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• Where does the spin of the proton come from?

• What is the origin of the proton mass?

• What are the mechanical properties (pressure, shear forces) inside the proton ?



Outline

• Definition of the QCD Energy-Momentum Tensor (EMT)

• Parametrization of the proton off-forward matrix elements of the EMT: form factors

• Angular momentum density: definition and interpretation

• D-term: calculation using t-channel dispersion relations

• Forward matrix elements and proton mass decomposition



Canonical Energy Momentum Tensor

If a system has a continuous symmetry property,  
then there are corresponding quantities whose values are conserved in time

Emmy Noether (1882-1935)

Translation invariance Conservation of the canonical EMT T
µ⌫
C (x)
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Space components: ~JC = ~LC + ~SC
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Lorentz invariance Conservation of the generalized Angular Momentum (AM) densityJµ↵�
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Orbital AM Spin



Belinfante, Rosenfeld (1940)

is in general neither gauge-invariant nor symmetricTµ⌫
C
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Belinfante improved EMT

Tµ⌫
Bel(x) = Tµ⌫

C (x) + @�G
�µ⌫(x)
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Belinfante generalized AM

with the super-potential

Jµ↵�
Bel (x) = x↵Tµ�

Bel(x)� x�Tµ↵
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Canonical                                     Belinfante



T [µ⌫]
C (x) = �@↵S

↵µ⌫(x) 6= 0
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[µ⌫] = µ⌫ � ⌫µ

<latexit sha1_base64="IkCiWZNWko3jxGjbm+9geomgvV4=">AAACIXicbVDLSgMxFM34rPVVdekmWAQRLDNFsQhCwY3LCvYBM0PJpLdtaCYzJhmhDP0VN/6KGxeKdCf+jGk7i9p64ZLDOedyc08Qc6a0bX9bK6tr6xubua389s7u3n7h4LChokRSqNOIR7IVEAWcCahrpjm0YgkkDDg0g8HdRG8+g1QsEo96GIMfkp5gXUaJNlS7UPEC6DGRwpMgUpLh+SjvemHiicS/nb0Xpg3CHojOnK1dKNole1p4GTgZKKKsau3C2OtENAlBaMqJUq5jx9pPidSMchjlvURBTOiA9MA1UJAQlJ9OLxzhU8N0cDeSpoXGU3Z+IiWhUsMwMM6Q6L5a1Cbkf5qb6G7FT5mIEw2CzhZ1E451hCdx4Q6TQDUfGkCoZOavmPaJJFSbUPMmBGfx5GXQKJecy9LVQ7lYvcniyKFjdILOkIOuURXdoxqqI4pe0Bv6QJ/Wq/VufVnjmXXFymaO0J+yfn4B9gikmg==</latexit>

in general not symmetric

T [µ⌫]
Bel (x) = 0

<latexit sha1_base64="hTrw+x18Hw1E4yeuwYb1WvAcH10="></latexit>

symmetric

Canonical                                     Belinfante
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symmetric

Canonical                                     Belinfante

clear distinction between OAM and spin  
at the density level

Jµ↵�
Bel (x) = x↵Tµ�

Bel(x)� x�Tµ↵
Bel(x)
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purely OAM density
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T [µ⌫]
C (x) = �@↵S
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in general not symmetric
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symmetric

The definition at the density level is modified, while the total charge does not change 

Z
Tµ⌫
C (x) dx =

Z
Tµ⌫
Bel(x) dx
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Z
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C (x) dx =
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Canonical                                     Belinfante

clear distinction between OAM and spin  
at the density level
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purely OAM density
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Kinetic EMT in QCD Ji, 1997

Tµ⌫
kin(x) = Tµ⌫

kin,q(x) + Tµ⌫
kin,g
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kin,q (x) = Tµ⌫

Bel,q(x)
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Tµ⌫
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Bel,g(x)
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Gluon contribution:

S�µ⌫
q (x) =

1

2
✏�µ⌫↵ ̄(x)�↵�5 (x)
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 ̄(x)�µi
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D ⌫ (x)
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Quark contribution: Dµ = @µ + igAµ
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Kinetic EMT in QCD Ji, 1997
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kin,g
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Kinetic generalized AM
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Quark contribution: Dµ = @µ + igAµ
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Kinetic EMT in QCD Ji, 1997
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Kinetic generalized AM
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Quark contribution: Dµ = @µ + igAµ
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different distributions

Z
~JBel,q(x) dx =

Z
~Jkin,q(x) dx

<latexit sha1_base64="gteuEe5woQCU6BzHIxmxpFv9Xxc="></latexit>

equal total charge 



Form Factors of the EMT

Belinfante-Rosenfeld EMT

P =
p+ p0

2

<latexit sha1_base64="Ra7VeneUOFtZoL1lG77Und9z3lQ=">AAACGnicbVDLSsNAFJ3UV42vqEs3wSKKQkmKr41QcOOygn1AE8pketMOnUzizEQoId/hxl9x40IRd+LGv3H6WNTqgQuHc+7l3nuChFGpHOfbKCwsLi2vFFfNtfWNzS1re6ch41QQqJOYxaIVYAmMcqgrqhi0EgE4Chg0g8H1yG8+gJA05ndqmIAf4R6nISVYaaljuV4APcozuOdYCDw8zs3alRcKTLLkJDnMs0ruAe/O+B2r5JSdMey/xJ2SEpqi1rE+vW5M0gi4IgxL2XadRPkZFooSBrnppRISTAa4B21NOY5A+tn4tdw+0ErXDmOhiyt7rM5OZDiSchgFujPCqi/nvZH4n9dOVXjpZ5QnqQJOJovClNkqtkc52V0qgCg21AQTQfWtNuljnYvSaZo6BHf+5b+kUSm7p+Wz20qpej6No4j20D46Qi66QFV0g2qojgh6RM/oFb0ZT8aL8W58TFoLxnRmF/2C8fUDAFehcA==</latexit>

t = �2

<latexit sha1_base64="Igk6CKUulc2lYzhQcGeOFLZfXHU=">AAACFHicbVA9SwNBEN2L3/EramlzGARRCHfBr0YQtLBUMCrkYpjbTJIle3vn7pwQjvwIG/+KjYUithZ2/hs3MYUmPhh4vDfDzLwwkcKQ5305uYnJqemZ2bn8/MLi0nJhZfXKxKnmWOGxjPVNCAalUFghQRJvEo0QhRKvw85J37++R21ErC6pm2AtgpYSTcGBrFQv7AQhtoTK8E6B1tDd7uXpKDhFSXBbDlA1fjn1QtEreQO448QfkiIb4rxe+AwaMU8jVMQlGFP1vYRqGWgSXGIvH6QGE+AdaGHVUgURmlo2eKrnblql4TZjbUuRO1B/T2QQGdONQtsZAbXNqNcX//OqKTUPa5lQSUqo+M+iZipdit1+Qm5DaOQku5YA18Le6vI2aOBkc8zbEPzRl8fJVbnk75b2LsrF4/1hHLNsnW2wLeazA3bMztg5qzDOHtgTe2GvzqPz7Lw57z+tOWc4s8b+wPn4BjRxnuI=</latexit>

� = p0 � p

<latexit sha1_base64="3ERo8DOmda39GPEQ495uD4vFhUc=">AAACFXicbVDJSgNBEO2JW4zbqEcvg0EU0TAT3C5CQA8eI5gFkhBqOpXYpKdn7O4RwpCf8OKvePGgiFfBm39jZznExAcFj/eqqKrnR5wp7bo/VmpufmFxKb2cWVldW9+wN7fKKowlxRINeSirPijkTGBJM82xGkmEwOdY8btXA7/yiFKxUNzpXoSNADqCtRkFbaSmfVT3scNEgg8CpITeYT9Tv0au4TLaP47qKFoTVtPOujl3CGeWeGOSJWMUm/Z3vRXSOEChKQelap4b6UYCUjPK0ayKFUZAu9DBmqECAlSNZPhV39kzSstph9KU0M5QnZxIIFCqF/imMwB9r6a9gfifV4t1+6KRMBHFGgUdLWrH3NGhM4jIaTGJVPOeIUAlM7c69B4kUG2CzJgQvOmXZ0k5n/NOcqe3+WzhbBxHmuyQXXJAPHJOCuSGFEmJUPJEXsgbebeerVfrw/octaas8cw2+QPr6xevf58c</latexit>

hp0, s0|Tµ⌫
Bel,a(0)|p, si = ū(p0, s0)�µ⌫

Bel,a(P,�)u(p, s)

<latexit sha1_base64="io7WDhquncJmtCL4VcE8ibPaSyA="></latexit>

Bakker et al. (2004)

�µ⌫
Bel,a(P,�) =

P {µ�⌫}

2
Aa(t) +

P {µi�⌫}�

4M
Ba(t) +

�µ�⌫ � gµ⌫�2

4M
Da(t) +Mgµ⌫C̄a(t)

<latexit sha1_base64="3DR8/QI8IflcUPq0Uzjx1dlQFDw="></latexit>

(a = q, g)

<latexit sha1_base64="mWyTYhxKwB06uN7JvXODzPZVLO0=">AAACEXicbVDLSgNBEJyNrxhfqx69LAYhioTdoJiLEPDiMYJ5QBJC76STDJmd3czMCmHJL3jxV7x4UMSrN2/+jZPHIUYLGoqqbrq7/IgzpV3320qtrK6tb6Q3M1vbO7t79v5BVYWxpFihIQ9l3QeFnAmsaKY51iOJEPgca/7gZuLXHlAqFop7PYqwFUBPsC6joI3UtnNNH3tMJDgUICWMzsaZHFwPz3unTRSdBbltZ928O4Xzl3hzkiVzlNv2V7MT0jhAoSkHpRqeG+lWAlIzynGcacYKI6AD6GHDUAEBqlYy/WjsnBil43RDaUpoZ6ouTiQQKDUKfNMZgO6rZW8i/uc1Yt0tthImolijoLNF3Zg7OnQm8TgdJpFqPjIEqGTmVof2QQLVJsSMCcFbfvkvqRby3kX+8q6QLRXncaTJETkmOeKRK1Iit6RMKoSSR/JMXsmb9WS9WO/Wx6w1Zc1nDskvWJ8/KbedMg==</latexit>



Form Factors of the EMT

Belinfante-Rosenfeld EMT

P =
p+ p0

2

<latexit sha1_base64="Ra7VeneUOFtZoL1lG77Und9z3lQ=">AAACGnicbVDLSsNAFJ3UV42vqEs3wSKKQkmKr41QcOOygn1AE8pketMOnUzizEQoId/hxl9x40IRd+LGv3H6WNTqgQuHc+7l3nuChFGpHOfbKCwsLi2vFFfNtfWNzS1re6ch41QQqJOYxaIVYAmMcqgrqhi0EgE4Chg0g8H1yG8+gJA05ndqmIAf4R6nISVYaaljuV4APcozuOdYCDw8zs3alRcKTLLkJDnMs0ruAe/O+B2r5JSdMey/xJ2SEpqi1rE+vW5M0gi4IgxL2XadRPkZFooSBrnppRISTAa4B21NOY5A+tn4tdw+0ErXDmOhiyt7rM5OZDiSchgFujPCqi/nvZH4n9dOVXjpZ5QnqQJOJovClNkqtkc52V0qgCg21AQTQfWtNuljnYvSaZo6BHf+5b+kUSm7p+Wz20qpej6No4j20D46Qi66QFV0g2qojgh6RM/oFb0ZT8aL8W58TFoLxnRmF/2C8fUDAFehcA==</latexit>

t = �2

<latexit sha1_base64="Igk6CKUulc2lYzhQcGeOFLZfXHU=">AAACFHicbVA9SwNBEN2L3/EramlzGARRCHfBr0YQtLBUMCrkYpjbTJIle3vn7pwQjvwIG/+KjYUithZ2/hs3MYUmPhh4vDfDzLwwkcKQ5305uYnJqemZ2bn8/MLi0nJhZfXKxKnmWOGxjPVNCAalUFghQRJvEo0QhRKvw85J37++R21ErC6pm2AtgpYSTcGBrFQv7AQhtoTK8E6B1tDd7uXpKDhFSXBbDlA1fjn1QtEreQO448QfkiIb4rxe+AwaMU8jVMQlGFP1vYRqGWgSXGIvH6QGE+AdaGHVUgURmlo2eKrnblql4TZjbUuRO1B/T2QQGdONQtsZAbXNqNcX//OqKTUPa5lQSUqo+M+iZipdit1+Qm5DaOQku5YA18Le6vI2aOBkc8zbEPzRl8fJVbnk75b2LsrF4/1hHLNsnW2wLeazA3bMztg5qzDOHtgTe2GvzqPz7Lw57z+tOWc4s8b+wPn4BjRxnuI=</latexit>

� = p0 � p

<latexit sha1_base64="3ERo8DOmda39GPEQ495uD4vFhUc=">AAACFXicbVDJSgNBEO2JW4zbqEcvg0EU0TAT3C5CQA8eI5gFkhBqOpXYpKdn7O4RwpCf8OKvePGgiFfBm39jZznExAcFj/eqqKrnR5wp7bo/VmpufmFxKb2cWVldW9+wN7fKKowlxRINeSirPijkTGBJM82xGkmEwOdY8btXA7/yiFKxUNzpXoSNADqCtRkFbaSmfVT3scNEgg8CpITeYT9Tv0au4TLaP47qKFoTVtPOujl3CGeWeGOSJWMUm/Z3vRXSOEChKQelap4b6UYCUjPK0ayKFUZAu9DBmqECAlSNZPhV39kzSstph9KU0M5QnZxIIFCqF/imMwB9r6a9gfifV4t1+6KRMBHFGgUdLWrH3NGhM4jIaTGJVPOeIUAlM7c69B4kUG2CzJgQvOmXZ0k5n/NOcqe3+WzhbBxHmuyQXXJAPHJOCuSGFEmJUPJEXsgbebeerVfrw/octaas8cw2+QPr6xevf58c</latexit>

hp0, s0|Tµ⌫
Bel,a(0)|p, si = ū(p0, s0)�µ⌫

Bel,a(P,�)u(p, s)

<latexit sha1_base64="io7WDhquncJmtCL4VcE8ibPaSyA="></latexit>

Bakker et al. (2004)

�µ⌫
Bel,a(P,�) =

P {µ�⌫}

2
Aa(t) +

P {µi�⌫}�

4M
Ba(t) +

�µ�⌫ � gµ⌫�2

4M
Da(t) +Mgµ⌫C̄a(t)

<latexit sha1_base64="3DR8/QI8IflcUPq0Uzjx1dlQFDw="></latexit>

(a = q, g)

<latexit sha1_base64="mWyTYhxKwB06uN7JvXODzPZVLO0=">AAACEXicbVDLSgNBEJyNrxhfqx69LAYhioTdoJiLEPDiMYJ5QBJC76STDJmd3czMCmHJL3jxV7x4UMSrN2/+jZPHIUYLGoqqbrq7/IgzpV3320qtrK6tb6Q3M1vbO7t79v5BVYWxpFihIQ9l3QeFnAmsaKY51iOJEPgca/7gZuLXHlAqFop7PYqwFUBPsC6joI3UtnNNH3tMJDgUICWMzsaZHFwPz3unTRSdBbltZ928O4Xzl3hzkiVzlNv2V7MT0jhAoSkHpRqeG+lWAlIzynGcacYKI6AD6GHDUAEBqlYy/WjsnBil43RDaUpoZ6ouTiQQKDUKfNMZgO6rZW8i/uc1Yt0tthImolijoLNF3Zg7OnQm8TgdJpFqPjIEqGTmVof2QQLVJsSMCcFbfvkvqRby3kX+8q6QLRXncaTJETkmOeKRK1Iit6RMKoSSR/JMXsmb9WS9WO/Wx6w1Zc1nDskvWJ8/KbedMg==</latexit>

Ji (1997)

Kinetic EMT hp0, S0|Tµ⌫
kin,a(0)|p, Si = ū(p0, S0)�µ⌫

kin,a(P,�)u(p, S)

<latexit sha1_base64="2SX1+w0PQ7g5g7o/bCPP4guqhEk="></latexit>

�µ⌫
kin,a(P,�) = �µ⌫

Bel,a(P,�) +
P [µ�⌫]

