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Citation: F. Takahashi et al. (Particle Data Group), Int. J. Mod. Phys. A 41, 2630011 (2026)

N BARYONSN BARYONSN BARYONSN BARYONS
(S = 0, I = 1/2)(S = 0, I = 1/2)(S = 0, I = 1/2)(S = 0, I = 1/2)
p, N+ = uud; n, N0 = udd

pppp I (JP ) = 1
2 (

1
2
+)

Mass m = 1.0072764665789 ± 0.0000000000083 u
Mass m = 938.27208943 ± 0.00000029 MeV [a]
∣

∣mp → mp

∣

∣/mp < 7× 10→10, CL = 90% [b]
∣

∣

qp
mp

∣

∣/(
qp
mp

) = 1.000000000003 ± 0.000000000016
∣

∣qp + qp
∣

∣/e < 7× 10→10, CL = 90% [b]
∣

∣qp + qe
∣

∣/e < 1× 10→21 [c]

Magnetic moment µ = 2.7928473446 ± 0.0000000008 µN
(µp + µp)

/

µp = (0.002 ± 0.004)× 10→6

Electric dipole moment d < 0.021× 10→23 e cm
Electric polarizability ω = (11.5 ± 0.4)× 10→4 fm3 (S = 1.1)
Magnetic polarizability β = (2.31 ± 0.29)× 10→4 fm3 (S = 1.1)
p SPIN POLARIZABILITY γE1E1 = (→3.0 ± 0.7)× 10→4 fm4

p SPIN POLARIZABILITY γM1M1 = (3.7 ± 0.5)× 10→4 fm4

p SPIN POLARIZABILITY γE1M2 = (→1.2 ± 1.0)× 10→4 fm4

p SPIN POLARIZABILITY γM1E2 = (2.0 ± 0.8)× 10→4 fm4

Charge radius, µp Lamb shift = 0.84075 ± 0.00064 fm [d]

Charge radius = 0.8407 ± 0.0006 fm [d]

Magnetic radius = 0.851 ± 0.026 fm [e]

Mean life τ > 9× 1029 years, CL = 90% (p → invisible mode)

See the “Note on Nucleon Decay” in our 1994 edition (Phys. Rev. D50D50D50D50,
1173) for a short review.

The “partial mean life” limits tabulated here are the limits on τ/Bi , where
τ is the total mean life and Bi is the branching fraction for the mode in
question. For N decays, p and n indicate proton and neutron partial
lifetimes.

Partial mean life p

p DECAY MODESp DECAY MODESp DECAY MODESp DECAY MODES (1030 years) Confidence level (MeV/c)

Antilepton + mesonAntilepton + mesonAntilepton + mesonAntilepton + meson
N → e+π > 5300 (n), > 24000 (p) 90% 459

N → µ+π > 3500 (n), > 16000 (p) 90% 453

N → νπ > 1100 (n), > 390 (p) 90% 459

p → e+η > 10000 90% 309

p → µ+η > 4700 90% 297

https://pdg.lbl.gov Page 1 Created: 6/1/2026 11:06

Images: BNL

Electron-Ion Collider (EIC) project

Abdul Khalek et al., NPA 1026 (2022)
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• The origin of the nucleon spin 

• Quarks and gluons distributions in position space
How does the nucleon get spin-1/2? 

Nucleon Spin



“Local” operator level Ji, PRL 78 (1997)
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Gauge-invariant spin decomposition quark orbital angular momentum (OAM)

quark intrinsic spin

Transverse Spin Sum Rule

gluon total angular momentum (TAM, )J = L + S

<latexit sha1_base64="dTxORPa0XB8XE1J/o2PBY7HxIxM="></latexit>

J = Lq + Sq + JG



“Local” operator level
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Gauge-invariant spin decomposition
Ji, PRL 78 (1997)

Transverse Spin Sum Rule

quark intrinsic spin

gluon total angular momentum (TAM, )J = L + S

<latexit sha1_base64="dTxORPa0XB8XE1J/o2PBY7HxIxM="></latexit>

J = Lq + Sq + JG

quark orbital angular momentum (OAM)

Hadronic level
Longitudinal component

Transverse components

<latexit sha1_base64="7nFzB+wFzYirk9yYxj+MgwuW7Wg="></latexit>

→N, s→|Jz|N, s↑ = ωz
s→s

2

with EP = M2 + (Pz)2

Ji and Yuan, PLB 810 (2020)

Boost-dependence

<latexit sha1_base64="rl8yEjcFY1VtSZye9Gku56s0PUE="></latexit>

→N, s→|Ja|N, s↑ =
{

ωa
s→s
2

EP
M

ωa
s→s
2

<latexit sha1_base64="BjpTcCYVScjC2OqKe6/GLuATOpE="></latexit>

↭ [Ja,K3] = →iωab3Kb

Bakker, Leader, and Trueman, PRD 70 (2004) 
Leader, PRD 85 (2012)



“Local” operator level
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Gauge-invariant spin decomposition

Internal TAM & relativistic centers
<latexit sha1_base64="L5SANcE2RSJVWk4DRHyTRUFJRhk="></latexit>

JX = J →RX ↑ P
relativistic centers of energy, mass, and spin

Transverse components

New sum rule

Lorcé, EPJC 78 (2018) 
Lorcé, EPJC 81 (2021)

Today’s subject: position mapping

<latexit sha1_base64="GpCvMcRJCZgYaGyzysUgaqJzeV4="></latexit>

forRc

<latexit sha1_base64="HD4gcWjVqFYD0RBywZcTOhDlmkQ="></latexit>

forRM

<latexit sha1_base64="M9Lbz7vZ+Xyh8qQ0562UHnIh/jI="></latexit>

forRE

Ji, PRL 78 (1997)

*We impose the symmetric operator product, i.e., AB:=(AB+BA)/2.

