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⚫ Gauge field and Proton spin

⚫ Orbital angular momentum

⚫ Twist state



Gauge field theory



Standard model：YM gauge field



Gauge potential decomposition

⚫ Gauge potential can be decomposed (Cho, Duan, Ge, Faddeev, Niemi)

𝑨𝝁 = 𝑨𝝁𝒏 +
𝟏

𝒈
𝝏𝝁𝒏 × 𝒏 + 𝑿𝝁 = ෡𝑨𝝁 + 𝑿𝝁,  ෡𝑫𝝁𝒏 = 𝝏𝝁 + 𝒈෡𝑨𝝁 × 𝒏 = 𝟎

⚫ Gauge field

𝑭𝝁𝝂 𝑨 = 𝑭𝝁𝝂 + 𝑯𝝁𝝂 𝒏 + 𝑮𝝁𝝂 𝑿

where

𝑭𝝁𝝂 = 𝝏𝝁𝑨𝝂 − 𝝏𝝂𝑨𝝁, 𝑯𝝁𝝂 =
𝟏

𝒈
𝒏 ⋅ 𝝏𝝁𝒏 × 𝝏𝝂𝒏 = 𝝏𝝁𝑪𝝂 − 𝝏𝝂𝑪𝝁

⚫ Two types of gluons : ෡𝑨𝝁 (neutral) and 𝑿𝝁 (colored)

⚫ Abelian dominance and Confinement : ෡𝑨𝝁



Proton spin crisis

⚫ European Muon Collaboration at CERN discovered that only a small 

part of the proton spin is carried by quarks (1987)

⚫ Up to now, the experiments data show

quark contribution 30%

gluon contribution 20% (?)

⚫ Other ?



Proton spin decomposition - I

⚫ Jaffe-Manohar sum rule (NPB 337 (1990) 509)：canonical form

⚫ Ji sum rule(97)：no separated gluon spin and OAM



Proton spin decomposition - II

⚫ Flat connection (Chen et al. PRL 100 (2008) 232002)

𝑨 = 𝑨𝒑𝒖𝒓𝒆 + 𝑨𝒑𝒉𝒚𝒔,  𝑭𝒑𝒖𝒓𝒆 𝑨𝒑𝒖𝒓𝒆 = 𝟎

⚫ gauge inv. Spin and OAM



Nucleon structure：mass & spin



Nucleon structure

Modern Rutherford Exp：DIS（Deep Inelastic Scattering） from J.W.Qiu slide

Frierdman   Kendall     Taylor

Bjorken x



Electron-ion collider @ BNL



Electron-ion collider @ IMP



Spin physics

⚫ QCD

𝓛𝑸𝑪𝑫 = −
𝟏

𝟒
𝑭𝝁𝝂

𝒂 𝑭𝒂
𝝁𝝂

+ ഥ𝝍 𝒙 𝒊𝜸𝝁𝑫𝝁 − 𝒎 𝝍

⚫ QED

𝓛𝑸𝑬𝑫 = −
𝟏

𝟒
𝑭𝝁𝝂𝑭

𝝁𝝂
+ ഥ𝝍 𝒙 𝒊𝜸𝝁𝑫𝝁 − 𝒎 𝝍

⚫ Free electromagnetic field

𝓛𝜸 = −
𝟏

𝟒
𝑭𝝁𝝂𝑭

𝝁𝝂



OAM of free photon ? 

⚫ Angular momentum of photon : spin and OAM

Ԧ𝑱 = න𝒅𝟑𝒙 𝒙 × 𝑬 × 𝑩 = න𝒅𝟑𝒙 𝑬 × 𝑨

𝑺

+ න𝒅𝟑𝒙 𝑬𝒊 𝒙 × 𝛁𝑨𝒊

𝑳

⚫ Usually 𝑳 = 𝟎, free photon as plane wave 𝝍 𝒙, 𝒚, 𝒛, 𝒕 = 𝑨𝒆𝒊 𝒌𝒛−𝝎𝒕

Ԧ𝑱 = 𝑺

⚫ Are there free photon carrying nontrivial OAM?



OAM photon/twist photon/vortex light

⚫ 1992，Les Allen （ 1936-2016 ）proposed the photo carrying OAM



Twist light

⚫ Wave function

𝝍(𝒓) ∝ 𝒆𝒊𝒍𝝋

⚫ Intrinsic orbital angular momentum（OAM）

𝑳𝒛 = ℏ𝒍

3 main melodies of 20-th century physics (C.N.Yang) 

quantization, symmetry and phases



Twist states

⚫ Plane wave (PW)：Given momentum 𝒌 

𝝓 𝒌 ∝ 𝜹𝟑 𝒌 − 𝒌𝟎 ,  𝝍 𝒓 ∝ න𝒅𝟑𝒌 𝝓 𝒌 𝒆𝒊𝒌⋅ 𝒓 = 𝒆𝒊𝒌𝟎⋅𝒓

⚫ Twisted state : fixed longitudinal 𝒌𝒛 and transverse module 𝒌⊥ = 𝒌𝒙
𝟐 + 𝒌𝒚

𝟐 

𝝓 𝒌 ∝ 𝜹 𝒌𝒛 − 𝒌𝟎𝒛 𝜹 𝒌⊥ − 𝜿 𝒆𝒊𝒍𝝋𝒌 ,  𝝍 𝒓 ∝ න𝒅𝟑𝒌 𝝓 𝒌 𝒆𝒊𝒌⋅ 𝒓 = 𝒆𝒊𝒌𝟎𝒛𝒛𝒆𝒊𝒍𝝋𝒓𝑱𝒍 𝜿𝒓⊥



Production of twist light

⚫ Spiral phase plate



Twist light

⚫ 𝒍 = 𝟏𝟎𝟎𝟎𝟎 (Fickler et al, PNAS 113, 13642 (2016))