2
Ca(t)

<latexit sha1_base64="n3M841iAM6+cbAC3xmjJacK+2+g="></latexit>

Cg(t) = 0

<latexit sha1_base64="/WLFBhxPwH+dzDrXUMzQJOHvWX8=">AAACE3icdVDLSgNBEJyNr7i+Vj16GQxCzCHsBsXkIARy8RjBPCAJYXbSSYbMzq4zs0JY8g9e/BUvHhTx6sWbf+PkIUTRgoaiqpvuLj/iTGnX/bRSK6tr6xvpTXtre2d3z9k/qKswlhRqNOShbPpEAWcCapppDs1IAgl8Dg1/VJn6jTuQioXiRo8j6ARkIFifUaKN1HVybR8GTCRwK4iUZJyb2JXuIKtPL127DaK3ZHSdjJt3Z8BLpFQqesUS9hZKBi1Q7Tof7V5I4wCEppwo1fLcSHcSIjWjHCZ2O1YQEToiA2gZKkgAqpPMfprgE6P0cD+UpoTGM3V5IiGBUuPAN50B0UP125uKf3mtWPeLnYSJKNYg6HxRP+ZYh3gaEO4xCVTzsSGESmZuxXRIJKHaxGibEL4/xf+TeiHvneXPrwuZcnERRxodoWOURR66QGV0haqohii6R4/oGb1YD9aT9Wq9zVtT1mLmEP2A9f4FRoSdxA==</latexit>



Form Factors of the EMT

Belinfante-Rosenfeld EMT

P =
p+ p0

2

<latexit sha1_base64="Ra7VeneUOFtZoL1lG77Und9z3lQ=">AAACGnicbVDLSsNAFJ3UV42vqEs3wSKKQkmKr41QcOOygn1AE8pketMOnUzizEQoId/hxl9x40IRd+LGv3H6WNTqgQuHc+7l3nuChFGpHOfbKCwsLi2vFFfNtfWNzS1re6ch41QQqJOYxaIVYAmMcqgrqhi0EgE4Chg0g8H1yG8+gJA05ndqmIAf4R6nISVYaaljuV4APcozuOdYCDw8zs3alRcKTLLkJDnMs0ruAe/O+B2r5JSdMey/xJ2SEpqi1rE+vW5M0gi4IgxL2XadRPkZFooSBrnppRISTAa4B21NOY5A+tn4tdw+0ErXDmOhiyt7rM5OZDiSchgFujPCqi/nvZH4n9dOVXjpZ5QnqQJOJovClNkqtkc52V0qgCg21AQTQfWtNuljnYvSaZo6BHf+5b+kUSm7p+Wz20qpej6No4j20D46Qi66QFV0g2qojgh6RM/oFb0ZT8aL8W58TFoLxnRmF/2C8fUDAFehcA==</latexit>

t = �2

<latexit sha1_base64="Igk6CKUulc2lYzhQcGeOFLZfXHU=">AAACFHicbVA9SwNBEN2L3/EramlzGARRCHfBr0YQtLBUMCrkYpjbTJIle3vn7pwQjvwIG/+KjYUithZ2/hs3MYUmPhh4vDfDzLwwkcKQ5305uYnJqemZ2bn8/MLi0nJhZfXKxKnmWOGxjPVNCAalUFghQRJvEo0QhRKvw85J37++R21ErC6pm2AtgpYSTcGBrFQv7AQhtoTK8E6B1tDd7uXpKDhFSXBbDlA1fjn1QtEreQO448QfkiIb4rxe+AwaMU8jVMQlGFP1vYRqGWgSXGIvH6QGE+AdaGHVUgURmlo2eKrnblql4TZjbUuRO1B/T2QQGdONQtsZAbXNqNcX//OqKTUPa5lQSUqo+M+iZipdit1+Qm5DaOQku5YA18Le6vI2aOBkc8zbEPzRl8fJVbnk75b2LsrF4/1hHLNsnW2wLeazA3bMztg5qzDOHtgTe2GvzqPz7Lw57z+tOWc4s8b+wPn4BjRxnuI=</latexit>

� = p0 � p

<latexit sha1_base64="3ERo8DOmda39GPEQ495uD4vFhUc=">AAACFXicbVDJSgNBEO2JW4zbqEcvg0EU0TAT3C5CQA8eI5gFkhBqOpXYpKdn7O4RwpCf8OKvePGgiFfBm39jZznExAcFj/eqqKrnR5wp7bo/VmpufmFxKb2cWVldW9+wN7fKKowlxRINeSirPijkTGBJM82xGkmEwOdY8btXA7/yiFKxUNzpXoSNADqCtRkFbaSmfVT3scNEgg8CpITeYT9Tv0au4TLaP47qKFoTVtPOujl3CGeWeGOSJWMUm/Z3vRXSOEChKQelap4b6UYCUjPK0ayKFUZAu9DBmqECAlSNZPhV39kzSstph9KU0M5QnZxIIFCqF/imMwB9r6a9gfifV4t1+6KRMBHFGgUdLWrH3NGhM4jIaTGJVPOeIUAlM7c69B4kUG2CzJgQvOmXZ0k5n/NOcqe3+WzhbBxHmuyQXXJAPHJOCuSGFEmJUPJEXsgbebeerVfrw/octaas8cw2+QPr6xevf58c</latexit>

hp0, s0|Tµ⌫
Bel,a(0)|p, si = ū(p0, s0)�µ⌫

Bel,a(P,�)u(p, s)

<latexit sha1_base64="io7WDhquncJmtCL4VcE8ibPaSyA="></latexit>

Bakker et al. (2004)

�µ⌫
Bel,a(P,�) =

P {µ�⌫}

2
Aa(t) +

P {µi�⌫}�

4M
Ba(t) +

�µ�⌫ � gµ⌫�2

4M
Da(t) +Mgµ⌫C̄a(t)

<latexit sha1_base64="3DR8/QI8IflcUPq0Uzjx1dlQFDw="></latexit>

(a = q, g)

<latexit sha1_base64="mWyTYhxKwB06uN7JvXODzPZVLO0=">AAACEXicbVDLSgNBEJyNrxhfqx69LAYhioTdoJiLEPDiMYJ5QBJC76STDJmd3czMCmHJL3jxV7x4UMSrN2/+jZPHIUYLGoqqbrq7/IgzpV3320qtrK6tb6Q3M1vbO7t79v5BVYWxpFihIQ9l3QeFnAmsaKY51iOJEPgca/7gZuLXHlAqFop7PYqwFUBPsC6joI3UtnNNH3tMJDgUICWMzsaZHFwPz3unTRSdBbltZ928O4Xzl3hzkiVzlNv2V7MT0jhAoSkHpRqeG+lWAlIzynGcacYKI6AD6GHDUAEBqlYy/WjsnBil43RDaUpoZ6ouTiQQKDUKfNMZgO6rZW8i/uc1Yt0tthImolijoLNF3Zg7OnQm8TgdJpFqPjIEqGTmVof2QQLVJsSMCcFbfvkvqRby3kX+8q6QLRXncaTJETkmOeKRK1Iit6RMKoSSR/JMXsmb9WS9WO/Wx6w1Zc1nDskvWJ8/KbedMg==</latexit>

Ji (1997)

Kinetic EMT hp0, S0|Tµ⌫
kin,a(0)|p, Si = ū(p0, S0)�µ⌫

kin,a(P,�)u(p, S)

<latexit sha1_base64="2SX1+w0PQ7g5g7o/bCPP4guqhEk="></latexit>

�µ⌫
kin,a(P,�) = �µ⌫

Bel,a(P,�) +
P [µ�⌫]

2
Ca(t)

<latexit sha1_base64="n3M841iAM6+cbAC3xmjJacK+2+g="></latexit>

Cg(t) = 0

<latexit sha1_base64="/WLFBhxPwH+dzDrXUMzQJOHvWX8=">AAACE3icdVDLSgNBEJyNr7i+Vj16GQxCzCHsBsXkIARy8RjBPCAJYXbSSYbMzq4zs0JY8g9e/BUvHhTx6sWbf+PkIUTRgoaiqpvuLj/iTGnX/bRSK6tr6xvpTXtre2d3z9k/qKswlhRqNOShbPpEAWcCapppDs1IAgl8Dg1/VJn6jTuQioXiRo8j6ARkIFifUaKN1HVybR8GTCRwK4iUZJyb2JXuIKtPL127DaK3ZHSdjJt3Z8BLpFQqesUS9hZKBi1Q7Tof7V5I4wCEppwo1fLcSHcSIjWjHCZ2O1YQEToiA2gZKkgAqpPMfprgE6P0cD+UpoTGM3V5IiGBUuPAN50B0UP125uKf3mtWPeLnYSJKNYg6HxRP+ZYh3gaEO4xCVTzsSGESmZuxXRIJKHaxGibEL4/xf+TeiHvneXPrwuZcnERRxodoWOURR66QGV0haqohii6R4/oGb1YD9aT9Wq9zVtT1mLmEP2A9f4FRoSdxA==</latexit>

Angular momentum relation

Ja
z =

1

2
(Aa +Ba)

<latexit sha1_base64="xOaQPMjpGd+ZoCMURNp5wHWjvSI="></latexit>

Jq
z = Lq

kin,z + Sq
kin,z

<latexit sha1_base64="nIxNi551gMdtwT8nX0qjN6m1di0="></latexit>

Sq
kin,z = �1

2
Cq

<latexit sha1_base64="LzyasdGYjg/1lYVJezhFGa6nGX4="></latexit>

Lq
kin,z =

1

2
(Aq +Bq + Cq)

<latexit sha1_base64="Se2sHmjksiDebc2xM3JKN6uYIXA="></latexit>



Form Factors of the quark spin operator

Gq
A(t)

<latexit sha1_base64="mDACUzvoEZOmC42p2vJDOhyc87Y="></latexit>

Gq
P (t)

<latexit sha1_base64="hcRdu0O0ZyAg0zNVVN/NaAXiGdQ="></latexit>

axial form factor

pseudoscalar form factor

hp0, S0|S�µ⌫
q (0)|p, Si = 1

2
✏�µ⌫↵ū(p0, s0)

h
�↵�5 G

q
A(t) +

�↵�5
2M

Gq
P (t)

i
u(p, s)

<latexit sha1_base64="RRdacHF7w2sBwR9Rx++Ni3p0SVc="></latexit>

QCD equation of motion
1

2
T [µ⌫]
kin,q(x) = �@�S

�µ⌫
q (x)

<latexit sha1_base64="k8XeoK1QFQ8rB8hbrItF7jLHXPs="></latexit>

S�µ⌫
q (x) =

1

2
✏�µ⌫↵ ̄(x)�↵�5 (x)

<latexit sha1_base64="YHB8zAltPHg5wgUkNYiaHQMC01g="></latexit>

Cq(t) = �Gq
A(t)

<latexit sha1_base64="AluZnz7Yl3nBp3Wqu04lGDG0jSQ="></latexit>

Lorcé, Mantovani, Pasquini, Phys. Lett. B776, 38 (2018)



AM Distribution in the impact parameter space

Drell-Yan frame 

~R?
xi,~bi?

~b?
impact parameter space 

�+ = 0

<latexit sha1_base64="8ZrXWcb/abTvd8mBCMNbYbNWgWs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCIIQtgNirkIAT14jGAekGzC7KQ3GTL7YGZWCSH/4cWDIl79F2/+jZNkD5pY0FBUddPd5cWCK23b39bK6tr6xmZmK7u9s7u3nzs4rKsokQxrLBKRbHpUoeAh1jTXApuxRBp4Ahve8GbqNx5RKh6FD3oUoxvQfsh9zqg2UqdASPsWhaad82u70M3l7aI9A1kmTkrykKLazX21exFLAgw1E1 SplmPH2h1TqTkTOMm2E4UxZUPax5ahIQ1QuePZ1RNyapQe8SNpKtRkpv6eGNNAqVHgmc6A6oFa9Kbif14r0X7ZHfMwTjSGbL7ITwTREZlGQHpcItNiZAhlkptbCRtQSZk2QWVNCM7iy8ukXio6F8XL+1K+Uk7jyMAxnMAZOHAFFbiDKtSAgYRneIU368l6sd6tj3nripXOHMEfWJ8/3QSQxg==</latexit>

FT
~�?  ! ~b?

<latexit sha1_base64="AJdxHcE3c8RqeizjOJ3VYKbEHEw="></latexit>

~�? 6= 0

<latexit sha1_base64="Vk3aXm0dInXe/w/hKaSk5rlDgME=">AAACAXicbVDLSsNAFJ3UV62vqhvBzWAruCpJUeyyoAuXFewDmhAm05t26GQSZiaFEurGX3HjQhG3/oU7/8bpY6GtBy4czrmXe+8JEs6Utu1vK7e2vrG5ld8u7Ozu7R8UD49aKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxjeTP32CKRisXjQ4wS8iPQFCxkl2kh+8aSM3RFQ7N4C18R3E5CJK8Au+8WSXbFnwKvEWZASWqDhF7/cXkzTCISmnCjVdexEexmRmlEOk4KbKkgIHZI+dA0VJALlZbMPJvjcKD0cxtKU0Him/p7ISKTUOApMZ0T0QC17U/E/r5vqsOZlTCSpBkHni8KUYx3jaRy4xyRQzceGECqZuRXTAZGEahNawYTgLL+8SlrVinNZubqvluq1RRx5dIrO0AVy0DWqozvUQE1E0SN6Rq/ozXqyXqx362PemrMWM8foD6zPH81YldA=</latexit>

Jz(~b?) = Jnaive
z (~b?) + Jcorr

z (~b?)

<latexit sha1_base64="U5H0xcfRRPOffrO+Wk76rsx2nJM=">AAACYXicbVFNS8NAFNzE7/oV9ehlsQh+QElE0YsgeJGeFKwKTQ0v29e6uNnE3U2xhvxJb168+Efc1hy0dWBhmJnH252NM8G18f0Px52ZnZtfWFyqLa+srq17G5t3Os0VwxZLRaoeYtAouMSW4UbgQ6YQkljgffx8OfLvB6g0T+WtGWbYSaAveY8zMFaKvNcwxj6XBb5IUAqGB2WtGRVv5V44QEbjKMxQZfvntPlYFKFKqAQ+wL KcjtBD2ozeqhRLlSonAiHK7q81kVf3G/4YdJoEFamTCteR9x52U5YnKA0ToHU78DPTKUAZzgSWtTDXmAF7hj62LZWQoO4U44ZKumuVLu2lyh5p6Fj9PVFAovUwiW0yAfOkJ72R+J/Xzk3vrFNwmeUGJftZ1MsFNSkd1U27XCEzYmgJMMXtXSl7AgXM2E+p2RKCySdPk7ujRnDcOLk5ql+cVXUskm2yQ/ZIQE7JBbki16RFGPl0Zp1VZ835cpdcz938ibpONbNF/sDd/gaXfrc/</latexit>

Jnaive
z (~b?) =

Z
d~�?
(2⇡)2

e�i~�?·~b?Jz(t = �~�2
?)

<latexit sha1_base64="GA0smfTMUhB3YWWZWjNd1UFB/Xo="></latexit>

1

2
(A(t) +B(t))

<latexit sha1_base64="g++sw2vZNJ3FagSW9+VeHMn+CHw=">AAACInicbVBPS8MwHE39O+u/qUcvwSFsCqMdivM29eJRwamwlpFmv86wNK1JKozSz+LFr+LFg6KeBD+M2exBpw8SHu+9H8nvBQlnSjvOhzU1PTM7N19asBeXlldWy2vrlypOJYU2jXksrwOigDMBbc00h+tEAokCDlfB4GTkX92BVCwWF3qYgB+RvmAho0QbqVs+9ALoM5HBrSBSkuFObmMvlIRmbp418upRVdd2j81Vsz0QvR+5brni1J0x8F/iFqSCCpx1y29eL6ZpBEJTTpTquE6i/YxIzSiH3PZSBQmhA9KHjqGCRKD8bLxijreN0sNhLM0RGo/VnxMZiZQaRoFJRkTfqElvJP7ndVIdNv2MiSTVIOj3Q2HKsY7xqC/cYxKo5kNDCJXM/BXTG2IK0qZV25TgTq78l1w26u5eff+8UWk1izpKaBNtoSpy0QFqoVN0htqIonv0iJ7Ri/VgPVmv1vt3dMoqZjbQL1ifX2FEouc=</latexit>



AM Distribution in the impact parameter space

Drell-Yan frame 

~R?
xi,~bi?