*
Hadronic level

Longitudinal component

Transverse components

<latexit sha1_base64="7nFzB+wFzYirk9yYxj+MgwuW7Wg="></latexit>

→N, s→|Jz|N, s↑ = ωz
s→s

2

with EP = M2 + (Pz)2

Ji and Yuan, PLB 810 (2020)

Boost-dependence

<latexit sha1_base64="rl8yEjcFY1VtSZye9Gku56s0PUE="></latexit>

→N, s→|Ja|N, s↑ =
{

ωa
s→s
2

EP
M

ωa
s→s
2

<latexit sha1_base64="hvXAmDxMs1UAY1Teq+817ZEU0F4="></latexit>

→N, s→|Ja
X |N, s↑ =






ωa
s→s
2

EP
M

ωa
s→s
2

M
EP

ωa
s→s
2

Transverse Spin Sum Rule

quark intrinsic spin

gluon total angular momentum (TAM, )J = L + S

<latexit sha1_base64="dTxORPa0XB8XE1J/o2PBY7HxIxM="></latexit>

J = Lq + Sq + JG

quark orbital angular momentum (OAM)

<latexit sha1_base64="BjpTcCYVScjC2OqKe6/GLuATOpE="></latexit>

↭ [Ja,K3] = →iωab3Kb

Bakker, Leader, and Trueman, PRD 70 (2004) 
Leader, PRD 85 (2012)



Internal Angular Momentum
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<latexit sha1_base64="nF/WU11e/tE2nboinj79/EmR7Sk="></latexit>

Lµωε = xωTµε → xεTµω,

<latexit sha1_base64="pFdwX2edcUam3ah6Jr1QYTtvF7c="></latexit>

Sµωε =
1

2
ωµωεϑε̄ϑϑϑ5ε.

On the hypersurface at  x0 = constant

 same as Lαβ, Sαβ Jαβ

Generalized OAM tensor Generalized OAM tensor

Angular Momentum

Total angular momentum (TAM)

<latexit sha1_base64="XUGNnCJweqfj635OmnxQ+gz2Mhc="></latexit>

a± =
1→
2
(a0 ± a3)

Kogut and Soper, PRD 1 (1970)

transverse

longitudinal

<latexit sha1_base64="yDmfuOw149In5FJSALwlokpFGsA="></latexit>

Ki =

∫
d3xJ00i(x)

Boost

Light-Front (LF) TAM

LF boost

asymmetric energy-momentum tensor (EMT)

Angular momentum operator

quantization surface and its normal vector

<latexit sha1_base64="x2AVqLz7QNLLIE0m/qJbQoVjwww="></latexit>

d!µ = nµ d!,

<latexit sha1_base64="bDudaBVRl45nebv+Se4deQvEcXg="></latexit>

J i =
1

2
ωijkJjk = Li + Si

On the hypersurface at  x+ = constant

<latexit sha1_base64="hFauyVgZVRcUPluaBoDIKCLihLE="></latexit>

Jωε =

∫

!
d!µ J

µωε(x),

<latexit sha1_base64="HHwE35NpqJubx3raoguhy6ERAf8="></latexit>

J a = ωab→ J↑b = La + Sa,

J + =
1

2
ωab→ Jab = L+ + S+

<latexit sha1_base64="WT/LaryASlp/2DLbmUy9Dtr8aGw="></latexit>

Ba = J+a, B+ = J+→,

dynamical

Generalized angular momentum tensor densities
Leader and Lorcé, PR 541 (2014) 
Lorcé, Mantovani, and Pasquini, PLB 776 (2018)

<latexit sha1_base64="MmJugH5KbjpxMtFXFJ48CaYo8TQ="></latexit>

Jµωε(x) = Lµωε(x) + Sµωε(x),

Harindranath, Mukherjee, and Ratabole, PRD 63 (2001)

Other LF AM operatorstransverse longitudinal

Today: transverse components
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Orbital Angular Momentum

Center of Rotation and Angular Momentum

<latexit sha1_base64="eDWPOrZQ+YAO7yC1eV7i5eu3Q5k="></latexit>

Li =
1

2
ωijk

∫
d3xL0jk(x) = ωijk

∫
d3xxjT 0k(x),

<latexit sha1_base64="4sLB1ZqLITFXrACioQ+LYEiZyHg="></latexit>

Tµω = ω̄εµ i

2

→↑
D ωω + F a,µεF a, ω

ε ↓ 1

4
gµω F a,εϑF a

ϑε

Conventionally, the position vector defined from the origin of the coordinate system

The “relative” position vector relative to the pivot (center of rotation) & arbitrary choice, not necessarily the origin

Gauge-invariant and asymmetric EMT
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Orbital Angular Momentum

<latexit sha1_base64="L5SANcE2RSJVWk4DRHyTRUFJRhk="></latexit>

JX = J →RX ↑ P

Internal Angular Momentum

Conventionally, the position vector defined from the origin of the coordinate system

<latexit sha1_base64="f+Is3c7ZB8Rf6sL2THAigHHyXnM="></latexit>x

<latexit sha1_base64="9dI/zi8+4A1cxQ+mtgxsu7DR/DY="></latexit>

RX

Pivotexternal TAM

The “relative” position vector relative to the pivot (center of rotation) & arbitrary choice, not necessarily the origin

kind of parallel-axis theoremorigin

<latexit sha1_base64="iKohDAKqrHwaB2FVNBGj3hbPbXA="></latexit>xX

<latexit sha1_base64="eDWPOrZQ+YAO7yC1eV7i5eu3Q5k="></latexit>

Li =
1

2
ωijk

∫
d3xL0jk(x) = ωijk

∫
d3xxjT 0k(x),

origin external boost

<latexit sha1_base64="Zm1bQCyXHUYJ/PAfeoYkvcChBcA="></latexit>

KX = K → (R0
XP →RXP 0)