Twist electron



Twist electron

⚫ Theory： Bliokh et al, PRL99, 190404 (2007)

⚫ Exps: Uchida, Tonomura, Nature 464, 737 (2010);

   Verbeeck, Tian, Schattschneider, Nature 467, 301 (2010);

   McMorran et al, Science 331, 192 (2011)

⚫ Typical value：𝑬 = 𝟑𝟎𝟎 keV, 𝒍~𝟏𝟎𝟎𝟎



Experimental set up for twist electrons

Bliokh et al, Phys. Reports 690 (2017) 1; Lloyd et al, RMP 89 (2017) 035004



Novel properties of twist electron

⚫ Manipulate with electromagnetic field (PRL 119 (2017) 243903) 

⚫ Orbital Sokolov-Ternov effect (PRL 121 (2018) 043202)

⚫ Electric Quadrupole Moment and the Tensor Magnetic Polarizability (PRL 122 

(2019) 063201)

⚫ OAM Hall effect（2312.14391）

⚫ ……



Spin-orbit states

⚫ Spin-orbit pattern (J. Phys. G 50 (2023) 015006)

[Sarenac et al, New J. Phys. 20 (2018) 103012]



Decay of twist muon



Decay of polarized muon

⚫ 1957, Garwin et al. and Friedman et al. measure parity violation of muon decay

⚫ For outgoing angle θ, one threshold : 

𝑬𝒆 < 𝑬𝒆 𝒎𝒂𝒙 =
𝒎𝟐

𝟐𝑬 𝟏 − 𝜷𝒄𝒐𝒔𝜽



Decay of twist muon

⚫ OAM muon : 𝒅𝚪𝒕𝐰𝐢𝐬𝐭 = ∫
𝒅𝝋𝒑

𝟐𝝅
𝒅𝜞𝑷𝑾(𝒑)



Decay of twist muon

⚫ OAM muon : there are two thresholds

𝑬𝒆𝟏 =
𝒎𝟐

𝟐𝑬 𝟏 − 𝜷𝒄𝒐𝒔(𝜽 + 𝜽𝟎)
,  𝑬𝒆𝟐 =

𝒎𝟐

𝟐𝑬 𝟏 − 𝜷𝒄𝒐𝒔(𝜽 − 𝜽𝟎)

⚫ 𝟎 < 𝑬𝒆 < 𝑬𝒆𝟏, all plane wave components have contribution

⚫ 𝑬𝒆𝟏 < 𝑬𝒆 < 𝑬𝒆𝟐, part plane wave components have contribution

⚫ electron angular distribution similar



Decay of twist muon

⚫ Electron energy spectrum (2106.0034) 



Twist photon in gravitational 
field



Gravitational spin Hall effect

⚫ Spinless particle : geodesic equation 

𝒅𝟐𝒙𝝁

𝒅𝒔𝟐
+ 𝚪𝜶𝜷

𝝁 𝒅𝒙𝜶

𝒅𝒔

𝒅𝒙𝜷

𝒅𝒔
= 𝟎

⚫ Spinning particle : MPD equation (Andersson, Harte, Oancea, Shoom, ...)

ሶ𝒑𝝁 = −
𝟏

𝟐
𝑹𝝂𝜶𝜷

𝝁
𝒖𝝂𝑺𝜶𝜷, ሶ𝑺𝜶𝜷 = 𝒑[𝜶𝒖𝜷]

⚫ Deflection angle between trajectory and geodesic plane （Duval, Marsot, …）

𝜷~ − 𝟏 −
𝟐𝑮𝑴

𝒓𝟎

𝝌𝝀𝟎

𝟐𝝅𝒓𝟎



Gravitational spin Hall effect

⚫ Spin effect (Harte, Oancea) 



Gravitational orbital Hall effect

⚫ Evolution of wave function in gravitational field

𝜵𝜶𝜵𝜶𝝓 = 𝟎

⚫ Position is defined by energy-momentum tensor

𝒙𝒊 =
∫ 𝒈𝒙𝒊𝑻𝟎𝟎𝒅𝒙𝟑

∫ 𝒈𝑻𝟎𝟎𝒅𝒙𝟑



Gravitational orbital Hall effect

⚫ Geodesic plane (x-z)

𝒚 ∝ 𝒍



Gravitational orbital Hall effect

⚫ Geodesic plane (x-z)

𝒚 ∝ 𝒍

arXiv: 2312.14391



Scattering between twisted 
states



scattering

⚫ Plane wave：fixed momentums ȁ ۧ𝒌𝟏 + ȁ ۧ𝒌𝟐 → ȁ ۧ𝒌𝟏′ + ȁ ۧ𝒌𝟐′

total momentum c.o.m 𝑲 = 𝒌𝟏
′ + 𝒌𝟐

′ = 𝟎   ⟹  𝒌𝟏
′  (𝒌𝟐

′ ) fixed 

⚫ Twist states： ȁ ۧ𝜿𝟏, 𝒍𝟏 + ȁ ۧ𝜿𝟐, 𝒍𝟐 → ȁ ۧ𝒌𝟏′ + ȁ ۧ𝒌𝟐′

distribution of total momentum 𝑲 = 𝒌𝟏
′ + 𝒌𝟐

′

⚫ a new tool to study spin physics (PRL 124, 192001 (2020))



Electron-ion collide with polarized particles

Anna Martin



Electron-ion collider with twist states（TEIC）

⚫ EIC with twist electrons and twist ions



Thanks !
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