~b?
impact parameter space 

Kinetic AM

Belinfante AM

FT of EMT form factors

kinetic OAM = canonical OAMvanishing gauge field 

Lorcé, Mantovani, Pasquini, Phys. Lett. B776, 38 (2018)

Scalar diquark model

�+ = 0

<latexit sha1_base64="8ZrXWcb/abTvd8mBCMNbYbNWgWs=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCIIQtgNirkIAT14jGAekGzC7KQ3GTL7YGZWCSH/4cWDIl79F2/+jZNkD5pY0FBUddPd5cWCK23b39bK6tr6xmZmK7u9s7u3nzs4rKsokQxrLBKRbHpUoeAh1jTXApuxRBp4Ahve8GbqNx5RKh6FD3oUoxvQfsh9zqg2UqdASPsWhaad82u70M3l7aI9A1kmTkrykKLazX21exFLAgw1E1 SplmPH2h1TqTkTOMm2E4UxZUPax5ahIQ1QuePZ1RNyapQe8SNpKtRkpv6eGNNAqVHgmc6A6oFa9Kbif14r0X7ZHfMwTjSGbL7ITwTREZlGQHpcItNiZAhlkptbCRtQSZk2QWVNCM7iy8ukXio6F8XL+1K+Uk7jyMAxnMAZOHAFFbiDKtSAgYRneIU368l6sd6tj3nripXOHMEfWJ8/3QSQxg==</latexit>

FT
~�?  ! ~b?

<latexit sha1_base64="AJdxHcE3c8RqeizjOJ3VYKbEHEw="></latexit>

~�? 6= 0

<latexit sha1_base64="Vk3aXm0dInXe/w/hKaSk5rlDgME=">AAACAXicbVDLSsNAFJ3UV62vqhvBzWAruCpJUeyyoAuXFewDmhAm05t26GQSZiaFEurGX3HjQhG3/oU7/8bpY6GtBy4czrmXe+8JEs6Utu1vK7e2vrG5ld8u7Ozu7R8UD49aKk4lhSaNeSw7AVHAmYCmZppDJ5FAooBDOxjeTP32CKRisXjQ4wS8iPQFCxkl2kh+8aSM3RFQ7N4C18R3E5CJK8Au+8WSXbFnwKvEWZASWqDhF7/cXkzTCISmnCjVdexEexmRmlEOk4KbKkgIHZI+dA0VJALlZbMPJvjcKD0cxtKU0Him/p7ISKTUOApMZ0T0QC17U/E/r5vqsOZlTCSpBkHni8KUYx3jaRy4xyRQzceGECqZuRXTAZGEahNawYTgLL+8SlrVinNZubqvluq1RRx5dIrO0AVy0DWqozvUQE1E0SN6Rq/ozXqyXqx362PemrMWM8foD6zPH81YldA=</latexit>

Jz(~b?) = Jnaive
z (~b?) + Jcorr

z (~b?)

<latexit sha1_base64="U5H0xcfRRPOffrO+Wk76rsx2nJM=">AAACYXicbVFNS8NAFNzE7/oV9ehlsQh+QElE0YsgeJGeFKwKTQ0v29e6uNnE3U2xhvxJb168+Efc1hy0dWBhmJnH252NM8G18f0Px52ZnZtfWFyqLa+srq17G5t3Os0VwxZLRaoeYtAouMSW4UbgQ6YQkljgffx8OfLvB6g0T+WtGWbYSaAveY8zMFaKvNcwxj6XBb5IUAqGB2WtGRVv5V44QEbjKMxQZfvntPlYFKFKqAQ+wL KcjtBD2ozeqhRLlSonAiHK7q81kVf3G/4YdJoEFamTCteR9x52U5YnKA0ToHU78DPTKUAZzgSWtTDXmAF7hj62LZWQoO4U44ZKumuVLu2lyh5p6Fj9PVFAovUwiW0yAfOkJ72R+J/Xzk3vrFNwmeUGJftZ1MsFNSkd1U27XCEzYmgJMMXtXSl7AgXM2E+p2RKCySdPk7ujRnDcOLk5ql+cVXUskm2yQ/ZIQE7JBbki16RFGPl0Zp1VZ835cpdcz938ibpONbNF/sDd/gaXfrc/</latexit>

Jnaive
z (~b?) =

Z
d~�?
(2⇡)2

e�i~�?·~b?Jz(t = �~�2
?)

<latexit sha1_base64="GA0smfTMUhB3YWWZWjNd1UFB/Xo="></latexit>

1

2
(A(t) +B(t))

<latexit sha1_base64="g++sw2vZNJ3FagSW9+VeHMn+CHw=">AAACInicbVBPS8MwHE39O+u/qUcvwSFsCqMdivM29eJRwamwlpFmv86wNK1JKozSz+LFr+LFg6KeBD+M2exBpw8SHu+9H8nvBQlnSjvOhzU1PTM7N19asBeXlldWy2vrlypOJYU2jXksrwOigDMBbc00h+tEAokCDlfB4GTkX92BVCwWF3qYgB+RvmAho0QbqVs+9ALoM5HBrSBSkuFObmMvlIRmbp418upRVdd2j81Vsz0QvR+5brni1J0x8F/iFqSCCpx1y29eL6ZpBEJTTpTquE6i/YxIzSiH3PZSBQmhA9KHjqGCRKD8bLxijreN0sNhLM0RGo/VnxMZiZQaRoFJRkTfqElvJP7ndVIdNv2MiSTVIOj3Q2HKsY7xqC/cYxKo5kNDCJXM/BXTG2IK0qZV25TgTq78l1w26u5eff+8UWk1izpKaBNtoSpy0QFqoVN0htqIonv0iJ7Ri/VgPVmv1vt3dMoqZjbQL1ifX2FEouc=</latexit>



Link to generalized parton distributions 

not directly accessible at         unpolarized PDF⇠ = 0
<latexit sha1_base64="+qj446TYjVFf2yvEsZaK8kmdtkM=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwSRCcoS9zVyyZG/v2N0Tw5EfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi9RBQjYJLbBluBD4kCmkUCOwE45uZ33lEpXks780kQT+iQ8lDzqixUqfae+LXbrVfrrg1dw6ySrycVCBHs1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3dKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7nQy4QmbExBLKFLe3EjaiijJjEyrZELzll1dJu17z3Jp3V680LvI4inACp3AOHlxCA26hCS1gMIZneIU3J3FenHfnY9FacPKZY/gD5/MHAwCOpA==</latexit><latexit sha1_base64="+qj446TYjVFf2yvEsZaK8kmdtkM=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwSRCcoS9zVyyZG/v2N0Tw5EfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi9RBQjYJLbBluBD4kCmkUCOwE45uZ33lEpXks780kQT+iQ8lDzqixUqfae+LXbrVfrrg1dw6ySrycVCBHs1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3dKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7nQy4QmbExBLKFLe3EjaiijJjEyrZELzll1dJu17z3Jp3V680LvI4inACp3AOHlxCA26hCS1gMIZneIU3J3FenHfnY9FacPKZY/gD5/MHAwCOpA==</latexit><latexit sha1_base64="+qj446TYjVFf2yvEsZaK8kmdtkM=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwSRCcoS9zVyyZG/v2N0Tw5EfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi9RBQjYJLbBluBD4kCmkUCOwE45uZ33lEpXks780kQT+iQ8lDzqixUqfae+LXbrVfrrg1dw6ySrycVCBHs1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3dKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7nQy4QmbExBLKFLe3EjaiijJjEyrZELzll1dJu17z3Jp3V680LvI4inACp3AOHlxCA26hCS1gMIZneIU3J3FenHfnY9FacPKZY/gD5/MHAwCOpA==</latexit><latexit sha1_base64="+qj446TYjVFf2yvEsZaK8kmdtkM=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFhPBKtylUBshYGMZwSRCcoS9zVyyZG/v2N0Tw5EfYWOhiK2/x85/4ya5QhMfDDzem2FmXpAIro3rfjuFtfWNza3idmlnd2//oHx41NZxqhi2WCxi9RBQjYJLbBluBD4kCmkUCOwE45uZ33lEpXks780kQT+iQ8lDzqixUqfae+LXbrVfrrg1dw6ySrycVCBHs1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3dKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/IzLJDUo2WJRmApiYjL7nQy4QmbExBLKFLe3EjaiijJjEyrZELzll1dJu17z3Jp3V680LvI4inACp3AOHlxCA26hCS1gMIZneIU3J3FenHfnY9FacPKZY/gD5/MHAwCOpA==</latexit>

(⇠ = � �+

2P+ )

<latexit sha1_base64="geg0NFUO5PZAnEnoDeF9fopbHAY=">AAACB3icbVDLSgMxFM3UV62vUZeCBFuhIpaZoiiCUNCFywr2AZ2xZNJMG5rJDElGLEN3bvwVNy4UcesvuPNvTNtZaOuBezmccy/JPV7EqFSW9W1k5uYXFpeyy7mV1bX1DXNzqy7DWGBSwyELRdNDkjDKSU1RxUgzEgQFHiMNr3858hv3REga8ls1iIgboC6nPsVIaalt7haKzgO9OHJ8gXDiXBGm0N3hMClXdT8otM28VbLGgLPETkkepKi2zS+nE+I4IFxhhqRs2Vak3AQJRTEjw5wTSxIh3Edd0tKUo4BINxnfMYT7WulAPxS6uIJj9fdGggIpB4GnJwOkenLaG4n/ea1Y+WduQnkUK8Lx5CE/ZlCFcBQK7FBBsGIDTRAWVP8V4h7SiSgdXU6HYE+fPEvq5ZJ9XDq5Kecr52kcWbAD9kAR2OAUVMA1qIIawOARPINX8GY8GS/Gu/ExGc0Y6c42+APj8weZJpfX</latexit>

Jq = Lq + Sq

<latexit sha1_base64="SWLntfTN/uf1AZddKBBEGCNrIbo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0E2wFQShJURRBKLgRcVHRPqBNy2Q6aYdOJunMRKihX+LGhSJu/RR3/o3Tx0JbD1w4nHMv997jRYxKZdvfRmppeWV1Lb2e2djc2s6aO7tVGcYCkwoOWSjqHpKEUU4qiipG6pEgKPAYqXn9q7FfeyRC0pA/qGFE3AB1OfUpRkpLbTObv2klg9HlbWtwfN8a5Ntmzi7YE1iLxJmRHMxQbptfzU6I44BwhRmSsuHYkXITJBTFjIwyzViSCOE+6pKGphwFRLrJ5PCRdaiVjuWHQhdX1kT9PZGgQMph4OnOAKmenPfG4n9eI1b+uZtQHsWKcDxd5MfMUqE1TsHqUEGwYkNNEBZU32rhHhIIK51VRofgzL+8SKrFgnNSOL0r5koXszjSsA8HcAQOnEEJrqEMFcAQwzO8wpvxZLwY78bHtDVlzGb24A+Mzx9hy5I9</latexit>

J
q,g(t = 0) = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))

<latexit sha1_base64="c+IjQ/gxIKPXrR6Mshti7Ezh50g="></latexit>

Sq = 1
2

R 1
0 dx g1(x)

<latexit sha1_base64="jT+C+etOQJwnZ0H2rpd+fjGcf58=">AAACEHicbVDLSsNAFJ3UV62vqks3g61YQUpSFEUQCm5cVrQPaNowmU7aoZNJnJlIS8gnuPFX3LhQxK1Ld/6N08dCWw9cOJxzL/fe44aMSmWa30ZqYXFpeSW9mllb39jcym7v1GQQCUyqOGCBaLhIEkY5qSqqGGmEgiDfZaTu9q9Gfv2BCEkDfqeGIWn5qMupRzFSWnKyh/nbdnyfXNqeQDi2kriU2JQrx2xbsDOwj2HXsQqDo7yTzZlFcww4T6wpyYEpKk72y+4EOPIJV5ghKZuWGapWjISimJEkY0eShAj3UZc0NeXIJ7IVjx9K4IFWOtALhC6u4Fj9PREjX8qh7+pOH6menPVG4n9eM1LeeSumPIwU4XiyyIsYVAEcpQM7VBCs2FAThAXVt0LcQzoapTPM6BCs2ZfnSa1UtE6KpzelXPliGkca7IF9UAAWOANlcA0qoAoweATP4BW8GU/Gi/FufExaU8Z0Zhf8gfH5Awdim0I=</latexit>

Jg

<latexit sha1_base64="JktVSwQxLGyAi1CY5xvMTxgloM0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwVbwVHaLoicpeBFPFdy20K4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efungsKnjVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjm6mfuuJKs1i+WDGCQ0EHkgWMYKNlfzK3eOg0iuV3ao7A1omXk7KkKPRK311+zFJBZWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LJRZUB9ns2Ak6tUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URFdBxmSSGirJfFGUcmRiNP0c9ZmixPCxJZgoZm9FZIgVJsbmU7QheIsvL5NmreqdVy/ua+X6dR5HAY7hBM7Ag0uowy00wAcCDJ7hFd4c6bw4787HvHXFyWeO4A+czx/PRI4F</latexit>

Lq
z

<latexit sha1_base64="WQLpd689XelDX9MGxRF/zA+HSek=">AAAB7nicbVA9SwNBEJ31M8avqKXNYiJYhbugaCUBGwuLCOYDkjPsbfaSJXt75+6eEI/8CBsLRWz9PXb+GzfJFZr4YODx3gwz8/xYcG0c5xstLa+srq3nNvKbW9s7u4W9/YaOEkVZnUYiUi2faCa4ZHXDjWCtWDES+oI1/eHVxG8+MqV5JO/MKGZeSPqSB5wSY6Vm6eb+oftU6haKTtmZAi8SNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4FG+c7iWYxoUPSZ21LJQmZ9tLpuWN8bJUeDiJlSxo8VX9PpCTUehT6tjMkZqDnvYn4n9dOTHDhpVzGiWGSzhYFicAmwpPfcY8rRo0YWUKo4vZWTAdEEWpsQnkbgjv/8iJpVMruafnstlKsXmZx5OAQjuAEXDiHKlxDDepAYQjP8ApvKEYv6B19zFqXUDZzAH+APn8AeBaO/g==</latexit>

Sq

<latexit sha1_base64="XdcX72u2jSKLrkT1x74pCX+jXzo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbFMVTwYvHivYD2rVk02wbmmTXJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNI3ptxTH2BB5KFjGBjpVb57iF9nJR7xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nZ07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmv6M+U5QYPrYEE8XsrYgMscLE2IQKNgRv8eVl0qxWvLPK+W21VLvK4sjDERzDKXhwATW4gTo0gMAInuEV3pzYeXHenY95a87JZg7hD5zPH7DijyA=</latexit>

• Requires extrapolation at t=0 

• Requires spanning x at fixed values of    (          is the most convenient) 

•                                                                  contribution from surface term 

⇠
<latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit><latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit><latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit><latexit sha1_base64="UO/xpdorVklhlVv2E6Xhc5usDkw=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTsajRWJjSUmHpDAhewte7Bhb++yO2ckhN9gY6Extv4gO/+NC1yh4EsmeXlvJjPzwlQKg6777RQ2Nre2d4q7pb39g8Oj8vFJyySZZtxniUx0J6SGS6G4jwIl76Sa0ziUvB2Ob+d++5FrIxL1gJOUBzEdKhEJRtFKfrX3JKr9csWtuQuQdeLlpAI5mv3yV2+QsCzmCpmkxnQ9N8VgSjUKJvms1MsMTykb0yHvWqpozE0wXRw7IxdWGZAo0bYUkoX6e2JKY2MmcWg7Y4ojs+rNxf+8bobRdTAVKs2QK7ZcFGWSYELmn5OB0JyhnFhCmRb2VsJGVFOGNp+SDcFbfXmdtOo1z6159/VK4yaPowhncA6X4MEVNOAOmuADAwHP8ApvjnJenHfnY9lacPKZU/gD5/MHEauOJw==</latexit>

⇠ = 0
<latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit><latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit><latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit><latexit sha1_base64="R5hvZNzTzSxLnTRkAk3G8tP2gLQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LLaCp5L0oghCwYvHCrYV2lA220m7dLMJuxuxhP4ILx4U8erv8ea/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBaxegioRsEltgw3Ah8ShTQKBHaC8c3M7zyi0jyW92aSoB/RoeQhZ9RYqVPtPfFrt9ovV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TgZcITNiYgllittbCRtRRZmxCZVsCN7yy6ukXa95bs27q1caV3kcRTiBUzgHDy6gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDBDSOqA==</latexit>

J
q(x) 6= 1

2x(H
q(x, 0, 0) + E

q(x, 0, 0)