Gauge-invariant and asymmetric EMT
<latexit sha1_base64="4sLB1ZqLITFXrACioQ+LYEiZyHg="></latexit>

Tµω = ω̄εµ i

2

→↑
D ωω + F a,µεF a, ω

ε ↓ 1

4
gµω F a,εϑF a

ϑε

Lorcé, EPJC 81 (2021)

Center of Rotation and Angular Momentum
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Relativistic 
center Position operator

Canonical  
relation 

Vector under 
rotation 

Compatibility of 
components 

su(2)  
spin algebra 

Energy

Mass

Spin

Light-Front 
momentum

<latexit sha1_base64="7dkwcvyv+2JZRaMD2P/ovR46SLU=">AAACQnicbVDLSsNAFJ3UV62vVpdugqXgxpKIVDdC0Y3LCvYBbSyTyU0zdCYJMxOlhH6EW/0df8JfcCduXThtszCtBwbOnHsv957jxoxKZVkfRmFtfWNzq7hd2tnd2z8oVw47MkoEgTaJWCR6LpbAaAhtRRWDXiwAc5dB1x3fzurdJxCSRuGDmsTgcDwKqU8JVlrqisfUml5bw3LVqltzmKvEzkgVZWgNK0Zt4EUk4RAqwrCUfduKlZNioShhMC0NEgkxJmM8gr6mIeYgnXR+79SsacUz/UjoFypzrv6dSDGXcsJd3cmxCuRybSb+V+snyr9yUhrGiYKQLBb5CTNVZM7Mmx4VQBSbaIKJoPpWkwRYYKJ0RLktcTCRlMickdTl+b/UzgPwlkTKYwbi7JmS8VQHay/HuEo653W7UW/cX1SbN1nERXSMTtApstElaqI71EJtRNAYvaBX9Ga8G5/Gl/G9aC0Y2cwRysH4+QXB4LGI</latexit>

r0 = 0

Pauli-Lubanski pseudo-vector: 
Qualifications of the position operator Qualification of the internal AM operator

Qualification of the localized state in Newton-Wigner sense

<latexit sha1_base64="/L5MVL8N2jgWDKdMZ9CQRJ1uEe4="></latexit>

[Ri
X , P j ] = iωij

<latexit sha1_base64="SQzlR4a3LlsYgpHkqcirLacsCYw="></latexit>

[Ri
X , Jj

X ] = iωijkRk
X

<latexit sha1_base64="w18KCEWgO4Yyhf03tefUBhCL8cU="></latexit>

[Ri
X , Rj

X ] = 0
<latexit sha1_base64="JVl2eUCSyiSaPpUhEotTVRZoK9s="></latexit>

[J i
X , Jj

X ] = iωijkJk
X

<latexit sha1_base64="pATheng2mQXaS8Wzm4TK7CZqmmI="></latexit>

Rµ
M = !µ

ωR
ω
E |rest

<latexit sha1_base64="p0hnnPxe6639Fe2sQEXqAtFZPrs="></latexit>

Ri
c =

P 0Ri
E +MRi

M

P 0 +M

<latexit sha1_base64="E+1fbQhhc2vaEdZIoONC1dphF9U="></latexit>

Ri
E =

1

P 0

∫
d3r riT 00 = →Ki

P 0

2D

3D

<latexit sha1_base64="XEKukAmlsmuBrjY3ImuV4yBiGFI="></latexit>

J i
E = W i/P 0

Table: Cédric Lorcé

<latexit sha1_base64="Tn1SBEVdQlx/bf3hJl5OFKqDNwY=">AAACQnicbVDLSsNAFJ34rPXV6tJNsBQEsSQi1Y1QdOOygn1AW8tketMMnUnCzEQJIR/hVn/Hn/AX3IlbF07bLEzrgYEz597Lvec4IaNSWdaHsbK6tr6xWdgqbu/s7u2XygdtGUSCQIsELBBdB0tg1IeWoopBNxSAucOg40xup/XOEwhJA/9BxSEMOB771KUEKy11xGNyml5bw1LFqlkzmMvEzkgFZWgOy0a1PwpIxMFXhGEpe7YVqkGChaKEQVrsRxJCTCZ4DD1NfcxBDpLZvalZ1crIdAOhn6/Mmfp3IsFcypg7upNj5cnF2lT8r9aLlHs1SKgfRgp8Ml/kRsxUgTk1b46oAKJYrAkmgupbTeJhgYnSEeW2hF4sKZE5I4nD83+pnXswWhApDxmIs2dKJqkO1l6McZm0z2t2vVa/v6g0brKIC+gIHaMTZKNL1EB3qIlaiKAJekGv6M14Nz6NL+N73rpiZDOHKAfj5xe4mbGD</latexit>

r+ = 0<latexit sha1_base64="bwk7gtAVwZAd+TBevTnzpFWMTls="></latexit>

Ra
n =

1

P+

∫
d2r→dr

↑ ra→T
++ = →Ba

P+

canonical center

In the infinite-momentum frame (IMF)
<latexit sha1_base64="zjtCACqQWCuGzZ/CrEqgq/3v8uU="></latexit>

