓∘ ± 𝟑𝟑.𝟓𝟓∘

→  𝜷𝜷�𝚲𝚲 = −𝜷𝜷𝚲𝚲 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎,𝜸𝜸�𝚲𝚲 = 𝜸𝜸𝚲𝚲 = +𝟎𝟎.𝟔𝟔𝟔𝟔 22

𝜶𝜶𝚲𝚲𝟐𝟐 + 𝜷𝜷𝚲𝚲𝟐𝟐 + 𝜸𝜸𝚲𝚲𝟐𝟐 = 𝟏𝟏 
𝐭𝐭𝐭𝐭𝐭𝐭𝝓𝝓𝚲𝚲 = 𝜷𝜷𝚲𝚲/𝜸𝜸𝚲𝚲
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Expected 
Polarized 

Antiprotons
23
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Production of �𝚲𝚲s 

Correlation between the momentum and 
emission angle for produced antihyperons

24

𝒑𝒑 � 𝚲𝚲
 (

⁄
𝐆𝐆𝐆𝐆𝐆𝐆

𝐜𝐜)

𝜽𝜽�𝚲𝚲 ( ⁄𝐆𝐆𝐆𝐆𝐆𝐆 𝐜𝐜)

𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟔𝟔𝟔𝟔𝟔𝟔 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄 𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
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Decay of �𝚲𝚲s into �𝒑𝒑s

Correlation between the momentum and 
emission angle for daughter antiprotons

25

𝒒𝒒 � 𝒑𝒑
 (

⁄
𝐆𝐆𝐆𝐆𝐆𝐆

𝐜𝐜)

𝜽𝜽�𝒑𝒑 ( ⁄𝐆𝐆𝐆𝐆𝐆𝐆 𝐜𝐜)

𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟔𝟔𝟔𝟔𝟔𝟔 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄 𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
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Decay of �𝚲𝚲s into �𝒑𝒑s

A large longitudinal polarization can be 
rotated into a sizable transverse polarization 
during momentum analysis.

26

C
ou

nt
s /

 0
.0

1

𝑷𝑷�𝒑𝒑
† ⋅ �𝒙𝒙′,𝑷𝑷�𝒑𝒑

† ⋅ �𝒚𝒚′,𝑷𝑷�𝒑𝒑
† ⋅ �𝒛𝒛′

sideways, normal, longitudinal

𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟔𝟔𝟔𝟔𝟔𝟔 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄 𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
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�𝚲𝚲 yields

27
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�𝚲𝚲 polarization?

�𝚲𝚲𝚲𝚲 production mechanism

28

�𝚲𝚲
�𝒑𝒑

𝒑𝒑

𝑲𝑲±,𝑲𝑲∗±

Colors indicate 
flavors here

�𝒑𝒑

𝒑𝒑𝒕𝒕-channel meson exchange

gluon-mediated 𝒔𝒔�𝒔𝒔 production (𝒒𝒒�𝒒𝒒 → 𝒔𝒔�𝒔𝒔)

�𝒑𝒑

𝒑𝒑 𝒈𝒈

�𝒑𝒑 + 𝒔𝒔�𝒔𝒔

𝒑𝒑 + 𝒔𝒔�𝒔𝒔

𝚲𝚲

picking up sea 
(anti)quarks

�𝚲𝚲

𝚲𝚲

𝚲𝚲

�𝚲𝚲
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Summary
29
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Summary 

•Polarized antiprotons can be used for 
various hadron physics experiments.

•Polarized antiprotons can be produced 
from �𝒑𝒑𝒑𝒑 → �𝚲𝚲𝚲𝚲 and �𝚲𝚲 → 𝝅𝝅+�𝒑𝒑 

•High longitudinal polarization is 
available.

•For further discussion, we need to 
predict �𝚲𝚲 polarization at a certain 
incident �𝒑𝒑 momentum.