<latexit sha1_base64="H/HJQE5plkEzwjMl9hJ9+UfavWg=">AAACFnicbZDLSsNAFIYn9VbrLerSTbAVWqwlKYriqiBCcVXBXqCpZTKdtEMnkzgzkZbQp3Djq7hxoYhbcefbOG2DaOsPAx//OYcz53cCSoQ0zS8tsbC4tLySXE2trW9sbunbOzXhhxzhKvKpzxsOFJgShquSSIobAcfQcyiuO/2Lcb1+j7kgPruRwwC3PNhlxCUISmW19aPM1e1ddpCzGbZdDlFkjaLiaJAtj928mTdzh5c/mGnrabNgTmTMgxVDGsSqtPVPu+Oj0MNMIgqFaFpmIFsR5JIgikcpOxQ4gKgPu7ipkEEPi1Y0OWtkHCinY7g+V49JY+L+noigJ8TQc1SnB2VPzNbG5n+1Zijds1ZEWBBKzNB0kRtSQ/rGOCOjQzhGkg4VQMSJ+quBelClI1WSKRWCNXvyPNSKBeu4cHJdTJfO4ziSYA/sgyywwCkogTKogCpA4AE8gRfwqj1qz9qb9j5tTWjxzC74I+3jG/KunAc=</latexit>

Ji’s sum rule: 



Ji (kinetic EMT) Sum Rule Jaffe-Manohar (canonical EMT) Sum Rule

• each term is gauge invariant 
Jq

<latexit sha1_base64="3/dr0G2OHsiGKz9kyF/yWIIzoqI=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LLaCp5IURQ8eCl7EUwXTFtpYNttNu3SzibsboYT+Bi8eFPHqD/Lmv3Hb5qCtDwYe780wMy9IOFPacb6twsrq2vpGcbO0tb2zu2fvHzRVnEpCPRLzWLYDrChngnqaaU7biaQ4CjhtBaPrqd96olKxWNzrcUL9CA8ECxnB2khe5fbhsdKzy07VmQEtEzcnZcjR6Nlf3X5M0ogKTThWquM6ifYzLDUjnE5K3VTRBJMRHtCOoQJHVPnZ7NgJOjFKH4WxNCU0mqm/JzIcKTWOAtMZYT1Ui95U/M/rpDq89DMmklRTQeaLwpQjHaPp56jPJCWajw3BRDJzKyJDLDHRJp+SCcFdfHmZNGtV96x6flcr16/yOIpwBMdwCi5cQB1uoAEeEGDwDK/wZgnrxXq3PuatBSufOYQ/sD5/AN3cjg0=</latexit>

• frame independent

• it works also for the transverse AM 
in the infinite momentum frame

Jg

<latexit sha1_base64="wtw7+fofhqEwQXsZQSuz1Ago2g0=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYiJYhbugaGERsBGrCF4SSM6wt9lLluzuHbt7QjjyG2wsFLH1B9n5b9wkV2jig4HHezPMzAsTzrRx3W9nZXVtfWOzsFXc3tnd2y8dHDZ1nCpCfRLzWLVDrClnkvqGGU7biaJYhJy2wtHN1G89UaVZLB/MOKGBwAPJIkawsZJfuXscVHqlslt1Z0DLxMtJGXI0eqWvbj8mqaDSEI617nhuYoIMK8MIp5NiN9U0wWSEB7RjqcSC6iCbHTtBp1bpoyhWtqRBM/X3RIaF1mMR2k6BzVAvelPxP6+TmugqyJhMUkMlmS+KUo5MjKafoz5TlBg+tgQTxeytiAyxwsTYfIo2BG/x5WXSrFW98+rFfa1cv87jKMAxnMAZeHAJdbiFBvhAgMEzvMKbI50X5935mLeuOPnMEfyB8/kDzqqOAw==</latexit>

Jq

<latexit sha1_base64="3/dr0G2OHsiGKz9kyF/yWIIzoqI=">AAAB7HicbVBNS8NAEJ3Ur1q/oh69LLaCp5IURQ8eCl7EUwXTFtpYNttNu3SzibsboYT+Bi8eFPHqD/Lmv3Hb5qCtDwYe780wMy9IOFPacb6twsrq2vpGcbO0tb2zu2fvHzRVnEpCPRLzWLYDrChngnqaaU7biaQ4CjhtBaPrqd96olKxWNzrcUL9CA8ECxnB2khe5fbhsdKzy07VmQEtEzcnZcjR6Nlf3X5M0ogKTThWquM6ifYzLDUjnE5K3VTRBJMRHtCOoQJHVPnZ7NgJOjFKH4WxNCU0mqm/JzIcKTWOAtMZYT1Ui95U/M/rpDq89DMmklRTQeaLwpQjHaPp56jPJCWajw3BRDJzKyJDLDHRJp+SCcFdfHmZNGtV96x6flcr16/yOIpwBMdwCi5cQB1uoAEeEGDwDK/wZgnrxXq3PuatBSufOYQ/sD5/AN3cjg0=</latexit>

•       and       can be obtained  
from moments of GPDs                                                    

•                   are gauge dependent, 
BUT measurable 

• simple partonic interpretation in the IMF 

•             can be obtained from twist-3 GPDs 
and Wigner distributions         
`qz, `

g
z

<latexit sha1_base64="Wp+V7gJXRcdIJtJhR9VEFMBAZa0=">AAAB/3icbZDLSsNAFIYn9VbrLSq4cTPYCi5KSYqiuCq4cVnBXqCNYTKdtEMnkzgzEdrYha/ixoUibn0Nd76N0zQLbf1h4OM/53DO/F7EqFSW9W3klpZXVtfy64WNza3tHXN3rynDWGDSwCELRdtDkjDKSUNRxUg7EgQFHiMtb3g1rbceiJA05LdqFBEnQH1OfYqR0pZrHpS6hLG7e3dc7pZhyn13XHLNolWxUsFFsDMogkx11/zq9kIcB4QrzJCUHduKlJMgoShmZFLoxpJECA9Rn3Q0chQQ6STp/RN4rJ0e9EOhH1cwdX9PJCiQchR4ujNAaiDna1Pzv1onVv6Fk1AexYpwPFvkxwyqEE7DgD0qCFZspAFhQfWtEA+QQFjpyAo6BHv+y4vQrFbs08rZTbVYu8ziyINDcAROgA3OQQ1cgzpoAAwewTN4BW/Gk/FivBsfs9ackc3sgz8yPn8AfVKVGQ==</latexit>

{
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Jg

<latexit sha1_base64="JktVSwQxLGyAi1CY5xvMTxgloM0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwVbwVHaLoicpeBFPFdy20K4lm2bb0CS7JFmhLP0NXjwo4tUf5M1/Y9ruQVsfDDzem2FmXphwpo3rfjsrq2vrG5uFreL2zu7efungsKnjVBHqk5jHqh1iTTmT1DfMcNpOFMUi5LQVjm6mfuuJKs1i+WDGCQ0EHkgWMYKNlfzK3eOg0iuV3ao7A1omXk7KkKPRK311+zFJBZWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LJRZUB9ns2Ak6tUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URFdBxmSSGirJfFGUcmRiNP0c9ZmixPCxJZgoZm9FZIgVJsbmU7QheIsvL5NmreqdVy/ua+X6dR5HAY7hBM7Ag0uowy00wAcCDJ7hFd4c6bw4787HvHXFyWeO4A+czx/PRI4F</latexit>

Lq
z

<latexit sha1_base64="WQLpd689XelDX9MGxRF/zA+HSek=">AAAB7nicbVA9SwNBEJ31M8avqKXNYiJYhbugaCUBGwuLCOYDkjPsbfaSJXt75+6eEI/8CBsLRWz9PXb+GzfJFZr4YODx3gwz8/xYcG0c5xstLa+srq3nNvKbW9s7u4W9/YaOEkVZnUYiUi2faCa4ZHXDjWCtWDES+oI1/eHVxG8+MqV5JO/MKGZeSPqSB5wSY6Vm6eb+oftU6haKTtmZAi8SNyNFyFDrFr46vYgmIZOGCqJ123Vi46VEGU4FG+c7iWYxoUPSZ21LJQmZ9tLpuWN8bJUeDiJlSxo8VX9PpCTUehT6tjMkZqDnvYn4n9dOTHDhpVzGiWGSzhYFicAmwpPfcY8rRo0YWUKo4vZWTAdEEWpsQnkbgjv/8iJpVMruafnstlKsXmZx5OAQjuAEXDiHKlxDDepAYQjP8ApvKEYv6B19zFqXUDZzAH+APn8AeBaO/g==</latexit>

Sq

<latexit sha1_base64="XdcX72u2jSKLrkT1x74pCX+jXzo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbFMVTwYvHivYD2rVk02wbmmTXJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNI3ptxTH2BB5KFjGBjpVb57iF9nJR7xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nZ07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmv6M+U5QYPrYEE8XsrYgMscLE2IQKNgRv8eVl0qxWvLPK+W21VLvK4sjDERzDKXhwATW4gTo0gMAInuEV3pzYeXHenY95a87JZg7hD5zPH7DijyA=</latexit>

1
2 = Sq(µ) + Lq

z(µ) + Jg(µ)

<latexit sha1_base64="plb6eFunnSe7uTjL4FoNwIkF/Tg=">AAACE3icbZDLSsNAFIYn9VbrLerSTbAVqkJJiqIIQsGNiIuK9gJNWibTSTt0cunMRKgh7+DGV3HjQhG3btz5Nk7TLLT1h4GP/5zDmfPbASVc6Pq3kpmbX1hcyi7nVlbX1jfUza0690OGcA351GdNG3JMiYdrggiKmwHD0LUpbtiDi3G9cY8ZJ753J0YBtlzY84hDEBTS6qgHBdNhEEVGHJXj89v2sGi64f7hdXvYeZjgVbuXQKGj5vWSnkibBSOFPEhV7ahfZtdHoYs9gSjkvGXogbAiyARBFMc5M+Q4gGgAe7gl0YMu5laU3BRre9Lpao7P5POElri/JyLocj5ybdnpQtHn07Wx+V+tFQrn1IqIF4QCe2iyyAmpJnxtHJDWJQwjQUcSIGJE/lVDfSgzEjLGnAzBmD55FurlknFUOr4p5ytnaRxZsAN2QREY4ARUwCWoghpA4BE8g1fwpjwpL8q78jFpzSjpzDb4I+XzB/CunEU=</latexit>

1
2 = Sq(µ) + `qz(µ) + `gz(µ) + Sg(µ)

<latexit sha1_base64="IAGh9A/AWZonFx4s4nmXYnAJ7g0=">AAACJHicbVDLSsNAFJ3UV62vqEs3wVaoCCUpiqIIBTcuK7UPaNowmU7aoZNJnJkIbejHuPFX3LjwgQs3fovTNovaemDg3HPu5c49bkiJkKb5raWWlldW19LrmY3Nre0dfXevJoKII1xFAQ14w4UCU8JwVRJJcSPkGPouxXW3fzP264+YCxKwezkIccuHXUY8gqBUkqNf5WyPQxRbo7g4uq60H/K2Hx2f2JhSZzhbtbvOcFpV2t0JyTl61iyYExiLxEpIFiQoO/qH3QlQ5GMmEYVCNC0zlK0YckkQxaOMHQkcQtSHXdxUlEEfi1Y8OXJkHCmlY3gBV49JY6LOTsTQF2Lgu6rTh7In5r2x+J/XjKR30YoJCyOJGZou8iJqyMAYJ2Z0CMdI0oEiEHGi/mqgHlShSZVrRoVgzZ+8SGrFgnVaOLsrZkuXSRxpcAAOQR5Y4ByUwC0ogypA4Am8gDfwrj1rr9qn9jVtTWnJzD74A+3nFyE6ozY=</latexit>

`qz, `
g
z , S

g

<latexit sha1_base64="YMZSeHKi/vlVv2HkUqqkGJ9R2DI=">AAACBXicbZC7TsMwFIYdrqXcAowwWLRIDFWVVCAQUyUWxiLoRWrSyHGd1KpzwXaQStSFhVdhYQAhVt6BjbfBTTNAyy9Z+vSfc3R8fjdmVEjD+NYWFpeWV1YLa8X1jc2tbX1ntyWihGPSxBGLeMdFgjAakqakkpFOzAkKXEba7vByUm/fEy5oFN7KUUzsAPkh9ShGUlmOflC2CGO9O+ehYlVgxn7GNz2/7Oglo2pkgvNg5lACuRqO/mX1I5wEJJSYISG6phFLO0VcUszIuGglgsQID5FPugpDFBBhp9kVY3iknD70Iq5eKGHm/p5IUSDEKHBVZ4DkQMzWJuZ/tW4ivXM7pWGcSBLi6SIvYVBGcBIJ7FNOsGQjBQhzqv4K8QBxhKUKrqhCMGdPnodWrWqeVE+va6X6RR5HAeyDQ3AMTHAG6uAKNEATYPAInsEreNOetBftXfuYti5o+cwe+CPt8wdIKpch</latexit>

•              can be obtained from pol. PDFs         Sq, Sg

<latexit sha1_base64="PRxzW70xg5tAoqPvUCJ9d8ZDACc=">AAAB8nicbVBNT8JAEN3iF+IX6tFLI5h4IKQlGo0nEi8eMchHUgrZLlvYsN2tu1MTQvgZXjxojFd/jTf/jQv0oOBLJnl5byYz84KYMw2O821l1tY3Nrey27md3b39g/zhUVPLRBHaIJJL1Q6wppwJ2gAGnLZjRXEUcNoKRrczv/VElWZSPMA4pn6EB4KFjGAwklesdx9LnVK9Oyj28gWn7MxhrxI3JQWUotbLf3X6kiQRFUA41tpznRj8CVbACKfTXCfRNMZkhAfUM1TgiGp/Mj95ap8ZpW+HUpkSYM/V3xMTHGk9jgLTGWEY6mVvJv7neQmE1/6EiTgBKshiUZhwG6Q9+9/uM0UJ8LEhmChmbrXJECtMwKSUMyG4yy+vkmal7F6UL+8rhepNGkcWnaBTdI5cdIWq6A7VUAMRJNEzekVvFlgv1rv1sWjNWOnMMfoD6/MHj1eQHA==</latexit>

Sq

<latexit sha1_base64="XdcX72u2jSKLrkT1x74pCX+jXzo=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CbaCp7JbFMVTwYvHivYD2rVk02wbmmTXJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3srq2vpHfLGxt7+zuFfcPmjpKFKENEvFItQOsKWeSNgwznLZjRbEIOG0Fo+up33qiSrNI3ptxTH2BB5KFjGBjpVb57iF9nJR7xZJbcWdAy8TLSAky1HvFr24/Iomg0hCOte54bmz8FCvDCKeTQjfRNMZkhAe0Y6nEgmo/nZ07QSdW6aMwUrakQTP190SKhdZjEdhOgc1QL3pT8T+vk5jw0k+ZjBNDJZkvChOOTISmv6M+U5QYPrYEE8XsrYgMscLE2IQKNgRv8eVl0qxWvLPK+W21VLvK4sjDERzDKXhwATW4gTo0gMAInuEV3pzYeXHenY95a87JZg7hD5zPH7DijyA=</latexit>

Sg

<latexit sha1_base64="B4r05A1vsAZZMCbHIp/Nm0Q9IQE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYCJ4CrtBUTwFvHiMaB6QrGF2MkmGzM4uM71CWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSyFQdf9dlZW19Y3NnNb+e2d3b39wsFhw0SJZrzOIhnpVkANl0LxOgqUvBVrTsNA8mYwupn6zSeujYjUA45j7od0oERfMIpWapbuH9PBpNQtFN2yOwNZJl5GipCh1i18dXoRS0KukElqTNtzY/RTqlEwySf5TmJ4TNmIDnjbUkVDbvx0du6EnFqlR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfav/FSoOEGu2HxRP5EEIzL9nfSE5gzl2BLKtLC3EjakmjK0CeVtCN7iy8ukUSl75+WLu0qxep3FkYNjOIEz8OASqnALNagDgxE8wyu8ObHz4rw7H/PWFSebOYI/cD5/AKGmjxY=</latexit>
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Proton spin 
(Q2=10 GeV2)

Status of Spin Sum Rule

u+ ū d+ d̄ s+ s̄ g

spin (%) OAM spin (%) OAM spin (%) OAM spin (%) OAM

81± 1 �43± 1 �11± 2 40± 60 DSSV14

79± 5 �45± 5 12± 8 3± 324 NNPDF
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We are constantly improving the knowledge of the contributions to the spin of the nucleon

However the details on the flavor and sea contributions are still sketchy

Quark Spin Gluon Spin

EIC Yellow Report: arXiv: 2103.05419

Impact of future EIC  
for quark and gluon spin contributions

EIC



Comparison with Lattice calculations

PDFLattice17: average of phenomenological extractions: JAM15, NNPDFpol1.1, DSSV08 
                       from the community white paper,  Prog.Part.Nucl.Phys. 100 (2018) 107

Overall fair agreement between lattice calculations and phenomenological fits

Lattice QCD results could provide useful inputs to global fits of polarized PDFs

The uncertainties of the two have comparable size

Q2 = 4 GeV2
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Quark spin



Hermes Coll., JHEP 06 (2008) 066JLab Hall A, Phys. Rev. Lett. 99 (2007) 242501

extractions from HERMES 
data using two different 
models

QCDSF: PoS (Lattice 2007) 158

LHPC: PRD77 (2008) 094502

Lattice results

DFJK, EPJC39 (2005) 1

GPDs extracted from form factors

Orbital Angular momentum of the proton 
 from available GPD measurements


Improved accuracy with JLab12 and future EIC measurements! 
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R 1
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The D-term form factor

quarks and gluons carry 100% of the nucleon momentum

Jq + Jg =
1

2
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nucleon spin due to quarks + gluons:

total EMT is conserved 

D-term: unconstrained! 