Rµ
n = lim

|P |→↑
Rµ

E = lim
|P |→↑

Rµ
c

Relativistic Centers

<latexit sha1_base64="31KZa9mXXUu2QVT5usq5zQxPyww="></latexit>

Rc |r→ = r |r→
<latexit sha1_base64="jmqppOJvK8rV8EiN6cVWKhv7eMk="></latexit>

Rn |r→→ = r→ |r→→&

Pryce, PRSLA 195 (1948) 
Newton, and Wigner, RMP 21 (1949) 
Fleming, PR 137 (1965) 
Murkardt, PRD 72 (2005) 
Lorcé, EPJC 78 (2018) 
Lorcé, EPJC 81 (2021)
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Hadronic matrix element
I. Wigner distribution (hadronic wave packet)

3D Spatial distribution in the relative coordinate 

II. Phase-space amplitude (internal distribution)

Image: Cédric Lorcé
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In quantum phase-space formalism

Won and Lorcé, PRD 111 (2025) 
Chen, JHEP 04 (2025) 
Lorcé, Mukherjee, Singh, and Won, PLB 868 (2025) 
Won and Lorcé, PRD XXX (2026) (accepted)

Wigner, PR40 (1932) 
Hillery, O'Connell, Scully, and Wigner, PR106 (1984) 
Bialynicki-Birula, Gornicki, and Rafelski, PRD 44 (1991)

Quantum Phase-Space Formalism

<latexit sha1_base64="mmVT6lvuAropKAPRkNsV5/w59XU="></latexit>

→!|O(x)|!↑ =
∑

s→,s

∫
d
3
P

(2ω)3

∫
d
3R ε

s→s
! (R,P ) →O(x)↑s

→s
R,P ,

<latexit sha1_base64="6n6LxehmAQhSTwTVmymtV86U2xM="></latexit>

ωs
→s

! (R,P ) =

∫
d3q

(2ε)3
eiq·R!̃→

(
P +

q

2
, s↑

)
!̃
(
P → q

2
, s
)
,

=

∫
d3Y eiP ·Y !→

(
R→ Y

2
, s↑

)
!

(
R+

Y

2
, s

)
,

<latexit sha1_base64="WTP8tc6GltzlRAs5Rt/wKc/tg/o="></latexit>

→O(x)↑s
→s

R,P =

∫
d
3!

(2ω)3
e
→i!·(x→R)

〈
P + !

2 , s
↑
∣∣O (0)

∣∣P ↓ !
2 , s

〉
√

2 (P 0 +!0/2)
√

2 (P 0 ↓!0/2)
,

quasi-density

<latexit sha1_base64="k8XxS60a5Pzx9yQuNgEzfd5+l3k="></latexit>

O(X; s→, s) := →O(x)↑s
→s

R,P

<latexit sha1_base64="6rXfwEjkaqRJnpKSAW9x144h8UA="></latexit>

X = x→R

Lorcé, Moutarde, and Trawiński, EPJC 79 (2019) 
Lorcé, PRL 125 (2020) 
Chen and Lorcé, PRD 106 (2022) 
Chen and Lorcé, PRD 107 (2023)

<latexit sha1_base64="ecWgyOZumJp1F2/OpY4zP9A2VWc="></latexit>∫
d3R ωss! (R,P ) =

∣∣!̃ (P , s)
∣∣2,

∫
d3P

(2ε)3
ωss! (R,P ) =

∣∣! (R, s)
∣∣2

2D spatial distribution
<latexit sha1_base64="IexGqcz3Hbh/cjds9Hsi49QxoYA="></latexit>

O(X→; s
↑
, s) :=

∫
dX

3
O(X; s↑, s)



Generic Frame

I. A generic Lorentz frame in the 3D space
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Lorcé, Mantovani, and Pasquini, PLB 776 (2018) 
Lorcé, PRL 125 (2020)

Generic frame Elastic frame

2D BF3D BF

<latexit sha1_base64="6NZewXOddoyGb7sB7+3uIXJYYuk=">AAACR3icbVDLSgMxFM3UV62vVpduBkvBjWVGpboRirpwWcE+oDOWTHprQ5OZkGSUYehvuNXf8RP8Cnfi0vSxcFoPBE7OuZd77wkEo0o7zqeVW1ldW9/Ibxa2tnd294ql/ZaKYkmgSSIWyU6AFTAaQlNTzaAjJGAeMGgHo5uJ334GqWgUPuhEgM/xU0gHlGBtJM+7BabxY3o2vnJ6xbJTdaawl4k7J2U0R6NXsipePyIxh1AThpXquo7QfoqlpoTBuODFCgQmI/wEXUNDzEH56XTpsV0xSt8eRNK8UNtT9W9HirlSCQ9MJcd6qBa9ifif14314NJPaShiDSGZDRrEzNaRPUnA7lMJRLPEEEwkNbvaZIglJtrklJkihomiRGUOSQOe/Stz+RD6CyLlgoE8eaFkNDbBuosxLpPWadWtVWv35+X69TziPDpER+gYuegC1dEdaqAmIkigV/SG3q0P68v6tn5mpTlr3nOAMshZv/BGspI=</latexit>