30
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Backup
31
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Reaction mechanisms

32
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Annihilation processes

Production mechanism of 𝒀𝒀�𝒀𝒀 

33

�𝚲𝚲, �𝚺𝚺
�𝒑𝒑

𝒑𝒑

𝑲𝑲±,𝑲𝑲∗±

Colors indicate 
flavors here

�𝒑𝒑

𝒑𝒑𝒕𝒕-channel meson exchange

gluon-mediated 𝒔𝒔�𝒔𝒔 production (𝒒𝒒�𝒒𝒒 → 𝒔𝒔�𝒔𝒔)

�𝒑𝒑

𝒑𝒑 𝒈𝒈

�𝒑𝒑 + 𝒔𝒔�𝒔𝒔

𝒑𝒑 + 𝒔𝒔�𝒔𝒔

𝚲𝚲,𝚺𝚺

picking up sea 
(anti)quarks

�𝚲𝚲, �𝚺𝚺

𝚲𝚲,𝚺𝚺

𝚲𝚲,𝚺𝚺

�𝚲𝚲, �𝚺𝚺
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Annihilation processes

Production mechanism of 𝒀𝒀�𝒀𝒀
Different mechanisms are expected especially 
for �𝚵𝚵𝚵𝚵 and �𝛀𝛀𝛀𝛀

Unpolarized-antiproton studies are 
expected to advance first.

34

𝒀𝒀�𝒀𝒀 𝚲𝚲�𝚲𝚲 𝚺𝚺�𝚺𝚺 𝚵𝚵�𝚵𝚵 𝛀𝛀�𝛀𝛀
#𝑲𝑲 exchange 1 1 2 3
#𝒒𝒒�𝒒𝒒 → 𝒈𝒈 → 𝒔𝒔�𝒔𝒔 1 1 2 3
#𝒔𝒔�𝒔𝒔 in (anti)proton 1 1 2 3
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Usage of polarized antiprotons

Annihilation
�𝒑𝒑𝒑𝒑 → 𝝅𝝅+𝝅𝝅−,𝑲𝑲+𝑲𝑲−

𝝅𝝅,𝑲𝑲: spinless particles
No final-state polarization
No spin-transfer

Correlation between the orientations between 
the �𝒑𝒑 polarization and reaction plane
𝑨𝑨𝒚𝒚 𝜽𝜽 ⇒interference between different initial-
state partial-wave amplitudes

35
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Physics with using antiprotons

Two key physics topics
1. Annihilation processes

�𝒑𝒑𝒑𝒑 → �𝚲𝚲𝚲𝚲, �𝚺𝚺𝚺𝚺,�𝚵𝚵𝚵𝚵, �𝛀𝛀𝛀𝛀
�𝒑𝒑𝒑𝒑 → 𝝅𝝅+𝝅𝝅−,𝑲𝑲+𝑲𝑲−,𝝓𝝓𝝓𝝓

cleanest environments for quarks 
and antiquarks into hadrons 

2. Difference between 𝒑𝒑𝒑𝒑 and �𝒑𝒑𝒑𝒑 
interactions

36
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Decay of �𝚲𝚲s into �𝒑𝒑s

Correlation between the sideways component 
of polarization and momentum for daughter 
antiprotons

37

𝑷𝑷
� 𝒑𝒑†
⋅� 𝒙𝒙

′

𝒒𝒒�𝒑𝒑 ( ⁄𝐆𝐆𝐆𝐆𝐆𝐆 𝐜𝐜)

𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟔𝟔𝟔𝟔𝟔𝟔 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄 𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄
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Decay of �𝚲𝚲s into �𝒑𝒑s

Correlation between the normal component of 
polarization and momentum for daughter 
antiprotons

38

𝑷𝑷
� 𝒑𝒑†
⋅� 𝒚𝒚

′

𝒒𝒒�𝒑𝒑 ( ⁄𝐆𝐆𝐆𝐆𝐆𝐆 𝐜𝐜)
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Correlation between the transverse component 
of �𝒑𝒑 polarization and �𝚲𝚲-polarization and �𝒑𝒑-
momentum opening angle 39
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Correlation between the longitudinal component 
of polarization and momentum for daughter 
antiprotons 41

𝑷𝑷
� 𝒑𝒑†
⋅� 𝒛𝒛

′

𝒒𝒒�𝒑𝒑 ( ⁄𝐆𝐆𝐆𝐆𝐆𝐆 𝐜𝐜)

𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟔𝟔𝟔𝟔𝟔𝟔 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄 𝒌𝒌�𝒑𝒑 = 𝟏𝟏.𝟗𝟗𝟗𝟗𝟗𝟗 𝐆𝐆𝐆𝐆𝐆𝐆/𝒄𝒄



25 September 2026

Production of �𝚲𝚲s 

Correlation between the momentum and 
emission angle for produced antihyperons
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Correlation between the momentum and 
emission angle for daughter antiprotons
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A large longitudinal polarization can be 
rotated into a sizable transverse polarization 
during momentum analysis.
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