``last global unknown property”

�µ⌫
Bel,a(P,�) =

P {µ�⌫}

2
Aa(t) +

P {µi�⌫}�

4M
Ba(t) +

�µ�⌫ � gµ⌫�2

4M
Da(t) +Mgµ⌫C̄a(t)
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nucleon spin due to quarks + gluons:

total EMT is conserved 

D-term: unconstrained! 

``last global unknown property”

D-term form factor from t-channel dispersion relations

BP, Polyakov, Vanderhaeghen, PLB 739 (2014) 133

• DR representation based on analyticity and unitarity                 

• Use input from existing data of other processes reduced model dependence
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DVCS tensor at twist 2: T
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Compton form factors: F =
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4MN
t = (p0 � p)2
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x : average fraction of quark  
  longitudinal momentum

⇠ : fraction of longitudinal   
 momentum transfer

t : nucleon momentum  
 transfer

DVCS at leading twist
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•s-channel subtracted DRs:

Dispersion Relations for DVCS amplitudes
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Dispersion Relations for DVCS amplitudes
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• Partial wave expansion  
   with ⌫ = 0 ! ✓t = 90o

• Charge conjugation 
two-pion intermediate state with

I = 0 J = 0, 2, · · ·

Unitarity Relations in the t-channel

�
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Two-pion intermediate states with            and I = 0
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<latexit sha1_base64="vIXp3xlRmUiqheXnoJrTZj86EQU=">AAACEXicbVA9SwNBEN3zM8avqKXNYRCCRbgLfpUBG8sI5gOSEOY2k2TJ7t65uyeEI3/Bxr9iY6GIrZ2d/8ZNckVMfDDweG+GmXlBxJk2nvfjrKyurW9sZray2zu7e/u5g8OaDmNFsUpDHqpGABo5k1g1zHBsRApBBBzrwfBm4tcfUWkWynszirAtoC9Zj1EwVurkCq0A+0wm+CBBKRidjbOtPggB2RbK7pzcyeW9ojeFu0z8lORJikon993qhjQWKA3loHXT9yLTTkAZRjnaNbHGCOgQ+ti0VIJA3U6mH43dU6t03V6obEnjTtX5iQSE1iMR2E4BZqAXvYn4n9eMTe+6nTAZxQYlnS3qxdw1oTuJx+0yhdTwkSVAFbO3unQACqixIWZtCP7iy8ukVir658WLu1K+fJnGkSHH5IQUiE+uSJnckgqpEkqeyAt5I+/Os/PqfDifs9YVJ505In/gfP0C5TWdpg==</latexit>

Two-pion intermediate states with            and I = 0

<latexit sha1_base64="uTWiMyonjkYYcDwTaMl5a7Fnd+o=">AAACEnicbVDLSgNBEJyNr7i+Vj16GQyCioTdoJiLEPCitwjmAdkQZiedZMjs7DozK4Ql3+DFX/HiQRGvnrz5N04eh5hY0FBUddPdFcScKe26P1ZmaXlldS27bm9sbm3vOLt7VRUlkkKFRjyS9YAo4ExARTPNoR5LIGHAoRb0r0d+7RGkYpG414MYmiHpCtZhlGgjtZwTP4AuEyk8CCIlGZwO7dsr1z/D2PZBtGf0lpNz8+4YeJF4U5JDU5RbzrffjmgSgtCUE6UanhvrZkqkZpTD0PYTBTGhfdKFhqGChKCa6filIT4ySht3ImlKaDxWZydSEio1CAPTGRLdU/PeSPzPayS6U2ymTMSJBkEnizoJxzrCo3xwm0mgmg8MIVQycyumPSIJ1SZF24Tgzb+8SKqFvHeev7gr5ErFaRxZdIAO0THy0CUqoRtURhVE0RN6QW/o3Xq2Xq0P63PSmrGmM/voD6yvX65OnNE=</latexit>

J = 0, 2

<latexit sha1_base64="N+ag3Aft6IuMsORqX6/h09LpVqI=">AAACFHicbVDLSgNBEJz1GdfXqkcvg0EQDWE3KOYiBLyIpwjmAdkQZiedZMjs7DozK4QlH+HFX/HiQRGvHrz5N04eh5hY0FBUddPdFcScKe26P9bS8srq2npmw97c2t7Zdfb2qypKJIUKjXgk6wFRwJmAimaaQz2WQMKAQy3oX4/82iNIxSJxrwcxNEPSFazDKNFGajlnfgBdJlJ4EERKMjgd2rdXbs7P4QK2fRDtGaflZN28OwZeJN6UZNEU5Zbz7bcjmoQgNOVEqYbnxrqZEqkZ5TC0/URBTGifdKFhqCAhqGY6fmqIj43Sxp1ImhIaj9XZiZSESg3CwHSGRPfUvDcS//Maie4UmykTcaJB0MmiTsKxjvAoIdxmEqjmA0MIlczcimmPSEK1ydE2IXjzLy+SaiHvnecv7grZUnEaRwYdoiN0gjx0iUroBpVRBVH0hF7QG3q3nq1X68P6nLQuWdOZA/QH1tcvn/udRA==</latexit>

DRs for d1(t, Q2)

<latexit sha1_base64="J+H1SuPEswedjO7SoSPNE4smmRA="></latexit>

+=

�⇤(Q2)

<latexit sha1_base64="E2k/d1xdlOVV9y3Tq6JU+AFcj/8=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoMQU8S74FcZsLGMYFTIJWFuM0kWd/fO3T3hOPIzbPwrNhaK2Nr5b9zEFGp8MPB4b4aZeWHMmTae9+nk5uYXFpfyy4WV1bX1jeLm1pWOEkWxSSMeqZsQNHImsWmY4XgTKwQRcrwOb8/G/vU9Ks0ieWnSGNsCBpL1GQVjpW7xIAhxwGSGdxKUgrQyKgQDEAI6lfJFp7ZfCFD2frjdYsmrehO4s8SfkhKZotEtfgS9iCYCpaEctG75XmzaGSjDKEe7LdEYA72FAbYslSBQt7PJYyN3zyo9tx8pW9K4E/XnRAZC61SEtlOAGeq/3lj8z2slpn/azpiME4OSfi/qJ9w1kTtOye0xhdTw1BKgitlbXToEBdTYLAs2BP/vy7Pkqlb1D6tHF7VS/XgaR57skF1SJj45IXVyThqkSSh5IE/khbw6j86z8+a8f7fmnOnMNvkF5+ML6wqfpg==</latexit>

�

<latexit sha1_base64="vIXp3xlRmUiqheXnoJrTZj86EQU=">AAACEXicbVA9SwNBEN3zM8avqKXNYRCCRbgLfpUBG8sI5gOSEOY2k2TJ7t65uyeEI3/Bxr9iY6GIrZ2d/8ZNckVMfDDweG+GmXlBxJk2nvfjrKyurW9sZray2zu7e/u5g8OaDmNFsUpDHqpGABo5k1g1zHBsRApBBBzrwfBm4tcfUWkWynszirAtoC9Zj1EwVurkCq0A+0wm+CBBKRidjbOtPggB2RbK7pzcyeW9ojeFu0z8lORJikon993qhjQWKA3loHXT9yLTTkAZRjnaNbHGCOgQ+ti0VIJA3U6mH43dU6t03V6obEnjTtX5iQSE1iMR2E4BZqAXvYn4n9eMTe+6nTAZxQYlnS3qxdw1oTuJx+0yhdTwkSVAFbO3unQACqixIWZtCP7iy8ukVir658WLu1K+fJnGkSHH5IQUiE+uSJnckgqpEkqeyAt5I+/Os/PqfDifs9YVJ505In/gfP0C5TWdpg==</latexit>

⇡

<latexit sha1_base64="s4KLzy/GNPHeC1v3umCP/QBx9Tg=">AAACDnicbVDLSsNAFJ34rPEVdekmWArioiTF17LgxmUF+4A2lMnkph06mcSZiRBCv8CNv+LGhSJuXbvzb5y2WdTWAxcO59zLvff4CaNSOc6PsbK6tr6xWdoyt3d29/atg8OWjFNBoEliFouOjyUwyqGpqGLQSQTgyGfQ9kc3E7/9CELSmN+rLAEvwgNOQ0qw0lLfqvR8GFCewwPHQuDsbGz2Emr2gAdzWt8qO1VnCnuZuAUpowKNvvXdC2KSRsAVYVjKruskysuxUJQw0DtSCQkmIzyArqYcRyC9fPrO2K5oJbDDWOjiyp6q8xM5jqTMIl93RlgN5aI3Ef/zuqkKr72c8iRVwMlsUZgyW8X2JBs7oAKIYpkmmAiqb7XJEAtMlE7Q1CG4iy8vk1at6p5XL+5q5fplEUcJHaMTdIpcdIXq6BY1UBMR9IRe0Bt6N56NV+PD+Jy1rhjFzBH6A+PrF4VunF4=</latexit>

⇡

<latexit sha1_base64="s4KLzy/GNPHeC1v3umCP/QBx9Tg=">AAACDnicbVDLSsNAFJ34rPEVdekmWArioiTF17LgxmUF+4A2lMnkph06mcSZiRBCv8CNv+LGhSJuXbvzb5y2WdTWAxcO59zLvff4CaNSOc6PsbK6tr6xWdoyt3d29/atg8OWjFNBoEliFouOjyUwyqGpqGLQSQTgyGfQ9kc3E7/9CELSmN+rLAEvwgNOQ0qw0lLfqvR8GFCewwPHQuDsbGz2Emr2gAdzWt8qO1VnCnuZuAUpowKNvvXdC2KSRsAVYVjKruskysuxUJQw0DtSCQkmIzyArqYcRyC9fPrO2K5oJbDDWOjiyp6q8xM5jqTMIl93RlgN5aI3Ef/zuqkKr72c8iRVwMlsUZgyW8X2JBs7oAKIYpkmmAiqb7XJEAtMlE7Q1CG4iy8vk1at6p5XL+5q5fplEUcJHaMTdIpcdIXq6BY1UBMR9IRe0Bt6N56NV+PD+Jy1rhjFzBH6A+PrF4VunF4=</latexit>

�⇤� ! ⇡⇡

<latexit sha1_base64="PwTepMEs6i2pOHG+AHGFtVJBnH4=">AAACLnicbVDLSgMxFM34rOOr6tJNsAjiosyIoktBBJcVrAqdWu6kt9NgkhmTjFKGfpEbf0UXgoq49TNMHwtfFy45nHMPN/fEmeDGBsGLNzE5NT0zW5rz5xcWl5bLK6vnJs01wzpLRaovYzAouMK65VbgZaYRZCzwIr4+GugXt6gNT9WZ7WXYlJAo3uEMrKNa5eMoxoSrAm8UaA297b5PowSkhKvt0UsjzZOudWp6R6OMD9qPUL W/eVrlSlANhkX/gnAMKmRctVb5KWqnLJeoLBNgTCMMMtssQFvOBPb9KDeYAbuGBBsOKpBomsXw3D7ddEybdlLtWlk6ZL87CpDG9GTsJiXYrvmtDcj/tEZuOwfNgqsst6jYaFEnF9SmdJAdbXONzIqeA8A0d3+lrAsamHUJ+y6E8PfJf8H5TjXcre6d7lQOD8ZxlMg62SBbJCT75JCckBqpE0buySN5JW/eg/fsvXsfo9EJb+xZIz/K+/wCQHmpQA==</latexit>

•                   : two-pion generalized distribution amplitudes           inputs 
pion singlet PDF

❲ phase-shifts⇡⇡

<latexit sha1_base64="xXBygTc5qYTSudjsMmbQ8xMchYU=">AAACE3icdVA9SwNBEN2L3/ErammzGARJceyduaidYGOpYFRIQtjbzCVL9vbO3T0hHPkPNv4VGwtFbG3s/DduPgQVfTDweG+GmXlhKrg2hHw4hZnZufmFxaXi8srq2nppY/NSJ5liUGeJSNR1SDUILqFuuBFwnSqgcSjgKuyfjPyrW1CaJ/LCDFJoxbQrecQZNVZqlyrNELpc5nAjqVJ0UBkWcTPlkwLZ+Wa0S2Xi1vwjv+Zj4pJaEPiBJR7ZJ14Vey4Zo4ymOGuX3pudhGUxSMME1brhkdS0cqoMZwKGxWamIaWsT7vQsFTSGHQrH/80xLtW6eAoUbakwWP1+0ROY60HcWg7Y2p6+rc3Ev/yGpmJDls5l2lmQLLJoigT2CR4FBDucAXMiIEllClub8WsRxVlxsZYtCF8fYr/J5e+61Xd4NwvHx9O41hE22gH7SEPHaBjdIrOUB0xdIce0BN6du6dR+fFeZ20FpzpzBb6AeftEzAAnlg=</latexit>

�(t, Q2) =
X

{n odd}

dn(t, Q
2)

<latexit sha1_base64="exAYG3E4aEDvzKWy8ItdDPNwpC0="></latexit>



N

<latexit sha1_base64="9x4qtwvICg4km5CCcZLa94Y2e2Y=">AAACDHicbVDLSsNAFJ3UV42vqks3wSKIi5IUX8uCG1dSwT6gCWUyuWmHTiZxZiKE0A9w46+4caGIWz/AnX/jtM1CWw8MHM45lzv3+AmjUtn2t1FaWl5ZXSuvmxubW9s7ld29toxTQaBFYhaLro8lMMqhpahi0E0E4Mhn0PFHVxO/8wBC0pjfqSwBL8IDTkNKsNJSv1J1fRhQnsM9x0Lg7GRs3pgu8OCXolN2zZ7CWiROQaqoQLNf+XKDmKQRcEUYlrLn2InyciwUJQzGpptKSDAZ4QH0NOU4Aunl02PG1pFWAiuMhX5cWVP190SOIymzyNfJCKuhnPcm4n9eL1XhpZdTnqQKOJktClNmqdiaNGMFVABRLNMEE0H1Xy0yxAITpfszdQnO/MmLpF2vOae1s9t6tXFe1FFGB+gQHSMHXaAGukZN1EIEPaJn9IrejCfjxXg3PmbRklHM7KM/MD5/AL8sm2M=</latexit>

N̄

<latexit sha1_base64="eKpYYDgwhzYtM7qk4n/+y4/AyqQ=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiAED2EmuB0DXjxJBLNAEkJNp5I06ekZu3uEMOQXvPgrXjwo4tWbN//GznKIiQ8KHu9VUVXPjwTXxnV/nNTK6tr6Rnozs7W9s7uX3T+o6jBWDCssFKGq+6BRcIkVw43AeqQQAl9gzR9cj/3aIyrNQ3lvhhG2AuhJ3uUMjJXa2XzTxx6XCT5IUAqGp6NM0wdFbzNNlJ05uZ3NuQV3ArpMvBnJkRnK7ex3sxOyOEBpmACtG54bmVYCynAm0K6JNUbABtDDhqUSAtStZPLRiJ5YpUO7obIlDZ2o8xMJBFoPA992BmD6etEbi/95jdh0r1oJl1FsULLpom4sqAnpOB7a4QqZEUNLgClub6WsDwqYsSFmbAje4svLpFoseGeF87tirnQxiyNNjsgxyROPXJISuSFlUiGMPJEX8kbenWfn1flwPqetKWc2c0j+wPn6BU1enUY=</latexit>

�⇤(Q2)

<latexit sha1_base64="E2k/d1xdlOVV9y3Tq6JU+AFcj/8=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoMQU8S74FcZsLGMYFTIJWFuM0kWd/fO3T3hOPIzbPwrNhaK2Nr5b9zEFGp8MPB4b4aZeWHMmTae9+nk5uYXFpfyy4WV1bX1jeLm1pWOEkWxSSMeqZsQNHImsWmY4XgTKwQRcrwOb8/G/vU9Ks0ieWnSGNsCBpL1GQVjpW7xIAhxwGSGdxKUgrQyKgQDEAI6lfJFp7ZfCFD2frjdYsmreh O4s8SfkhKZotEtfgS9iCYCpaEctG75XmzaGSjDKEe7LdEYA72FAbYslSBQt7PJYyN3zyo9tx8pW9K4E/XnRAZC61SEtlOAGeq/3lj8z2slpn/azpiME4OSfi/qJ9w1kTtOye0xhdTw1BKgitlbXToEBdTYLAs2BP/vy7Pkqlb1D6tHF7VS/XgaR57skF1SJj45IXVyThqkSSh5IE/khbw6j86z8+a8f7fmnOnMNvkF5+ML6wqfpg==</latexit>