!3 = 0

<latexit sha1_base64="6NZewXOddoyGb7sB7+3uIXJYYuk=">AAACR3icbVDLSgMxFM3UV62vVpduBkvBjWVGpboRirpwWcE+oDOWTHprQ5OZkGSUYehvuNXf8RP8Cnfi0vSxcFoPBE7OuZd77wkEo0o7zqeVW1ldW9/Ibxa2tnd294ql/ZaKYkmgSSIWyU6AFTAaQlNTzaAjJGAeMGgHo5uJ334GqWgUPuhEgM/xU0gHlGBtJM+7BabxY3o2vnJ6xbJTdaawl4k7J2U0R6NXsipePyIxh1AThpXquo7QfoqlpoTBuODFCgQmI/wEXUNDzEH56XTpsV0xSt8eRNK8UNtT9W9HirlSCQ9MJcd6qBa9ifif14314NJPaShiDSGZDRrEzNaRPUnA7lMJRLPEEEwkNbvaZIglJtrklJkihomiRGUOSQOe/Stz+RD6CyLlgoE8eaFkNDbBuosxLpPWadWtVWv35+X69TziPDpER+gYuegC1dEdaqAmIkigV/SG3q0P68v6tn5mpTlr3nOAMshZv/BGspI=</latexit>

!3 = 0

<latexit sha1_base64="KkTVgcBn2ikzI4nAz7hEEjQdHaY=">AAACQnicbVDLTgIxFO34RHyBLt1MJCRuJDNq0I0J0Y1LTOSRwEg6nQs0tDNN29FMJnyEW/0df8JfcGfcurDALAQ8SZPTc+/Nvef4glGlHefDWlldW9/YzG3lt3d29/YLxYOmimJJoEEiFsm2jxUwGkJDU82gLSRg7jNo+aPbSb31BFLRKHzQiQCP40FI+5RgbaRW/TE9H187vULJqThT2MvEzUgJZaj3ila5G0Qk5hBqwrBSHdcR2kux1JQwGOe7sQKByQgPoGNoiDkoL53eO7bLRgnsfiTNC7U9Vf9OpJgrlXDfdHKsh2qxNhH/q3Vi3b/yUhqKWENIZov6MbN1ZE/M2wGVQDRLDMFEUnOrTYZYYqJNRHNbxDBRlKg5I6nP5//KOB9CsCBSLhjI02dKRmMTrLsY4zJpnlXcaqV6f1Gq3WQR59AROkYnyEWXqIbuUB01EEEj9IJe0Zv1bn1aX9b3rHXFymYO0Rysn1+H9bFp</latexit>

P 3 = 0
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II. Lorentz transformation of matrix elements
For spin-  targetj

Wigner rotation
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Since , Wigner angles  and  for initial and final states, respectivelyΔ3 ≠ 0 θ θ′￼
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Poincaré symmetry

Teryaev, hep-ph/9904376, (1999) 
Leader and Lorcé, PR 541, (2014) 
Lowdon, Chiu, and Brodsky, PLB 774 (2017) 
Cotogno, Lorcé, and Lowdon, PRD 100 (2019)
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Hackett, Pefkou, and Shanahan, PRL 132 (2024)

• Multipole fitting for  based on lattice dataA, J, D, C̄ • QCD equation of motion for GA(t)
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Won and Lorcé, PRD 111 (2025)• Multipole fitting for S
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• Imposing pion-pole dominance for GP(t)

Disclaimer: The following analysis is model-independent and concerns only the kinematical structure

Matrix elements of the axial-vector current and EMT



“Transverse” components of internal TAM distribution in the transverse plane
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Lorcé, Mukherjee, Singh, and Won, in preparation
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TAM relative to the origin Lorcé, Mukherjee, Singh, and Won, PLB 868 (2025)

spin-dependent: monopole

quadrupolespin-independent dipole
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TAM relative to the origin Lorcé, Mukherjee, Singh, and Won, PLB 868 (2025)

spin-dependent: monopole

quadrupolespin-independent dipole
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“Transverse” components of internal TAM distribution in the transverse plane
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Transverse Internal TAM Distribution
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The nucleon spin polarization

pivot choice



dipole+monopole+quadrupole

Transverse Internal TAM Distribution
unpolarized nucleon
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Transverse Internal Boost Distribution
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Relativistic centers

Lorcé, Mukherjee, Singh, and Won, in preparation
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Transverse Internal Boost Distribution
unpolarized nucleon

transversely polarized nucleon along the -axisx
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Center of LF momentum
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Choice of the origin of coordinate system
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Light-Front Formalism

Center of LF momentum
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Choice of the origin of coordinate system
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Choice of the origin of coordinate system
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Transverse LF TAM distribution

The same multipole structure as the IF formalism
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Transverse LF boost distribution

The same multipole structure as the IF formalism

Transverse LF Boost Distribution
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Interpolation between the IF and LF Formalism
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Conclusion and Summary

• We reviewed internal AM (TAM + boost) and relativistic centers in QFT.  

• Using the quantum phase-space formalism, we defined 3D spatial distributions and 
obtained 2D transverse distributions by integrating over the longitudinal coordinate.    

• We showed the spatial distributions of transverse internal AM for an unpolarized nucleon 
and for a transversely polarized nucleon in the transverse plane. The main result is that 
the choice of pivot, i.e., centers of spin, energy, and mass, is directly visible in the 
spatial distributions. 

• We also studied the transverse LF AM distributions and compared them with the IF 
results in the IMF limit.    

