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at t ＝ 0: 

Phenomenological  [Lorce, EPJC78, 120 (’18)](0, 2 GeV) 0.11qC µ = ≈ −

Bag model  [Ji, Melnitchouk, Song, PRD56, 5511 (‘97)](0, 0.4 GeV) 0.25qC µ =

Instanton  [Polyakov, Son, JHEP09, 156 (‘18)](0, 0.63 GeV) 0.014~qC µ =

LCSR  [Azizi,Ozdem, EPJC80, 104 (‘20)](0, 1 GeV) 0.021 0.008qC µ − ±= =

(0, ) 0.15qC µ ∞ −→  Trace anomaly  [Hatta, Rajan, KT, JHEP12, 008 (’18)] 
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global QCD analysis at NNLO
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MS scheme



at t ＝ 0: 

Phenomenological  [Lorce, EPJC78, 120 (’18)](0, 2 GeV) 0.11qC µ = ≈ −

Bag model  [Ji, Melnitchouk, Song, PRD56, 5511 (‘97)](0, 0.4 GeV) 0.25qC µ =

Instanton  [Polyakov, Son, JHEP09, 156 (‘18)](0, 0.63 GeV) 0.014~qC µ =

LCSR  [Azizi,Ozdem, EPJC80, 104 (‘20)](0, 1 GeV) 0.021 0.008qC µ − ±= =

(0, ) 0.15qC µ ∞ −→  Trace anomaly  [Hatta, Rajan, KT, JHEP12, 008 (’18)] 



Phenomenological  [Lorce, EPJC78, 120 (’18)](0, 2 GeV) 0.11qC µ = ≈ −

Bag model  [Ji, Melnitchouk, Song, PRD56, 5511 (‘97)](0, 0.4 GeV) 0.25qC µ =
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(0, ) 0.15qC µ ∞ −→  Trace anomaly  [Hatta, Rajan, KT, JHEP12, 008 (’18)] 
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µ

µ

= = − ±
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NNLO QCD  [KT, JHEP03, 013 (’23)]
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nucleon 

pion



nucleon's transverse spin sum rule
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“Ji’s decomposition” in NNLO QCD

proton mass
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“Ji’s decomposition” in NNLO QCD
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“Ji’s decomposition” in NNLO QCD

pion massproton mass

quark energy

gluon energy

quark mass

trace anomaly

1.3 1.3

gluon energy

quark energy

trace anomaly

quark mass
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Trace anomaly decomposition in NNLO QCD
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MS scheme



Summary

( )h p ( )h p′

Gravitational form factors can be accessed in hard processes @ JLab, EIC, …
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spin distribution

mass & pressure 
distribution

mass & energy distribution

・trace anomaly for each q/g part of EMT

(0, ) (0, ) LO NLO NNLOq gC Cµ µ= − = + +

・ NNLO term is ～１％ level
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q gC Cµ µ= = − = = − ± NNLO QCD

(0, 1 GeV) (0, 1 GeV) 0.04 0.02q gC Cπ πµ µ= = − = = − ± NNLO QCD with NLO input
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