�

<latexit sha1_base64="vIXp3xlRmUiqheXnoJrTZj86EQU=">AAACEXicbVA9SwNBEN3zM8avqKXNYRCCRbgLfpUBG8sI5gOSEOY2k2TJ7t65uyeEI3/Bxr9iY6GIrZ2d/8ZNckVMfDDweG+GmXlBxJk2nvfjrKyurW9sZray2zu7e/u5g8OaDmNFsUpDHqpGABo5k1g1zHBsRApBBBzrwfBm4tcfUWkWynszirAtoC9Zj1EwVurkCq0A+0wm+CBBKRidjbOtPggB2RbK7pzcyeW9ojeFu0z8lORJikon993qhjQWKA3loHXT9yLTTkAZRjnaNbHGCOgQ+ti0VIJA3U6mH43dU6t03V6obEnjTtX5iQSE1iMR2E4BZqAXvYn4n9eMTe+6nTAZxQYlnS3qxdw1oTuJx+0yhdTwkSVAFbO3unQACqixIWZtCP7iy8ukVir658WLu1K+fJnGkSHH5IQUiE+uSJnckgqpEkqeyAt5I+/Os/PqfDifs9YVJ505In/gfP0C5TWdpg==</latexit>

Two-pion intermediate states with            and I = 0

<latexit sha1_base64="uTWiMyonjkYYcDwTaMl5a7Fnd+o=">AAACEnicbVDLSgNBEJyNr7i+Vj16GQyCioTdoJiLEPCitwjmAdkQZiedZMjs7DozK4Ql3+DFX/HiQRGvnrz5N04eh5hY0FBUddPdFcScKe26P1ZmaXlldS27bm9sbm3vOLt7VRUlkkKFRjyS9YAo4ExARTPNoR5LIGHAoRb0r0d+7RGkYpG414MYmiHpCtZhlGgjtZwTP4AuEyk8CCIlGZwO7dsr1z/D2PZBtGf0lpNz8+4YeJF4U5JDU5RbzrffjmgSgtCUE6UanhvrZkqkZpTD0PYTBTGhfdKFhqGChKCa6filIT4ySht3ImlKaDxWZydSEio1CAPTGRLdU/PeSPzPayS6U2ymTMSJBkEnizoJxzrCo3xwm0mgmg8MIVQycyumPSIJ1SZF24Tgzb+8SKqFvHeev7gr5ErFaRxZdIAO0THy0CUqoRtURhVE0RN6QW/o3Xq2Xq0P63PSmrGmM/voD6yvX65OnNE=</latexit>

J = 0, 2

<latexit sha1_base64="N+ag3Aft6IuMsORqX6/h09LpVqI=">AAACFHicbVDLSgNBEJz1GdfXqkcvg0EQDWE3KOYiBLyIpwjmAdkQZiedZMjs7DozK4QlH+HFX/HiQRGvHrz5N04eh5hY0FBUddPdFcScKe26P9bS8srq2npmw97c2t7Zdfb2qypKJIUKjXgk6wFRwJmAimaaQz2WQMKAQy3oX4/82iNIxSJxrwcxNEPSFazDKNFGajlnfgBdJlJ4EERKMjgd2rdXbs7P4QK2fRDtGaflZN28OwZeJN6UZNEU5Zbz7bcjmoQgNOVEqYbnxrqZEqkZ5TC0/URBTGifdKFhqCAhqGY6fmqIj43Sxp1ImhIaj9XZiZSESg3CwHSGRPfUvDcS//Maie4UmykTcaJB0MmiTsKxjvAoIdxmEqjmA0MIlczcimmPSEK1ydE2IXjzLy+SaiHvnecv7grZUnEaRwYdoiN0gjx0iUroBpVRBVH0hF7QG3q3nq1X68P6nLQuWdOZA/QH1tcvn/udRA==</latexit>

DRs for d1(t, Q2)

<latexit sha1_base64="J+H1SuPEswedjO7SoSPNE4smmRA="></latexit>

+=

�⇤(Q2)

<latexit sha1_base64="E2k/d1xdlOVV9y3Tq6JU+AFcj/8=">AAACGHicbVA9SwNBEN2LXzF+RS1tDoMQU8S74FcZsLGMYFTIJWFuM0kWd/fO3T3hOPIzbPwrNhaK2Nr5b9zEFGp8MPB4b4aZeWHMmTae9+nk5uYXFpfyy4WV1bX1jeLm1pWOEkWxSSMeqZsQNHImsWmY4XgTKwQRcrwOb8/G/vU9Ks0ieWnSGNsCBpL1GQVjpW7xIAhxwGSGdxKUgrQyKgQDEAI6lfJFp7ZfCFD2frjdYsmrehO4s8SfkhKZotEtfgS9iCYCpaEctG75XmzaGSjDKEe7LdEYA72FAbYslSBQt7PJYyN3zyo9tx8pW9K4E/XnRAZC61SEtlOAGeq/3lj8z2slpn/azpiME4OSfi/qJ9w1kTtOye0xhdTw1BKgitlbXToEBdTYLAs2BP/vy7Pkqlb1D6tHF7VS/XgaR57skF1SJj45IXVyThqkSSh5IE/khbw6j86z8+a8f7fmnOnMNvkF5+ML6wqfpg==</latexit>

�

<latexit sha1_base64="vIXp3xlRmUiqheXnoJrTZj86EQU=">AAACEXicbVA9SwNBEN3zM8avqKXNYRCCRbgLfpUBG8sI5gOSEOY2k2TJ7t65uyeEI3/Bxr9iY6GIrZ2d/8ZNckVMfDDweG+GmXlBxJk2nvfjrKyurW9sZray2zu7e/u5g8OaDmNFsUpDHqpGABo5k1g1zHBsRApBBBzrwfBm4tcfUWkWynszirAtoC9Zj1EwVurkCq0A+0wm+CBBKRidjbOtPggB2RbK7pzcyeW9ojeFu0z8lORJikon993qhjQWKA3loHXT9yLTTkAZRjnaNbHGCOgQ+ti0VIJA3U6mH43dU6t03V6obEnjTtX5iQSE1iMR2E4BZqAXvYn4n9eMTe+6nTAZxQYlnS3qxdw1oTuJx+0yhdTwkSVAFbO3unQACqixIWZtCP7iy8ukVir658WLu1K+fJnGkSHH5IQUiE+uSJnckgqpEkqeyAt5I+/Os/PqfDifs9YVJ505In/gfP0C5TWdpg==</latexit>

⇡

<latexit sha1_base64="s4KLzy/GNPHeC1v3umCP/QBx9Tg=">AAACDnicbVDLSsNAFJ34rPEVdekmWArioiTF17LgxmUF+4A2lMnkph06mcSZiRBCv8CNv+LGhSJuXbvzb5y2WdTWAxcO59zLvff4CaNSOc6PsbK6tr6xWdoyt3d29/atg8OWjFNBoEliFouOjyUwyqGpqGLQSQTgyGfQ9kc3E7/9CELSmN+rLAEvwgNOQ0qw0lLfqvR8GFCewwPHQuDsbGz2Emr2gAdzWt8qO1VnCnuZuAUpowKNvvXdC2KSRsAVYVjKruskysuxUJQw0DtSCQkmIzyArqYcRyC9fPrO2K5oJbDDWOjiyp6q8xM5jqTMIl93RlgN5aI3Ef/zuqkKr72c8iRVwMlsUZgyW8X2JBs7oAKIYpkmmAiqb7XJEAtMlE7Q1CG4iy8vk1at6p5XL+5q5fplEUcJHaMTdIpcdIXq6BY1UBMR9IRe0Bt6N56NV+PD+Jy1rhjFzBH6A+PrF4VunF4=</latexit>

⇡

<latexit sha1_base64="s4KLzy/GNPHeC1v3umCP/QBx9Tg=">AAACDnicbVDLSsNAFJ34rPEVdekmWArioiTF17LgxmUF+4A2lMnkph06mcSZiRBCv8CNv+LGhSJuXbvzb5y2WdTWAxcO59zLvff4CaNSOc6PsbK6tr6xWdoyt3d29/atg8OWjFNBoEliFouOjyUwyqGpqGLQSQTgyGfQ9kc3E7/9CELSmN+rLAEvwgNOQ0qw0lLfqvR8GFCewwPHQuDsbGz2Emr2gAdzWt8qO1VnCnuZuAUpowKNvvXdC2KSRsAVYVjKruskysuxUJQw0DtSCQkmIzyArqYcRyC9fPrO2K5oJbDDWOjiyp6q8xM5jqTMIl93RlgN5aI3Ef/zuqkKr72c8iRVwMlsUZgyW8X2JBs7oAKIYpkmmAiqb7XJEAtMlE7Q1CG4iy8vk1at6p5XL+5q5fplEUcJHaMTdIpcdIXq6BY1UBMR9IRe0Bt6N56NV+PD+Jy1rhjFzBH6A+PrF4VunF4=</latexit>

�⇤� ! ⇡⇡

<latexit sha1_base64="PwTepMEs6i2pOHG+AHGFtVJBnH4=">AAACLnicbVDLSgMxFM34rOOr6tJNsAjiosyIoktBBJcVrAqdWu6kt9NgkhmTjFKGfpEbf0UXgoq49TNMHwtfFy45nHMPN/fEmeDGBsGLNzE5NT0zW5rz5xcWl5bLK6vnJs01wzpLRaovYzAouMK65VbgZaYRZCzwIr4+GugXt6gNT9WZ7WXYlJAo3uEMrKNa5eMoxoSrAm8UaA297b5PowSkhKvt0UsjzZOudWp6R6OMD9qPUL W/eVrlSlANhkX/gnAMKmRctVb5KWqnLJeoLBNgTCMMMtssQFvOBPb9KDeYAbuGBBsOKpBomsXw3D7ddEybdlLtWlk6ZL87CpDG9GTsJiXYrvmtDcj/tEZuOwfNgqsst6jYaFEnF9SmdJAdbXONzIqeA8A0d3+lrAsamHUJ+y6E8PfJf8H5TjXcre6d7lQOD8ZxlMg62SBbJCT75JCckBqpE0buySN5JW/eg/fsvXsfo9EJb+xZIz/K+/wCQHmpQA==</latexit>

•                   : two-pion generalized distribution amplitudes           inputs 
pion singlet PDF

❲ phase-shifts⇡⇡

<latexit sha1_base64="xXBygTc5qYTSudjsMmbQ8xMchYU=">AAACE3icdVA9SwNBEN2L3/ErammzGARJceyduaidYGOpYFRIQtjbzCVL9vbO3T0hHPkPNv4VGwtFbG3s/DduPgQVfTDweG+GmXlhKrg2hHw4hZnZufmFxaXi8srq2nppY/NSJ5liUGeJSNR1SDUILqFuuBFwnSqgcSjgKuyfjPyrW1CaJ/LCDFJoxbQrecQZNVZqlyrNELpc5nAjqVJ0UBkWcTPlkwLZ+Wa0S2Xi1vwjv+Zj4pJaEPiBJR7ZJ14Vey4Zo4ymOGuX3pudhGUxSMME1brhkdS0cqoMZwKGxWamIaWsT7vQsFTSGHQrH/80xLtW6eAoUbakwWP1+0ROY60HcWg7Y2p6+rc3Ev/yGpmJDls5l2lmQLLJoigT2CR4FBDucAXMiIEllClub8WsRxVlxsZYtCF8fYr/J5e+61Xd4NwvHx9O41hE22gH7SEPHaBjdIrOUB0xdIce0BN6du6dR+fFeZ20FpzpzBb6AeftEzAAnlg=</latexit>

•                      : analytical continuation of s-channel partial-wave helicity amplitudes⇡⇡ ! NN̄

<latexit sha1_base64="2Kx6yriQJmehrXDFM31BHtNGa4Q=">AAACKXicbVDLSgNBEJz17fqKevQyGATxEHZF0WPAi6cQwTwgu4TeSScZnJ1dZ2aVsOR3vPgrXhQU9eqPOHkcNFrQUFR190xXlAqujed9OHPzC4tLyyur7tr6xuZWYXunrpNMMayxRCSqGYFGwSXWDDcCm6lCiCOBjejmYuQ37lBpnshrM0gxjKEneZczMFZqF8pBhD0uc7yVoBQMjoYuDVI+KcV7fWPl5J5WaBCByitDN0DZ+dHeLhS9kjcG/Uv8KSmSKartwkvQSVgWozRMgNYt30tNmIMynAm0+zONKbAb6GHLUgkx6jAfXzqkB1bp0G6ibElDx+rPiRxirQdxZDtjMH09643E/7xWZrrnYc5lmhmUbPJQNxPUJHQUG+1whcyIgSXAFLd/pawPCpix4bo2BH/25L+kflzyT0qnV8fF8vk0jhWyR/bJIfHJGSmTS1IlNcLIA3kir+TNeXSenXfnc9I650xndskvOF/f+TWnDQ==</latexit>

s-channel

t-channel

⇡

<latexit sha1_base64="s4KLzy/GNPHeC1v3umCP/QBx9Tg=">AAACDnicbVDLSsNAFJ34rPEVdekmWArioiTF17LgxmUF+4A2lMnkph06mcSZiRBCv8CNv+LGhSJuXbvzb5y2WdTWAxcO59zLvff4CaNSOc6PsbK6tr6xWdoyt3d29/atg8OWjFNBoEliFouOjyUwyqGpqGLQSQTgyGfQ9kc3E7/9CELSmN+rLAEvwgNOQ0qw0lLfqvR8GFCewwPHQuDsbGz2Emr2gAdzWt8qO1VnCnuZuAUpowKNvvXdC2KSRsAVYVjKruskysuxUJQw0DtSCQkmIzyArqYcRyC9fPrO2K5oJbDDWOjiyp6q8xM5jqTMIl93RlgN5aI3Ef/zuqkKr72c8iRVwMlsUZgyW8X2JBs7oAKIYpkmmAiqb7XJEAtMlE7Q1CG4iy8vk1at6p5XL+5q5fplEUcJHaMTdIpcdIXq6BY1UBMR9IRe0Bt6N56NV+PD+Jy1rhjFzBH6A+PrF4VunF4=</latexit>

⇡

<latexit sha1_base64="s4KLzy/GNPHeC1v3umCP/QBx9Tg=">AAACDnicbVDLSsNAFJ34rPEVdekmWArioiTF17LgxmUF+4A2lMnkph06mcSZiRBCv8CNv+LGhSJuXbvzb5y2WdTWAxcO59zLvff4CaNSOc6PsbK6tr6xWdoyt3d29/atg8OWjFNBoEliFouOjyUwyqGpqGLQSQTgyGfQ9kc3E7/9CELSmN+rLAEvwgNOQ0qw0lLfqvR8GFCewwPHQuDsbGz2Emr2gAdzWt8qO1VnCnuZuAUpowKNvvXdC2KSRsAVYVjKruskysuxUJQw0DtSCQkmIzyArqYcRyC9fPrO2K5oJbDDWOjiyp6q8xM5jqTMIl93RlgN5aI3Ef/zuqkKr72c8iRVwMlsUZgyW8X2JBs7oAKIYpkmmAiqb7XJEAtMlE7Q1CG4iy8vk1at6p5XL+5q5fplEUcJHaMTdIpcdIXq6BY1UBMR9IRe0Bt6N56NV+PD+Jy1rhjFzBH6A+PrF4VunF4=</latexit>

N̄

<latexit sha1_base64="eKpYYDgwhzYtM7qk4n/+y4/AyqQ=">AAACEXicbVDJSgNBEO2JW4xb1KOXxiAED2EmuB0DXjxJBLNAEkJNp5I06ekZu3uEMOQXvPgrXjwo4tWbN//GznKIiQ8KHu9VUVXPjwTXxnV/nNTK6tr6Rnozs7W9s7uX3T+o6jBWDCssFKGq+6BRcIkVw43AeqQQAl9gzR9cj/3aIyrNQ3lvhhG2AuhJ3uUMjJXa2XzTxx6XCT5IUAqGp6NM0wdFbzNNlJ05uZ3NuQV3ArpMvBnJkRnK7ex3sxOyOEBpmACtG54bmVYCynAm0K6JNUbABtDDhqUSAtStZPLRiJ5YpUO7obIlDZ2o8xMJBFoPA992BmD6etEbi/95jdh0r1oJl1FsULLpom4sqAnpOB7a4QqZEUNLgClub6WsDwqYsSFmbAje4svLpFoseGeF87tirnQxiyNNjsgxyROPXJISuSFlUiGMPJEX8kbenWfn1flwPqetKWc2c0j+wPn6BU1enUY=</latexit>