• Overall, this work provides a model-independent framework to connect transverse sum 
rules with relativistic spatial distributions of AM and boost.

hoyeon.won@polytechnique.edu

Lorcé, Mukherjee, Singh, and Won, PLB 868 (2025) 
Lorcé, Mukherjee, Singh, and Won, in preparation
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Compound operators: explicit position factors, e.g.,

Definition of Spatial Distribution in Transverse Plane
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O(X→; s
↑
, s) :=

∫
dx

3
O(X; s↑, s)

Two ways: direct and indirect

Direct

Indirect

<latexit sha1_base64="NcbR5A5d4teNrGC+TyZdyF55GYw="></latexit>

Li
→(X→; s

↑, s) =

∫
d2!→

(2ω)2
e↓iX→·!→

[
→εi3ki

ϑ

ϑ!3

↑p↑, s↑|T 0k (0)|p, s↓
2P 0

∣∣∣∣
2D

→ εij3i
ϑ

ϑ!j

↑p↑, s↑|T 03 (0)|p, s↓
2P 0

∣∣∣∣
2D

]
,

<latexit sha1_base64="+uWNcOt+wNXaU/ee1Bki9kssvLI="></latexit>

Li
→(x) = ωijkxjT 0k(x),

<latexit sha1_base64="zn0X7MGBmGF4tTBmNC7qDhTgZEw="></latexit>

O(X→; s
↑
, s) :=

∫
d
2!→

(2ω)2
e
↓iX→·!→

→p↑, s↑|O (0)|p, s↑
2P 0

∣∣∣∣
2D

<latexit sha1_base64="ugXnjZQl6EBx6TBO0dAZ16DYU90="></latexit>

p→ = P +
!

2
, p = P → !

2
<latexit sha1_base64="6LhEN16Ty1BrGYVVEPkROqfnXxU="></latexit>

p2 = p→2 = M2

cannot be defined in the 2D framework, “directly”

Both coincide for electromagnetic, axial-vector, energy-momentum tensor, etc.

“Indirect” way is needed

For comparison with 2D light-front distributions → 2D projection
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<latexit sha1_base64="wflDuRQ6Qv6aBi2of/2F+15uNvc="></latexit>

→p→, s→|Oµ1···µn |p, s↑ =
∑

s→BF,sBF

D
(j)
sBFs (pBF,!)D

↑(j→)
s→BFs

→ (p
→
BF,!)

↓ !µ1
ω1

· · ·!µn
ωn

→p→BF, s
→
BF|Ôω1···ωn |pBF, sBF↑

Wigner rotation matrix for spin-1/2 targets
<latexit sha1_base64="LevGTecHKHwdR1JCCJAkP4VEztU="></latexit>

D(1/2)
ss→ (p,!) = cos

ω

2
εss→ + i sin

ω

2

(p→ → ωss→)z
|p→|

,

D(1/2)
ss→ (p↑,!) = cos

ω↑

2
εss→ + i sin

ω↑

2

(p↑
→ → ωss→)z
|p↑

→|

<latexit sha1_base64="CPSVjNIeaz5UtTr9KH2PSB0B7kg="></latexit>

|p,ω→LF =
∑

s

|p, s→IF Msω(p)

Chen, and Lorcé, PRD 106 (2022)

<latexit sha1_base64="iJ/1u7ybgW8aDEXvhg26Dra4FLQ="></latexit>

Msω(p) = cos
ωM
2

εsω + i sin
ωM
2

(p→ → ωsω)z
|p→|

Melosh rotation matrix for spin-1/2 targets

Wigner Rotation and Melosh Rotation

<latexit sha1_base64="rLcSSJqkpsNeQOCjzJot3donuwo="></latexit>

lim
pz→0

cos
ωM
2

= lim
pz→↑

cos
ω

2
, lim

pz→0
sin

ωM
2

= lim
pz→↑

sin
ω

2
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<latexit sha1_base64="3/EmknJyMRETSWRqH1BEmlQFGBM="></latexit>

lim
!z→0

cos
ω + ω↑

2
=

P 0 +M (1 + ε)

(P 0 +M)
→
1 + ε

, lim
!z→0

sin
ω + ω↑

2
= ↑

→
εPz

(P 0 +M)
→
1 + ε

,

lim
!z→0

cos
ω ↑ ω↑

2
= 1, lim

!z→0
sin

ω ↑ ω↑

2
= 0.

2D projection Δ3 → 0

IMF limit IMF limit & 2D projection
<latexit sha1_base64="2OjpIqv3rODsxFQ7BnCbdSkOiUk="></latexit>

lim
Pz→↑

cos
ω(↓)

2
=

√
2
(
1 +

→
1 + ε

)
+ ϑ2↔

(
2 +

→
1 + ε ↑ ϑ↗

)

2
(
1 +

→
1 + ε

)
(1 + ϑ2↔)

,

lim
Pz→↑

sin
ω(↓)

2
= ↓ϑ↔

√ →
1 + ε ± ϑ↗

2
(
1 +

→
1 + ε

)
(1 + ϑ2↔)

<latexit sha1_base64="vmOFJ4lmtdcTauThY5f2Mt+mHHM="></latexit>

lim
!z→0
Pz→↑

cos
ω↓

2
= lim

!z→0
Pz→↑

cos
ω

2
=

√
1 +

→
1 + ε

2
→
1 + ε

,

lim
!z→0
Pz→↑

sin
ω↓

2
= lim

!z→0
Pz→↑

sin
ω

2
= ↑

√
ε

2
→
1 + ε

(
1 +

→
1 + ε

)

In the GF, Δ3 ≠ 0 → θ ≠ θ′￼

<latexit sha1_base64="0W3cQii9qJRSVs710uxFo/C60MQ="></latexit>

cos
ω + ω→

2
=

P 0 +M (1 + ε)

Ns

→
1 + ε

, sin
ω + ω→

2
= ↑ ϑ↑Pz

Ns

→
1 + ε

,

cos
ω ↑ ω→

2
= ϖ↑

P 0 +M

Ns
+ ϖ↓

P 0 +M (1 + ε)

Ns

→
1 + ε

,

sin
ω ↑ ω→

2
= sgn

(
ϑ↓
)→

ϖ↑ϖ↓

[
P 0 +M (1 + ε)