N

<latexit sha1_base64="9x4qtwvICg4km5CCcZLa94Y2e2Y=">AAACDHicbVDLSsNAFJ3UV42vqks3wSKIi5IUX8uCG1dSwT6gCWUyuWmHTiZxZiKE0A9w46+4caGIWz/AnX/jtM1CWw8MHM45lzv3+AmjUtn2t1FaWl5ZXSuvmxubW9s7ld29toxTQaBFYhaLro8lMMqhpahi0E0E4Mhn0PFHVxO/8wBC0pjfqSwBL8IDTkNKsNJSv1J1fRhQnsM9x0Lg7GRs3pgu8OCXolN2zZ7CWiROQaqoQLNf+XKDmKQRcEUYlrLn2InyciwUJQzGpptKSDAZ4QH0NOU4Aunl02PG1pFWAiuMhX5cWVP190SOIymzyNfJCKuhnPcm4n9eL1XhpZdTnqQKOJktClNmqdiaNGMFVABRLNMEE0H1Xy0yxAITpfszdQnO/MmLpF2vOae1s9t6tXFe1FFGB+gQHSMHXaAGukZN1EIEPaJn9IrejCfjxXg3PmbRklHM7KM/MD5/AL8sm2M=</latexit>

input phase-shifts⇡⇡

<latexit sha1_base64="xXBygTc5qYTSudjsMmbQ8xMchYU=">AAACE3icdVA9SwNBEN2L3/ErammzGARJceyduaidYGOpYFRIQtjbzCVL9vbO3T0hHPkPNv4VGwtFbG3s/DduPgQVfTDweG+GmXlhKrg2hHw4hZnZufmFxaXi8srq2nppY/NSJ5liUGeJSNR1SDUILqFuuBFwnSqgcSjgKuyfjPyrW1CaJ/LCDFJoxbQrecQZNVZqlyrNELpc5nAjqVJ0UBkWcTPlkwLZ+Wa0S2Xi1vwjv+Zj4pJaEPiBJR7ZJ14Vey4Zo4ymOGuX3pudhGUxSMME1brhkdS0cqoMZwKGxWamIaWsT7vQsFTSGHQrH/80xLtW6eAoUbakwWP1+0ROY60HcWg7Y2p6+rc3Ev/yGpmJDls5l2lmQLLJoigT2CR4FBDucAXMiIEllClub8WsRxVlxsZYtCF8fYr/J5e+61Xd4NwvHx9O41hE22gH7SEPHaBjdIrOUB0xdIce0BN6du6dR+fFeZ20FpzpzBb6AeftEzAAnlg=</latexit>

�(t, Q2) =
X

{n odd}

dn(t, Q
2)

<latexit sha1_base64="exAYG3E4aEDvzKWy8ItdDPNwpC0="></latexit>
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<latexit sha1_base64="aLeRaBReW+jlO6qjlDrkrsyp1TY=">AAACEHicbVBNS8NAEN3Ur1q/qh69BItYPZSkKIqngh48tmA/oI1ls5m0SzebuLsRSuhP8OJf8eJBEa8evflv3LY51NYHA4/3ZpiZ50aMSmVZP0ZmaXlldS27ntvY3Nreye/uNWQYCwJ1ErJQtFwsgVEOdUUVg1YkAAcug6Y7uB77zUcQkob8Tg0jcALc49SnBCstdfPHHRd6lCfwwLEQeHg6yt3c14rqpAPcm1G7+YJVsiYwF4mdkgJKUe3mvzteSOIAuCIMS9m2rUg5CRaKEgajXCeWEGEywD1oa8pxANJJJg+NzCOteKYfCl1cmRN1diLBgZTDwNWdAVZ9Oe+Nxf+8dqz8SyehPIoVcDJd5MfMVKE5Tsf0qACi2FATTATVt5qkjwUmSmeY0yHY8y8vkka5ZJ+VzmvlQuUqjSOLDtAhKiIbXaAKukVVVEcEPaEX9IbejWfj1fgwPqetGSOd2Ud/YHz9Ap/KnO8=</latexit>

Girod, Elouadrhiri, Burkert,Nature 557 (2018) 7705

D-term from t-channel dispersion relations

�⇤� ! ⇡⇡ ! NN̄
<latexit sha1_base64="gGbhOxuC/3opKwEXu026bl1BcJE=">AAACIXicbVBdSwJBFJ21L7OvrR57GdIgepBVwexN6KUnMcgPcE3ujqMOzuwuM7OFLP6VXvorvfRQhG/Rn2lXl7DswGUO59zLnXscnzOlLevTSK2tb2xupbczO7t7+wfm4VFTeYEktEE87sm2A4py5tKGZprTti8pCIfTljO+jv3WA5WKee6dnvi0K2DosgEjoCOpZ1Zy2B6CEHB/sXhtyYYjDVJ6j9j22aKWtJrtgMS1XM/MWnlrDrxKCgnJogT1njmz+x4JBHU14aBUp2D5uhuC1IxwOs3YgaI+kDEMaSeiLgiquuH8wik+i5Q+HngyKlfjubo8EYJQaiKcqFOAHqm/Xiz+53UCPah0Q+b6gaYuWSwaBBxrD8dx4T6TlGg+iQgQyaK/YjICCURHoWbmIVzFKP+cvEqaxXyhlC/dFrPVchJHGp2gU3SOCugSVdENqqMGIugJvaA39G48G6/GhzFbtKaMZOYY/YLx9Q2CeKMz</latexit>�⇤

<latexit sha1_base64="q+poxxKheo40pCNnkY7iOyLkF8Q=">AAACEnicbVA9SwNBEN3zM8avqKXNYRA0RbgkELUL2FhGMB+Qi2FuM0mW7O6du3tCOPIbbPwrNhaK2FrZ+W+8S4JE44OBx3szzMzzAs60cZwva2l5ZXVtPbWR3tza3tnN7O3XtR8qijXqc181PdDImcSaYYZjM1AIwuPY8IaXid+4R6WZL2/MKMC2gL5kPUbBxFInc+p62GcywjsJSsEoN3b7IATc5tIuyu6c3slknbwzgb1ICjOSJTNUO5lPt+vTUKA0lIPWrYITmHYEyjDKcZx2Q40B0CH0sRVTCQJ1O5q8NLaPY6Vr93wVlzT2RJ2fiEBoPRJe3CnADPRfLxH/81qh6Z23IyaD0KCk00W9kNvGt5N87C5TSA0fxQSoYvGtNh2AAmriFNOTEC4SlH9eXiT1Yr5Qypeui9lKeRZHihySI3JCCuSMVMgVqZIaoeSBPJEX8mo9Ws/Wm/U+bV2yZjMH5Besj2/zY55d</latexit>

�
<latexit sha1_base64="YpP7ke7E7IFZ0JvMqU/t0dUv8Xc=">AAACEHicbVDLSgNBEJz1GddX1KOXxSCKh7BJIOot4MVjBPOA7BJ6J51kyMzsOjMrhCWf4MVf8eJBEa8evfk3bh5INBY0FFXddHcFEWfauO6XtbS8srq2ntmwN7e2d3aze/t1HcaKYo2GPFTNADRyJrFmmOHYjBSCCDg2gsHV2G/co9IslLdmGKEvoCdZl1EwqdTOnngB9phM8E6CUjA8G3k9EAJsD2VnTm1nc27encBZJIUZyZEZqu3sp9cJaSxQGspB61bBjYyfgDKMchzZXqwxAjqAHrZSKkGg9pPJQyPnOFU6TjdUaUnjTNT5iQSE1kMRpJ0CTF//9cbif14rNt0LP2Eyig1KOl3UjbljQmecjtNhCqnhw5QAVSy91aF9UEBNmqE9CeFyjPLPy4ukXswXSvnSTTFXKc/iyJBDckROSYGckwq5JlVSI5Q8kCfyQl6tR+vZerPep61L1mzmgPyC9fENvyydwQ==</latexit>

N
<latexit sha1_base64="Z1NP7vs0l1fkSwkC+A3O3TK9jmg=">AAACC3icbVBNS8NAEN3Ur1q/qh69hBZBPJS0haq3ghdPUsF+QFvKZDNpl242cXcjhNC7F/+KFw+KePUPePPfmKZFqvXBwOO9GWbm2QFnSlvWl5FZWV1b38hu5ra2d3b38vsHLeWHkmKT+tyXHRsUciawqZnm2AkkgmdzbNvjy6nfvkepmC9udRRg34OhYC6joBNpkC/0bBwyEeOdACkhOp1c53oonAVhkC9aJSuFuUzKc1IkczQG+c+e49PQQ6EpB6W6ZSvQ/RikZpTjJNcLFQZAxzDEbkIFeKj6cfrLxDxOFMd0fZmU0GaqLk7E4CkVeXbS6YEeqb/eVPzP64baPe/HTAShRkFni9yQm9o3p8GYDpNINY8SAlSy5FaTjkAC1Ul8uTSEiylqPy8vk1alVK6WqjeVYr02jyNLjkiBnJAyOSN1ckUapEkoeSBP5IW8Go/Gs/FmvM9aM8Z85pD8gvHxDZlfm34=</latexit>

N̄
<latexit sha1_base64="L777pApk/6fRU7s8jL2mFCM2mL8=">AAACEHicbVA9SwNBEN2LXzF+RS1tFoMoFuGSQNQuYGMlEcwH5EKY20ySJXt75+6eEI78BBv/io2FIraWdv4b75Ig0fhg4PHeDDPz3EBwbWz7y0otLa+srqXXMxubW9s72d29uvZDxbDGfOGrpgsaBZdYM9wIbAYKwXMFNtzhZeI37lFp7stbMwqw7UFf8h5nYGKpkz12XOxzGeGdBKVgdDp2XFD0OuOg7M6pnWzOztsT0EVSmJEcmaHayX46XZ+FHkrDBGjdKtiBaUegDGcCxxkn1BgAG0IfWzGV4KFuR5OHxvQoVrq056u4pKETdX4iAk/rkefGnR6Ygf7rJeJ/Xis0vfN2xGUQGpRsuqgXCmp8mqRDu1whM2IUE2CKx7dSNgAFzMQZZiYhXCQo/7y8SOrFfKGUL90Uc5XyLI40OSCH5IQUyBmpkCtSJTXCyAN5Ii/k1Xq0nq03633amrJmM/vkF6yPbydVnWE=</latexit>

BP, Polyakov, Vanderhaeghen, PLB 739 (2014) 133
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<latexit sha1_base64="aLeRaBReW+jlO6qjlDrkrsyp1TY=">AAACEHicbVBNS8NAEN3Ur1q/qh69BItYPZSkKIqngh48tmA/oI1ls5m0SzebuLsRSuhP8OJf8eJBEa8evflv3LY51NYHA4/3ZpiZ50aMSmVZP0ZmaXlldS27ntvY3Nreye/uNWQYCwJ1ErJQtFwsgVEOdUUVg1YkAAcug6Y7uB77zUcQkob8Tg0jcALc49SnBCstdfPHHRd6lCfwwLEQeHg6yt3c14rqpAPcm1G7+YJVsiYwF4mdkgJKUe3mvzteSOIAuCIMS9m2rUg5CRaKEgajXCeWEGEywD1oa8pxANJJJg+NzCOteKYfCl1cmRN1diLBgZTDwNWdAVZ9Oe+Nxf+8dqz8SyehPIoVcDJd5MfMVKE5Tsf0qACi2FATTATVt5qkjwUmSmeY0yHY8y8vkka5ZJ+VzmvlQuUqjSOLDtAhKiIbXaAKukVVVEcEPaEX9IbejWfj1fgwPqetGSOd2Ud/YHz9Ap/KnO8=</latexit>

Girod, Elouadrhiri, Burkert,Nature 557 (2018) 7705BP, Polyakov, Vanderhaeghen, PLB 739 (2014) 133

FT

 data before 6 GeV JLab

6 GeV JLab data

projected 12 GeV JLab data

r2p(r)
<latexit sha1_base64="nvfyYMkNtFsiBaw/RnW8hVJg6Cg=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5oMFYkNpaYyIeBk+wte7Bhd++yu2dCLvwKGwuNsfXn2PlvXOAKBV8yyct7M5mZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjdzv/NElWaRvDfTmPoCjyQLGcHGSg9l9ViLK+qyPCiW3Kq7AFonXkZKkKE5KH71hxFJBJWGcKx1z3Nj46dYGUY4nRX6iaYxJhM8oj1LJRZU++ni4Bm6sMoQhZGyJQ1aqL8nUiy0norAdgpsxnrVm4v/eb3EhFd+ymScGCrJclGYcGQiNP8eDZmixPCpJZgoZm9FZIwVJsZmVLAheKsvr5N2req5Ve+uVmpcZ3Hk4QzOoQIe1KEBt9CEFhAQ8Ayv8OYo58V5dz6WrTknmzmFP3A+fwAlGY9H</latexit><latexit sha1_base64="nvfyYMkNtFsiBaw/RnW8hVJg6Cg=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5oMFYkNpaYyIeBk+wte7Bhd++yu2dCLvwKGwuNsfXn2PlvXOAKBV8yyct7M5mZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjdzv/NElWaRvDfTmPoCjyQLGcHGSg9l9ViLK+qyPCiW3Kq7AFonXkZKkKE5KH71hxFJBJWGcKx1z3Nj46dYGUY4nRX6iaYxJhM8oj1LJRZU++ni4Bm6sMoQhZGyJQ1aqL8nUiy0norAdgpsxnrVm4v/eb3EhFd+ymScGCrJclGYcGQiNP8eDZmixPCpJZgoZm9FZIwVJsZmVLAheKsvr5N2req5Ve+uVmpcZ3Hk4QzOoQIe1KEBt9CEFhAQ8Ayv8OYo58V5dz6WrTknmzmFP3A+fwAlGY9H</latexit><latexit sha1_base64="nvfyYMkNtFsiBaw/RnW8hVJg6Cg=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5oMFYkNpaYyIeBk+wte7Bhd++yu2dCLvwKGwuNsfXn2PlvXOAKBV8yyct7M5mZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjdzv/NElWaRvDfTmPoCjyQLGcHGSg9l9ViLK+qyPCiW3Kq7AFonXkZKkKE5KH71hxFJBJWGcKx1z3Nj46dYGUY4nRX6iaYxJhM8oj1LJRZU++ni4Bm6sMoQhZGyJQ1aqL8nUiy0norAdgpsxnrVm4v/eb3EhFd+ymScGCrJclGYcGQiNP8eDZmixPCpJZgoZm9FZIwVJsZmVLAheKsvr5N2req5Ve+uVmpcZ3Hk4QzOoQIe1KEBt9CEFhAQ8Ayv8OYo58V5dz6WrTknmzmFP3A+fwAlGY9H</latexit><latexit sha1_base64="nvfyYMkNtFsiBaw/RnW8hVJg6Cg=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hgQ+5oMFYkNpaYyIeBk+wte7Bhd++yu2dCLvwKGwuNsfXn2PlvXOAKBV8yyct7M5mZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJjdzv/NElWaRvDfTmPoCjyQLGcHGSg9l9ViLK+qyPCiW3Kq7AFonXkZKkKE5KH71hxFJBJWGcKx1z3Nj46dYGUY4nRX6iaYxJhM8oj1LJRZU++ni4Bm6sMoQhZGyJQ1aqL8nUiy0norAdgpsxnrVm4v/eb3EhFd+ymScGCrJclGYcGQiNP8eDZmixPCpJZgoZm9FZIwVJsZmVLAheKsvr5N2req5Ve+uVmpcZ3Hk4QzOoQIe1KEBt9CEFhAQ8Ayv8OYo58V5dz6WrTknmzmFP3A+fwAlGY9H</latexit>

radial pressure distributionradial pressure distributionradial pressure distribution

Z 1

0
dr r2 p(r) = 0

<latexit sha1_base64="5aideab8JYwNZ1f+k1uFovfB02o="></latexit>

r2p(r) =
1

3

d

dr
r2

d

dr
D̃(r)

<latexit sha1_base64="+83yCW2XRPFhxa19rwMYozK0TLs="></latexit>



Necessary to verify model assumptions in the exp extraction

with more data coming  from JLab, COMPASS and the future EIC, EIcC

Kumericki, Nature 570 (2019) 7759; Dutrieux et al, Eur. Phys. J. C81 (2021) 4

CLAS data, with fixed param., 
Girod et al.