Ns

→
1 + ε

↑ P 0 +M

Ns

]
,

<latexit sha1_base64="Illf/QEjYlRhzaxFmn0YY5+K2eE="></latexit>

ω =
P 0

→
P 2

=
P 0

M
→
1 + ε

, ϑ =
P z

P 0

<latexit sha1_base64="C+3Cij/t68kqXgLZTuZ1TlBcDcQ="></latexit>

Ns :=
√
(p0 +M)(p→0 +M),

<latexit sha1_base64="DhnxKl3yu341Z+uyEXxih4G0BQM="></latexit>

ω→ :=
|!→|
2M

, ω↑ :=
!3/ε

2M
, ϑ→ :=

ω2→
ϖ
, ϑ↑ :=

ω2↑
ϖ
,
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!3 = 0
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P 3 = 0
<latexit sha1_base64="KkTVgcBn2ikzI4nAz7hEEjQdHaY=">AAACQnicbVDLTgIxFO34RHyBLt1MJCRuJDNq0I0J0Y1LTOSRwEg6nQs0tDNN29FMJnyEW/0df8JfcGfcurDALAQ8SZPTc+/Nvef4glGlHefDWlldW9/YzG3lt3d29/YLxYOmimJJoEEiFsm2jxUwGkJDU82gLSRg7jNo+aPbSb31BFLRKHzQiQCP40FI+5RgbaRW/TE9H187vULJqThT2MvEzUgJZaj3ila5G0Qk5hBqwrBSHdcR2kux1JQwGOe7sQKByQgPoGNoiDkoL53eO7bLRgnsfiTNC7U9Vf9OpJgrlXDfdHKsh2qxNhH/q3Vi3b/yUhqKWENIZov6MbN1ZE/M2wGVQDRLDMFEUnOrTYZYYqJNRHNbxDBRlKg5I6nP5//KOB9CsCBSLhjI02dKRmMTrLsY4zJpnlXcaqV6f1Gq3WQR59AROkYnyEWXqIbuUB01EEEj9IJe0Zv1bn1aX9b3rHXFymYO0Rysn1+H9bFp</latexit>

P 3 = 0
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!3 = 0
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<latexit sha1_base64="ntavvJeFQZUszP5MCdGVrVTsCiA="></latexit>

Ja
c (b→, P

z; s↑, s) =

∫
d2!→

(2ω)2
e↓i!→·b→

[
εs↑siϑ

ab
→
→
ϖXb

1J̃1 + ϱa
s↑sJ̃0 + ϱb

s↑sϖX
ab
2 J̃2

]
,

2D spatial distribution of the transverse TAM relative to the canonical center

multipole amplitudes

Lorcé, Mukherjee, Singh, and Won, PLB 868 (2025)

<latexit sha1_base64="awyR2kJN8h/bp6V3hporALRtT1w="></latexit>

E = A+ C + ⌧ (A� 2J +D) ,

J =
A+B

2
,

F = �⌧D � C,

<latexit sha1_base64="zcYbmbtu1ppcgQaNYP88CUFqgYY="></latexit>

J̃0 = →4MPz
d

dt

[
P 0

2M

1

ω

sin ε↑
ϑ
ϑ (A→ 2J)

]
→ 1

4

ϖ

ω

sin ε↑
ϑ
ϑD +

1

2

1

ω
cos ε

(
J → S +

1

2
GA

)
+

M

4P 0
(GA → ϑGP )

→ 2M2 d

dt

[
ϑ

(
1→ Pz

M

1

ω

sin ε↑
ϑ

)
J → ϑ

ω
cos εS

]
,

J̃1 = 4MP z d

dt

(
P 0

M

1

ω
cos εA+

1

ϖ

1

ω

sin ε↑
ϑ
2ϑJ

)
+

1

2

ϖ

ω
cos εD +

1

ω

sin ε↑
ϑ

1

2
(J → S +GA)

+ 4M2 d

dt

[
1

ω

sin ε↑
ϑ
ϑ (J + S)

]
,

J̃2 = 4MP z d

dt

[
P 0

M

1

ω

sin ε↑
ϑ

(A→ 2J)

]
+

1

2

ϖ

ω

sin ε↑
ϑ
D +

M

2P z

1

ω

sin ε↑
ϑ
GA → M

2P 0
GP

+ 4M2 d

dt

[(
1→ Pz

M

1

ω

sin ε↑
ϑ

)
J → 1

ω
cos εS

]

<latexit sha1_base64="Xzi+Cje42Yd5uYRR0Gkwd8drSv0="></latexit>

Li (b→, P
z; s↑, s) =

∫
dx3

[
→iωijk

∫
d3!

(2ε)3
e↓i!·(x↓R) ϑ

ϑ!j

↑p↑, s↑|T 0k (0)|p, s↓
2
√

p↑0p0

∣∣∣∣
GF

]
,

Si(b→, P
z; s↑, s) =

1

2

∫
dx3

[∫
d3!