CLAS data, with neural networks 
Kumericki

global fit to DVCS data  
with artificial neural networks

X

q

dq1 < 0
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in all model calculations 
for a stable proton



DRs

Fit

  Fit: withFQ(t) =
dQ1 (0)
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pion PDFs from

Owens et al., PRD30 (1984)

Q2 = 4 GeV2Q= u + d

pion PDFs from

GRV, ZPC53 (1992)
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Skyrme model Effective LFWFs

Schweitzer et al., (2007) Mueller and Hwang, (2014)

�QSM

D-term form factor: dependence on pion PDFs



EMT and the proton mass

•Forward matrix element of total EMT 

hTµ⌫i ⌘ hp|Tµ⌫ |pi = 2pµp⌫

<latexit sha1_base64="n1glYDPBzS2bwyu/wQr5xcaWq6s="></latexit>

Proton mass

n hT 00i = M
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Trace decomposition Energy decomposition QCD Hamiltonian

n hTµ
µi = M
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EMT and the proton mass

•Forward matrix element of total EMT 

hTµ⌫i ⌘ hp|Tµ⌫ |pi = 2pµp⌫
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Trace decomposition Energy decomposition QCD Hamiltonian
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•Forward matrix element quark and gluon contributions 

Aq(0) +Ag(0) = 1
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hTµ⌫
i,Ri = 2pµp⌫ Ai(0) + 2M2gµ⌫C̄i(0)
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• in forward limit, matrix elements of EMT fully determined by two form factors 
          any mass sum rule for the proton related to at most two independent numbers

C̄q(0) + C̄g(0) = 0
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Trace decomposition
(Hatta, Rajan, Tanaka, JHEP 12, 008 (2018) / Tanaka, JHEP 01, 120 (2019))

• Total EMT not renormalized, but individual terms       require (extra) renormalization Tµ⌫
i
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M = M̄q + M̄g = n
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h(Tq,R)
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µi+ h(Tg,R)
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µi
⌘
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Tµ⌫ = Tµ⌫
q + Tµ⌫

g
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(Adler, Collins, Duncan, 1977 / Nielsen, 1977 / Collins, Duncan, Joglekar, 1977 / ...)

• Trace anomaly of EMT: Tµ
µ = (m ̄ )R + �m(m ̄ )R +
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(F 2)R
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Trace decomposition
(Hatta, Rajan, Tanaka, JHEP 12, 008 (2018) / Tanaka, JHEP 01, 120 (2019))

• Total EMT not renormalized, but individual terms       require (extra) renormalization Tµ⌫
i
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D2 scheme:

• x and y related to finite parts of renormalization constants choose a scheme

x = y = 0
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Two-term energy decomposition
Lorcé, EPJC 78, 120 (2018)

M = Uq + Ug = n
�
hT 00

q,Ri+ hT 00
g,Ri

�
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⇠ C̄i(0)
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• Relation to EMT form factors for energy and trace decomposition

•                : mixture of energy and pressure (               ) terms     

Uq + Ug = M̄q + M̄g
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C̄q + C̄g = 0

<latexit sha1_base64="m/9IRUgPmXALqruOAec8oPGmdk0=">AAACH3icbVDLSgMxFM34rPVVdekmWARRKDPF10YouHGpYFuhU8qd9E4NZjLTJCOUwT9x46+4caGIuOvfmLazqNYDgcM553JzT5AIro3rDp25+YXFpeXCSnF1bX1js7S13dBxqhjWWSxidReARsEl1g03Au8ShRAFApvBw+XIbz6i0jyWt2aQYDuCnuQhZ2Cs1Cmd+gH2uMywL0EpGBw+Ff0AFL3s9I9y0qMXbtFH2Z0KdUplt+KOQWeJl5MyyXHdKX373ZilEUrDBGjd8tzEtDNQhjOBdmmqMQH2AD1sWSohQt3Oxvc90X2rdGkYK/ukoWN1eiKDSOtBFNhkBOZe//VG4n9eKzXheTvjMkkNSjZZFKaCmpiOyqJdrpAZMbAEmOL2r5TdgwJmbKVFW4L39+RZ0qhWvOPKyU21XDvP6yiQXbJHDohHzkiNXJFrUieMPJNX8k4+nBfnzfl0vibROSef2SG/4Ax/AJtMogs=</latexit>

•                      :             because      

• Energy and trace decompositions have one independent term



4 term energy decomposition of Ji 
Ji, PRL 74, 1071 (1995); PRD 52, 271 (1995); Ji et al., NPB 971 (2021) 115537

• Sum rule based on decomposition of       into traceless and trace partT 00

<latexit sha1_base64="xexSqWCetQJZwOtjW5pmLTGBkTY=">AAACEXicbVDLSsNAFJ34rPEVdekmWITioiRFscuCG5cV+oK2lsnkph06mcSZiRBCf8GNv+LGhSJu3bnzb5y2WdTWAxcO59w7c+/xYkalcpwfY219Y3Nru7Bj7u7tHxxaR8ctGSWCQJNELBIdD0tglENTUcWgEwvAoceg7Y1vpn77EYSkEW+oNIZ+iIecBpRgpaWBVep5MKQ8gweOhcDpxcRs3GeOMzF7wP0FeWAVnbIzg71K3JwUUY76wPru+RFJQuCKMCxl13Vi1c+wUJQw0O8nEmJMxngIXU05DkH2s9lFE/tcK74dREIXV/ZMXZzIcChlGnq6M8RqJJe9qfif101UUO1nlMeJAk7mHwUJs1VkT+OxfSqAKJZqgomgelebjLDAROkQTR2Cu3zyKmlVyu5l+equUqxV8zgK6BSdoRJy0TWqoVtUR01E0BN6QW/o3Xg2Xo0P43PeumbkMyfoD4yvX172nVM=</latexit>

traceless

Tµ⌫ = T̄µ⌫ + T̂µ⌫

<latexit sha1_base64="CjaAwjgBmNatrpMfAWJYzrnjJmg="></latexit>

T̂µ⌫ =
1
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gµ⌫T↵

↵

<latexit sha1_base64="Qr5G7HI0O+dHFLgSTEs5dIqVf9k="></latexit>

T̄µ⌫ = Tµ⌫ � T̂µ⌫

<latexit sha1_base64="emTC/jtHZnK/JG2k+OoPVEV85fA=">AAACNnicbVBNSwMxFMz6bf1a9eglWAQRLLtFsReh4MWLUKHVQreWt+lrG8xm1yQrlKW/you/w5sXD4p49SeY1oK1OhAYZt4keRMmgmvjec/OzOzc/MLi0nJuZXVtfcPd3LrScaoY1lgsYlUPQaPgEmuGG4H1RCFEocDr8PZs6F/fo9I8llXTT7AZQVfyDmdgrNRyL4IQu1xmeCdBKegfDHJBCIpWb7IgSgOZDujpDz8MemAmvFyAsj2Rbbl5r+CNQP8Sf0zyZIxKy30K2jFLI5SGCdC64XuJaWagDGcC7f2pxgTYLXSxYamECHUzG609oHtWadNOrOyRho7UyUQGkdb9KLSTEZienvaG4n9eIzWdUjPjMkkNSvb9UCcV1MR02CFtc4XMiL4lwBS3f6WsBwqYsU3nbAn+9Mp/yVWx4B8Vji+L+XJpXMcS2SG7ZJ/45ISUyTmpkBph5IE8k1fy5jw6L8678/E9OuOMM9vkF5zPL8V6rSQ=</latexit>

trace

scalar (trace) parttensor (traceless) part

HT ⌘ (T̄ 00)R = (Hq +Hg) +
3
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<latexit sha1_base64="qo7BJXIzzJx3a0USk8J7G6enwRo=">AAACKHicbVDLSgMxFM34dnxVXboJFkFdlBlRdCMKblyq2Cp0ynAnva3BJDMmGaEM/Rw3/oobEUW69UtMH4v6OJBwOOdcknuSTHBjg6DnTUxOTc/Mzs37C4tLyyul1bWaSXPNsMpSkerbBAwKrrBquRV4m2kEmQi8Se7P+v7NI2rDU3VtOxk2JLQVb3EG1klx6SRKsM1VgQ8KtIbObtcvIgaCnndjebwdJaCjzHAq+/dOfOVHqJpj6bhUDirBAPQvCUekTEa4iEtvUTNluURlmQBj6mGQ2UYB2nImsOtHucEM2D20se6oAommUQwW7dItpzRpK9XuKEsH6vhEAdKYjkxcUoK9M7+9vvifV89t66hRcJXlFhUbPtTKBbUp7bdGm1wjs6LjCDDN3V8puwMNzLpufVdC+Hvlv6S2Vwn3KweXe+XTo1Edc2SDbJJtEpJDckrOyQWpEkaeyAt5Jx/es/fqfXq9YXTCG82skx/wvr4BGNmmlA==</latexit>
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• 4 term decomposition

 anomaly energy

 mass energy

 quark potential and kinetic energy  
 + gluon energy

Formulas from Ji et al., NPB 971 (2021) 115537, which differ from the original papers



Rodini, Metz, BP, JHEP 09, 67 (2020); PRD 102, 111 (2020); Lorcé, Metz, BP, Rodini, JHEP 11,121 (2021)

3 term energy decomposition 

M = eHq + eHg +Hm
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<latexit sha1_base64="qo7BJXIzzJx3a0USk8J7G6enwRo=">AAACKHicbVDLSgMxFM34dnxVXboJFkFdlBlRdCMKblyq2Cp0ynAnva3BJDMmGaEM/Rw3/oobEUW69UtMH4v6OJBwOOdcknuSTHBjg6DnTUxOTc/Mzs37C4tLyyul1bWaSXPNsMpSkerbBAwKrrBquRV4m2kEmQi8Se7P+v7NI2rDU3VtOxk2JLQVb3EG1klx6SRKsM1VgQ8KtIbObtcvIgaCnndjebwdJaCjzHAq+/dOfOVHqJpj6bhUDirBAPQvCUekTEa4iEtvUTNluURlmQBj6mGQ2UYB2nImsOtHucEM2D20se6oAommUQwW7dItpzRpK9XuKEsH6vhEAdKYjkxcUoK9M7+9vvifV89t66hRcJXlFhUbPtTKBbUp7bdGm1wjs6LjCDDN3V8puwMNzLpufVdC+Hvlv6S2Vwn3KweXe+XTo1Edc2SDbJJtEpJDckrOyQWpEkaeyAt5Jx/es/fqfXq9YXTCG82skx/wvr4BGNmmlA==</latexit>



Rodini, Metz, BP, JHEP 09, 67 (2020); PRD 102, 111 (2020); Lorcé, Metz, BP, Rodini, JHEP 11,121 (2021)
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M = eHq + eHg +Hm
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• Comparison with two-term energy decomposition
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• Comparison with four-term energy decomposition
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3 term energy decomposition 
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• Comparison with four-term energy decomposition
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3 term energy decomposition 

✏ ! 0

<latexit sha1_base64="6z396fIcSfhVfSIpuN+OfDLeLT0=">AAACH3icbVDLTgIxFO3gC/GFunTTSEyMCzJDfLAkceMSE3kkDCGdcoGGTju2HQ2Z8Cdu/BU3LjTGuONvLDALBE/S5OScc3N7TxBxpo3rTpzM2vrG5lZ2O7ezu7d/kD88qmsZKwo1KrlUzYBo4ExAzTDDoRkpIGHAoREMb6d+4wmUZlI8mFEE7ZD0BesxSoyVOvlrP4A+Ewk8CqIUGV2Mcz5EmnEpfMX6A2NV+YxdH0R3IdTJF9yiOwNeJV5KCihFtZP/8buSxiEIQznRuuW5kWknRBlGOdilsYaI0CHpQ8tSQULQ7WR23xifWaWLe1LZJwyeqYsTCQm1HoWBTYbEDPSyNxX/81qx6ZXbCRNRbEDQ+aJezLGReFoW7jIF1PCRJYQqZv+K6YAoQo2tNGdL8JZPXiX1UtG7LF7dlwqVclpHFp2gU3SOPHSDKugOVVENUfSC3tAH+nRenXfny/meRzNOOnOM/sCZ/ALkGKQW</latexit>

 make the expansion in the limit of 

(Hq +Hg) = ( †~↵ · i ~D )R +
( ~E2 + ~B2)R

2
�

1

4
✏( ~E2

� ~B2)

<latexit sha1_base64="SY5a9C4YtY1OLF5tI6kuok/qzY0="></latexit>

trace anomaly relation: ✏( ~E2
� ~B2) = �

✏

2
F 2 = �

�

2g
(F 2)R + �m( ̄m )R = �Ha

<latexit sha1_base64="Yxbzm31UHJ9wU1Mio1EUHM7xh8k="></latexit>

[Collins, et al., 1974, Tarrach, 1982 ]
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• Comparison with four-term energy decomposition
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Numerical results
Two independent inputs  
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• Momentum fractions from CT18NNLO parametrization (at           GeV)  µ = 2

<latexit sha1_base64="CZRRSAqhDBn48FQ55snrPXy7pSc=">AAACE3icbVBNS8NAEN3Ur1q/qh69LBZBipSkKPYiFLx4rGA/oClls5m0SzebuLsRSuh/8OJf8eJBEa9evPlv3LY5aOuDgcd7M8zM82LOlLbtbyu3srq2vpHfLGxt7+zuFfcPWipKJIUmjXgkOx5RwJmApmaaQyeWQEKPQ9sbXU/99gNIxSJxp8cx9EIyECxglGgj9Ytl14MBEyncCyIlGZcnBTdMrqruGS64IPxfRr9Ysiv2DHiZOBkpoQyNfvHL9SOahCA05USprmPHupcSqRnlYBYlCmJCR2QAXUMFCUH10tlPE3xiFB8HkTQlNJ6pvydSEio1Dj3TGRI9VIveVPzP6yY6qPVSJuJEg6DzRUHCsY7wNCDsMwlU87EhhEpmbsV0SCSh2sRYMCE4iy8vk1a14pxXLm6rpXotiyOPjtAxOkUOukR1dIMaqIkoekTP6BW9WU/Wi/Vufcxbc1Y2c4j+wPr8ATKRnbI=</latexit>

aq = 0.586± 0.013 ag = 1� aq = 0.414± 0.013

<latexit sha1_base64="gQBOOmuCFNXbYzM4gDLyLZ2puqo="></latexit>

�u + �d = �⇡N =
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hp|m̂c c̄c|pi

2M
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�⇡N

��
LQCD

= (41.6± 3.8)MeV �s

��
LQCD

= (39.8± 5.5)MeV
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�⇡N

��
ChPT

= (59± 7)MeV �s

��
ChPT

= (16± 80)MeV
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�c

��
LQCD

= (10.7± 22)MeV
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• Quark mass term from sigma terms

(Alarcon et al, 2011, 2012 / Hoferichter et al, 2015)

- Scenario A:  sigma terms from phenomenology

- Scenario B:  sigma terms from lattice QCD

main difference between scenarios: including or not

(Alexandrou et al, 2019)

�c
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Scheme dependence for 3-term sum rule (at          GeV)  µ = 2
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- considerable numerical scheme dependence

- qualitatively, similar results for other sum rules

- scheme dependence is not a new phenomenon



Results for trace decomposition

Results for two-term energy decomposition

- perturbative expansion very stable (applies for all sum rules, and for all schemes)

-       can become negativeM̄q
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- very roughly, quark and gluon energies contribute equally to proton mass

- in MS scheme, contribution from gluon energy somewhat larger



Results for three-term energy decomposition

much larger than           which is frequently attributed to Higgs mechanism ⇠ 1%
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-      dominates over       , but feature less significant if      includedMq
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-                     discussion for gluon part like for two-term energy decomposition  Mg = Ug !
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- contribution of         is            for Scenario A,            for Scenario B   Mm
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Summary

- Key information about the nucleon structure encoded in the EMT

- Definition of the EMT is not unique:  
  super potential terms do not play any role at the level of integrated quantities, while play a crucial     
  role at the level of distributions

 - Dispersion Relations for DVCS amplitudes

    constraints from analyticity, crossing, built in

 - D-term from t-channel Dispersion Relations 

D-term         two-pion correlated state with I=0, J=0, 2 

model independent representation  
with input from two-pion GDAs and pion-nucleon scattering 

- Several sum rules for proton mass exist that are based on the EMT (        or         ) T 00
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  We arrived at a sum rule with three terms which have a ``clean” interpretation 

  All the sum rules rely on the same inputs: two independent form factors of the EMT