(2ε)3
e↓i!·(x↓R) ↑p↑, s↑|V i

5 (0)|p, s↓
2
√

p↑0p0

∣∣∣∣
GF

]
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2D spatial distribution of the transverse boost relative to the canonical center

multipole amplitudes

Lorcé, Mukherjee, Singh, and Won, PLB 868 (2025)

<latexit sha1_base64="awyR2kJN8h/bp6V3hporALRtT1w="></latexit>

E = A+ C + ⌧ (A� 2J +D) ,

J =
A+B

2
,

F = �⌧D � C,

<latexit sha1_base64="WeGFpdL7eDUVJ25hSzrIKZcf1u0="></latexit>

Ka
c (b→, P

z; s↑, s) =

∫
d2!→

(2ω)2
e↓i!→·b→

[
εs↑si

→
ϑXa

1 K̃1 + ϖab→ ϱb
s↑sK̃0 + ϖbc→ϱb

s↑sϑX
ca
2 K̃2

]

<latexit sha1_base64="fB8GfI2GESewS2ouRPZYFtj016Y="></latexit>

K̃0 = →4MP z d

dt

[ (
P 0

)2

2MP z

1

ω

sin ε↑
ϑ
ϑA+ ϑJ → M

2P z

1

ω

sin ε↑
ϑ
ϑF

]
,

K̃1 = 4M2 d

dt

[
→

(
P 0

)2

M2

1

ω
cos εA+ 2ϑJ +

1

ω
cos εF

]
,

K̃2 = 4MP z d

dt

[(
P 0

)2

MP z

1

ω

sin ε↑
ϑ
A+ 2J → M

P z

1

ω

sin ε↑
ϑ
F

]
,
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<latexit sha1_base64="Usn/x8XE0uebFbhvpUBlQqraChU="></latexit>

J a
(
b→, P

+;ω↑,ω
)
= La

(
b→, P

+;ω↑,ω
)
+ Sa

(
b→, P

+;ω↑,ω
)

2D spatial distribution of the transverse LF boost relative to the center of LF momentum

multipole amplitudes

<latexit sha1_base64="rHxSGERCzbGs8vK3VxYRNSwBAp0="></latexit>

La
(
b→, P

+;ω↑,ω
)
=

M

P+

∫
d2!→

(2ε)2
e↓i!→·b→

[
iϑω↑ωϖ

ab
→
→
ϱXb

1L̃1 + ςa
ω↑ωL̃0 + ςb

ω↑ωϱX
ba
2 L̃2

]
2D spatial distribution of the transverse LF OAM

<latexit sha1_base64="YHypro3mctfNiXrndaYKApco4IU="></latexit>

L̃0 = →2M2 d

dt

[
P 2

2M2
ω (A→ 2J) + ω (L→ F )

]

+
ω

4
D +

1

2
L,

L̃1 = →4M2 d

dt

(
P 2

2M2
A→ ωL→ F

)

+
1

2
D → 1

2
L,

L̃2 = 4M2 d

dt

[
P 2

2M2
(A→ 2J) + L→ F

]

→ 1

2
D

<latexit sha1_base64="j1Ue+v6+zSDRzgyiPycixyKGX+Y="></latexit>

S̃0 =
1

2
GA → ω

4
GP ,

S̃1 = →1

2
GA,

S̃2 = →1

2
GP

<latexit sha1_base64="awyR2kJN8h/bp6V3hporALRtT1w="></latexit>

E = A+ C + ⌧ (A� 2J +D) ,

J =
A+B

2
,

F = �⌧D � C,
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2D spatial distribution of the transverse LF boost relative to the center of LF momentum

multipole amplitudes
<latexit sha1_base64="awyR2kJN8h/bp6V3hporALRtT1w="></latexit>

E = A+ C + ⌧ (A� 2J +D) ,

J =
A+B

2
,

F = �⌧D � C,
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Ba
(
b→, P

+;ω↑,ω
)
=

P+

M

∫
d2!→

(2ε)2
e↓i!→·b→

[
iϑω↑ω

→
ϖXa

1B1 + ϱab→ ςb
ω↑ωB0 + ϱbc→ςb

ω↑ωϖX
ca
2 B2

]
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B̃0 = 2M2 d

dt
[ω (A→ 2J)] ,

B̃1 = →4M2 dA

dt
,

B̃2 = →4M2 d

dt
(A→ 2J) ,
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J =
A+B

2
,

F = �⌧D � C,
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h (b→, P
z; s↑, s) = M

∫
d2!→

(2ω)2
e↓i!→·b→

(
εs↑sh̃0 + iϑij→ϖ

i
s↑s

→
ϱXj

1 h̃1

)
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Ẽ0 = ω cos ε
(
E + ϑ2F

)
→ ωϑ

sin ε↑
ϖ
2ϖJ,

Ẽ1 = ω
sin ε↑

ϖ

(
E + ϑ2F

)
+ ωϑ cos ε2J,
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P̃ z
0 = ωε cos ϑ (E + F )→ ω

sin ϑ↑
ϖ
ϖ
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L+ ε2 (J + S)

]
,

P̃ z
1 = ωε

sin ϑ↑
ϖ

(E + F ) + ω cos ϑ
[
L+ ε2 (J + S)

]
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h = E,P zwith

2D spatial distribution of the energy and longitudinal momentum

Multipole amplitudes
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M

P+
Ba

(
b→, P

+;ω↑,ω
)
= lim

P z↓↔

M

P z
Ka

c (b→, P
z; s↑, s)

unpolarized nucleon

Transverse LF boost: “good” component

IMF Wigner angle = Melosh angle

dipole

dipole (spin-independent) 
+ 
monopole + quadrupole 
(spin-dependent)

spin

transversely polarized nucleon along the -axisx



Interpolation between the IF and LF Formalism
Transverse LF TAM: “bad” component
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P z

M
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Ja
E/c (b→, P

z; s↑, s) + εab→Kb
E/c (b→, P

z; s↑, s)
]

unpolarized nucleon

IMF Wigner angle = Melosh angle

dipole

dipole (spin-independent) 
+ 
monopole + quadrupole 
(spin-dependent)

spin

transversely polarized nucleon along the -axisx
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Relativistic Position Vectors in QFT
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[J i,Kj ] = iωijkKk


